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Kurzfassung

Diese Dissertation ist der Weiterentwicklung von zeitaufgeloster Spektroskopie im Tera-
hertz Frequenzbereich (THz-TDS) gewidmet. Dies wird speziell im Context von Anwen-
dung, Kontrolle und Verstirkung von gepulster THz-Strahlung gezeigt.

Am Anfang werden die Grundprinzipien zur Erzeugung und Detektion von THz-Strahlung
beschrieben und verglichen. Dies wird durch die Gegeniiberstellung der Vor- und Nachteile
von kohérenten bzw. nicht kohérenten Quellen und Detektoren erkldart. Ausgehend von
einem leistungsschwachen THz-TDS System zu Beginn dieser Forschungsarbeit werden alle
Fortschritte im Detail beschrieben. Speziell die verbesserten Messparameter des THz-TDS
Systems, wie eine spektrale Bandbreite von iiber 7 THz und ein Rauschabstand von mehr
als 60 dB trugen dazu bei, die hier gestellten Aufgaben zu erfiillen.

Zuerst werden die optischen Eigenschaften von ultra-diinnen Metallschichten an dielek-
trischen Grenzflachen untersucht. Durch eindimensionale Einengung des Elektronengases
kann die elektrische Leitfdhigkeit der Metallschicht gezielt vermindert werden. Dadurch
kann der Reflexionskoeffizient an den Grenzflichen beeinflusst werden, was zusétzlich die
Moglichkeit einer neuen Phasenanpassungsmethode erdffnet. Richtig dimensioniert sind
solche Schichten in der Lage, jegliche Reflexion an einem optischen Ubergang zu unter-
driicken. Da die Phasenanpassungsbedingung nur durch die optischen Eigenschaften am
Ubergang bestimmt wird, wurde ein frequenzunabhiingiger Anti-Reflexionseffekt erreicht,
der anndhernd bis zur Plasmafrequenz des jeweiligen Metalls reicht.

Im n&chsten Teil werden die optischen Eigenschaften von Molekularkristallen anhand von
Saccharose erkldrt. Durch die schwachen Bindungskrifte von Wasserstoffbriicken kénnen
Absorbtionsmoden im THz-Frequenzbereich beobachtet werden. Zu diesem Zweck wurden
Einkristalle geziichtet und in diinne Plattchen geschnitten. Durch Kombination der orien-
tierungsabhingigen Absorptionsspektren von zwei verschiedenen Orientierungen kann ein
dreidimensionales Modell erstellt werden. Die Absorbtionsmoden werden dann der realen
Kristallstruktur zugeordnet. Dies lésst weitere Riickschliisse {iber die Molekiilbereiche zu,
die an diesen Absorbtionsmoden beteiligt sind.

Am Ende dieser Arbeit werden die optischen Eigenschaften von Quantenkaskadenlasern
untersucht. Durch Einkoppeln von THz-Pulsen in die Laser, kénnen deren Verstarkungsver-
mogen und Absorbtionsprofil vermessen werden. Dies wird anhand der Untersuchung
von zwei verschiedenen Lasern dieses Typs gezeigt. Weiters werden Effekte wie spek-
trales oder ortliches Lochbrennen und ein neuer thermisch aktivierter Verlustmechanismus
nachgewiesen. Letzterer Effekt zeigt klar, warum die hier untersuchten Laser keine Emis-

sion bei hohen Temperaturen aufweisen.






Abstract

This thesis is dedicated to the further development of terahertz time-domain spectroscopy
(THz-TDS) systems. This is shown in terms of application, control and amplification of
few cycle terahertz radiation. The state-of-the-art principles in generation and detection
of terahertz radiation are described and compared. This is mainly done by describing the
pros and cons of incoherent and coherent radiation sources and detectors.

Staring with a low performance on-hand THz-TDS setup all improvements are described
in detail which enabled the experiments and measurements shown later in this work. Espe-
cially, the massively improved measurement parameters of the developed THz-TDS system
like a bandwidth of 7 THz and a signal quality better than 60 dB with high dynamic reserve
helped to fulfill the here presented tasks. This is shown by manifold demonstrations and
applications.

First the optical phase shift effect of ultra-thin metal layers deposited on dielectric
optical interfaces is investigated. By confining the electron gas within the metal layer
in one dimension its conductivity can be directly reduced down to zero. Equipped with
such degree of freedom the complex reflection coefficient can be set. This results in a
new technology of optical phase shift layers. Well dimensioned such layers are capable
to suppress any type of reflections at an dielectric/air interface. Due to the phase shift
effect those layers can be applied for broadband applications and work up to the plasma
frequency of the used metal.

Second topic are the optical properties of molecular crystals. In this work represented
by sucrose single crystals. Due to the soft forces caused by hydrogen bonds absorption at
terahertz frequencies is observed. Large sucrose single crystals were grown and cut into
slabs with given orientation in respect to the main crystal axes. By combining the absorp-
tion data from two individual planes a three dimensional absorption pattern is determined.
Finally the orientation of the vibrational modes is mapped to the crystal structure. This
gives new knowledge about the molecule constituents involved in these modes.

At the end of this work the dynamics and optical properties of THz quantum cascade
lasers are measured. By coupling THz pulses into the laser’s active zone the gain and
absorption can be observed directly in time. By comparison of two different lasers, based
on the same design, the quality of the heterostructure gain design is classified and verified.
Further, many effects like spatial and spectral hole burning present in standard lasers
are verified. Apart from the observed dynamic of the stimulated field emission thermally
activated loss mechanisms in these devices are measured. The results show clearly a new

effect in the lasers under investigation preventing lasing operation at high temperatures.
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1. Introduction

Since the last millennia mankind made big steps forward on the ladder of technological
progress. All the time new tools were developed, improved and applied. For instance this
started with sharpened stones and tools for inflaming lumber in the stone age [1]. But
the more tools and inventions were developed men thought about the origin of effects he
exploited. For instance, why is a flame hot and illuminates the surrounding area. Such
questions represent the birth of applied science. In the particular case the development of
furnaces and lighting. From this time on, light was an essential part of human everyday life.
Soon people recognized the hotter a flame the brighter its color. Further, objects located
close to a light source cast a shadow far away at a wall and by changing the object’s distance
or its shape the shadow changes as well. But these first primitive imaging systems found
no real usage for a long time. It took many millennia until imaging and optics were used
to monitor the position and movement of the moon, the sun and stars. First for astrology
and horoscopes but later seriously for astronomy. Especially astronomy was the major
driving motor for modern optics and photonics. Pioneers on this field were the Arabs [2].
Without restrictions from the catholic church like present in Europe in the middle age they
built the first modern observatories and optical equipment including glasses and spyglasses.
However, the wisdom and experiences spread to Europe due to the crusades where the next
steps on the field of optics were made. For instance, here scientist like J. Kepler! and G.
Galilei? postulated laws regarding the movement of planets and that they move around
the sun which is the center of our solar system.

The next big step towards a better understanding of electromagnetic waves was done
by J. C. Maxwell®. Although his work based on electrodynamics and its corresponding
laws [3] he was the first showing the rules and conditions of wave propagation. In addition
the results showed the close relationship between electrodynamics and optics. Further, it
was found out that the wavelength of a wave determines its penetration capability for a
given material. In general materials show a frequency depending complex refractive index
resulting in the so called dispersion relation [4] and varying optical properties. But due to
the lack proper tunable radiation sources till the end of the 19*" century those material
properties stayed hidden. Science mainly hooked on the properties accessible by visible
light. Apart from this, there have been many efforts looking into and through objects which

were mainly pushed forward by medicine. About this time, W.C. Réntgen* invented a new

! Johannes Kepler (1571-1630)

2Galileo Galilei (1564-1642)

3James Clerk Maxwell (1831-1879)
“Wilhelm Conrad Réntgen (1845-1923)



1. Introduction

method for the generation and measurement of high energetic radiation located beyond
the visible light. For this purpose electrons were accelerated in a high voltage tube and
hit a metal surface where they emitted short wavelength light due to bremsstrahlung [5].
The so called x-rays (A < 30nm) can penetrate many materials such as flesh and bones.
At this time such radiation could be sensed by simple photoplates used in photography.
But soon was found out that this kind of radiation causes serious long term diseases due
to its ionizing character. These problems and the resulting precautions for running x-ray
devices motivated scientists to invent better and harmless methods.

In 1891 A. A. Michelson® invented the optical Interferometer. This device should proof
the existence of an ether by exploiting the phase attribute of photons. At this time the
ether was believed to be necessary for wave propagation in free space. But since the speed
of light is a physical constant the experiment failed. Many years later, the idea surfaced to
use this interferometer for measuring the frequency dependent complex refractive index of
a material by using the Fourier transformation method. As radiation source a broadband
light source like a globar was used. Since the radiation from such source is mainly located
in the infrared this measurement method got the name FT-IR® spectroscopy. One of its
problems at the beginning of the 20'" century was the lack of computers to perform fast
the necessary calculations to obtain the frequency depending optical parameters.

The efforts to observe and explore new regions in the electromagnetic spectrum triggered
the development of new methods for the generation and detection of longer wavelengths
starting from infrared light. One of the motives was the fact that many vibrational modes
of various substances are located in the spectral region between the visible light and the
microwaves [6, 7]. For instance, nearly all atmospheric constituents show fingerprint like
absorption features here [8] and the larger the molecules are the red shifter are their modes.
This results in very strong absorption characteristics of macromolecules like DNAT [9]
and saccharides [10] at long wavelengths (A > 30 um). Further, apart from measuring the
optical properties of materials such waves have the capability penetrating many nonmetallic
objects which enables its application for tomography [11]. Due to its low photon energy
(Ephoton = 41.4meV at 10T Hz) it can be even used for biological and chemical analyses
without harming the object under investigation.

For a long time the main problem was that for accessing the spectrum located around
1 THz no applicable sources or sensors existed, giving this region the name “THz-Gap”.
Neither electronic nor photonic sources were available (Fig. 1.1). In the 1960s infrared
laser diodes [12] were already developed but the THz gap between the microwaves and the
infrared light was still not closed.

In the last 10 years several methods for the generation and sensing of electromagnetic
radiation around 1 THz were invented. Once by increasing the emission frequency of

electronic sources [13] and on the other side by decreasing the emission frequency of optical
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Figure 1.1.: Electromagnetic spectrum with embedded terahertz frequency band.

sources [14]. With increasing interest in this spectral region it also got its own name. A
tight declaration does not exist but the spectral range of the so called T-rays or THz waves
is usually between 0.1 and 10 THz (Fig. 1.1), this range varies within different publications.

In addition to generate THz radiation, there was big interest in the development of
coherent light sources emitting ultra-short electric field transients. One of the first real
sources of this kind was invented by D. H. Auston [15]. His photo-conductive antenna acts
like a current switch and is able to emit THz radiation when excited by a short laser pulse.
Many bulk semiconductors when excited with a short laser pulse are also able to emit THz
radiation [16]. One of the main importance of THz waves is that the vibrational modes of
many molecules are located in this region. So they can be used well for the characterization
of materials without causing ionization effects compared to destructive x-rays. This makes
it suitable for medical issues. Recently the possibility was demonstrated to study the
vibrational modes of many organic materials [17, 18]. There are ongoing efforts to use
THz waves to measure blood and skin [19]. For instance, the online measurement of sugar
components in the blood stream is of great interest for diabetics. But as for many other
tasks, the challenging problem of strong absorption by water molecules has to be handled
first.

Recently the THz quantum cascade laser was introduced [20]. Currently, this very
powerful light source is capable to emit more than 200 mW [21] at a footprint smaller than

1 mm?2.

Further, due to so called band gap engineering the emission wavelength can be
set within the limits of the used materials. At the moment those devices cover nearly the
complete frequency band from NIR® to THz frequencies and the development continuous as
recent publications show [22, 23, 24]. However, although this device can be easily designed
and made there are still many questions open. Especially room temperature operation is
still not achieved but would be implicitly needed for commercial applications.

Another interesting advantage of THz waves in terms of basic research are their wave-
lengths from the viewpoint of fabrication technologies. As shown in Fig. 1.1 THz waves
cover the wavelength range 0.33 - 3mm, a region accessible by cheap patterning technolo-
gies. At this wavelengths fundamental optical properties and effects can be easily explored
compared to visible light where much more precise optics at the nanometer scale would be

needed.

&near infrared



1. Introduction

The structure of this PhD thesis

In the chapter 2 the basic principles of generation and sensing of THz radiation is
described in detail. Special attention is put there to the performance parameters and the
type of radiation (incoherent, coherent, etc.) which is sensed or emitted. This chapter
gives an overview of the state-of-the-art in THz technology at present.

Chapter 3 is dedicated to the applied ultra-fast measurement technique. One of the
major tasks of this thesis was the development and fundamental improvement of the THz-
TDS? setup available at the beginning of this work. The main improvements are described
in detail and how they were integrated in the setup measurement scheme from the initial
point. Further, for a better understanding of the achieved improvements, this chapter starts
with an overview in basic principles in optics. Especially this includes the components of
a time-domain measurement setup and the data processing of the obtained results.

One of the major breakthroughs during this thesis was the development of a new type
of anti-reflection coating presented in chapter 4. Since this new type of technology has
not only an impact on terahertz technology, due to its broadband application capability, a
whole chapter is dedicated to this topic. In this section the properties of ultra-thin metallic
layers in the terahertz frequency region are described. Since the thickness of these layers is
in the range of the mean free path of the electrons therein the conductivity of the material
can be adjusted by controlling the thickness. As representative metal the chromium is
chosen due its outstanding adhesion properties and its stability. By choosing the optimal
metal layer thickness every optical interface can be passed by an electromagnetic wave
without generating an reflected wave there. Especially since the terahertz frequency band
is the junction point of electronics and photonics the involved physic for this antireflection
effect is described for both branches.

A direct demonstration of THz-TDS applied in material science is given in chapter 5
where there the absorption properties of molecular crystals are shown. Due to their weak
bonding forces from hydrogen bonds they show material and crystal structure specific ab-
sorption characteristics in the THz frequency range. Especially the orientation dependence
of absorption is of great interest since such materials find now application in commercial
products. Since the THz-TDS technique is very sensitive to the polarization of the sensed
radiation it is perfectly suited to measure the orientation dependence of fingerprints of this
material type. For showing the capability of THz-TDS for this task the orientation and
frequency depending absorption characteristic of sucrose single crystals are measured. Fi-
nally the resulting orientation of the vibrational modes is mapped to the crystal structure
of sucrose.

The majority of this thesis is dedicated to the spectroscopic examination of THz active
materials and the amplification of THz pulses presented in chapter 6. For combining both
tasks at once a THz quantum cascade laser (THz-QCL) is used as sample. By coupling

externally generated broadband THz pulses into the laser’s waveguide the internal processes
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during laser operation are accessed. By comparing the transmission through the active and
inactive device the losses and the gain related to the device’s band structure are measured.
The results can be used as feedback for the improvement of the QCL design, but more
important, the data show that QCLs have the capability for broadband pulse amplification.
Latter could lead to the commercial breakthrough of QCLs in the future since there is a
great need for powerful and cheap pulse laser sources.

In the last chapter I summarize all obtained results and reached goals. Since, the devel-
opment of THz technology in the world has just started and so a lot of interesting work

remains on this field, some of them are shortly introduced.






2. Generation and detection of terahertz

radiation

This chapter is dedicated to the main techniques for generating and sensing of THz radi-
ation. For a long time there was no urgent demand for powerful THz sources and sensors.
Only space research paid attention to this, formerly called, THz gap located between 0.1
and 10 THz. However, the special interest of space research in THz radiation bases on
the fact that specific information from objects in space can be best observed in certain
frequency bands. For instance scientists presume that most of the radiation in space is lo-
cated in the long wavelength regime including the THz frequency band [25] and is launching
satellites which are equipped with special sensors to detect this type of radiation. Apart
from those endeavors no interest was paid to this frequency band due to the lack of con-
venient sources and sensors. Furthermore, there was only poor demand to exploit this
frequency band in commercial products and scientific analysis. This circumstance delayed
the development of new sources and detectors working in this frequency range.

The first available sources in this frequency range were incoherent broadband sources like
globars. Such radiation can be easily detected by simple power measurement techniques
and in combination with a spectrometer even frequency resolved data can be obtained. But
such systems suffered from a low SNR' due to low radiation intensities at THz frequencies.
This problem shows very well the main task during the exploration of the THz frequency
band. Sources and sensors had to be developed having a high sensitivity and a high SNR.
Further, it was essential that a sensor’s spectral responsitivity should match as good as
possible with the emission spectrum of the used radiation source.

One of the major breakthroughs was achieved by the development of pulse lasers oper-
ating on the femtosecond time scale. Such ultra short pulses in the NIR with high peak
intensities can be easily converted to THz frequencies by proper media which opened new
possibilities. First, intense THz pulses could be easily measured even with incoherent de-
tection schemes. More important was, that with the help of short laser pulses also time
resolved measurements are possible. For instance this gave a direct access to the dynam-
ics in semiconductors and related structures but still THz radiation was generated in an
indirect way. Either from a heated object or by NIR laser pulses. Latter had the draw-
back of very poor conversion efficiencies independent if down- (photonics) or upconversion
(electronics) techniques were applied.

This situation changed completely with the development of new light sources like THz

'signal to noise ratio



2. Generation and detection of terahertz radiation

gas lasers and THz-QCLs?. They were the first direct sources for this frequency range.
Especially THz-QCLs can be designed to nearly any frequency. Since such devices can be
fabricated as single mode sources they can be used, in combination with a proper detector,
as a chemical sensor by measuring certain spectral lines of the electromagnetic spectrum.

With all these inventions THz technology has become a fast emerging science and the
amount of applications is still rising very fast. The following sections give an overview of

the up-to-date commonly used sources and sensors.

2.1. Generation of incoherent THz radiation

In the first section a set of commonly used incoherent THz sources are described. Incoherent
means, that the emitted photons from these sources have a random phase distribution and
so, have no constant phase relation in time and space. The radiation from such sources
is not able to produce a time independent stationary interference pattern. They can be

compared best with a light bulb.

2.1.1. Globars

One of the simplest and oldest methods to generate IR radiation reaching THz frequencies
are globars. These are rods made of silicon carbide or other heat resistant materials which
are heated up electrically to usually 1500 K. At such temperatures they emit thermal radia-
tion covering a huge spectral range. According to Planck’s law of black body radiation [26]

the spectral beam intensity I (\) from such heated objects can be described by

2-h-c 1
I(\)= B I , (2.1)

exkT — 1

where h is the Planck’s constant?, ¢ is the speed of light in vacuum?, k is the Boltzmann’s
constant®, T is the temperature of the black body, and X is the wavelength of the emitted
photons. At typical operation temperatures of 1000- 1500 K the center wavelength of the
emitted black body radiation is located between 2 and 3 um and the emission spectrum
covers the whole NIR and parts of the MIR® as can be seen in Fig. 2.1. For THz frequencies
(0.3-3mm) the emitted beam intensity drops significantly. In numbers, for a globar at
1000 K the spectral intensity at 1 THz drops to 2.4-107 compared to its peak value. This
example shows very well that a globar is not a convenient light source for THz applications.
However, globars are cheap and simple light sources for NIR and MIR. Therefor they find
application in FT-IR spectroscopy in these frequency ranges (see chapter 2.4.4).

2quantum cascade laser
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2.1. Generation of incoherent THz radiation
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Figure 2.1.: Spectral beam intensity of an ideal black body for different surface tempera-
tures.

2.1.2. Gunn diodes

Gunn diodes rely on an effect discovered by J. B. Gunn” in 1963 [13, 27]. He observed that
in n-doped semiconductors at high electric fields a negative differential mobility (NDM)
occurs. In this region with NDM he observed current pulses from the structure at fre-
quencies in the microwave region. This so-called Gunn-effect is a high electric field effect
and appears in semiconductor materials with valleys in the conduction band with relative
close energetic distance to each other. For GaAs this energy is about 0.29eV at 300K
(Figure2.2a). If a steady electric field is applied to such material a current flow starts.
Due to perturbations in the material like impurities the local electric field can exceed a
threshold value (Figure2.2b). In this electric field the electrons in the material can reach
an energy corresponding to the energetic gap to the next valley. With the assistance of
LO® phonons they can then be scattered to this neighbor valleys. There the electrons
show a much higher effective mass so that locally the drift velocity in the semiconductor
is decreased. Due to this reduced mobility the electrons start to pile up locally until the
valley is filled up. Then the charge carriers are released in a kind of current shot and the
process starts from the beginning.

This process was first exploited for local high frequency oscillators and for the generation
of microwaves. By placing the diode in a resonator structure its center emission frequency
can be tuned by adjusting the resonance frequency of the cavity [28]. At present Gunn
diodes can operate up to THz frequencies by applying molecular beam epitaxy (MBE)
techniques [29]. Previously reported high frequency operation of 400 GHz for InP [30] and

"John Battiscombe Gunn (born 1928)
®longitudinal optical



2. Generation and detection of terahertz radiation
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Figure 2.2.: (a) Simplified bandstructure of GaAs (from [33]) and (b) drift velocity versus
electric field of a typical Gunn diode.

1.78 THz for GaN [31] shows that this kind of THz source has great potential for the future.
In addition, first lasing operation with an output power of 25.4 uW was reported [32].

2.1.3. Backward wave oscillators

Backward wave oscillators (BWOs), also called carcinotrons, are vacuum tube sources
which were developed for the generation of strong microwave radiation. In such tubes an
electron beam [34] is lead through a slow-wave structure (Fig. 2.3). As a result of the
applied electric and magnetic field an electromagnetic wave is launched in the opposite
direction of the electron beam. By adjusting the acceleration voltage the emission wave-
length can be adjusted fast and easily. The capability of fast tuning the emission from
one to the other end of the BWO’s electromagnetic spectrum makes it a quasi broadband
source.

At THz frequencies about 1 THz they offer output powers up to a few mW [35]. The low
output power level at higher frequencies, which is mainly caused by metallic losses, the high
supply voltage and the need of a magnetic field for operation are significant disadvantages

of this type of THz source. In addition, as all vacuum tubes this radiation source has
limited life time [36].

2.1.4. Schottky multiplier

Schottky multipliers are whisker contacted Schottky varactor diodes. In these devices
nonlinearities of the varactor diode is exploited for the high harmonic generation of mi-
crowaves [38]. Usually the diode is driven by a strong microwave source at e.g. 100-
200 GHz. Compared to BWQ’s they show less output power by one order of magnitude
at the same emission frequency but they reach much higher frequencies up to 2.7 THz and
can be cooled to increase the output power [36]. However, the multiplication efficiency falls

significantly down with increasing frequency of about 25dB/T H z. Due to their scalability,
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Figure 2.3.: Schematic diagram of backward wave oscillator: 1 - heater, 2 - cathode, 3 -
electron beam, 4 - collector (anode), 5 - permanent magnet, 6 - slowing system,
7 - electromagnetic wave, 8 - waveguide, 9 - water cooling (from [37]).

in form of chains of multipliers, they find find application in combination with e.g. Gunn
diodes.

2.2. Generation of coherent THz radiation

In general, the photons of a coherent radiation source have a given phase relation between
them. Due to this property they are capable to produce temporal and spatial interference
effects [39]. Since the photons from a coherent light source have a fixed phase relation
between them they can interfere constructively which can result in huge amplitudes. In
addition, the knowledge of a light field’s temporal phase can be exploited for measuring its
electric field amplitude in time which is shown e.g. in section 2.5.2. Although this section
is dedicated to coherent THz sources the basic laser principles and theory is described later
in section 2.3 where pulsed laser system are explained in detail. Here only the specialties

and main principles of coherent cw THz sources are described.

2.2.1. THz gas lasers

The first coherent light sources for the THz frequency range were optically pumped gas
lasers (OPGLs). Many gases show strong vibrational /rotational absorption lines in the

wavelength region of about 10 um and radiative rotational transitions in the THz frequency
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2. Generation and detection of terahertz radiation

range [40, 41] caused by their permanent dipole moment. Due to a long relaxation of the
excitation in some gases an inversion can be built up in the first excited state which makes
lasing action possible. As gain media gases like vinyl chloride (CoH3Cl), methyl alcohol
(CH30H), methyl fluoride (CH3F), ammonia gas (NH3) and many others are used [42, 43].
They are usually pumped by a nitrous oxide (N2O) or carbon dioxide (COgz) laser. These
lasers have their typical lasing wavelength at about 9-11 ym which is matching very well
with the absorption lines of the involved gases. Since such pump sources provide a plenty
of emission lines and the involved gain media has usually more than one lasing transition
the pumping source has to be tunable. This is achieved by placing a dispersive element
like a grating or etalon inside the cavity so that only one excited state can be filled. Since
the lasing operation in OPGLs depends strongly on the gas pressure they are operated
at low pressure levels of about 40 — 170 - 10~% bar for keeping the collisional relaxation
rate down [41, 44]. One drawback of this pressure level is that it reduces drastically the
single pass pump beam efficiency. For achieving good pump conditions the pump beam
is coupled to the THz oscillator and is then reflected several times in the cavity. Since
it is difficult to find dichroic mirrors operating in the MIR and THz, and proper output
couplers such lasers are equipped with a closed cavity. This means both beams (MIR and
THz) are trapped between two high reflective metal mirrors. For pumping and outcoupling
of THz radiation these metal mirrors have small holes in their middle which are filled with
a transparent material. E.g. this can be potassium chloride (KC1) for the pump beam
window and high-density polyethylene (HDPE) for the THz outcoupling window. So far
more than a thousand emission lines from various gases in the frequency range 0.1-8 THz
are reported [45]. The main disadvantage of these lasers is the life time limited pump

source.

2.2.2. Quantum cascade lasers

Quantum cascade lasers (QCLs) are devices which base on an intersubband optical tran-
sition. This relatively new semiconductor device was introduced by J. Faist et al. [14] for
MIR. Recently the emission of this laser type was extended to THz frequencies [46]. Com-
pared to its size this unipolar device shows outstanding performance and power levels up
to 248 mW [21]. Since chapter 6 is dedicated to THz-QCL measurements, including their

working principle, they are not described in detail here.

2.2.3. Free electron lasers

All above described THz laser sources have their strict limitations during operation. Since
they rely on an atomic or a molecular active medium their output power, emission wave-
length, and tunability is limited. A coherent THz source which has not such limits is a
free electron laser (FEL) which uses a relativistic electron beam as gain medium [47, 48|.
The electron beam in a FEL travels through a periodic transverse magnetic field. Due

to this periodic magnetic field the electrons travel on a sinusoidal path on which they
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Figure 2.4.: Schematic comparison of pulses with different length in (a) time and (b) fre-
quency domain. The pulses are normalized to the same energy for better
comparison.

emit photons. These photons are collected by a mirror and sent back through the cavity.
Here the electron motion in the beam path is in phase by active synchronization with the
incoming light field which results in amplification. The output power of FELs can be ad-
justed by the intensity of the electron beam and its wavelength is tunable by the magnetic
field strength. FELs can be used over a broad electromagnetic spectrum covering the THz
frequency range up to ultra-violet (UV) and beyond [49]. The main application of FELs
is basic research. As described they offer a large degree of freedom regarding emission
wavelength and power. But due to their huge size (comparable to a large house), the
high costs and the complicated maintenance of stable light emission they find application
only in special cases. At the moment worldwide less than 50 FELs are in duty or planed

respectively.

2.3. Generation of few cycle THz radiation

The light sources explained so far are either not coherent or their emission spectrum is
not broadband enough showing just a few emission lines. An universal applicable light
source would be a THz pulse laser emitting ultrashort electromagnetic transients covering
the spectrum 0.1-10 THz. The imperative for this pulse property is illustrated in Fig. 2.4.
The shorter a laser pulse of given energy is the broader is its spectrum and the higher is
its peak intensity. Latter is the crucial parameter if nonlinear effects shall be targeted.
However, such broadband pulse lasers for the THz frequency range do not exist so far.
This means no direct pulse light source is available but there do exist several methods for
an indirect generation of few cycle THz radiation. Starting point is in general an ultrafast
femtosecond Ti:sapphire pulse laser operating in the NIR [50]. The principles used for

the THz pulse generation can be divided into three groups considering either optical or
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2. Generation and detection of terahertz radiation
electrical effects:

1. Radiation from current transients (dipole antennas)
2. Radiation from polarization transients (plasmon emitters)

3. Radiation by nonlinear optical effects (difference frequency mixing)

The first two of them can be directly described by the Maxwell theorem [3], which states
that every accelerated charge or changing polarization emits an electromagnetic field ac-

cording to ,

E (t) x %—i x 887];’ (2.2)
where J is the current density and P is the electric polarization. The third approach for the
generation of few cycle THz radiation is difference frequency mixing. Two or more waves
are mixed in a proper nonlinear medium so that the difference frequencies are located in
the THz frequency band.

The detailed description of the generation processes and devices including the basics of

ultrashort pulse laser generation are the topics of the following sections.

2.3.1. Generation of ultrashort laser pulses

The generation of ultrashort laser pulses is not a trivial task. For a cw laser only a material
with a narrow amplification spectrum is needed. This situation changes if a pulse laser
shall be built. Only a few materials are capable of broadband amplification which is the

crucial parameter. A complete overview can be found in [51, 52].

Basic laser principles

The starting point of every femtosecond (fs) pulse laser is a normal cw-laser, usually a solid
state laser. Most commonly materials with a four level energy system are used because they
can be easily pumped compared to a three level system [53]. In Fig. 2.5 an illustration of a
four level system is shown. Such system is needed to achieve a stable population inversion
which is essential for the light amplification process. This means that the upper lasing
energy level |3) is more occupied than the lower level |2). A beam which comes e.g. from
semiconductor laser diodes pumps electrons from the ground state |1) to the excited state
|4). Since the relaxation time back to the ground state is very long compared to the fast
transition |4) — |3), nearly all electrons pumped to state |4) relax to state |3) where they
produce an inversion due to the long relaxation from there to the state |2). If the charge
carriers relax to state |2) they emit a photon. After a fast energy transition [2) — |1) the
electrons can be pumped again to the upper state. For instance in a three-level system
state |1) and |2) are the same. This results in problems if the pump power is not high

enough causing an overpopulated ground state and a reduced population inversion.
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Figure 2.5.: Sketch of a four-level system found in most laser gain media.
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Figure 2.6.: Elements of a typical laser resonator (from [52]).

The energy E of the generated photons directly determines the frequency f of the emitted

electromagnetic field given by the commonly known formula
E=h-f, (2.3)

where h is the energy quantum. But a population inversion does not result automatically
in a coherent light field. Such a system would only emit photons of random phase by

spontaneous emission.

To achieve stable lasing action or coherent light amplification, it is necessary to ensure
that all emitted photons have the same phase. Therefore, the gain medium is placed in
an optical resonator where the photons circulate (Fig. 2.6). Photons propagating through
the gain medium interact with the electrons located in the excited state and stimulate
the light emission process. Due to the standing wave condition the optical length of the

resonator determines the possible frequencies where coherent light amplification can take

15



2. Generation and detection of terahertz radiation

place. These frequencies are given by

C

fm:m'ﬁv

meN (2.4)

where m is a natural number, c is the speed of light in the gain medium and L is the
resonator length. All emission lines are spaced by the ground frequency f;. Further, the
possible emission frequencies, also called modes, are limited by the gain/loss profile. This
means only modes can built up for which the optical gain in the medium exceeds the sum

of all losses within the optical resonator.

Mode-locking

The modes of a multimode laser oscillate independently of each other, hence the phase

relation between them is random. The resulting emitted electric field can be described by
Eeum (t) =Y By cos (w; - t+ 5 (t)), (2.5)
i

where E; is the amplitude of the electric field strength, w; is the angular frequency and
¢; (t) is the time dependent phase of the individual modes. The random phase between
the various modes results in random constructive and deconstructive interferences between
them. Therefore, the emitted electromagnetic field of such a laser is strongly fluctuating.
This is the reason why it is of great benefit to establish a constant phase between all
modes. In this case the modes interfere completely constructive at a given time which is
periodically repeated. This so called mode-locking of as many modes as possible means
that the duration of the resulting pulse can be very short. How this theoretically looks like
is shown in Fig. 2.7. By summing up the fundamental electric field oscillating at 10 Hz with
100 side modes which have a mode spacing of 10 mHz and no phase difference compared
to the fundamental mode they periodically interfere constructively resulting a short pulse
(Fig. 2.7b). Due to the mode spacing this interference pattern repeats every 100s. The
more modes are locked to each other the shorter the resulting pulse and the higher its

amplitude. In this particular case the amplitude rises by a factor of 101.

This gedanken experiment shows the importance of this effect. In a mode locked laser
the energy is stored up and released in short energy rich bursts. The methods developed
so far can be divided in passive and active mode-locking [51]. For instance, latter can be
achieved by modulation of the cavity losses with a frequency given by the round trip time
in the laser. One can imagine that this requires very fast and precise electronics which
limits, of course, the pulse width. On the other hand passive methods are much more
difficult to handle but offer shorter pulses. Thereby an additional element or in the ideal
case the gain medium itself is responsible for the mode coupling. Apart from saturable

absorbers one of the most often used methods in pulse lasers is Kerr lensing.
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Figure 2.7.: Electric field of (a) the fundamental mode (10 Hz) and (b) 101 phase-locked
modes with 10 mHz spacing.

Kerr-Effect

The Kerr effect [39] is a second order, nonlinear electro-optic effect that describes the local
change of a material’s refractive index caused by the intensity of a light field. The influence

on the refractive index is given by
n(I)=no+ng- 1, (2.6)

where ng is the unaffected refractive index and the proportional factor ny determines the
influence of the power intensity. Since the power profile in a laser beam follows a Gaussian
distribution [39] the highest intensity is located in the middle. As a result of this profile
the refractive index profile changes in the same way according to Eq. 2.6. In this way
the refractive index gradient forms a lens and leads to an effect which is often called
beam self-focusing. Thereby the material behaves as a lens with an intensity depending
curvature (Fig. 2.8). That influences the conditions within the laser cavity which can be
used for passive mode-locking. If the optical system of the laser is built in a way that
pulsed operation, with high temporal intensities, shows the lowest losses in the system this
condition is preferred by the laser resonator itself. Due to this reason this effect is self-
stabilizing. It means, that the self-focusing effect causes that the beam is more and more
focused. In this way the mode of laser operation exceeds the optimal loss/gain condition
and stabilizes at the upper edge of stable laser operation. The standard material for NIR
pulse lasers showing a strong Kerr effect is Ti:sapphire. Such doped crystals have to be
optically pumped by another cw laser. Ti:sapphire shows a very high optical damage
threshold and a huge gain bandwidth of more than 300nm [52]. Latter property makes
it ideal for the generation of ultra-short laser pulses where the spectral bandwidth is the

crucial parameter.
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Figure 2.8.: Self-focusing caused by the Kerr effect for low and high beam intensities. Lines

and arrows indicate beam waist and diameter (from [51]).
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Figure 2.9.: Pulse compression with a prisms pair.

Pulse compression

As mentioned at the beginning of this section, the laser pulses should be as short as possible
to achieve a large bandwidth. Due to dispersive optical components inside and outside of
the cavity the pulses are much longer than it could be in the optimal case. Most materials
show a positive dispersion g—’; < 0. That means that they show a higher refractive index
for shorter wavelengths. Even if the generated laser pulses were very short within the
laser resonator the optical system outside can introduce a so-called chirp [53]. The main
goal to maintain a short pulse duration is to introduce a additional opposite dispersion to
compensate this pulse lengthening.

There are two main methods for introducing a negative dispersion for shortening laser
pulses. First method consists of compressor made of two or more prisms [52]| (Fig. 2.9).
The key feature of this method is that light with a longer wavelength is propagating
a longer distance through the second prism to the end mirror compared to waves with
shorter wavelength. This produces a negative dispersion and shortens the laser pulse by
compressing the wave packets. If the prisms are installed on a stage the dispersion can
be adjusted and an additional pre-chirp can be set to compensate the dispersion of the
optical system outside of the laser. In this way, at a certain position the laser pulse length
is optimized. The main disadvantage of this method is its sensitivity to the position of the

laser beam and the prisms. Any drift in time results in a changed pulse length.
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Figure 2.10.: Pulse compression with chirped mirrors.

The second method uses so-called chirped mirrors [54]. These mirrors have multiple
dielectric layers of alternating materials of different thickness (Fig. 2.10). For introducing
a negative chirp the mirrors have a stack of thin layers on the top whose thicknesses increase
with depth. The thickness of the layers corresponds to the wavelength of the light which has
to be reflected. Short wavelength light is reflected close to the surface while long wavelength
light is reflected deeper in the mirror. Similar to the prism compression this introduces a
longer propagation path to the red shifted light and so a negative dispersion. Since the
dispersion introduced by these mirrors is independent of the hit position this method does
not suffer from beam path changes. Further, such mirrors are highly adaptable. They can
be designed for nearly every wavelength and dispersion, just by changing the thickness
and the order of the deposited layers . In this way even dispersion of higher orders can be
applied easily. The main disadvantage of this method is that a mirror’s dispersion cannot
be freely adjusted after its top surface was deposited. The dispersion can only be adjusted
in steps by using multiple bounces between two of such mirrors. This explains why such
mirrors are often installed outside of the cavity while prism compressors are mostly found

within it.

2.3.2. Plasmon emitter

The principle of a coherent plasmon emitter [55] is shown is Fig. 2.11. An incoming
laser pulse excites the surface of a doped semiconductor. In the ideal case a n-doped
material with carriers of high mobility is used (e.g. n-GaAs or n-InAs). The generated
charge carriers oscillate due to two different mechanisms. First, the generated charge
carriers, mainly electrons, are accelerated by the surface field. This leads to a separation
of electrons and holes. This, of course, causes Coulomb attraction between them which

is moving the carriers back. Electrons moved in such way emit electromagnetic radiation
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Figure 2.11.: Band profile of a plasmon emitter.

according to Hertzian dipole theory [3]. This process holds on until the carriers have
recombined or dephased by electron/phonon scattering. The generated carriers are also
responsible for the second process initiated because they screen the surface field partly.
This causes that the surface space charge region shrinks resulting in a changed curvature
of the band structure. The free electrons from the bulk material start to move towards
the surface initiating a oscillation while the holes move vice versa. Due to this coherent
movement the electron cloud is also called plasmon. The angular frequency of the carrier

plasmon oscillation in both cases is given by

2
i
= — 2.7
w=\lwp— (2.7)
with
oy = 4] " (2.8)
P\ eg-m*’ '

where w), is the plasma frequency, v is the damping factor of the oscillation, e is the
elementary charge, n is the density of the photogenerated carriers, g¢ is the permittivity
of free space and m* is the effective mass of the electrons. From the formulas is clear that
the center emission frequency can be tuned directly by the doping concentration [55]. It
is even possible to improve the emission efficiency by 40 % by using an LT?-GaAs layer at
the surface [56].

This type of emitter is usually excited by the laser beam impinging under a certain angle.

This has two reasons. First, to minimize the amount of reflected power, the emitter is hit

%low temperature
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under the Brewster angle given by
ap = arctan (ngc) , (2.9)

where nge is the semiconductor’s refractive index. In the case of GaAs with a refractive
index of n =~ 3.66 at IR wavelengths this angle is ~ 74.7°. Further, since the oscillating
dipoles are close to the semiconductor /air interface the emission profile can not be described
by a Hertzian dipole [3] anymore. The resulting radiation pattern in this case can be
calculated by [57]

1

-sin? (2p), (2.10)

_ 2) sin2p—1] L. S . "
P.(p) = [(1+n?) -sin®p —1] ryp

where p is the angle measured from the dipole axis and n = 72 is the ratio of the refrac-
tive indexes of the materials building the interface. In principle the formula explains the
circumstance that the radiation from a surface dipole has the tendency to concentrate in
the material with higher refractive index. To optimize the THz generation process a trade
off between both effects has to be found. Plasmon emitters are widely used although they
need to be modulated optically. Their main advantage is the availability of cheap materials

and that for such THz emitter no lithography patterning is needed.

2.3.3. Dipole antennas - photoconductive switches

The most often used devices for the emission of few cycle THz radiation are dipole antennas.
The first application of this emitter type was the generation of optical induced ultrashort
current pulses invented by D. H. Auston [15] who was the eponym of this device. In this case
a light pulse illuminates an area on a semiconductor material between two biased metallic
contacts. Due to the generated charge carriers in the gap the contacts are short-circuited
leading to a short current transient until the carriers recombine or drift away. Apart from
this original application Auston devices are also capable emitting THz radiation [58] due
to those short current transients (see Eq. 2.2).

In the simplest case this emitter consists of coplanar metal stripes placed on a semicon-

ductor material which should provide the following properties:

1. High carrier mobility
2. Short carrier life time

3. High breakdown voltage

A list of photoconductive materials including their parameters can be found in [59]. The
emission process of photoconductive (PC) antennas is illustrated in Fig. 2.12 which behaves
as Hertzian dipole.

When the gap between the metal stripes is illuminated by an femtosecond optical pulse

with a photon energy larger than the bandgap (e.g. E, = 1.43¢eV for GaAs at room
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temperature) electron/hole pairs are generated. Due to the applied electric field the car-
riers are accelerated in opposite directions and decay with a time constant given by the
recombination rate of the corresponding material. Because the current density changes in
the sub-picosecond regime the electrons within the illuminated area emit a sub-picosecond
electromagnetic transient. Its spectrum depends strongly on the carrier mobility within
the semiconductor material which should be as high as possible to obtain a broadband
THz pulse. The electric far field E (r,t) can be described by a Hertzian dipole radiating
into free space by [59]

E(T’t)_zm;((;%?«'&Z?EQ'Sin@O(a??p’ (2.11)
where J () is the current density in the dipole, I, is the dipole’s length and © is the angle
measured from the main axis of the dipole. It clear that the amplitude of the radiated field

is directly proportional to the derivative of the current density given by [60]
JO) IR -q-v ), (2.12)

where ® means the convolution product, I () is the optical intensity profile, and n (¢), v (t)
and ¢ are, respectively, the density, the velocity and the charge of the optically generated
carriers. The dynamic of the charge carriers is well described by the Drude model. Ac-
cording to this model the dynamics including the drift velocity v (¢) of the photogenerated

carriers can be described by a differential equation given by

v (1) v(t) | g

ot T m*

E(t), (2.13)

where 7 is collision rate and m* is the effective mass of the electrons. Latter parameter
explains why materials with low effective electron mass (e.g. m* = 0.067 - m, for GaAs
at room temperature) are best suited for such emitters. In general the pumping process
can be approximated by a delta function. The resulting photo-current and radiated field

amplitude is shown in Fig. 2.13.

The real shape of the antenna structure can vary depending on the application. Typical
strip line distances range from 10 yum up to 1 cm. Depending on the electrical break down
voltage electric fields up to 10 % are reached close to the semiconductor surface. In order
to optimize the outcoupling efficiency and to avoid losses due to total internal reflection a
hemispherical lens (see Fig. 2.12) is usually attached to the backside of the emitter made

of the same or similar material.

A fact which is often underestimated and stands in close relation with this is the diver-
gence of the generated beam. Especially this plays a major role if the illuminated area has

a dimension comparable to the wavelength of the emitted radiation. The divergence angle
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O of a Gaussian beam in respect to the optical axis of the beam is given by [53]

© = arctan (-, (2.14)

T - Wo

where X is the effective wavelength in the material and wy the radius of the beam waist.
This wavelength dependent effect results that the emitted beam profile is spectrally shaped.
Long wavelengths are displaced to the edge of the beam while short wavelengths are con-
centrated in its center. Hence, owing to total internal reflection on the back side of the
emitter long wavelength radiation can be lost. This and other practical considerations are
topic of chapter 3 and are discussed there in detail.

However, dipole antennas are the primary used emitters for the generation of few cycle
THz radiation. They are very powerful and scalable. Further, since the emitted radiation
amplitude scales linearly, up to the breakdown voltage, with the applied electric field they

can be used for the examination of nonlinear optical material parameters too.
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Figure 2.12.: Standard THz-pulse generation from a photoconductive antenna pumped
with a femtosecond optical pulse. Propagation of current pulses along the
coplanar transmission line are in the top view (from [59]).

2.3.4. Difference frequency generation by optical non-linearities

The third approach for the generation of THz radiation is difference frequency genera-
tion [61]. Thereby a material’s second order nonlinear optical effect is exploited. In gen-
eral two waves of different frequency are mixed within a nonlinear medium. The resulting

second order polarization P (w) in the material can be described by

P(2) (wTHZ) =£&0 - X(z) (wTHZ = W1 — wg) -FE (wl) . E* (WQ) y (2.15)

where X(Q) is the second order susceptibility tensor and w; are the angular frequencies of the

involved fields. If two electric fields interact in a second order nonlinear crystal new fields
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Figure 2.13.: Calculated photocurrent in the emitter and amplitude of the radiated field
versus time. The temporal shape of the laser pulse is drawn as a dotted line
(from [60]).

with the frequencies 2-wq, 2 w2, w; —wa, and wi +wsy are generated. Even a zero frequency

field component is generated giving this method also the name “optical rectification”.

For the generation of THz radiation the difference frequency generation (w; —ws) is
exploited which is illustrated in Fig. 2.14. The spectral frequency components of a broad-
band laser pulse are mixed in a way so that the difference frequency of certain parts of its
spectrum are located in the THz frequency band. This happens for all frequencies where

the phase matching condition

ks () = k1 (w) — ks (W), (2.16)

is fulfilled, where k; (w) are the frequency depending wave vectors of the involved waves
in the corresponding material. Many materials are suited for this generation method. The
most often used crystals for the generation of THz pulses illuminated by Ti:sapphire pulse
lasers are GaSe, GaAs and ZnTe [62, 63].

Recently, a new method for the generation of intense THz pulses of more than 400 %Was
developed [64]. Thereby the generation process takes place in an air plasma generated
by the laser pulse itself which acts as a nonlinear medium. However, this method is
complicated and needs pulses with high energy ~ 1mJ and short length 50 fs. Apart
from this, difference frequency generation has in general lower output power than photo-
conductive switches. Their main advantages are their large bandwidth exceeding 10 THz
and the slightly tunable emission profile. This can be done by changing the crystal’s optical
axes in respect to the polarization of the incoming laser pulse which has a direct impact

on the phase matching conditions (Eq. 2.16).
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Figure 2.14.: Principle of difference frequency mixing for THz generation.

2.4. Detection of incoherent THz radiation

In the case of incoherent detection the phase information of the detected photons is neither
obtained nor exploited for the measurement scheme like gated detection or interference
effects shown later. Detectors based on this scheme measure the power absorbed by a
material. The signal obtained by a sensor using this technique has an integral character

and is given by
oo
S— / k(W) - P () do, (2.17)
0

where P (w) is the frequency depending power density, k (w) is the sensor’s responsitivity for
a given frequency and w is the angular frequency of the incoming radiation. Depending on
the amount of absorbed power the parameters of the absorbing material or the whole heat
sensitive object are changed. For instance, these can be a changed voltage drop, current,
resistance or volume caused by thermal expansion. Latter can be measured by pressure
sensors or markers whose position indicate the amount of absorbed power corresponding
to the expanded volume.

Since such sensors are usually sensitive to the complete spectrum of thermal radiation the
measured signal is not only related to the radiation source under investigation. Without any
precautions the measured signal is a conglomeration of the real signal, other light sources
operating in the sensor’s sensitive spectral region and the thermal background. Even the
application of narrow optical bandpass filters does not work. In this case the measured
signal would still include the background radiation at the filters transmission range. To
extract a clear signal from the thermal spectrum related with a certain radiation source
it has to be marked by special measurement techniques. This is achieved by modulation
of the light field of interest. Then the real signal can be obtained by mixing it with the

modulation frequency. By using this scheme a signal from Eq. 2.17 modulated at wy,,q can
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be extracted by demodulation with wgemoeq by

SMeasured = S+ cOs (wmod) -+ COS (wdemod) . (2-18)

For the case that the modulation and demodulation frequencies match (wimoed = Wdemod)

the above formula can be simplified and expressed by

(2.19)

SMeasured =5 ( 2

1+ cos(2- wmod)>

The measured signal consists of a constant component % and a signal part at the doubled
original modulation frequency. Latter can be easily filtered out by low pass filters. This
simple measurement technique can be applied to more or less any detection method to
increase its sensitivity and masking interfering background signals. For this demodulation
purpose lock-in amplifiers are used. This working principle and technique is explained
in detail in [65]. Especially the techniques for the detection of incoherent THz radiation
described in the following sections owe their universal application capability this measure-

ment technique of marking a signal of interest.

2.4.1. Bolometers

One of the oldest measurement device for electro-magnetic radiation is the bolometer (gr.
bole - “beam”). It was developed in 1878 by the astronomer S. P. Langley'? for the detection
of infrared radiation [66]. Mainly it consists of a radiation absorbing element, a heat sink
and a temperature sensitive device. The measurement scheme is as simple as follows [67].
At first the incoming radiation increases the temperature at the absorbing element which
is directly attached to a thermometer. Latter can be e.g. a silicon plate through which
a steady current is flowing. Due to the temperature increase the resistivity and so the
voltage drop across the sensor changes which is a direct measure for the amount of absorbed
radiation. For achieving a high sensitivity the heat capacity of the whole system has to
be kept as low as possible. This ensures that already small amounts of absorbed radiation
result in a high and fast change in temperature corresponding to a high signal output.
Further, the heatsink has to be kept cool, at a constant temperature to achieve a high
sensitivity and speed of the device. Best performance and sensitivity is achieved with
liquid Helium (1He) cooled silicon bolometers [67] which can be operated up to a modulation
frequency of a few kHz. The main disadvantages of standard bolometer are their bulky
design, the need for a cryogenic coolant and the relative low speed.

Recently, the bolometer development made a big step forward which opened widely
their application range. This was mainly achieved by miniaturization [68]. These so-
called microbolometers have a very low heat capacity what improved the sensitivity by
a factor more than 4 and increased the modulation frequency beyond 100 kHz. Another

advantage of the sensitivity increase by reducing the sensor’s volume was room temperature

10Samuel Pierpont Langley (1834-1906)
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Figure 2.15.: Working principle of a Golay cell infrared detector.

operation [69] and the possibility of arranging many sensors in a two-dimensional array for

imaging applications [70].

2.4.2. Golay cell

The Golay cell is an opto-mechanical sensor for infrared radiation invented by M. Golay!!
and is based on a pneumatic principle [71]. A scheme of a usual Golay cell is shown in Fig-
ure 2.15. First, incoming thermal radiation is filtered by an appropriate window material.
The transmitted radiation hits a highly absorbing material of low heat capacitance result-
ing in an temperature increase. This absorber is in close thermal contact to a chamber
filled with a gas. Further, one side of the chamber is implemented as flexible membrane
which acts as a highly reflective mirror. Light from a source is reflected under a certain
angle from this membrane and is detected by a position sensitive optical sensor, e.g. a
photodiode in the simplest case.

If now radiation is absorbed the temperature of the gas is changed leading to an increase
of the gas pressure. Since only one side wall of the chamber is flexible the membrane there
expands slightly. This change can be sensed by the deviation of a light beam reflected
from this side wall by e.g. a position sensitive sensor. A Golay cell is a very sensitive
sensor [71] but find mainly use in scientific applications. Its main limitations are their low
speed and the vulnerability to vibrations [72] as a result of the opto-mechanical detection
principle. However, since the invention of the Golay cell the available technology changed,

and miniaturization improved the sensitivity and speed of these sensors [73].

2.4.3. Pyroelectric sensor

The pyroelectric sensor is a thermal measurement device for the detection of infrared
radiation. Such sensors do not need an external bias voltage and are operated at room

temperature. Some crystalline materials exhibit a spontaneous electric polarization which

"Marcel Golay (1902-1989)
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means an alignment of dipoles within the domains in the crystal. Since the number of
uniform aligned domains in these crystals depends strongly on the temperature they are
called pyroelectric. Due to this effect a temperature depending charge is built up at the
crystal’s surfaces perpendicular to its ferroelectric axes [74]. The value of the spontaneous

polarization across the crystal about room temperature can be approximated by
Py =p- AT + P, (2.20)

where p is the material depending pyroelectric constant, AT is the temperature differ-
ence and Py is the value of the spontaneous polarization at the reference temperature.
Due to the ferroelectric nature of the pyroelectric effect it vanishes by approaching the
material’s corresponding Curie temperature [75] where the pyroelectric constant becomes
strongly temperature depending. This effect can usually be neglected because such sensors
are operated close to room temperature and the amount of absorbed radiation does not
significantly change the sensor’s properties.

As pyroelectric elements mostly ionic crystals or ferroelectric polymers are used [76].
The structure of pyroelectric sensors is similar to the other incoherent detectors described
above. The pyroelectric element is sandwiched between two electrodes and attached to
a radiation absorbing element. The direct measure for the sensor’s temperature and so
the absorbed incoming radiation is the voltage drop across the electrodes. In principle
pyroelectric sensors are capacitors with a very high RC time constant making this detector
rather slow. Since no mechanical components are used and no active cooling is needed
they find wide application. Today modulation frequencies up to 30 Hz are achieved [77]
and mostly materials like lithium tantalate (LiTaOs) are used [78].

2.4.4. Fourier transform infrared spectroscopy

As already mentioned in the introduction one of the main methods obtaining the spectrum
of an incoming light field is Fourier transform infrared spectroscopy (FT-IR). Basically it
consists of a Michelson interferometer invented by A. A. Michelson more than 100 years
ago. Thereby a light field from a source is guided through the interferometric part and then
sensed by a proper detector. A general overview of various types of interferometers and
their field of application can be found in [53]|. As indicated above, the interferometer is no
light sensor per definition. It is a frequency sensitive component which is combined with
a light source and detector to obtain a power density spectrum of the sensed radiation.

A typical layout of a FT-IR spectrometer system is shown in Fig. 2.16. The radiation
from a light source is guided collinearly to the spectrometer part where the beam is split
into two parts by a beam splitter. Within there, one beam is reflected by a movable and
the other by a fixed mirror resulting in different propagation lengths. This time delay
between the two beams leads to a phase difference between them. Depending on the delay
the beams interfere either constructively or destructively, are led through a sample and are

finally sensed by a detector. The result is an autocorrelation function given by
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Figure 2.16.: Scheme of a standard two beam FT-IR spectrometer (BS—beamsplitter,
M—mirror, PM—parabolic mirror).

5(7)—/00 [Esum(t)]2dt—2./°° [E(t)]2dt+2~/_ooE(t)~E(t+T)dt (2.21)
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Eoum () = E(t) + E(t+7) (2.22)

is the instant electric field at the power detector and 7 is the time delay between the two
beam parts. The first term in Eq. 2.21 corresponds to the power of the sensed radiation
whereas the second term is the autocorrelation function which is of interest. The power
density spectrum (PDS) of the beam is obtained by Fourier transformation. The appli-
cations of FT-IR systems are manifold. For instance, they are used for measuring the
optical properties of materials. In this case e.g. a globar or a mercury lamp is used as
light source for measuring the PDS with and without sample. Latter spectrum P (w) is
used as reference which also illustrates the second application. If no sample is installed the
FT-IR measures the PDS of the light source which is in this case the quasi sample. For this
purpose the sensor’s sensitivity spectrum has to be known exactly which acts in this case
as reference. However, in this way incoherent, coherent and even the emission spectrum
of pulsed sources can be measured. For latter purpose FT-IR is not the best choice. By
measuring the PDS any kind of phase information is lost and time-domain measurements

are usually performed for measuring the electric field strength including its phase.

2.5. Detection of few cycle THz radiation

The detection of few cycle THz radiation depends on the application. In principle any
of the above mentioned detection methods can be used. But in this case the additional
phase information carried by these pulses would be lost. Especially if few cycle THz pulses

are sensed in time-domain including their phase information a lot of physical effects can

29



2. Generation and detection of terahertz radiation

be accessed. For instance a complete pulse trace including all reflections from the optical
system offers much more information than the pure transmission data like the absorption
coefficient. It includes the complete history of the wave propagation. This means reflections
get clearly visible and can be exploited for e.g. the development of new anti-reflection
coatings (see chapter 4) or the observation of the dynamics of various effects. In the pure
power detection scheme these reflections are part of the sensed average signal and stay
hidden. But furthermore, in time-domain the dynamic of processes in active materials can
be observed which is the topic of chapter 6.

The sensing of THz pulses in time-domain is quite complicated. A typical THz pulse
transient has a length of about 500 fs. The main problem is that there do not exist sensors
which are fast and sensitive enough to operate at this time scale with high resolution [79]. A
solution for this problem is gated detection explained in chapter 3 in detail. By overlapping
a short IR probe pulse with the relative long THz transient in a properly gated sensor the
shape of the THz transient is sensed point by point by varying the delay between them.
The main techniques for the direct measurement of the electric field strength including the
phase are explained in the following sections. Especially the electro-optic detection scheme
is described in detail because it is the method of choice used in the experiments which are

the main topic of this work.

2.5.1. Dipole antenna detection

The detection of few cycle THz radiation by a dipole antenna [80] is the inversed dipole
antenna emitter scheme described in section 2.3.3. Like the dipole antenna emitter the
sensor consists of two metal stripes placed on a semiconducting material (e.g. GaAs). The
area between the two unbiased metallic stripe lines is excited by a short IR laser pulse
which generates charge carriers there at the surface (Fig. 2.17). At the same time the area
is hit by a THz electric field transient. Corresponding to the electric field strength of the
THz transient overlapping with the optical probe pulse the carriers are accelerated. That
is resulting in an induced current flow which is measured by an ammeter. The generated

photocurrent I (t) as a function of time is described by [81]
o
)= [ Bra.(t)-N (¢ - o)t (2.23)

where Erg, (t), N (t), e and p are the incident THz electric field strength, the number
of photogenerated carriers, the elementary charge, and the electron mobility, respectively.
The typical amplitude in the focus of the THz electric field is ~ 100% which is only 1%
of the electric field strength applied in the emitter configuration of this device. Hence, the
stripe line distance is much narrower. Typical distances are a few 10 um [37]. Further,
again a lens is used to focus the THz field directly onto the stripe line gap. In free space
the wavelength of the sensed field would be much larger than the dimension of the sensor

leading to a reduced sensitivity. At the moment they offer a sensing bandwidth up to
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Figure 2.17.: Tllustration of the detection principle of dipole antennas (corrected drawing
from [37]).

20 THz [82]. Dipole antenna sensors are widely used but stand in direct competition with
the electro-optic sampling technique which is explained later. The main disadvantages are
the limited bandwidth given by the RC time constant of the device and the need for precise
low noise current amplifiers because the typical generated photocurrents are usually in the

range of pA — nA.

2.5.2. Electro-optic detection

Another type of sensors for the detection of few cycle THz pulses are electro-optic crys-
tals. Sensing of pulsed THz radiation with electro-optic crystals (EOC) is a relatively
new method. It was introduced by the group of X. C. Zhang [83, 84]. Compared to the
dipole antenna detection scheme electro-optic sampling (EOS) offers some significant ad-
vantages [85, 86]. These are mainly the achievable bandwidth and the fact that EOS is
by principle highly sensitive to the polarization of the incoming THz field. Recently a
measured frequency spectrum up to 37 THz was reported [87]. Since EOS is a pure optical
principle no additional micro fabrication is needed and EOCs are commercially available.
Further, the detection principle is independent of the used position on the crystal making

it an easy and robust detection scheme.
Principle

Usually the index ellipsoid of a material describing its orientation dependent optical prop-

erties can be in general written as
2\ 2 v \2 2\ 2
) () )
Ny Ny Ny
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where n; (i = x,y, z) is the refractive index for a given direction in the Cartesian coordinate
system. In the case of an isotropic material the formula can be simplified to

m2+y2+z2

2
ng

=1, (2.25)

resulting in a spherical shape of the index ellipsoid. For instance EOCs like zinc telluride
(ZnTe) and gallium phosphide (GaP) belong to this type of crystals [88, 89]. In general
the refractive index of a material is given by its internal molecular structure. But this is
not the case for EOCs. In this type of crystals the value of the refractive index depends
on the material’s electric polarization induced by an external static or quasi-static electric
field. Such fields can be either applied by attached electrodes or in general by an incoming
electromagnetic radiation, e.g. a THz electric field. This influence of the electric field on
the refractive index in certain materials is called electro-optic (eo) effect. For EOCs the
first order eo-effect, also called Pockels [39] effect, is exploited. The resulting first order

nonlinear polarization in the material in this case is given by
PP (w) = 0 - xijk (W) - Ej (w) - Ex (0), (2.26)

where ;1. is the susceptibility tensor. The formula describes how the interaction of a high
frequency and quasi-static electric field changes the local polarization in a material. Due
to the presence of latter electric field the spherical shape of the index ellipsoid changes to

an elliptical one with rotated main axes which are given by

1 2 1 2 1 2
(n?)'x +(%>'y +(F§)'Z+
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where % are the optical constants for describing the index ellipsoid. A more convenient

(2.27)

way describing the eo-effect is to use the impermeability tensor which is defined by
1 1

- =—. 2.28
. (225)

n= n2

With the impermeability tensor the index ellipsoid from Eq. 2.27 can be rewritten to
711 'x2+7722-y2+7733-z2+7744ox'y+7755-y~z+7766~z~x: 1, (2.29)

and the values of the impermeability tensor including the Pockels effect can be calculated
by
0
nij (Ex) = m(j) + Z Tijk - Eg. (2.30)
k

The tensor r;;;, directly describes the influence of the first order eo-effect on a material’s

optical properties. Due to the effect the tensor is describing its elements are usually called
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2.5. Detection of few cycle THz radiation

eo-coefficients. Since this tensor consists of real values and has a symmetric shape [39],
it can be rewritten as a 2-dimensional matrix. In this form, it can be used to calcu-
late the changes of the optical parameters of a material caused by an applied external

field (Eq. 2.31).
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In the case of eo-detection of THz radiation, the THz electric field changes the optical
properties of the crystal. This leads to a change of polarization of the electro-magnetic
NIR wave propagating through the EOC at the same time, later in this thesis called probe
beam. This change depends strongly on the orientation of the main axes of the EOC with
respect to the wave vector and polarization of the THz and probe beam. The calculation of
the resulting index ellipsoid is quite complicated but generally the impermeability tensor

is significantly reduced to several non-zero elements due to the crystal’s symmetry.

Electro-optic materials

Many materials are suitable for the electro-optic detection of THz radiation but only a
few crystals are widely used. This depends strongly on how good they fulfill the optimal

conditions and properties of an ideal EOC which are:

e High lattice symmetry (non-zero and equal coefficients only for r41, 750 and rg3 )
e Weak frequency dependence of the optical properties
e No or only weak absorption

e High electro-optic coefficients

The materials used for eo-detection can be mainly divided into groups of isotropic and
anisotropic materials. For instance LiT'aO3 and LiNbO3 belong to latter group [90]. In
their case the electro-optic coefficients are neither symmetric nor equal (Tab. 2.1). The
calculation of the eo-effect is not trivial in this case. Since such materials were not used
during this work they are not described in detail. The detailed description of these EOCs
can be found in [91].

Another material with a huge potential is DAST!2 [92]. In contrast to the above de-
scribed materials it is an anisotropic molecular crystal (see chapter 5) with a very high
Pockels coefficient of 75 &7 at a wavelength of 820 nm which is more than one order larger

compared to ZnTe (Tab. 2.2) but the aggravation that it is an anisotropic material showing

124_dimethylamino-N-methylstilbazolium
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0 —T92 T13 0 0 0

0 7992 13 0 0 0

0 0 733 0 0 0

0 T51 0 T41 0 0

51 0 0 0 T41 0
—T922 0 0 0 0 41

LiTaO3 and LiNbOs3 ZnTe and GaP

Table 2.1.: Structure of the Pockels coefficient matrix r;; of LiT'aO3, LiNbO3, ZnTe, and
GaP (from [91]).

| co-crystal || r41[57] [ no (Ao = 840nm) |
ZnTe 4.04 3.17
GaP 1 3.5

Table 2.2.: Pockels coefficients of ZnTe, and GaP.

very strong absorption for frequencies above 1 THz it has only limited importance in the
field of sensing high frequency THz radiation.

The materials mainly used and which fulfill most of the requirements stated above are
ZnTe and GaP. In the group of isotropic crystals ZnTe shows the largest eo-coefficient
(Tab. 2.2). The main limitations of ZnTe are its low transverse optical (TO) phonon
resonance frequency of 5.31 THz and a strong tendency of two photon absorption limiting
the optical power of a NIR probe beam [89]. The other widely used material is GaP [88]. Its
eo-coefficient is only one quarter compared to ZnTe but its TO phonon resonance frequency
is located at 11 THz which makes it the EOC of choice for broadband applications. Which
EOC is used depends finally on the application and the properties needed.

One of the main problems which have all EOCs in common is their dispersion. This
means that NIR and THz waves are propagating through the crystal with different veloc-
ities. As a consequence this leads to a phase velocity mismatch resulting in a frequency
dependence of the so-called response function of the crystal. The first step to calculate
this function is to determine the delay of the NIR and THz waves passing the EOC by

ng (Anir) —n(fro:)

S (fruz) = . d, (2.32)

where ng (Anrr) is the NIR group index, n (frm2) is the THz phase index, ¢ is the vacuum
speed of light and d is the thickness of the crystal. The THz frequency depending response
function is then given by [88]

et 2m fra.0(fraz) _ q
i-2-7- fru. -0 (fru-)

_ t(fru-) OUfrsz) 02 frpat 3
G(fTHz) = 5(fTHz)/o € dt—t(fTHz)'

, (2.33)

where t (frm,) is the Fresnel transmission coefficient which determines the losses due to

reflection. The absolute value of G (frp,) determines the frequency response function
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Figure 2.18.: Phase matching function of (a) ZnTe and (b) GaP (from [88, 93]).

of the electro-optic crystal. In Fig. 2.18 this function is shown for ZnTe and GaP of
various thicknesses. It can be easily seen that the cut-off frequency depends strongly on
the crystal’s temperature and thickness. Generally, the thicker the crystal the lower the
cut-off frequency and vice versa. But the thickness does not only affect the bandwidth
of the sensor. In addition it determines the interaction length of the NIR probe beam
and the quasi-static electric field corresponding to the induced polarization change which
is proportional to the sensed THz electric field amplitude. However, depending on the

application a trade-off has to be found between signal strength and bandwidth.

Application principle of electro-optic detectors for THz radiation sensing

The electro-optic effect itself describes the physical changes of a crystal’s properties due
to the presence of a THz electric field. The effect on the passing optical beam depends, of
course, on the orientation of the EOC with respect to the polarization of the co-propagating
waves. For eo-detection of THz radiation (110)-oriented isotropic crystals are typically
used. Only for this orientation the THz field amplitude can be sensed by the EOC as is
described as follows.

The starting point of the calculation of the eo-effect is the scheme shown in Fig. 2.19.
A NIR probe electric field Ep and a THz electric field E7p, passing the EOC with given
wave vectors and polarization. The presence of the THz field induces a deformation of the
index ellipsoid given by [94]

2 2, .2

x+Z%+Z+2'ETHZ,1'7“41'y'Z+2'ETHz,2'T41~$~Z+2'ETHZ,3'7"41'IE'?J =1, (2.34)
where Erp,; are the components of the applied THz electric field along the main axes
(x-, y-, and z-direction) and ng is the unaffected refractive index. The next step is to
find a coordinate system which coincides with the main axes of the index ellipsoid, so

that the mixed terms vanish. This results in a much easier and shorter calculation of the
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electro-optic crystal

Z (001)

(110)

Figure 2.19.: Coordinate system of a (110)-oriented electro-optic crystal with probe and
THz beam.

polarization change of the probe beam. This is achieved by two coordinate transformations.

First, the system is rotated by 45° around the z-axis. After this, two mixed terms vanish
and an additional simplification Frp,1 = —ErH,2 can be done. Now the x-axis of the
new system points in the same direction as the k vectors of the co-propagating waves. In
the next step the system is rotated around this new x-axis by the angle ©. In addition, the
vector of the THz field can be projected at the new system: Erg, 1 = Erg, - % -sin (a),
Eru.3 = Ern. - % -cos (o) with Erg, = |ErHz|- The resulting index ellipsoid is then

given by
z"? . (ni% + Erg. - 141 - COS oz) +
y//2 . (# + Epps - 141 - (COSO& -sin? © + cos (a+2- @))) + (2.35)
0
2" (% — Brpz 141 (cosa-sin? © — cos (a + 2 @))> =1
0
where

2.0 = —arctan (2 - tana) . (2.36)

In the resulting coordinate system the THz field vector has no component in the z”direction

so that this term can be neglected. This simplification leads to the resulting refractive
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2.5. Detection of few cycle THz radiation

indexes including the electro-optic effect

n3

n’y’ () =nog+ =5 - Erg.-ra (cosa -sin?2 @ +cos(a+2- @)) ,
(2.37)

n” (o) ~ ng + "2—8 - Erps 141 (cosa-sin? © — cos (o + 2 - 0)).
Since these refractive indexes are different, it is obvious that the optical probe beam will
change its polarization. For instance from linear to elliptical polarization when passing
the EOC in the presence of a THz electric field. How this principle is used in reality for
sensing THz radiation is described in chapter 3 where the experimental setup is explained

in detail.
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3. Advanced terahertz time-domain

spectroscopy setup

The initial point for the exploration of physical effects is a measurement tool capable
to analyze it. In the simplest case an easy to use turn on key system. For standard
applications like FT-IR spectroscopy those systems can be bought from various companies.
The usage of such systems is reduced to a “press button to measure” scheme. As a result
a lot of material parameters are calculated by the internal electronics and programs. But
the situation changes if certain optical parameters of a light source or material shall be
measured which are only accessible by an uncommon application specialized system. In this
case the whole measurement system is built from the sketch which makes a fundamental
knowledge in optics, electronics, programming and math necessary. In this chapter the

basic principles of THz-TDS' are introduced and described in detail which includes:

e Time-domain spectroscopy measurements scheme

Applied electro-optic sampling

e Data processing

Initial THz-TDS setup in the year 2003

e Summary of all applied improvements and changes

High performance THz-TDS system in the year 2006

Especially is shown there where this work started and what progress was achieved. The
setup improvement was the key point of this work. Without it, most of the applied spec-
troscopy results in the following chapters would not be possible. Therefor an own chapter

is dedicated to this very important topic not included in most theses.

3.1. Principle of THz time-domain spectroscopy

3.1.1. Measurement scheme

As explained in the chapter before a direct single shot measurement of a THz electric
field transient is not possible so far. No known detector is fast and sensitive enough to

operate on the femtosecond time scale with a resolution better than 100 fs in the THz

'THz time-domain spectroscopy
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3. Advanced terahertz time-domain spectroscopy setup

frequency band. Only by using electro-optic detection techniques the THz pulse can be
measured indirectly by a NIR streak camera [95] in time-domain but only with a resolution
of 200 fs [79].

The standard method used to detect few cycle THz electric field transients is THz-TDS.
In contrast to FT-IR the signal is measured directly in time which includes the electric field
strength AND the phase information. The method is similar to the sample & hold technique
used in measurement engineering. The shape of the long THz pulse (FHWM ~ 500 fs)
is sampled point by point by a much shorter optical pulse (FHWM < 150 fs), typically
optical pulses from a femtosecond Ti:sapphire laser. For this purpose it is necessary to
shift the pulses in respect to each other.

The scheme of an universal THz-TDS setup is shown in Fig. 3.1. The incoming NIR laser
pulse is split in a so-called pump and probe beam. The pump pulses generate few cycle THz
radiation with a suitable emitter e.g. a dipole antenna (see section 2.5). While propagating
through the optical system including the sample object, certain frequency components of
the THz pulse are absorbed and sustain a phase change. In addition, many setups are
equipped with a second pump arm (Fig 3.1a). This can be either a THz or optical pump
pulse which hits in addition the sample with a given time delay between these two pump
pulses. For instance, in this way the relaxation time of very fast semiconductors can be
measured. However, finally the THz pulse is measured by a detector gated by the probe
pulses. An illustration of this sampling method is shown in Fig. 3.1b.

The main advantages of such systems are their huge dynamic range, the stability of the
light source and a very low noise floor [96]. In addition, since the pulse trace is measured
in time the optical interfaces penetrated on its way through the system can be partly
deconvoluted. This means by measuring a long time delay reflections from those interfaces
get visible in the time window. From them, the absorption coefficient and the refractive
index of a penetrated object can be determined [97]. With FT-IR this would be not
possible because the measured signal is simply the sum of all arrived signals and so the
sum of all their power density spectra. For instance, since all phase information is lost the
dynamics of an active media cannot be examined in detail. This phase sensitive property

of THz-TDS is extensively used in chapter 6 later.

3.1.2. Electro-optic sampling

Apart from the incoherent detection of THz radiation used for measuring the emission
of an active media in the last chapter only electro-optic sampling was used to sense the
THz pulses generated by a dipole antenna. All techniques were described in the previous
chapters but at this point the real application of electro-optic sampling for sensing few
cycle THz pulses shall be explained in detail. Especially this includes the involved optical
components.

First element is the EOC, where the NIR probe and THz pulse co-propagate (Fig. 3.2).

If there is no temporal overlap between them, the NIR pulse is passing it without any
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Figure 3.1.: Scheme of a THz-TDS setup. (a) optional THz/optical pump part, (b) time-
domain sampling scheme.
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Figure 3.2.: Standard electro-optic detection scheme (EOC=electro-optic crystal,
QWP—quarterwave plate, WP—Wollaston prism, PD—photodiode).
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change in polarization which is linear. Since in this work the probe beam was linearly
polarized this is assumed for the rest of the text. After the EOC the probe beam passes a
QWP? set to 45° to the NIR beam plane of polarization. This causes that the polarization
changes from linear to circular. Finally it propagates through a WP3. Here the horizontal
and vertical polarized light is split apart. The intensity of those beams is measured by
photodiodes and compared by an electronic circuit or measurement device. In the case
with no present THz electric field at the EOC while the probe pulse propagates through
it the horizontal and vertical polarized beam intensities are equal and so the difference,

which corresponds to the THz electric field, is zero.

This situation changes if the probe pulse passes the EOC with present THz electric field
which induces a birefringency of the EOC. As a consequence the polarization of the probe
beam changes from linear to elliptical. This causes, after passing the QWP and WP, that
the horizontal and vertical polarized beam intensities are not equal and the difference is
directly proportional to the present THz electric field amplitude.

Starting from a system shown in Fig. 2.19 the resulting signal can be expressed by using
the Jones matrices formalism [53] and Eq. 2.37. The initial point is a completely horizontal
polarized probe beam (a = 90°). The electric field vector Eqw p after passing the (110)-
oriented EOC with the main axis © = 45° with respect to the other beam and the QWP
can be described by

Eprobe | 2+ €™ (cos An + sin An)

Eowp = , , 3.1
oW V2 2i-e " (cos An — sin An) (3.1)

with 5
An = % : ETHz *T41, (32)

where Eppope i the electric field strength of the linear polarized probe beam, ng is the
unaffected refractive index and An is the refractive index change in the EOC caused by
the presence of the THz electric field. The difference of the horizontal and vertical part of
the electric field leads to the amplitude of the sensed THz electric field which is

AEm’y =2 EProbe - sin An. (33)

Since the change of the field intensity is of the order % ~ 1074 the final signal can be
simplified and calculated by [91]
w - n% “rq1 - L

S (Brirz) o Iprope - 02, (3.4

where w is the angular frequency of the optical NIR probe beam, L is the thickness of the
crystal, Ip,ope 18 the probe beam power and c is the speed of light.

2quarterwave plate
3Wollaston prism
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3.2. Performance parameters of time resolved experiments

The result of every THz-TDS scan is a signal trace of the THz electric field transient from
which already some basic specifications can be read. Since in reality no continuous scan
can be performed and the scanning time window is not infinite certain limitations arise.
According to the Fourier and sampling theorem the time delay between two neighboring

points t,_, determines directly the achieved bandwidth of the spectrum

1

B = .
Q‘tp—p

(3.5)

For instance a typical scanning distance between two points of 50 fs results in a bandwidth
of 10T Hz. Much more important is the achieved spectral resolution which is directly
related to the width of the scanning time window Tiindow and so the scanning distance

and the amount of data points. The spectral resolution Av can be calculated by

Av—_—1 (3.6)

Twindow
For a time window of 50 ps this would yield a resolution of 20 GH z. In general the resolution
is only limited by the accessible time window but by elongating it usually more and more
reflections from the optical system are sensed in this way. This results in a reduced data

quality due to signal modulation (see chapter 4).

3.3. Data processing

As already mentioned, the result of every THz-TDS scan is the variation of the THz electric
field in time. But a single signal trace with installed sample does not include any needful
data to determine the optical properties due to a missing reference it can be compared
to. Only if two scans are compared reasonable data processing is possible. In the simplest
case this is a free space reference and the sample scan. From this data sets the frequency
depending optical parameters like absorption coefficient and index of refraction can be
extracted.
However, since the electric field is directly measured, the starting equation for the data
processing is
Esampie (f) = Egey (f) - T (f) - Fom) 4, (3.7)

where kg is the wave vector, n is the complex refractive index, d is the sample thickness
and T is the Fresnel function to include the reflection losses at the sample/air interfaces
given by

4-n(f)
(n(f)+1)*

In these formulas the absorption is included in the complex refractive index given by the

T(f)= (3-8)
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expression

n(f)=n(f)+i-x(f), (3.9)

where n is the real refractive index and & is the imaginary part corresponding to the

absorption in the material from which the absorption coefficient

a(f)=r(f) ko, (3.10)

can be determined. In terms of power absorption or intensity the absorption coefficient
from Eq. 3.10 has to be doubled (I x E2). For the calculation of the optical properties of

a given material the Eq. 3.7 has to rewritten in
| Esampie ()| - €"#5emrie = |Epey (f)| - €0t - |T| - 97 - gthomd. emrolld - (311)

and split in amplitude

|ESample (f)l —i-a(f)-d
— = = |T| . e " , 3.12
Bres (] 1 312
and phase information
ei'<905ample—90Ref) — her | gikon(f)-d (3.13)

From these two equations the absorption coefficient

‘ESample(f)|
log <|ERef(f>|-|T
a(f) = ———

(3.14)

and the refractive index ( )
PSample — PRef — PT
n(f) = v ! (3.15)
ko-d

can be calculated. Due to the fact that in the implicit formula Eq. 3.7 two unknowns with

complex values are included no direct calculation of them is possible.

One of the main problems thereby is finding proper initial values. Further, in many
experiments the sample thickness is one of the additional unknowns so that three unknowns
exist. This causes significant problems during the iterative process to approximate these
parameters. One possibility to obtain the value of the sample thickness and the average
refractive index value is to measure a large time window which includes the transmission
and one or more internal reflections. In Fig. 3.3 such scan is shown for a GaP sample.
From the delays of the pulses in respect to the reference point at 0ps three time values
t1, to and t3 can be extracted whereby to = t3. In this particular case ¢t; = 2.5ps and
to = 7.01 ps. With the help of the standard formulas (distance = velocity - time)

:m7 t2:2-d‘n (3.16)

tq
c

)
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Figure 3.3.: THz-TDS signal trace of a 300 um thick GaP crystal including internal reflec-
tions.

the average refractive index n and sample thickness d can be calculated by

t to —2-¢
n— 2 d=c. 2"

- 3.17
s 5 (3.17)

In the case of the illustrated example this gives n = 3.49 and d = 302 pum which are the

correct values and sufficient enough for starting the iterative process.

3.4. Development of a high performance THz-TDS setup

One of the key objectives during this work was the subsequent improvement of the setup.
At the beginning in the year 2003 the performance was limited and not suited for the tasks
in the near future. The implemented improvements were manifold and located mainly
in optics and electronics. The difficulty was to find the optimal trade-off so that the
combination of all changes positively contribute to the overall performance parameters.
The following sections show the starting point of the setup development in the year 2003.
Followed by the improvements with all the pros and cons leading to the state-of-the-art
THz-TDS setup used in the version of the year 2006 at the end.

3.4.1. Initial THz-TDS setup (year 2003)

In Fig. 3.5 the THz-TDS setup in the year 2003 is shown. It represents the starting point
of this PhD thesis. As all setup versions used during this work it was equipped with an

dipole emitter antenna and an electro-optic sampling technique. Apart from the expenses
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making or obtaining such emitters and sensors this combination is very popular. It offers
high output power 1nW — 1 uW with large bandwidth. In addition the detection scheme
of electro-optic sampling is strongly polarization sensitive which offers the possibility to
measure the orientation depending absorption (see chapter 5).

Since the improvements, described in the next sections include the main components

with their pros and cons only the basic overview will be given here:

e Laser source: M1 from Femtolasers (<10fs, 800 mW, see appendix A for details)

e Dipole antenna emitter: Gold stripes in 300 um distance on LT-GaAs with attached

silicon lens

e THz signal modulation: Electrical modulation of the dipole emitter (0-100 V, 15 kHz,

rectangular)
e Zig-Zag THz beam guiding
e NIR probe beam focusing: Spherical mirrors
e Beam combiner: ITO* coated glass plate
e Electro-optic detection: 1 mm ZnTe
e Balanced photodetector circuit

e System performance:

— Signal-to-noise ratio: = 1000
— Bandwidth: =~ 3THz

— Spectral resolution: > 40 GHz

For completeness in Fig. 3.5 the time-domain signal and spectrum of the setup is shown.
Especially the limited resolution anticipated the measurement of narrow absorption lines
like illustrated in chapter 5. In the extreme case two narrow lines are erroneously identified
as single line. Further, many interesting absorption features of a lot of materials are
located beyond 3THz. As in Fig. 3.5b is shown, already for frequencies above 2 THz
the achieved SNR is close to drop below 20dB. This limits the evaluated values of the
calculated absorption coefficient because the position of the noise floor sets the limit. This
means that the relation qieq > Qmeasured has to be taken into account (see Eq. 3.10).
These limitations show that there was an urgent need for improvements to fulfill the

tasks in the future.

4indium tin oxide
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Figure 3.4.: Development level of the THz-TDS setup in the year 2003 (BS—beam splitter,
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Figure 3.5.: (a) Time-domain signal and (b) spectrum of the THz-TDS setup in the year
2003.

3.4.2. Improvements

The setup used in the year 2003 experienced several improvements. Many of them can-
not be expressed in numbers because they contribute to more than one parameter of the
optical system at once. Further, their combined performance can only be described by a
sophisticated convolution which is in detail unknown. So mainly there working principle

are described including their major gain.

Pulse laser source

At the beginning a M1 Ti:sapphire pulse laser with 800 mW power from Femtolasers was
used. Instead of it a Tsunami pulse laser from Spectra-physics with 2000 mW was used.
This resulted in a more than doubled laser power without any disadvantages. Since the
the beam power of the pump and probe beam were doubled a more than quadrupled signal

could be measured. A summary of the pulse laser specification is given in appendix A.

Emitter unit

The emitter unit was one of bottle necks in terms of lifetime. The first version consisted
of gold stripes evaporated on LT-GaAs in a distance of 300 um. With an applied bias of
100V this yielded an electric field of 3.3kV /cm which was far below the typical electrical
breakdown field in GaAs of about 10kV /cm [75]. But even at this conditions the combined
electrical and optical dissipation power was high enough to melt partly the gold layer on to
top of the substrate. By driving the antenna more and more gold droplets moved within
the applied electric field leading to a shortcut and the destruction of it. Another problem
was the substrate material. LT-GaAs provides a very good electrical threshold limit and
a short carrier life time resulting in short THz transients but due to the internal structure
with the arsenic traps the emission is weak.

The first change was to increase the applied electric field. This was achieved by reducing

the stripe line distance to 200 um and an increase of the applied voltage to >200V. The
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final electric field reached >10kV /cm. This resulted in a linear increase of the emitted field.
The previous short cut problems caused by the high dissipation power and the properties
of gold were solved by the usage of chromium. Its advantages are its very good adhesion
properties, the high melting temperature and its hardness.

Further, the experiments showed that any change of the capacitance of the structure
had no influence on the emission. This means wider stripe lines, additional capacitive
structures as energy storages or even another used metal did not change the emission or
the maximum modulation frequency. This indicated that only the locally stored energy in
the semiconductor material is or can be used for the emission process. So only broad metal
stripes were deposited on the semiconductor material. This resulted in a simple design of
very robust THz emitters with long operation lifetime.

The previous THz emitter unit was in addition equipped with a hemispherical silicon
lens. Its task was to collect the emitted THz radiation from the emission point and to guide
it to the next mirror without suffering from losses caused by total internal reflection. The
big problem was the shape of this focusing component. Due to sphercial aberration the
emitted THz beam showed variances in the divergence depending on the hit position of the
lens. As a consequence such beam cannot be guided in free space collinearly or optimally
focused. As a solution the lens was simply removed. Without having such problematic
focusing element an optimal Gaussian beam shape could be kept which led to an improved
spectral quality of the signal. The drawback was a signal decrease of 50 % caused by total
internal reflection in the substrate material which was compensated by other improvements

explained later.

Beam guiding

Usually the optical design of commercially available measurement systems like FT-IR spec-
trometers is optimized in terms of beam size and its profile conservation. In this case the
system’s operator does not need to take care about those performance parameters. The
situation changes if the system is home made and allows many degrees of freedom in the
design of the optical system. This includes the very important topic of Gaussian beam
shape conservation.

In THz optics mostly parabolic mirrors (PM) are used for focusing and guiding THz
beams. If a PM is illuminated by a point like light source the radiation is collected and
reflected as a collinear beam. Due to the special form of a PM the intensity distribution
of the reflected beam is not homogeneous (Fig. 3.6). A mathematical description of this
effect can be found in [98]. The beam parts reflected first, where the beam diameter is
small, have a higher beam intensity than the last reflected parts. In the case that the next
focusing PM is arranged in a zig-zag path (Fig. 3.6a) this distortion is impaired. This was
the case in the original setup from 2003. In the focal point of the sample and EOC the
Gaussian beam shape is deformed. Especially this causes problems if the beam has to be

coupled to e.g. into a waveguide or into a structure with dimensions comparable to the
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Figure 3.6.: (a) Wrong and (b) optimal beam guiding (top: scheme with parabolic mirrors,
bottom= resulting beam intensity distribution - from [98]).

beam size. Then the spatial beam part with the highest intensity is not located in the
middle of the object it was aimed on. Apart form spectral shaping effects this leads to a

reduced signal.

A solution to this problem is either the usage of elliptical mirrors as explained in [98§]
or the beam guiding method illustrated in Fig. 3.6b. With Elliptical mirrors a beam is
collected from a source of focal point and then focused immediately to the next point. This
is the method of choice if a beam does not need to be guided collinearly over a long distance
to prevent divergence effects. But if this is the case the other method has to be used. By
reflecting the collinear beam with a PM with an inversed beam shape distribution function
the original beam intensity distribution is recovered. This can be achieved by keeping a
constant reflection angle. In general this means either a clockwise or counter clockwise
beam guiding.

Beam guiding in THz-TDS setups includes the THz and probe beam combination as
well. In the previous setup this was done by a ITO coated glass plate [99]. Such method
offers a combination efficiency of the NIR and THz beam ~ 90%. Compared to other
beam splitters this value is already improved by a factor of more than 2. But ITO has
some serious problems. Exposed to air the ITO layer degenerates very fast leading to a
gradually decrease in the efficiency. The solution for this optical component was drilling
a hole in the last focusing PM. The THz beam is still reflected as usual from the metal
surface of it while the NIR probe is guided through a small hole in it and overlaps with
the THz beam. By doing this a efficiency of more than 98 % was achieved. An overview

of the various beam splitters and their optical properties can be taken from Tab. 3.1.

Since the the overlap factor of the THz beam with the NIR beam at the electro-optic

50



3.4. Development of a high performance THz-TDS setup

| Method / Material | THz (A = 300 um) [%] | NIR (>\ = 800nm) [%] | Efficiency [%4] |

Silicon 5(T) 20 (R) 13
Pellicle-BC 0 (T) 30 (R) 21
Glass 0 (R) 95 (T) 42.5
ITO coated glass 5 (R) 95 (T) 90.3
Mirror with hole ~99 (R) 100 (T) ~ 99

Table 3.1.: Efficiency of beam combiners (T = transparency, R =reflectivity).

detector plays a major role they have to be focused as good as possible. Especially this
applies for the THz beam which can not be focused as good as the NIR beam due to the
long wavelength. At the beginning the focal lengths in the optical system of the THz beam
were equal. In the ideal case the 300 ym diameter emission spot was directly imaged at the
electro-optic crystal. For improving the optical information transfer from the THz beam
to the NIR probe beam the THz beam focus has to be reduced. As already mentioned the
antenna stripe line distance was reduced to 200 um and so the focus as well. Further by
removing the lens of the emitter the outgoing beam was enlarged so that the full area of
the first PM was illuminated with a FWHM of “2cm. In Gaussian beam optics the best

achievable beam waist wg in a focus can be determined by

2.\ f
- ’n’.D’

wo (3.18)

where A is the wavelength of the beam component, f is the focal distance and D is the
diameter of the illuminated area of the PM. To improve the overlap of the beams the focal
length of the last PM was halved. This resulted in a smaller beam waist and a doubled
signal.

Another important topic in THz-TDS setups is the focusing method of the probe beam.
Since for a long time was believed that standard lenses would introduce a dispersion to
the probe pulse leading to an increased pulse width only spherical mirrors were used like
in the setup of 2003. This method is the ideal way but has a major disadvantage. Since
such mirrors are hit under an angle close to 0° any movement shifts the beam. This makes
it impossible to adjust the focus at the EOC. Normally this is no problem but if a sample
is placed in the THz beam the optical length is changed and so is the focus at the EOC.
In the setup of 2006 this was solved by using lenses with negligible dispersion. By using
NIR laser pulses width a length of ~ 100 fs no dispersion is observed which elongated
significantly the pulse. The big advantage of this method is that the NIR probe beam
focus at the EOC can be fine adjusted and optimized.

Detectors

The standard electro-optic sensor used in THz photonics for low frequencies is ZnTe. With
1mm thickness as used in the setup from 2003 it offers a bandwidth up to 2.5 THz. This
crystal was replaced by a 300 um thick GaP crystal with a bandwidth of 7THz. Due
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3. Advanced terahertz time-domain spectroscopy setup

to its lower electro-optic coefficient the sensitivity is reduced by a factor of 4 (see sub-
section 2.5.2) which is mostly compensated by the improvements described above.

A higher bandwidth means a thinner crystal too and this results in earlier appearing
reflections which distort the spectrum and limit the spectral resolution. In 2003 the prob-
lem was not solved yet. Instead of a physical solution an computer assisted method was
applied. Thereby the signal trace including all reflections was scaled shifted an subtracted
from the original data. This was performed for all reflections. Two problems occurred:

First, the time scale resolution had to be increased either in reality or artificially by
mathematical methods. Second, by propagating through a medium with frequency de-
pending properties a transfer function had to be fitted which corresponded to the changes
caused by the round-trip. However, this was a temporary solution. The final solution for
this problem was the in-house development of a broadband metallic anti-reflection coating
based on chromium. Without suffering from the reflections the scanning window can be
extended and adjusted to the needed resolution. Since the chapter 4 is dedicated to the
properties of ultra-thin metallic films the working principle is explained in detail there.

For many experiments it is convenient to have an incoherent detector available. So the
EOC can be replaced by a bolometer or a Golay cell detector without changing the position
of the sample or any other optical component. Especially this is of great help if the sample
position influences the optical distance which the THz wave has to propagate. In this case
the system can be optimized without suffering from time shifts of the THz signal transient.
Further, if an active or nonlinear device is under investigation the power detection scheme
can be used for measuring the output power as function of the driving current without

removing the object.

Electronics

As in every setup the used electronic plays a major role. In THz-TDS the signals are such
weak that they have to be modulated to extract them at the end from the background.
This can be done optically by chopping the beam or by modulation of the emission pro-
cess. Latter was the choice for both setups. In this case the voltage drop at the dipole
emitter is modulated with a given frequency. Formally this was done by a circuit shown
in Fig. 3.7a. With this simple scheme a voltage of 100 V was switched on and off. This led
to a rectangular voltage modulation at the emitter. This caused large current transients
which limited the emitter’s lifetime. Higher voltages were not possible due to electrical
breakdowns.

The improved electric driving circuit for the emitter is shown in Fig. 3.7b. As OPAs® two
PAS83 from Apex were used (-120 to +120V). The first OPA amplifies the input voltage.
The output is fed to the first contact of the emitter while the other OPA is connected
to the second emitter contact but with inverted phase. With a single OPA stage output
voltages of only -120 to +120V are possible but by taking the voltage drop between this

Soperational amplifier
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Figure 3.7.: Circuit for electrical modulation of the dipole emitter antenna in (a) 2003 and
(b) 2006 (OPA=operational amplifier).
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Figure 3.8.: Detector circuit from (a) 2003 and (b) 2006 (OPA—operational amplifier, In-
stA—instrument amplifier).

potential and the phase inverted potential the maximum voltage drop at the emitter is
doubled (-240 to +240V). The big advantage of this method is that the signal can be
doubled without exceeding the electrical breakdown limit of the emitter. As with the old
driving circuit modulation frequencies up to 30 kHz are obtained.

The information about the amplitude of the THz electric field is transferred to the
NIR probe beam in the EOC by changing its polarization. This change is sensed by two
photodiodes measuring the x- and y-component of the beam intensities. The difference of
the diode signals is directly proportional to the THz electric field. Since the relative signal
difference is about 1072 — 1078, a high precision detector circuit with integrated amplifier
is needed (Fig. 3.8) to detect the difference currents of 10nA — 1pA. In the original
form the signal was measured by a transimpedance converter. The difference current from

the photodiodes was fed to an inverting OPA circuit. The measured THz electric field
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3. Advanced terahertz time-domain spectroscopy setup

amplitude can be calculated with the measured signal level U, by

Uout ANIR
R-S-P 2-w-n3-rq -l

Erpg. = (3.19)
where R is the resistor value, S is the sensitivity of the photodiodes, P is the photodiodes
incident NIR probe laser power, Ayrg is the probe laser light center wavelength and, n,
r41 and [ are the EOC’s refractive index, electro-optic coefficient and length, respectively.
Especially, with this detector very low currents were distorted by electrical noise in the
system. If very low currents, corresponding to the THz signal, are measured their value
comes close to the input noise currents of the OPA.

Another major problem was the balancing of the detector. Apart from the real signal
a much larger DC component emerged caused by laser fluctuations which saturated the
amplifier. This limited the amplification factor and so the SNR. In the year 2003 a standard
scan with 60 dB SNR took more than 30 minutes time. Further, the dynamic reserve was
about 20 dB. This means if the signal amplitude dropped by more than 20 dB by absorption,
e.g. in a sample, the SNR did it too.

In Fig. 3.8b the new detector design is shown. Main difference is the direct conversion
of the incident laser power to a voltage drop. The voltage drop is then fed to a bandpass
filter. Here most of the laser pulse fluctuations are filtered out so that mainly the real
THz signal is fed to the instrument amplifier. The formula for the calculation of the THz
electric field is similar to Eq. 3.19. Just the internal amplification G of the instrumental

amplifier has to be added (Eq. 3.20) which is the major gain of this new circuitry.

Uout _ ANIR
R-G-SP 2-m-n3-rg-1

Eri. = (3.20)

A standard scan with this detector takes only 5 min any more with a SNR of 60 dB. Further,
the dynamic reserve increased to >40dB. This makes it possible to measure even highly

absorbing objects.

Summary of improvements

In Tab. 3.2 the sum of all improvements is summarized including their pros and cons. One
can immediately see that most of the changes have only pros so that the overall performance
of the final THz-TDS setup significantly increased.

Not all setup improvements can be directly determined in hard numbers. Alone they
contribute mostly linear to the overall performance but this relation does not apply if
several effects are combined. If only the basic parameters are taken into account and

summarized as follows

e Signal level: comparable

e Signal-to-noise-ratio: comparable
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Topic Year 2003 Year 2006 Pros ‘ Cons ‘

Laser source M1 Tsunami signal + /
Emitter structure 300 um Au 200 pm Cr signal + /
Emitter material LT-GaAs SI-GaAs signal + /

Emitter coupling Silicon lens plane GaAs no distortion signal -
THz guiding 7ig/7ag round-trip uniform beam /
Beam combiner | ITO coated glass | mirror with hole signal + /

EOC ZnTe, 1 mm GaP, 300 ym bandwidth + signal -
Reflections computer method coating resolution + /
THz imaging 1:1 2:1 signal + /
NIR focusing spherical mirrors lens signal + /
Emitter mod. unipolar rect. double sinus signal + /
Detector noisy, no filter low noise, filter | dynamic, reserve + /

Table 3.2.: Summary of the THz-TDS setup improvements implemented.

e Decreased sensitivity of EOC by a factor of 12 (thinner crystal with lower eo-

coefficient)
e Bandwidth increase of EOC: 2.5 — 7THz

e Scanning time: >6 times faster

this results in a fundamental performance increase factor of 144 which is outstanding.
Especially since the spectral resolution is not any more limited by the optical system the

data quality increased significantly. Only the sample’s properties limit this parameter.

3.4.3. Final high performance THz-TDS system (year 2006)

In Fig. 3.9 the state-of-the-art THz-TDS setup in 2006 is shown.

provements listed above. To our knowledge, it is the only system worldwide with such

It integrates all im-

performance parameters. The bandwidth and the achievable spectral resolution make it
a perfect tool for material science in THz optics. An electric field of more than 200 %
can be achieved. Such electric field is high enough for standard experiments without being
interested in nonlinearities which start above 10 %

In Fig. 3.10 the up-to-date time-domain signal and spectrum is shown. No reflection
hamper the signal quality and in the spectrum even the detector cut-off for a 300 pum thick
GaP crystal is visible. The approximated SNR is in the standard case >60dB.

Further, the new setup can be easily adapted with a waveguide THz emitter [100] which
replaces the standard emitter and is installed, if used, next to the sample. This emitter
is a combination of the standard THz photo conductive emitter and a metallic waveg-
uide (Fig. 3.11). As usual, the THz pulse is generated in a NIR pulse laser illuminated
Like shown in the illustration the
In the standard

GaAs substrate between two biased metal contacts.
wave is confined in one dimension between the metal contact surfaces.

configuration the generated wave would divergence in one dimension forming a more or
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Figure 3.9.: Development level of the THz-TDS setup in 2006 (BS=beam splitter,
BC=beam combiner, M=mirror, PM=parabolic mirror, L=lens, LP=linear
polarizer, QWP=quarter wave plate, WP=Wollaston prism, BPDD=balanced

photodiode detector).
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Figure 3.10.: THz-TDS signal in the year 2006. (a) Time-domain (inset:full time window)
and (b) spectrum.

less cylindrical emission profile. But this can be avoided by a smart patterning of the top
metal contact. If this is formed by just a broad gold stripe the generated THz wave is

bound to it and travels along it.

THz beam

GaAs substrate Gold stripes

Bottum contact

NIR pump beam

Figure 3.11.: Photoconductive THz waveguide emitter.

Apart from the similar performance the changed design shows significant advantages
compared to the standard photo conductive emitters. First, there is no need anymore to
separate the THz generation point from the sample object it should penetrate. As is shown
in chapter 6 it can be directly attached to a similar shaped object like a semiconductor
laser. Further, due to the patterned top metallization the generated THz wave is bound
to the center of the metal stripes. In this way the wave can be guided directly to the
place it should enter the sample object. Since at the optical emitter/sample interface
less reflection losses occur compared to the standard emitter radiating into free space the
coupling efficiency can be more than tripled. Which emitter design is used depends strongly

on the purpose.
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4. Metallic phase shift layers for
broadband THz optical systems

4.1. Motivation

One of the key topics in optics is the control of electro-magnetic radiation in any aspect.
This includes mainly the guiding of waves through various objects and optical interfaces.
Especially latter is a big topic in optics. In general a big problem appears in an optical
system with two or more interfaces between two materials with different optical properties.
At such interface the material parameters change which has an impact on the wave pene-
trating it. According to the Fresnel formula for reflection and the boundary conditions [4]
an additional wave propagating in the vice versa direction than the transmitted wave is
generated. This has two major impacts. First, due to the split waves and the energy
conservation axiom the power of the transmitted wave is reduced. The second impact is
much worse. A back propagating wave can hit another optical interface. In this way it
changes once more the direction. In the worst case it has then the same wave vector as the
initial wave and propagates the same path along. At the starting interface the sequence
is repeated. Since a general optical system contains several of such interfaces, multiple
reflections of the original signal are produced.

Let us assume an optical system with a silicon sample and an electro-optic detector as
illustrated in Fig. 4.1 to demonstrate this effect. A THz wave propagating through this
system is reflected multiple times at every optical interface. The resulting THz-TDS signal
is shown in Fig. 4.2. The signal trace demonstrates very well the problem in this case. A
signal p (t) is followed by several replica . All of them contribute to the spectrum according

to the formula

Silicon sample EOC

THz wave

Figure 4.1.: Simplified THz optical system with silicon sample and electro-optic crystal
(arrows indicate transmitted and reflected THz beams).
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Figure 4.2.: THz-TDS signal of 400 um thick silicon substrate measured with a 300 ym
GaP electro-optic sensor. (a) Time-domain and (b) spectrum.

pt)+> ki-p(t—T) FFT _P(w)+» ki-Pw) e, (4.1)

7
where k; is the scaling factor of the replica and T is the time shift of them in respect to the
main signal. They manifest themselves as modulation of the original spectrum. A problem

also found in FT-IR spectroscopy.

However, there do exist several solutions for this problem but they all they have their
pros and cons. Some of them solve the problem while others just deal with them. A

summary of the mainly used methods is given here.

4.1.1. Narrow time window

The easiest way, at least for time-domain measurements, is to shorten the time window
until no reflections are visible or included. For the signal shown in Fig. 4.2 this would be

from -2 to +5ps. The main drawback of this method is the loss of spectral resolution.

4.1.2. Thick substrates

Another method to deal with the problem of reflections it to artificially postpone them.
In general this means to increase the substrate’s thickness. Essential for this method is
that the substrate shows only low losses and has exactly the same optical properties as the
material which produces the reflections. Especially this causes problems if the reflection
producing interface comes from the sample itself. Either the material is expensive or the
connection process is complicated and time consuming. For instance this technique is
used to postpone the reflections in electro-optic sensors. For not suffering from the phase
velocity mismatch (see section 2.5.2) the sensor is simply glued onto an electro-optical

inactive substrate.
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4.1.3. Tilted interfaces and surfaces

As mentioned above reflections are mainly sensed if they hit an optical interface under
direct incidence. The situation changes when the beam hits the interface under some
angle. Depending on the refractive index difference at the interface the beam angle in
respect to the interface varies on both sides. This results in a changed position of the
reflected beam. In the easiest case the reflection can be simply filtered by an aperture.

However, to tilt every interface in the whole optical system is not possible in many case.

4.1.4. Computer assisted methods

A very complicated and imprecise technique to deal with reflections are computer assisted
methods [19]. Hereby a long time window is scanned including the reflections and taken
as wavelet [101]. Since reflections are replica of the undistorted transmitted signal the
following procedure is performed. The complete signal is scaled, shifted to the position
of the reflections and subtracted. In this way reflections are completely canceled. The
problem is that the reflections cannot be canceled out. The reason for this is the needed
knowledge of the transfer function H (w) corresponding to the reflections which shall be
removed. Normally this function itself is the object of interest which includes the absorption
spectrum [97]. Apart from these limitations this method is good suited for qualitatively
snapshots with high spectral resolution. In this case H (w) is simply approximated by 1

for the anti-reflection algorithm.

4.2. Theory of anti-reflection layers

4.2.1. )\/4-layers

All methods described so far just deal with the problems of reflections and do not really
solve the origin of them. The standard solution at the moment is a A/4-layer. The
method bases on a thin dielectric optical layer which is deposited on the reflection causing
interface [53]. Their working principle is as follows. In Fig. 4.3 the general scheme of a
thin layer between two different optical ambiances is shown. In the general case this a
dielectric substrate material on one and air on the other side. If a beam penetrates this
interface multiple reflections are produced. According to the Fresnel formulas the complex

reflection and transmission coefficient is given by

ni—nj

= 7 4.2
Lij n; + 1, (4.2)
and 5
.nZ-
ti, = ——, 4.3
K n; +n; ( )

where mn; is corresponding complex refractive index of the materials at the interface. Fur-

ther, in general a wave propagating through a layer sustains losses and the phase of the
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electric field vector is changed. This is given by the complex transfer function

T, = 6_j‘ki‘di’ (4.4)

where k; is the complex wavevector and d; is the layer’s thickness. With these formulas

the resulting reflection coefficient

R:r12+t12-t21~T%~r23+t12~t21-T‘21~r%3-r21—|—t12-t21-Tg-r§’3-r§1+ .........
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and transmission coefficient
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of such interface can be calculated by a infinite series and the approximation ), xt =
(ﬁ) From Eq. 4.5 gets clear that the reflection vanishes if the relation
19 = —I93 " T% (47)

is fulfilled. In case of a dielectric substrate material and layer, means no complex refrac-
tive index (k = 0), this relation can be simplified and separated in phase and amplitude
(Eq. 4.8).
47
r12 = —T23, T'dQ'TlQ:(Q'm—l)'ﬂ', meN (48)
0

From this relation it gets clear that in the simplest case a layer which fulfills the conditions

Ao
4~n2

ng = /n1-n3, dp=

“(2-m—1), meN (4.9)

cancels effectively reflections. The factor Ag/4 in the last condition is giving the name
of this method. Such layers are widely used in optics. For instance, this is the standard
coating method for eyeglasses but in this particular case more than one anti-reflection layer
has to be used to cover the complete visible spectrum. This demonstrates one of the weak
points of this method. As can be seen from the second condition the layer thickness has a
strong wavelength dependence. Beside their designed wavelength the effect vanishes and
reappears according to Eq. 4.8. This is the reason why they are not suited for broadband
applications like THz-TDS. Furthermore, for THz frequencies a layer thickness of a few
10 um would be needed which is technically difficult to achieve with high uniformity.
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Figure 4.3.: General optical scheme of a thin layer (2) sandwiched between a substrate
material (1) and air (3).

4.2.2. Metallic anti-reflection coating

As mentioned above a A/4-layer coating has only one degree of freedom to suppress reflec-
tions which is the thickness. The appropriate 180° phase change to fulfill the matching
condition from Eq. 4.7 is achieved by propagating a certain distance forth and back through
the layer to achieve it. Since only dielectric materials are involved a traveling wave sustains
no adjustable phase change at the optical interfaces. The situation changes if one of the
involved materials is highly absorbing resulting in a complex refractive index. In this case
the reflection coefficient calculated by the Fresnel formula (Eq. 4.2) becomes complex too.
This additional phase change can be exploited to suppress effectively reflections. Starting
with Eq. 4.7 and a complex refractive index n = n+ i -k (k # 0) and this leads to the

general matching conditions

_4dm g 4.7
IP12] = |ras| - e 20 T Bryy = —Pryy — o d-n. (4.10)

As one can see, the existence of the additional phases extend the degrees of freedom.
This opens theoretically the possibility of a broadband anti-reflection coating (ARC). But
with these degrees of freedom the requirements for the coating material raises as well. For
instance, as a major pre-condition Eq. 4.10 shall show no wavelength dependence. This can
only be achieved by fulfilling the expression in terms of amplitude as well as in the phase

matching condition separately. This would lead to the simplified matching conditions
|’I°12| ~ |T23|7 ¢r12 ~ _¢T23‘ (4'11)
Therefore, an ideal coating material should have the following properties:

e Low absorption
e Complex refractive index for large phase shifts
e Deposition of ultra-thin layers for low absorption

e Control parameter to adjust the material’s properties
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Especially the last point is the most difficult to achieve. Many materials show a huge
range of possibilities to adjust their properties. For instance, this can be temperature and
pressure or in the case of liquid crystals even an applied electric field. But the changes
induced in such a way are not big enough and far away from being applicable for the
required needs. The solution for this problem is not a special material. It is rather the
complete group of metals. Metals fulfill most of the properties stated above. Even the
refractive index can be directly influenced by the layer thickness. According to the Drude

model [102] the conductivity o of a metal is given by

o= ezan (4.12)
where e is the elementary charge, n is the electron density, 7 is the collision time of
the carriers and me is the mass of them. For a bulk metal the parameters of Eq. 4.12
are constant so is the conductivity. The only parameter which can be influenced is the
collision time which can be dramatically decreased in a thin metal layer. In this way the
lateral movement, in respect to the layer, can be brought down which has a direct impact
on the resistivity of the layer. All values form the material’s bulk resistivity up to infinite
are possible [103]. Since metals show a huge complex refractive index [104] the phase jump
of a reflected electromagnetic wave at a metal/dielectric optical interface can be adjusted.
From Eq. 4.2 and the optical scheme from Fig 4.3 the phase jump at an optical interface
is given by

¢;j = arctan l—%] , (4.13)

n]—nz — K;

where ¢ and j are the indexes for the material the wave is coming from and entering. This
phase change introduced at a thin metallic layer can be exploited as an anti-reflection
coating. In addition, metals show a constant real refractive index up to their plasma
frequency

n-e2

wy = (4.14)

€0 Me’
while the complex value scales more or less linearly up to this frequency. Most metals
have this critical value located in the NIR or even higher [4]. Above this frequency metals
become transparent and find mainly application in x-ray optics [53]. However, in general
the optical properties stay constant or scale linearly within a wide frequency range from
microwaves up to near infrared light. For the proper determination of the right ARC
thickness for a given material system the thickness dependent optical properties have to be
measured at first. Since the determination of the thickness depending complex refractive
index is a very sophisticated procedure another method for the direct approximation is

used.
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ZW1 ZW2

O l O

Figure 4.4.: Scheme of two waveguides connected via a parallel shunt impedance.

4.2.3. Wave impedance matching approach

The above mentioned theory claims that all internal reflections within the ARC layer
sums up in a way so that the primary reflection is canceled. An alternative method
is to adopt a standard method applied in communication engineering. This electro-
dynamic approach deals with reflections in terms of wave impedance matching conditions.
The electro-dynamic pendant for the optical interface shown in Fig. 4.3 is illustrated in
Fig. 4.4. Thereby two cubicles of given wave impedance are connected via a parallel shunt
impedance. Compared to the other scheme and for the case of dielectrics the real part of

the refractive index n; is replaced by the wave impedance Z; with the relation

Z,
Zw, = =2, (4.15)
n;
where Zy = g—g ~ 377 is the wave impedance of vacuum. Like in optics with the refrac-

tive indexes, the wave impedances can be used to determine the reflection and transmission
coefficients at an electrical interface [3]. However, as well known from electro-dynamics at
such connection point no reflections are produced if at this point the wave impedances on
both sides have the same value. In general the wave impedance of the right side material
cannot be modified because in most cases this is a given material to use. But as men-
tioned above, the parallel shunt resistor opens the needed degree of freedom to connect
two different waveguides.

As illustrated in Fig 4.4 a wave approaches from the left waveguide the electrical inter-
face. It senses the effective wave impedance of the right waveguide with the parallel shunt
impedance. The wave boundary condition for a reflectionless passover demands the same
wave impedance value at both sides. The optimal value for the parallel resistor can be
determined by the wave impedance matching condition

1 1 1 Zw, - Zw,

—_— —_—. 4.16
Zw, Zw, Z Zw, — Zw, ( )

Already from this relation the limitations of this method become clearly visible. Since
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4. Metallic phase shift layers for broadband THz optical systems

the resistor value has to be positive the denominator of the formula has to be positive
as well. This condition limits the effectiveness of this method for interfaces where the
wave propagates from a medium with low wave impedance into a medium with high wave
impedance. In terms of optics this means an interface where a wave enters a relatively
less dense material (e.g. a semiconductor/air interface). However, the electro-dynamic
scheme cannot be directly allocated to optics due to the discrete impedance. This has to
be replaced by a thin metallic layer with thickness d dependent sheet resistance Rg which
can be determined by

Rs (d) = %, (4.17)
where p is the layer’s effective resistivity. With this relation and Eq. 4.16 the optimal metal

layer thickness can be determined by

ny —mns
2y

which is a implicit function of the used metal and the refractive index mismatch at the

d=p(d) — d = f (metal, An) (4.18)

interface. The implicit character of the formula prevent an exact solution. Thus the exact
knowledge about the function p (d) is essential solving Eq. 4.18. Depending on this function
the right thickness can be calculated directly or in an analytic manner.

As shown above the electro-dynamic approach for rating a convenient metallic anti re-
flection coating (MARC) is a straightforward task. The more complicated optical approach
with complex refractive index is only needed in special cases. This applies either if the
used material shows frequency dependent properties or the layer has such a thickness that
a wave propagating in it sustains an additional phase change according to 3.11. As long
as the involved material parameters do not show such dependency the electro-dynamic

approach is faster, easier to apply and so the method of choice.

4.3. Electrical characterization of ultra-thin chromium layers

on glass

As explained in the previous section metals with their unique optical material parame-
ters are well suited for the application as broadband phase shift layers for anti-reflection
coatings. Especially in the THz frequency range they are unrivaled due to their much
higher located plasma frequency. However, apart from their basic parameters due to their
affiliation to the group of metals other properties are needed and preferred for application.

These are mainly:

e Very good adhesion properties
e High melting point if laser illumination is considered

e Fast build up of continuous films
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e Low conductivity resulting in thin layers if applied as MARC

The adhesion property is very important since this method shall be applicable for various
materials without restrictions. Especially this includes semiconductors, plastics and glasses
of any kind. Another important parameter is the optical threshold damage limit. Since
some of the optical power is absorbed by the metal layer it should exhibit a high melting
point.

The last two needed parameters are the most important. Since the conductivity of
metal films is determined by their thickness it is essential to control it as good as possible.
This can be achieved by a precise direct control of the film thickness. Further, the low
pressure deposition process of metallic layers shows a characteristic behavior building a
continuous film. At first islands are built which are then interconnected by increasing the
film thickness. Especially gold shows such tendency [105] which finds broad application
range in optics and semiconductor physics. But the application of gold as MARC has some
serious obstacles. With its high bulk conductivity the proper sheet impedance cannot be
set exactly. By depositing gold, it starts to arrange in the form of islands. Without
interconnections of these islands no macroscopic conductivity is achieved. These islands
grow but do no start to interconnect until a threshold thickness is reached. Then these
relatively large islands start to interconnect resulting in a jump in the conductivity close to
the bulk value. Since a typical sheet impedance (see. Eq. 4.16) for MARC is in the range
of 128 — 377Q (An = 1..3) the thickness range to set is too narrow in combination with a

proper thickness control.

‘ Material H Gold Chromium
Flectrical conductivity [%] 45.2 - 108 7.74 - 10°
Melting point [K] 1337 2130
Vickers hardness |22} | 216 1060
Heat conductivity [%} 317 92.7
Lattice type Fm-3m Im-3m
Atomic layer distance [pm) 408 291
Adhesion property bad very good
Needed thickness for continuous film [nm] >10 2-3
Plasma frequency [nm)| ~ 530 < 400
Oxidation affinity no just surface layer

Table 4.1.: Parameters of gold and chromium (from [75, 106]).

The metal which fulfills most of the requirements is chromium. Compared to gold
it shows superior properties for the application as MARC. The basic properties of gold
and chromium are summarized in Tab. 4.1. Especially the high resistivity, its adhesion
capability and the fast built up of a continuous film are a big advantage for the precise
sheet impedance control. The AFM'-images shown in Fig. 4.5 proof this very important

property where thin chromium layers were deposited by e-beam onto glass plates. Already

'atomic force microscope
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a 3nm thick metal film shows no separated island formations. This gets clear by comparing

it with the image of the 8.3 nm thick chromium film.

Figure 4.5.: AFM image (2x2um) of a 3nm (left) and 8.3nm (right) thick chromium
film deposited by e-beam vaporization onto a glass plate at a pressure of
~ 10~ mbar.

For the characterization of ultra-thin chromium layers a series of glass plates was coated
with film thicknesses 2-9nm. Then the resistance was measured with a standard four point
measurement technique [107, 65]. From the measured thickness dependent voltage drop
and current (U (d), I (d)) the real sheet impedance

Ro(d) = % : % -0.2204 (4.19)
can be determined by using the correction factor from [108] which considers the geometry
of the measurement arrangement. In Fig. 4.6 the effective film resistivity is shown. It
illustrates clearly that even a 9nm thick film shows a resistivity one order larger than the
resistivity of the bulk material. From these data the thickness dependent resistivity can

be approximated by

p(d)=ar-e " fay- e 4 py (4.20)

with the fitting parameters in Tab. 4.2. The run of the curve and the fact that it can be
fitted by two exponential functions suggests the following assumption. The first exponential
function describes the island formation and their interconnection process. This happens
up to a layer thickness of 3nm. From this thickness on the resistivity is dominated by
the second exponential term. In this range the resistivity is controlled by the gradually
decreasing collision rate caused by the confinement of electrons in one dimension. This is
the direct evidence that in this way the mean free path of the electrons perpendicular to

the film orientation is affected.
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Figure 4.6.: (a) Resistivity and (b) sheet impedance of ultra-thin chromium films deposited
on glass plates as a function of thickness measured by a 4-point probe. Data
fit made by two exponential functions.

‘ Parameter ‘ Value
ay [Qm] 4.131
by [m™!] | —4.385-10°
as [Qm] | 55.32-107°
by [m~'] [ —498.5-10°
po [Qm] 127-107°

Table 4.2.: Fitting parameters for chromium film resistivity.

4.4. Optical characterization of ultra-thin chromium layers on

silicon

The electrical characterization of ultra-thin chromium layers on glass presented in the last
section is the first necessary step to determine the proper film properties as a function of
the layer thickness. Further, with the chromium coated glass plates the properties in the
NIR (800-820nm) can be tested. This data on reflection, transmission and absorption is
shown in Fig. 4.7. As expected the transmission drops fast with increased film thickness
while the reflectivity and the absorption of the chromium film rises. The reduced NIR
transmission has an impact on the application of these films shown later in this chapter.
For the characterization of chromium films in the THz frequency range glass sub-
strates are useless for measurements in transmission mode due to their high absorption.
For the characterization in this long wavelength range semiconductor substrate materials
are well suited. For this purposes a series of 400 ym thick high resistive silicon plates
(p > 3000 Qem) were coated with a chromium layer. High resistive silicon is transparent
and it has negligible dispersion at THz frequencies [109]. The chromium layers of a thick-
ness from 2 to 9nm were deposited by e-beam evaporation in a high vacuum chamber
(p < 5-10"5mbar). For the optical characterization THz-TDS was applied. In Fig. 4.8
the transmission signal through the uncoated silicon plate is shown. Multiple reflections

from the eo-sensor and the sample itself are visible which hamper the data processing of
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Figure 4.7.: NIR transmission, reflection and absorption of ultra-thin chromium films on
glass plates.
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Figure 4.8.: (a) Transmitted THz-TDS signal through a 400 um thick silicon plate and (b)
zoomed time window of reflection caused by the silicon/air interfaces for two
chromium film thicknesses.

the measured signal.

The situation changes completely when the sample is coated with a conductive layer.
First, the transmitted signal amplitude drops according the data shown in Fig. 4.9. Much
more interesting is the impact on the reflections within the coated silicon substrate. Rela-
tively the amplitude of the reflection drops much faster with increasing thickness than the
transmission. Even more, by exceeding a certain value, corresponding to the optimized
sheet impedance, the phase of the reflection flips indicating an overcompensation of the
wave impedance mismatch. This is very well illustrated in Fig. 4.8 for a chromium below
and above the optimal value. This phase flip can also be explained by the Eq. 4.2.

From the measured data a refractive index of ng; = 3.25 was approximated which
corresponds to an wave impedance of 116€2. With Eq. 4.16 the optimal sheet impedance
for the MARC can be determined. For this case of silicon this is 167.620. In Fig. 4.9 the
measured and simulated results for the transmission and reflection amplitude is shown.

The data indicate that the results from the resistivity measurements which are used for

70



4.4. Optical characterization of ultra-thin chromium layers on silicon

— 12} Transmission (simulated)

s — — Reflection (simulated)

Qo A Transmission (measured)

©, 1.0 7y ® Reflection (measured)

S

S 0.8}

=

a

IS 06|

© = =

O 03F- -~ _

2 02f° TTe--

=} L =~

o L4 ° S <

N O01F N S~

T L ) S e

[ O e -
-0.1 L L

2 3 4 5 6 7 8 9
Chromium layer thickness [nm]

Figure 4.9.: Reflection and transmission amplitude as a function of chromium film thick-
ness. Point data shows the optical results and the data plotted as lines is
calculated from the sheet impedance fit from the electrical results.

the fitting function slightly differ from the optical results. In general the optical results
show a higher effective sheet impedance than the electrical measurements but only for thin
layers. For thicker layers the results match better. The reasons for this discrepancy are
manifold.

First the sheet impedance geometry was not optimal due to the limited availability of
larger glass substrates. Further, it is possible to track the sheet impedance directly during
the deposition process by placing two stripes in a certain distance onto the glass plates.
But also in this case imprecise values are measured due to the high deposition temperature
of the material compared to the room temperature under use. Second, the formation of
islands and the build up of a continuous film is strongly influenced by the surface structure,
quality and the material itself. In the case of the presented measurements a characterization
on silicon would be much more precise.

From Fig. 4.9 the optimal chromium layer thickness could be derived. The thickness
to achieve a MARC on silicon was calculated to be 8.1 nm which was finally deposited on
one silicon plate. The results are shown in Fig. 4.10. With MARC the reflection, before
appearing at ~ 12 ps, vanishes and does not hamper any more further data processing.

The drawback of MARC is the attenuation of the transmitted pulse. In general the
same amount of power is consumed to suppress the reflection as would have been reflected
without coating. This rule of thumb of doubled losses is valid for all dielectric material
systems which can be easily be proven by the Fig. 4.4 and using Eq. 4.2. The outstanding
advantage of this technology is illustrated by looking at the spectral ratio of the main
pulse with and without MARC (Fig. 4.10). Over a broad spectral range the amplitude
stays constant and is only limited by the dropped SNR at high frequencies.

As described above the anti-reflection effect should work as long as the metal’s corre-
sponding plasma frequency is well undershot. Since THz-TDS with the used emitter and
sensor described in chapter 3 is limited to the frequency band 0.1-7 THz another method
was used to proof the working principle at higher frequencies. For this purpose FT-IR
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Figure 4.10.: THz signal comparison of a 300 um thick silicon plate with and without
MARC. (a) Time-domain signals (data are offset for clarity) and (b) spectral
ratio of the transmitted THz pulses [marked areas indicate low SNR regions]).
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Figure 4.11.: Transmission spectrum of 350 ym thick GaAs substrate with and without
MARC. (a) Full spectrum and (b) zoomed windows with marked C'Os ab-
sorption line at 20.04 THz.

was applied. Without obtained phase information (see chapter 2) only the spectral power
density spectrum (PDS) can be used to visualize the MARC effect. In this case the modu-
lation amplitude of the spectrum is the quality factor which should be as small as possible.
In Fig. 4.11 the transmission results of MARC in the frequency range of 15-40 THz are
shown. The data illustrates very well that with proper coating the spectrum’s modulation
disappears. Even in this frequency range the anti-reflection technique is still fully working.
This indicates an application for shorter wavelengths depending on the plasma frequency

of the used metal.
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Figure 4.12.: THz signal from a 300 pm thick GaP electro-optic sensor with and without
MARC. Time-domain (left), spectrum (right).

4.5. High performance electro-optic detector

The initial motivation to analyze the optical properties of ultra-thin metallic layers in the
THz frequency range was to suppress reflections within the electro-optic sensor. Without
suffering from reflections the sensed time window can be elongated which results in an
enhanced spectral resolution of the used THz-TDS system. For this task the knowledge
about the electrical properties of ultra-thin chromium layers and their characterization
on silicon made before was necessary. With this know-how the proper chromium film
thickness for MARC on a gallium phosphide (GaP) eo-sensor was determined. From the
time-domain measurement the effective refractive index of GaP was approximated with
nagep = 3.45. To establish a MARC at such eo-sensor/air interface a chromium layer with
a sheet impedance of R = 147.8 Q) is required. This value is reached for a layer thickness
of 8.3nm. The results on a chromium coated GaP eo-sensor are shown in Fig 4.12. The
time-domain signal shows only a very weak reflection visible at 7 ps. The opposite phase of
it indicates that in this case a slight overcompensation occurred. This overcompensation
vanished after one month of usage. This indicates an increased sheet impedance due to

oxidation.

4.6. Conclusions

In this chapter the theory, principle and realization of a new type of broadband anti-
reflection coating was presented. The shown data demonstrate that such ultra-thin metallic
layers effectively suppress any kind of reflections at an optical interface of two dielectric
materials. The exploited optical phase shift effect at an dielectric/metal interface shows
very well that this new type of technology is even suited for much higher frequencies
up to visible light maybe. Especially chromium showed outstanding properties for the
application as MARC. This is mainly the very good controllable sheet impedance and its

adhesion property. Due to latter property nearly any material can be coated including
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ceramics and plastics.

As shown in Fig. 4.7 even NIR radiation is absorbed which indicates that the plasma
frequency of chromium is located even at higher frequencies. In the case of eo-detection,
where the NIR probe is guided through the eo-crystal, this leads to an attenuation of the
probe beam. For crystals with an refractive index n > 3 more than 50 % of the incident
power is absorbed. This shows the need for new material for this task. A material not
presented here but best suited as MARC is indium-tin-oxide (ITO). It has similar properties
but it is transparent for NIR radiation due to its plasma frequency located below the visible
electro-magnetic spectrum. Compared to chromium the application of ITO is limited to
THz frequencies. Further, due to the fact that ITO is already partly oxidized no additional
aging effect could be observed.

In summary metallic phase shift layers present the state-of-the-art anti-reflection tech-
nology for infrared systems. Compared to many other methods on this field they really
suppress reflections at an optical interface. The final choice for the best suited conductive
material depends on the actual application of MARC, the frequency region of interest and

the material to coat.
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single crystals

5.1. Introduction

In general spectroscopic results show the optical properties of materials. In the simplest
case, the sample object consists of individual molecules which are randomly arranged. This
means the system shows no asymmetry regarding the orientation of absorption features
and so all possible vibrational modes are more or less sensed at once. In this case the polar-
ization of the analyzing light field does not contribute to the measured material properties.
The situation changes if crystalline materials with a periodic structure are involved. In
this case orientation sensitive absorption spectra are expected. The optical properties of
crystals depend strongly on the bond type which stabilizes and forms their structure [75].

In nature, many atoms and molecules have a strong tendency building a periodic struc-
ture which reduces the free enthalpy and so the internal energy. This process is called
crystallization. If the environmental conditions (temperature, pressure, etc.) benefit this
process the constituents start to arrange in a certain way building a compact structure
caused by interconnection links. Crystals can be divided in two main groups which are
atomic and molecular crystals which exhibit either strong or weak bonding forces. In both
cases the optical properties are mainly determined by the bond type and their orientation.

Depending on the forces between the constituents these bonds can be divided in [75]:
e Covalent bonds,
e Ionic bonds,
e Metallic bonds,

e Inter-molecular bonds.

In the easiest case of covalent bonds only atoms with similar affinity and four valence elec-
trons are involved (e.g. this is the case for Si, Ge, C). By building a periodic structure the
neighboring atoms share these electrons to complete their valence electron configuration.
This bond type is not limited to crystals built by a single element. But if a covalent bond is
built between two different elements the shared electrons are concentrated around the atom
with the higher electronegativity. This causes that the molecule shows in close proximity
a sensible electric field. This inhomogeneous charge density distribution is responsible for

the inter-molecular forces explained later.
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Similar happens in ionic crystals but thereby a metallic and non-metallic atom is in-
volved. The non-metallic atom with the higher electronegativity completes its electron
configuration while the metal atom remains positively charged. In both cases the electrons
stay localized and are only shared with the surrounding atoms. The bonding forces and
the periodicity of the crystal structure determines directly the orientation dependence of
the optical properties. Since covalent and ionic bonds result in stiff forces between the
individual atoms the strongest modes are located in the NIR and visible spectrum.

Most of the elements in nature are metals. Like other materials they build a crystalline
structure but in this case the electrons are not bound to a certain atom (see chapter 4). In
metals the valence electrons are only weakly bound to the atom they belong to. Already at
low thermal energies the electrons start freely to move within the lattice structure. They
form a so-called electron gas which surrounds the remaining positively charged atomic
nucleus.

The above described covalent, ionic and metallic bonds have in common that the involved
atoms share in one or another way their valence electrons with their neighborhood. This
results in very stiff and strong coupling forces. Contrary to them, the last group of crystals
base on another type of forces. In this case the crystalline structure is not built by atoms
but by molecules. They form a periodic structure by exhibiting weak bonding forces
between the involved individual molecules. For instance, such forces are responsible for
the crystalline structure of water ice [110]. The strongest representative of these weak
bonding forces are hydrogen bonds which are responsible for the arrangement of large

macro-molecules in a crystalline structure.

5.2. Molecular crystals

As described above crystals cannot be built only by strong coupling forces between the
atomic constituents. Depending on the electronegativity of the atoms within a molecule the
charge density and so the average electron distribution is not homogeneous. This causes
Coulomb forces between locally charged parts of a molecule. In the case of molecular
crystals these forces are formed between positively charged hydrogen atoms and negatively
charged oxygen atoms. Due to this such inter-molecular connection is called hydrogen
bond.

For instance benzoic acid builds a molecular crystals by hydrogen bonds (Fig. 5.1). But
as can be seen in this illustration more than one hydrogen bond can be built between the
molecules. In comparison to the crystallization process in atomic crystals, the molecular
crystal formation process has much more degrees of freedom. This means, the crystal can
consist of more than one kind of molecules and the crystallization process can even result
in a formation of hydrogen bonds within a single molecule [111]. This factor complicates
the pre-estimation which molecule combination is able to build a molecular crystal and
what are its properties. However, this complexity shows the potential of such structures

as well. Proper materials can be joined showing new properties.
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Figure 5.1.: Hydrogen bonds between benzoic acid molecules.

Compared to atomic crystals the group of molecular crystals exhibit remarkably different
performance. The importance of those materials has been demonstrated by the increased
number of applications in the last years. For instance DAST! [112]| found application in
optics and pentacene [113] in electronics. Especially the knowledge of vibrational modes
is essential for the understanding of the optical and electrical properties of molecular crys-
tals. In addition, the observed vibrational modes of such crystals, unlike atomic crystals,
are rarely mapped to the microscopic movement of the involved crystal constituents and
molecules. Contrary to atomic crystals, the molecular crystals have lattice vibrational
modes at relatively low frequencies. Due to the weak bonding forces between relatively
heavy molecules. The knowledge about these modes can be used to determine the phonon
dispersion /scattering properties of such crystals. This information together with the data
of vibrational modes of single molecules refines the knowledge of the bond potentials of
these molecules. In the following such properties of molecular crystals are demonstrated

by sucrose single crystals.

5.3. Sucrose single crystals

The saccharides represent a very important subgroup of molecular crystals, not only in
chemistry and biology but also in physics. For instance saccharides play a major role in
the human metabolism as an energy source for muscles and brain activities. In spite of
the huge effort, the chemical interactions of saccharides, like fructose, glucose, dextrose
and sucrose, with the surrounding environment are not fully understood yet. Free bonds,
polarity, and shape of equipotential surfaces of molecules determine their reactivity and
are therefore objects of great interest.

One of the most important saccharides is sucrose (Ci2H22011) [111]. Sucrose is a
molecule built of fructofuranose and glucopyranose connected via an oxygen atom (Fig. 5.2).
In the crystalline structure the sucrose molecule is folded and two additional hydrogen
bonds to oxygen atoms are formed within a single molecule. The binding between the
molecules in the crystal structure is also done by several hydrogen bonds. In this way

every sucrose molecule is connected with the neighboring molecules by several weak bonds

'4-N N-dimethylamino-4’-N’-methyl-4-stilbazolium tosylate
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Figure 5.2.: Molecular structure of sucrose.

Figure 5.3.: Folded sucrose molecule with intra-molecular hydrogen bonds (marked by dot-
ted lines).

forming a three dimensional structure which is illustrated in Fig. 5.3. Detailed information
about the crystallographic structure of sucrose measured by neutron diffraction can be
found in [114].

Since the sucrose molecules themselves are heavy and the bonds between them are not
stiff, absorption features due to vibrational modes in the THz frequency range is ob-
served. Such absorption was recently demonstrated on polycrystalline samples by Wal-
ter et al. [115]. They showed absorption spectra of sucrose, D-(+)-glucose, and D-(-)-
fructose at 10 and 300 K obtained by THz-TDS. They have demonstrated a temperature
shift of the absorption peaks and the effect of protonation/deuteration on the vibrational
mode frequencies. Earlier data on the sucrose absorption features in the THz frequency
region were published by Upadhya et al. [10] and Nishizawa et al. [116]. The former group
pointed out the intermolecular origin of the observed vibrational modes from the compar-

ison of the absorption spectra of glucose and sucrose.
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Figure 5.4.: Stereoscopic view of the sucrose molecule (from [114])

5.3.1. Sucrose crystal structure and growth

Although the crystallographic structure of sucrose is well known (Fig. 5.4) and the prop-
erties in the visible and NIR region were studied [117, 114] only little attention was paid
to the identification of the individual vibrational modes in a sucrose single crystal.

The direct identification of the vibrational modes is only possible if single crystals are
available. Since pure sucrose is only commercially available as powder the crystals had to
be home made. The single crystals of sucrose were obtained by a controlled crystallization
from a saturated solution in a water/glycol mixture (see e.g. [118, 119]). Sucrose crystallizes
in a monoclinic structure. The crystal contains two molecules per unit cell and belongs to
the P2y space group [117]. The only element of symmetry is the binary rotation around
the b—axis. The other crystal axis a and c¢ are perpendicular to the b—axis and the
angle between them is about 103.3°. The typical shape of sucrose single-crystals and the
orientation of axes are schematically shown in Fig. 5.5.

To access the dipoles associated with the vibrational modes of the crystal, three about
1.5 mm thick samples were prepared (labeled A-, B-, and C-cut) by cutting and polishing
from the same grown bulk crystal. This avoids discrepancies between the sample slabs due
to small variations during the crystal growth. The sample planes for A-, B-, and C-cut were
the bc’-, ac’-, and ab-plane, respectively. For simplicity instead of the c-axis, that is about
103° of the a-axis, rather an axis labeled ¢’ perpendicular to both a- and b-axis was chosen.
The sucrose crystal samples were mounted in a liquid helium continuous-flow cryostat for
preventing line broadening due to thermal lattice vibrations and placed in the THz beam
path. The absorption measurements were performed in transmission mode. The measured
THz time-domain signal was later processed using a fast Fourier transformation algorithm
to get the spectral information of the transmitted THz electric field. This spectrum is
compared to the reference THz spectrum measured in the same set-up after removal of the
sample. The real and imaginary part of the refractive index of the sample are determined

as described in chapter 3 which is a straight forward task.
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Figure 5.5.: (a) Schematic of the typical shape of a sucrose singe crystal with assigned main
planes and (b) photo of typical sucrose single crystals.

For the THz-TDS scans a time window of 54 ps was used that provides a spectral res-
olution of about 18.5 GHz. Further the setup volume, where the THz beam was present,
was purged by dry nitrogen. This removed the disturbing effect of water vapor absorp-
tion which could, in the worst case, overlap and mask the vibrational modes of the single

sucrose crystal.

5.3.2. Experimental results on single sucrose crystals

In Fig. 5.6 the absorption spectra for three different orientations of the THz polarization
with respect to the sucrose crystal measured at a temperature of 5 K are shown. Namely,
the results for the polarization parallel to a-, b-, and ¢’-axis are shown. Different absorption
lines and their strength for various orientations of the THz polarization are clearly visible.

These spectra were fitted with a set of 13 modes with Lorentzian line shape according to

1 AfF‘éVHM
Amode (f) = Qmaz * —

T Gt? . (Ath,HM>2

; (5.1)

where aunq; is the maximum absorption coefficient, fj is the center frequency, and A frw g
is the line width of the vibrational mode. The resulting parameters of the line position and
the linewidth are listed in Table 5.1. The error margins of the position and the linewidth of
the vibrational modes are 18 and 9 GHz respectively. The positions of the absorption lines
correlate well to those obtained by Walter et al. [115], as well as by Upadhya et al. [10] for
the polycrystalline sucrose employing THz-TDS.

Vibrational modes of sucrose in the frequency range 0.2-5 THz were also measured by
Nishizawa et al. [116] using a tunable cw terahertz source with a spectral resolution of
3.3 GHz. For polycrystalline sucrose embedded in a polyethylene pellet and held at room
temperature (295 K) they observed absorption peaks at 1.5, 1.9, 2.05, 2.15 THz and broad
features (several overlapping peaks) at 2.4-3.0, 3.2-3.7 THz and above 4.0 THz. With re-

gard to the given spectral resolution, the temperature broadening of absorption peaks, and
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Figure 5.6.: Absorption spectra for three different orientations of polarization measured at
5 K. Polarization of THz radiation was parallel to a-, b-, and c’-axis of the
sucrose crystal (5.5b). The curves are vertically offset for clarity and arrows
indicate the identified vibrational modes.

Label | Frequency [THz|] | FWHM [GHz] |

1 1.37 7
2 1.70 0]
3 1.88 69
4 2.06 71
5 2.38 0]
6 2.43 81
7 2.54 7
8 2.66 80
9 2.74 62
10 2.83 68
11 2.95 90
12 3.05 78
13 3.12 81

Table 5.1.: THz optically active vibrational modes of sucrose crystals in the frequency range
0.5-3.5 THz observed at 5K (error margins for the position and the linewidth
are about 18 and 9 GHz, respectively).
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5. THz optical properties of sucrose single crystals

the position shift of absorption features originating from phonons [10], the results also well
correlate with those of Nishizawa’s. Compared to these previously published data the ex-
perimental setup with its high bandwidth is capable to complete and extend the knowledge
about the vibrational modes of sucrose. At first the experiments are performed at 5 K.
This allows to identify all individual modes separately without suffering from overlapping
of thermally broadened absorption lines. The second enhancement is that by using single
crystals instead of polycrystalline samples, like the other groups, the absolute orientation of
the identified vibrational modes can be directly mapped to the crystal structure of sucrose.

The THz-TDS measurement setup provides a dynamic range of about 60dB at 1.5
THz and then the dynamic range decreases to 20dB at 3.5 THz. The data obtained for
frequencies >3 THz are already strongly obscured by a low signal-to-noise ratio of the
detected THz electric field and are omitted from the analysis. The given measurement
dynamic range and the thickness of the samples allow to access absorption coefficients up
to 30 em ™1 [120].

The measurement on the sucrose single crystal gives lower absorption losses compared to
those obtained on polycrystalline sucrose [115] by a factor more than 4. An explanation for
this discrepancy can be beam scattering at individual sucrose micro crystals with different
crystal planes. The control measurement on the same sucrose material, but in powder form
(finely ground sucrose crystals embedded in polyethylene powder and pressed into a pellet
form) showed very strong attenuation of the transmitted THz signal. This scattering effect
has not been analyzed further, although it is worth to be targeted in future experiments.
On the other hand, alternative THz results on sucrose provided the absorption coefficients
closer to our observations [116].

The sucrose crystal exhibits a small natural optical activity in the visible range (400-
800nm) due to the spiral alignment of the sucrose molecules (Fig. 5.4) in the crystal
structure. This results in a rotation of the plane of polarization by 22°em ™! for light
traveling along the axis normal to the (100)-plane and —64° em ™! for light traveling along
the other axis [121]. This potential problem of polarization rotation is minimized by the
choice of thin sample thicknesses of 1-1.5 mm. For example, for a 1 mm thick A-cut sample,
a rotation less than 7° is expected. This value is comparable to the angular resolution in
the experiment.

Since the detection scheme of a THz-TDS system is very sensitive to the polarization
of the measured THz pulse, it is exploited to map the dipole orientations of the sample.
The interaction strength between the electromagnetic field and the dipoles within the
crystal structure should vary as cosine of the angle between them. Therefore, to get the
information about the orientation of dipoles in the sucrose single crystal the absorption
spectra for various angles between the dipoles and the THz electric field are measured.
Moreover, the measurements have to be performed at least in two different projection
planes to get an unambiguous set of three-dimensional data for each dipole. That means,
by combining the data from two projection planes or crystal cuts, respectively, the dipole’s

orientation can be identified. A third dataset would comprise redundant information but
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Figure 5.7.: Absorption spectra for different polarization orientations for A-cut (a) and C-
cut (b) at 5K (thin lines). Spectra were fitted with a sum of Lorentzian peaks
(thick lines) whose parameters are listed in Tab. 5.1 and are off-set for clarity.

can be used as control measurement. A full set of consistent data could be obtained for a
A- and C-cut sample. The B-cut sample, made from the same bulk crystal, did not survive
the number of cooling cycles. So only a incomplete dataset could be obtained.

In theory, the angular dependent spectroscopic information is obtained by making scans
over a complete 360° turn. Since it is technically difficult to perform scans by rotating
continuously the sample inside of the cryostat, an angular step size of 15° was chosen and
performed over a range of only 180°. The final analysis to find the actual position of the
absorption peaks is done by Fourier fitting of the experimental data. This data processing is
valid since it assures that the sampling theorem (feature size > twice of sampling interval) is
not broken. In addition, since only dipole like activity of the vibrational modes is expected
data measured in the angular range of 0-180° contains information for the complete 360°
turn.

In Fig. 5.7 absorption characteristics for A- and C-cut of the sucrose single crystal are
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5. THz optical properties of sucrose single crystals

shown. The graphs show the angular pattern of the absorption that repeats every 180°,
which is the common behavior of infrared active dipole modes. Spectra obtained for the
individual projection planes (i.e. A- and C-cut) were again fit with a set of Lorentzian
shaped peaks with parameters summarized in Tab. 5.1. The obtained projections of the
dipoles provide an unambiguous determination of their orientation in the sucrose crystal.
The angular data obtained from A- and C-cut are reasonably consistent with those mea-
sured for a small set of scans done with a B-cut sample. Small variances between the
main sample planes are caused by the limited accuracy of the polishing process during
sample preparation which is = 5°. In addition, the datasets for the A- and the C-cut
show an angular independent absorption feature at about 1.95THz which fits well also
with the measurements of the B-cut dataset. This isotropic absorption feature is not fully
understood yet but is a common behavior of such large molecules embedded in a crystal
structure. However, since this is a constant feature it does not hamper the data processing

and the Lorentzian line shape fitting.

A-cut C-cut

|—|—|—|—>
123THz

Figure 5.8.: Angular dependence of the absorption peaks for A-cut (left) and C-cut (right).

The orientation of the dipoles is well illustrated in the polar plots of absorption (Fig. 5.8).
The observed angular modulation of the peak amplitudes allows to determine the dipole’s
orientation projections into a given observation plane. Because of the step size in the
angular dependence measurement of 15°, the error margin for the dipole’s orientation is
about half of the step size, i.e. &~ 7°. The Tab. 5.2 summarizes the experimental results and
deduces the final dipole orientations of the observed vibrational modes in sucrose single
crystals as shown in Fig. 5.9. This data and the graphical illustration in Fig. 5.8 shows
clearly that many modes share the same orientation. This is in good agreement with the
resonant absorption behavior of long chained structures, in this case, a molecular crystal
formed by soft hydrogen bonds.

In addition, the dipoles show a remarkable tendency. By comparing their orientation
with the crystal’s unit cell which consists of two sucrose molecules as shown in Fig. 5.10,

most of the dipoles share similar orientation as the major hydrogen/oxygen bonds between
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Figure 5.9.: Orientation of dipoles corresponding to the observed vibrational modes in the
sucrose single crystal.

Figure 5.10.: Single unit cell of sucrose with two molecules (dashed lines and arrows indicate
hydrogen-oxygen bonds).
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Label‘ e} ‘ 154 ‘ ¥ ‘ €aq ey e
1 15 | 105 | 45 | 0.6947 | -0.1861 | 0.6947
2 =75 | 15 | 45| 0.2505 | 0.9351 | 0.2505
3 15 | 105 | 90 | 0.9659 | -0.2588 | 0.0000
4 15 | 105 | 45 | 0.6947 | -0.1861 | 0.6947
5 15 | 135 | 75 | 0.9351 | -0.2505 | 0.2505
6 45 | 15 | 75 | 0.6947 | 0.6947 | 0.1861
7 15 | 105 | 45 | 0.6947 | -0.1861 | 0.6947
8 15| 0 |90 0.9659 | 0.2588 | 0.0000
9 90| 0 0 | 0.0000 | 1.0000 | 0.0000
10 15 | 105 | 45 | 0.6947 | -0.1861 | 0.6947
11 -15 | 15 | 5 | 0.9462 | 0.2496 | 0.0668
12 -75 | 15 | 45| 0.2505 | 0.9351 | 0.2505
13 =75 | 15 | 45| 0.2505 | 0.9351 | 0.2505

Table 5.2.: Orientation of the unit dipoles (eq, ey, €-) of THz optically active vibrational
modes of a sucrose single crystal in the frequency range 0.5-3.5 THz given in
the coordinate system of the sample (orthogonal a, b, and ¢’) as well as in the
crystal coordinates (a, b, and c) from Ref. [111, 122]. o means the angle from
a-axis in the ab-plane, 3 is the angle from b-axis in the bc’-plane, and « is the
angle from the ¢-axis in the ac’-plane.

the molecules. This gives a first indication regarding the molecule’s particular movement

for the observed THz active vibrational modes.

5.4. Conclusions

In this chapter was presented the THz-TDS study of anisotropic optical activity of molec-
ular crystals made of sucrose (C12H22011). The terahertz active vibrational modes of the
crystal in the frequency range of 0.1-3.5 THz were identified in several projection planes.
By combining the datasets from these different planes the orientation of the correspond-
ing dipoles of the vibrational modes could be correlated to the single crystal structure of
sucrose. The gained results extend the knowledge of molecular crystals and their optical
parameters measured so far [123].

In addition, the identified orientation of the dipoles associated with the modes provide a
first indication for the determination of the molecular movement in crystals. For instance,
the results can be used for the prediction of optical parameters of new molecular crystals
or computer simulation programs. Especially this would improve the accuracy and the
speed of the analyzing algorithms. Further, since with the new method presented here a
full insight in the optical activity of a structure is gained, it can be used to evaluate the

application potential of various molecular crystals in a direct way.
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6. Phase resolved transmission
spectroscopy of terahertz quantum

cascade lasers

6.1. Motivation

In the previous chapters THz-TDS was applied to study the optical properties of ultra-thin
metal layers and the angular absorption characteristics of sucrose single crystals. In both
cases the results show clearly the potential of this new measurement technique for upcoming
tasks in the future. However, with some limitations both experiments could have been done
also by FT-IR. Both sample types were optically active but showed not light amplification
capability. This means, as far as nonlinearities can be neglected, that these samples can
be treated as LTI' system. Only in the case of reflections the time-domain measurement
technique gives a direct handle to the origin of them which is normally hidden by FT-
IR or similar measurements. The real big purpose of THz-TDS are experiments where
directly the phase resolved electric field is of interest. Especially this is the case if an
active nonlinear media like an optical amplifier is under investigation. Then the material
or device can be fully investigated. This includes its dynamics as well as the common other
properties like the spectrally resolved absorption. This opens the possibility of investigating
gain materials for lasers. The knowledge about such kind of measurements would help to
improve any kind of laser operating in the THz frequency range.

As explained in chapter 2 a laser consists of much more than just a gain medium. The
gain medium itself is embedded in a complete optical system designed for a special purpose.
Hence, the output is determined by both of them. This makes is rather complicated to
access all properties of the gain medium with the resonator around it. Perfect condition
would be achieved if the gain medium itself is the resonator. Then the laser could be
investigated without changing its properties or lasing conditions by additional optics within
the cavity. Especially this is the case for semiconductor lasers. In the simplest case such
devices consist of a laser diode with cut facets which act as end mirrors of the resonator.
Through these facets light is emitted but can also be coupled in for measurement purposes.

Usually lasers are measured by emission spectroscopy (Fig. 6.1). In the simplest case the
light emission of the laser is measured by FT-IR. In this way only the following properties

can be directly measured:

Ninear time invariant
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6. Phase resolved transmission spectroscopy of terahertz quantum cascade lasers

e Output power
e Emission wavelengths
e Linewidth

e Light/current characteristics

By just measuring the emission of a light source any kind of losses stay usually hidden.
Only in special configurations it is possible to determine the laser’s waveguide losses [124].
Thereby two lasers are arranged directly as tandem or as multisection laser is used. One
laser acts as single line reference while the other is examined. But with this technique only
at the laser’s emission wavelength this measurement can be done. All other parts of the
spectrum stay masked. Further, the accuracy is very low (£50%) and are far away from
the real needs.

The situation changes completely by applying time resolved transmission spectroscopy
like THz-TDS. By utilizing such measurement scheme much more than the usual emission
properties can be accessed as are described above. First, by measuring the transmission
through the active medium all optical properties are measured. This includes its amplifi-
cation capabilities as well as all losses. Further, there is no essential need that the object
of interest is lasing. Even if the lasing condition (gain > losses) is not fulfilled the net gain
in the structure can be measured because all changes relative to the reference signal are
sensed. This opens new fields in laser research. For instance, temperature activated losses
which hamper lasing operation can be easily measured.

Second, by measuring in time-domain the dynamics of the active medium is accessible.
Since the different effects or reactions in the medium have different dynamics this technique
can even distinguish them and get access to their real origin. By FT-IR the measured
spectrum would be just a superposition of all observed effects and signals without any
time information. But in time-domain it is possible to perform local FFTs (e.g. with
data from 2 ps long time slices) which would provide the dynamics and the spectrum of
the observed effects as well. This means, the so-called THz seed pulse pumps, or so to
say kicks, the active material which answers this disturbance by a oscillatory response.

Further, as described in the previous chapters reflections are usually generated at any

Light emission

e

Reference Active medium

Figure 6.1.: Emission (top) and transmission spectroscopy (bottom) scheme of a laser.
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optical interface (e.g. the boundary of the active medium). This makes is possible to
observe something else. Namely, how lasing operation starts and develops in time. So far,
this process could not be observed directly. In summary the advantages and options of

time resolved transmission spectroscopy can be summarized as follows:

Reference signal makes quantitative and qualitative comparisons possible
e Time-domain measurement scheme make dynamics of processes accessible

e Gain spectrally resolved

Losses spectrally resolved

Separation of effects by time resolved spectrum analysis

The examination with time-resolved transmission spectroscopy is not the only option which
can be done with an active medium. If a medium with inversion of population is penetrated
by an broadband optical pulse in the right way it should start to amplify all spectral
components overlapping with its gain spectrum. If the amplification bandwidth would be as
large as the optical pulse propagating through it this would lead to a perfect pulse amplifier.
Since the direct generation of strong optical pulses is usually much more expensive than
the proper amplification of weak pulses this would lead to a series of new applications.
Especially in the MIR and THz frequency range such strong broadband sources would be
of great importance in physics, chemistry and a lot of other fields.

For the demonstration of the measurement techniques and the described effects the
quantum cascade laser is best suited. It consists of a semiconductor gain medium with
cleaved facets acting as end mirrors and semi-transparent output couplers. Apart from the
fact that it offers good measurement conditions, this relatively new laser type is still under
development. Many effects in the active medium, temperature related losses and others are
not fully understood yet. THz-TDS of QCLs could provide urgently needed information

for the subsequent improvement and redesign of these lasers operating at THz frequencies.

6.2. Introduction to Quantum cascade lasers

6.2.1. Interband vs. intraband lasers

One of the main laser type for various applications is the bandgap semiconductor laser.
Compared to other laser types (see e.g. chapter 2) they offer a series of superior properties.
These are mainly high output power compared to the laser’s size and the possibility of
electrical pumping instead of optical pumping like it is necessary in gas and other solid-state
lasers. At the moment their emission wavelengths cover a huge part of the electromagnetic
spectrum starting from UV? down to infrared light [52]. However, in such lasers the

bandgap energy determines the emission wavelength which is related to the material they

Zultra-violet
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Figure 6.2.: Bandstructure scheme of a typical bandgap heterostructure semiconductor
laser.

are made of. In Fig. 6.2 the typical scheme of a standard bandgap semiconductor laser is
shown. Due to an applied electric field electrons and holes are injected into the laser’s active
zone. They radiative recombine there emitting one photon per electron/hole pair. As it
is shown in the illustration the emission frequency is determined by the energy difference
between the conduction band (CB) and the valence band (VB). Both are directly given by
the material properties. This has a dramatic impact on the possible emission wavelengths of
lasers based on this physical scheme. This means, not every emission wavelength is covered
by a proper semiconductor material and most material combinations do not necessarily lead
to a bandgap with a direct optical transition essential for light amplification.

There is a big lack of proper solid materials for long wavelength operation A > 10 um and
especially for materials below the reststrahlenband (A > 50 um) of GaAs. The solution
for this problem are material systems with optical intraband transitions between their
conduction subbands (Fig. 6.3). Thereby the light emission process does not take place
between the conduction and valence band by radiative recombination of an electron with
a hole. Rather the optical transition is performed within the conduction band. This has
two major advantages. First, as shown and indicated in Fig. 6.3 such transitions have a
narrower line width because in contrast to interband systems the optical transition takes
place between similar shaped bands with equal energy gaps even for different momentums.
Further, intraband transitions can be adjusted by bandgap engineering. Theoretically this
means, all energy transitions smaller than the conduction band offset between the involved
materials are possible.

By proper arrangement of ultra-thin layers of different materials a so called heterostruc-
ture is formed. This is typically done by solid source MBE? [125] or MOCVD* which
offers high film thickness precision and quality. Depending on the materials and the layer
thicknesses the energy sublevels can be designed and calculated by solving the Schrédinger

equation and the dipole density matrix formalism [126] for a given heterostructure. A

3Molecular beam epitaxy
*Metalorganic vapour phase epitaxy
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Figure 6.3.: E (k)-diagram of an interband (left) and an intraband (arrows indicate optical
transition).

detailed description of QCL engineering and design can be found in [126, 127].

One of the most commonly used material system for designing heterostructures is GaAs/AlGaAs
which have almost the same lattice constant and hence do not suffer from lattice mis-
match problems [128]. By sandwiching a thin layer of GaAs between two barrier regions
of Al;Gai_,As a quantum well structure is formed. The resulting energy levels within
the quantum well are located between the conduction band edge of the involved materi-
als (Fig. 6.4). But a single quantum well cannot be an effective intraband laser material.
For this electrons have to be injected into the active zone and after the light emission
process again extracted so that the light amplification process can be repeated. This is
achieved by arranging such structures right after each other and biasing them. In this
way the energy levels of the individual section get resonantly coupled [126]. In Fig. 6.4
the simplified scheme of such structure is illustrated. In every section an electron emits
one photon and tunnels through a barrier to the next light emission section. Due to this

repetition of equal sections the complete structure is called cascade.

The idea about such cascaded superlattice heterostructure structure is very old. The
first theoretical concept was claimed by Kazarinov and Suris in 1971 [129]. Already their
concept included the idea of an optical transition designed by bandgap engineering and
electrons emitting one photon per cascade. Especially latter was a completely new idea in
contrast to bandgap lasers where an electron is lost after emitting one photon.

However, it took more than 20 years more until this idea was realized as quantum cascade
laser (QCL) by Faist et al. [14]. This first laser operated in the MIR at 4.2 yum. In addition,
at this time the laser was operated in pulsed mode at liquid helium (IHe) temperature. Till
today MIR laser made big progress and reached room temperature operation, continuous-

wave mode and high output power up to several 100 mW [130, 131]. Although at this
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Figure 6.4.: Quantized energy levels in a heterostructure quantum well (left) and simplified
bandstructure diagram of a biased quantum cascade structure (right).

time the physics and design of MIR-QCLs was well understood lasing operation could not
be obtained at THz frequencies below the Reststrahlenband of GaAs. It was fast found
out that at such low energies other mechanisms like electron/electron scattering have to
be taken into account to effectively fill the upper lasing level and to remove carriers from
the lower level of the lasing transition. First electroluminescence experiments proofed the
possibility of light emission at THz frequencies [132]. The first concept of a THz-QCL was
stated by Kohler et al. [133] who also demonstrated the first realization of a QCL operating
in the THz frequency range [20]. Especially here QCLs are urgently needed due to a huge

lack of convenient coherent light sources.

6.2.2. Terahertz quantum cascade laser design parameters

Since the first realization and proof of principle this laser type made large steps towards
real applications. For this purpose the performance parameters of such lasers have had to

be improved. This included mainly:

e Long wavelength emission

High output power

Low threshold current

e Low dissipation power

High operation temperature

Continuous-wave operation

Some of these parameter are fully or partly achieved already. Mainly the work of Williams
et al. [21, 134, 24] demonstrates well the potential of THz-QCLs. But still this device is
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Figure 6.5.: Simplified bandstructure E (k)-diagram of a QCL with injector and active
region states.

not fully understood yet. Various designs have been developed to cover different needs and

applications. But so far, every design had its own performance parameters.

The gain achieved by a particular design can be described by a model illustrated in
Fig. 6.5. Further the gain
G=o0-An (6.1)

is proportional to the transition cross section ¢ and to the population inversion An. In

this general model the population inversion for a given structure can be modelled by [135]

J 1 i (P
An = o ; (1 = Miost)” - [7'3773 . <1 - 7_32> - 7]27'2} ) (6.2)
where 7, is the total electron lifetime at an certain energy level, 7., is the intersubband
electron lifetime between two states, 7, are the fractions of the total current J injected
into the individual states, n are the number of cascades and qq is the elementary charge. A
very important parameter is the current fraction 7,5 which indicates how many electrons
are not effectively injected into the laser’s active region but rather lost in the conduction
band of the of the barrier material. Since this happens in each cascade its impact on the
overall inversion is modelled by % o (1—- Niost)". However, as in all lasers the design has
the function to optimize the gain and so the population of inversion. Mainly this includes
to prevent phonon assisted scattering of electrons into the continuum which is strongly
temperature dependent as well as proper filling of the upper lasing level and the removal

of carrier from the lower lasing level.
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Figure 6.6.: Typical realization a QCL fabricated on a semiconductor substrate.

6.2.3. Waveguiding and mode confinement

Typically the waveguide and optical cavity of a QCL has the shape of a long slab (Fig. 6.6),
also called laser ridge, which has a length up to a few millimeter and a width comparable to
its emission wavelength. In this configuration the electrical contacts are formed on the top
and bottom of the slab. Apart from the optimization of the active zone which determines
directly the gain of the laser material the waveguiding properties of the slab determine
if and under what conditions lasing operation is possible. The lasing condition (gain >

losses) in a QCL can be approximated by

G-T>a, (6.3)

where G is the gain of the active region, I' is the confinement factor of the laser mode with
its active zone and « are the summarized losses. Latter can be split into waveguide losses

v, and the mirror losses

(6.4)

where R is the reflectivity of the facets and L is the length of the laser. Since the mirror
losses are given by the reflectivity of the end facets of the waveguide material the corre-
sponding losses can only be minimized by implementing a high reflective coating (HRC)
onto one facet. For the typically used material systems like GaAs this has a value of about
33%. So by optimizing the reflectivity by a HRC the mirror losses can only be reduced
by a factor of 2.7. Much more potential is included in the optimization of the waveguide
structure which has direct impact on the waveguide losses as well as on the confinement
factor. Further, if a sub wavelength vertical confinement is used for waveguiding this has

a direct impact onto the mirror losses as is explained later.

Cladding

The standard method in optics for guiding waves is to implement a so called optical

cladding [50]. An example scheme for this method is shown in Fig. 6.7. Thereby the
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Figure 6.7.: (a) Mode intensity profile in the dielectric waveguide in the direction perpen-
dicular to the layers. The numbers on top of the figure are their thicknesses
in pm. Material composition and the doping concentration in em ™ are also
indicated. (b) Refractive index profile in the direction perpendicular to the
layers (from [128]).

wave propagates in a material surrounded by one or more layers made of dielectric materi-
als with lower refractive index. Due to the resulting total internal reflections at this optical
interface the waves stay in the optically high dense material if their angle of incidence is

larger than
n

O, = arcsin <2) ) (6.5)
ny
where ny is the refractive index of the core material and ngy of the cladding. Since dielectrics
or at least moderately doped materials are used for the cladding such confinement method
is low loss and easy to implement. For instance such method is used in semiconductor
bandgap lasers and most MIR-QCLs. In all QCLs the lateral waveguiding is made by the
air /semiconductor interface of the ridges where the surrounding air acts as cladding. The
vertical confinement in QCLs by cladding is only possible in MIR-QCLs. The reasons for
this is explained later. However, in such a way a confinement factor I' > 0.9 [128] can
be achieved. This factor can be even improved by growing MIR-QCLs on highly doped

semiconductor substrates (ngi > 108 cm_3). Since the plasma resonance frequency of
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heavily doped semiconductors like GaAs or Si is below the MIR frequency range, the
real part of the refractive index drops significantly at MIR frequencies (see Fig. 6.7).
This leads to a increased refractive index contrast and a higher confinement factor. The
typical realization of a QCL made with cladding or a surface plasmon (explained below)
is illustrated in Fig. 6.6

Surface plasmon waveguide

In THz-QCLs (A =~ 100 um) a mode confinement method described above is not possible.
The reason for this is a conjunction of many reasons. First, a high quality MBE growth is
only possible for structures with a thickness of a few 10 gm. This is mainly related with
the long time needed for the growth (N 10%) of a standard sample and the drift of the
deposition rates and layer quality during such a long span of time. Due to this limitation the
active zone is usually much thinner than the wavelength. This causes a deep penetration of
the wave into the cladding. As mentioned above the plasmon frequency of a typical heavily
doped semiconductor material is not located below THz frequencies. This results in high
Drude losses caused by free carrier absorption [134]. A solution for this problem are so
called surface plasmon waveguides as they were used for the first realized THz-QCLs [20].
Thereby the mode is confined between heavily doped semiconductor or metal layers within
the active zone (Fig. 6.8). Due to the vertical subwavelength confinement the mode is
mostly guided in an undoped low loss substrate like GaAs resulting in a low confinement

factor (typically I' = 0.13) resulting in high threshold currents but high output powers.

Double metal confinement

The todays standard waveguide design in THz-QCL basic research is to sandwich the
active zone between two metal/semiconductor interfaces which is a special case of surface
plasmon waveguides (Fig. 6.8). A detailed description about the technological processes
can be found in [134]. Here the mode is squeezed directly between two metal layers
resulting in a confinement factor close to unity. Since the active zone is smaller than the
emission wavelength of THz-QCLs this type of mode confinement suffers from much larger

losses than in surface plasmon waveguides which are typically 6 times larger.

But the sub wavelength confinement has an additional impact on the facet’s reflectivities
in the resonator. They rise close to unity too. This results in much lower mirror losses which
nearly vanish and compensate more than fully the increased waveguide losses (Eq. 6.3).
This leads in comparison to surface plasmon waveguides to decreased threshold current
densities. Although such low threshold current is one of the major objectives in QCL design
they show only low output powers due to the high facet reflectivity. Such waveguides are

mainly used if low driving currents are needed or a new laser design has to be tested.
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6.3. THz quantum cascade laser samples and wave coupling

One of the main objectives during this work was the comparison of different THz-QCLs

from various viewpoints. Mainly these interests were focused on the:

Gain below and above threshold current

Real gain bandwidth

e Amplification of few cycle THz pulses

Dynamic of initiated pulse amplification

Changed losses by operating or heating the device

All of them are of great interest and urgently needed for the next stage of development.
Final objective is to use the results and the gained experiences for the direct suggestion of
improvements to THz-QCL designers. This would lead to an active quality control of the
redesign of such lasers in the viewpoints mentioned above. Especially the losses in these
structures are of great interest.

In addition, to obtain the above mentioned performance parameters of THz-QCLs proper
methods for the coupling of pulsed THz radiation have to be developed, tested and opti-

mized.
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6. Phase resolved transmission spectroscopy of terahertz quantum cascade lasers

6.3.1. Specification of THz quantum cascade laser samples

For the following experiments two different THz-QCLs were used. In this work they are
referred as T1 and T2. Their properties are summarized in Tab. 6.1. Apart from their
slightly different physical dimensions they have different design wavelengths. Although

they are based on the same bound-to-continuum design and material system [136] signifi-

cantly different optical properties should be measurable by THz-TDS.

’ Laser

|

T1

T2

Center emission line [THz, ym, meV]| 2.87 / 105 / 11.87 2.05 / 146 / 8.48
THz beam coupling method silicon lens + aperture waveguide coupler
Design of active zone bound-to-continuum bound-to-continuum
Material system GCLAS/Alo‘lf,Gao,gg)AS GCLAS/AZOJE‘)GCLQB{,AS
Ridge length [mm] 2 1.6
Ridge width (active, full) [pm] 110 / 200 250 / 250
Theoretical mode spacing [GHz| 22 28
Active zone thickness [pm] 12 14
Waveguide type surface-plasmon surface-plasmon
Substrate thickness [pm] 200 200
Number of periods 90 110
Peak output power [mW]| 15 50
Applied electric field [kV/cm] 2.1 1.5
Threshold current density [A/cm?| 105 115

Table 6.1.: Quantum cascade laser specification and dimensions.

The bandstructure diagram for both QCL operated at optimal bias conditions is shown
in Fig. 6.9.

continuum active zone design is visible. Here the effective injection of electrons into the

In the diagrams the typical bandstructure characteristic of the bound-to-

upper lasing level is achieved by a staircase like structure and the well separated next energy
level above it. This corresponds to a high filling rate of the upper lasing level and a low loss
of electrons into the continuum (see Eq. 6.2). The different lasing transition and the fact
that both QCLs have the same injector structure should result in a corresponding behavior
or spectral features observable in transmission experiments. A detailed description of the
QCLs used in this work can be found in [137, 23].

The main difference between T1 and T2 are their emission spectra. Regardless of the
applied driving current T1 shows only one main lasing line apart from two very weak
side modes separated by the mode spacing (Fig. 6.10). This behavior stays in contrast to
the emission spectrum of T2 where the emission lines as a function of the current do not
stay fixed and more than one is observed. The single and multimode emission properties

measured by THz-TDS is discussed in the next sections.
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correspond to the laser measured in referred publication at 5 K and are scaled
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6.3.2. Wave coupling and light vs. current characteristics

As explained at the beginning of this chapter, one of the main objectives was to develop
an efficient method for coupling broadband free space THz pulses into a QCL’s waveguide.

The coupling method should provide:

1. High efficiency referred to free space signal
2. Direct guiding and focusing of THz pulses into one particular QCL waveguide

3. Suppression of bypassing signal components

First point is the typical demand for every coupling method. As much as possible radiation
should be coupled. The second and third point is directly related to the special require-
ments for this experiment. Usually more than one laser ridge is processed on a single
chip. This makes it essential to guide the wave directly to a chosen laser ridge. Otherwise

parts of the THz pulse would propagate through the unused chip parts and other parts
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Figure 6.11.: Scheme of incouple optics into a QCL’s waveguide (left). Photograph of a
THz-QCL mounted on a cryostat finger (right). Arrows indicate the laser
and the incouple optics with silicon lens.

will simply travel beyond it. This problem has two impacts on the measured transmission
signal. First, the signal consists of more than one THz pulse. In general the pulse through
the sample or laser and replica which took other paths through the optical system. This
results in difficulties to distinguish between them and their reflections caused by the opti-
cal interfaces in the system. Second, only the signal through the active zone is of interest.
Other components like the substrate mode through the other parts of the chip does not
carry information regarding the active zone. In this case only the waveguide losses of this
mode can be observed. To fulfill the above claimed needs for proper wave coupling two
different methods were developed and successfully applied respectively to the QCLs T1
and T2.

The initial method used for T1 implements an additional optical system in front of the
QCL under investigation. The principle and realization of this lens coupling method is
illustrated in Fig. 6.11. The optics consists of two components. First part is a 200x200 ym
metal aperture fabricated onto a silicon plate of 300 um thickness. This plate was then put
in direct optical contact onto one of the laser ridges. In this way the bypassing signal parts
were masked and only the signal through one laser is measured. Further, on this aperture a
silicon lens is placed. In this way the THz beam is further focuses directly into the QCL’s
waveguide and the coupling into the waveguide takes place at an interface of materials
with similar optical properties (Si and AlGaAs/GaAs). Since the wavelength at the optical
interface is reduced by a factor of more than three due to the material’s refractive index
the coupling efficiency into the ~ 10 pm thick active zone rises by the same factor. Apart
from the advantage that this improves the overlap between the coupled wave and active
zone this minimizes reflection losses at this interface due to the similar optical properties.
The reduced reflectivity at this facet of the QCL has an impact on the threshold current

which is shown later.

The second and latter applied coupling method used for T2 is an integrated waveguide

emitter/coupler (see chapter 2). Instead of coupling externally generated THz waves the
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Transmitted THz beam

Waveguide THz emitter

Figure 6.12.: Scheme of a THz waveguide emitter directly coupled with a QCL (left). Pho-
tograph of a THz-QCL mounted on a copper holder (right).

emission process and waveguiding is made at once. In front of the QCL a THz waveguide
emitter is placed. In this particular case the top contact has the same size as the QCL’s
laser ridge (Fig. 6.12). At the position between the biased metal stripes the NIR laser
beam generates a THz wave which is bound to the top metalization. In this way the wave
is guided directly into the QCL. Compared to the lens coupler this method has significant

advantages which are:

e Setup dimensions are smaller due to integrated emitter/waveguide unit
e Better mechanical stability

e Easier and faster alignment due to visible pump instead of invisible THz beam

In this work the waveguide coupler turned out to be the best choice. Especially since
it shows equal transmission signals compared to the lens coupler with externally THz
generation. In Fig. 6.13 a typical transmission signal through the laser structure of T1 and
T2 are shown. At the emission frequencies of the T1 and T2 a signal dynamic of ~ 39dB
and ~ 14 dB respectively is achieved. More than convenient for THz-TDS experiments of

reasonable expenditure of time.

As already mentioned above both coupling methods have an additional consequence on
the QCLs threshold currents. By installing additional optical components at one QCL
facet its reflectivity becomes smaller. Resulting in larger mirror losses which have to be
compensated by additional gain achieved by larger driving currents. Indeed, for both
QCLs with their individual coupling optics the threshold, compared to the corresponding
publications increased by about 20 A/em?. The resulting output power vs. driving current
characteristic (LI-curve) is shown in Fig. 6.14. In the following sections these figures are

referred as lasing region.
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Figure 6.13.: Typical transmission signal through T1 and T2 measured by THz-TDS. (a)
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Figure 6.14.: QCLs output power as a function of the driving current for the laser (a) T1
and (b) T2.

6.4. Modulation spectroscopy technique

For obtaining the results and parameters of THz-QCLs explained at the beginning of
this chapter usually simple on/off spectroscopy techniques are applied. This means THz-
TDS signal traces are recorded for two different conditions. In this particular case of an
electrically driven device this includes the state on and off. In this way the impact on the
reference signal, measured before for the condition 'off’; as a result of the operated device
is measured. Since for such experiments these two signal traces are measured sequentially
that can result in system drift problems.

By activating the device not only loss and gain mechanisms as might be desired become
visible. A lot of other physical effects change the environmental conditions and so, disturb
significantly the measured results. One of the main problem is the energy consumption of
the device resulting in a temperature increase compared to the measured reference signal.
Since the real thermal conditions in an actively operated device like a QCLs are more
or less unknown this results in a random temperature distribution. As is shown later

this temperature increased is strongly dependent on the current level during operation.
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6.5. Coherent probing of terahertz quantum cascade lasers

However, due to the locally increased temperature the optical properties are changed.
Further, the mechanical properties and dimensions of the surrounding installations like the

heatsink of the laser changes too. Serious problems are caused by the following parameters:

e Position of laser on the heatsink
e Heat conductivity of the heatsink

e Optical properties of the waveguide

Especially the last two points are the most disruptive for the measurements. By performing
time-resolved experiments any change of the refractive index results in a changed delay of
the measured signal. In other terms, by applying on/off spectroscopy techniques interesting
optical parameters and data can be distorted.

The solution for this problem is modulation spectroscopy. Thereby the THz signal and
the QCL emission are modulated at different frequencies wy and wo with constant phase

relation between them. According to the to the well known trigonometric theorem [138]

ki-k
2

two new signals at the sum and difference frequency are generated. Since the strengths k; of

ky - cos (wr) - ko - cos (w2) = L [cos (w1 + wa) + cos (w1 — w2)] (6.6)

the original signals are split apart and mixed the final signal strength at the new generated

frequencies is k12k2. This shows the capability of this measurement scheme making even

small signals visible by strongly modulating it by another source. Further, compared to
on/off spectroscopy the modulation techniques shows a much higher dynamic reserve and
a low 1/f noise if the sum frequency is used [65]. Latter is clear due to the up shifted
frequency while the other is not trivial. Let us assume a measurement system with a SNR
of 60 dB and relative signal changes of 1% which are caused by operating the device. This
results in a SNR of 20dB for the real signal of interest. While the dynamics of 40 dB
is simply lost due to the full scale needed to measure the carrier signal. Due to applied
modulation spectroscopy the carrier signal is at another frequency than the on it modulated
signal. In this case the full SNR of 60dB can be exploited for measuring the real signal
which corresponds to an increase of dynamic reserve of 40 dB. The quality increase can be
either used to maximize the signal quality or to reduce the needed measurement time.

A graphical illustration of this modulation scheme is shown in Fig. 6.15 for two signals
modulated at 4 and 5Hz and equal signal amplitude. The corresponding difference and
sum frequency is 1 and 9 Hz respectively with 50 % signal amplitude compared to the initial

signals.

6.5. Coherent probing of terahertz quantum cascade lasers

Main objective of this work was to bring forward the proof of principle of coherent probing

of active devices operating in the THz frequency range. In addition, it should be shown
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Figure 6.15.: Modulation signal of two beating frequencies at 4 and 5 Hz in (a) Time-
domain and (b) frequency.
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Figure 6.16.: Modulation signal of T1 (a) and T2 (b). Signal measured at QCLs maximum
output power (insets show corresponding spectrum).

what parameters are accessible with THz-TDS and to compare the results with standard
measurement techniques like FT-IR. For this task the above introduced THz-QCL samples
were used as representative medium. Further, new coupling methods and measurement
techniques were applied. All ideas and progress during the time span of this work lead

finally to the results and successes presented in the next chapters.

6.5.1. Applied modulation spectroscopy

For the QCL characterization the above described modulation spectroscopy technique was
applied. In this way just the signal differences due to the laser operation were sensed
without any background signal. By coupling THz pulses into the laser’s active medium they
become seeded and the initiated response of it can be sensed in time. The experiments were
done under certain conditions to get access to various device parameters as are shown later.
However, the result of every measurement is a time-resolved signal trace corresponding
directly to the transmitted electric field.

In Fig. 6.16 the modulation spectroscopy signals (further on just called ’signals’) are
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Figure 6.17.: (a) Low-pass and (b) high-pass (right) filtered (fg = 2.5THz) modulation
signal of T1 (Fig. 6.16) at full output power.

shown for the lasers T1 and T2 operated at full output power level. Although the lasers
have different emission lines (see Tab. 6.1) their signal shape in time-domain looks similar.
The spectral information and meaning of these similarities gets clear by comparing the
signals with the full transmission signal (Fig. 6.13). Each signal consist of at least two
components. The leading part is a replica of the probe pulse located within the first few
picoseconds after the THz pulse excitation. This part is the same in both cases but more
pronounced for T1 since it is spectrally more separated from the other part. This initial
signal part is followed by long oscillation decaying with a time constant of 5.2 ps for T1
and 2 ps for T2 which corresponds to the linewidth of the corresponding spectral feature

and is explained later.

The mentioned spectral components can be separated by proper low- and highpass fil-
tering. This separation is illustrated for T1 in Fig. 6.17. Compared to T2 here the spectral
regions of reduced losses and gain are clearly defined and correspond to an instant and os-
cillatory response of the excited system. First, is caused by losses and reduced absorption
occurring concurrently with the incidence THz pulse (Fig. 6.17a). More information can
be obtained by looking at the highpass filtered signal (Fig.6.17b). Here it is well seen that
the THz probe pulse acts as so called seed pulse too. After the active medium is seeded it
starts to amplify coherently spectral components matching with its gain bandwidth. The
gain bandwidth relative to the emission frequency corresponds to a fast or slow decay of
this oscillation like it is shown in Fig. 6.16 for the used QCLs.

This spectral separation of spectral components can be illustrated more detailed by time
windowed FFT analysis. In contrast to wavelet analysis [139] where the local identity of
the chosen pulse shape is tested here a 2 ps time window was simply shifted over the whole
signal trace and a FFT was calculated. The individual spectra were arranged to the plot
shown in Fig. 6.18. The plot proofs well that in the signal trace of T1 two distinct activities

separated in time and frequency take place.

105



6. Phase resolved transmission spectroscopy of terahertz quantum cascade lasers

4.0F Oscillatory response 1

_______________________________________________________________________________________

(&)
o
T
I
1

]
o
T

-
o
T

g s 4
1

Frequency [THz]

'
Instant response

-2 0 2 4 6 8 10 12 14 16
Delay [ps]

Figure 6.18.: Time-resolved FFT analysis of the modulation signal of T1 operated of full
power (Fig. 6.16). 2 ps time windows were shifted over the whole modulation
signal.

6.5.2. Gain characterization and laser emission lines

In laser physics the characterization of the gain medium is one of the most important tasks
before building a laser. This includes mainly the current or pumping light field dependency
of the gain and its absolute value. Latter is of great importance since in combination with
the losses it determines the stable lasing operation. By performing the gain measurements
in transmission mode gain can be observed already before lasing operation starts. Very
important in laser physics is to evaluate the light amplification capability of a material. For
determining the gain of the QCL materials a series of signal traces like shown in Fig. 6.16
was recorded at different driving currents. The frequency dependent gain g (I, w) in terms

of power provided by a material can be calculated as

(Lw)
QT‘*’.L’

EQCL,on (I, w) = EReference (w> € (67)

where E (w) is the spectrally resolved electric field, I is the driving current, and L is the
length of the device. But as mentioned above no on/off measurement scheme was used.
As a consequence Eq. 6.7 cannot be used to evaluate the lasers gain. In the case of applied
modulation spectroscopy where the temporal change of the electric field AEgcr,on (1,1) is
measured the standard formula has to be modified. The resulting gain spectrum can be

obtained by the adopted formula

g(lw)
AEIQCL,on (va) =K- EReference (W) : (e > L 1) ) (68)

where the linear factor K summarizes all effects having an impact on the modulation
amplitude like the QCL’s driving duty cycle.

The results of the gain measurements of T1 and T2 using Eq. 6.8 are shown in Fig. 6.19.
One can clearly see that gain is observed below lasing operation takes place. Up to the

maximum value of 14 — 15 cm ™! the gain rises more or less linear with the driving current.
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Figure 6.19.: Current dependency of single pass maximum gain of the QCLs T1 (a) and
T2 (b) (shaded parts indicate the lasing region of the lasers) .

Such characteristic was expected and corresponds to the gradual alignment of the indi-
vidual cascades. By applying an electric field the bandstructure gets tilted as illustrated
in Fig. 6.4. The process of cascade alignment does not happen instantly. This would be
only the case in a perfectly grown structure without interface roughnesses and precise layer
thicknesses which exists only in theory. However, in reality the alignment of the individual
cascades happens gradually. By increasing the bias field more and more cascades align
properly (see Fig. 6.4). This gives the measured gradually increasing gain until lasing
starts by exceeding the threshold current. Above this current value this tendency changes.
The linear gain increase stops. This behavior stands in good agreement with the laser the-
ory. When lasing operation starts the gain at the lasing wavelength is mostly consumed by
the now emitted light field. This leads to a reduced optical gain sensed by the THz probe
beam. In the figures this is conspicuous by the flattened top of the curves. At the end
of the lasing region the cascades start to break up due to the high applied bias. But like
below the threshold current value, some gain is still observable. This manner is pursued
by exceeding the upper lasing threshold current. Here still gain can be measured and has
linear falling off tendency but drops much faster.

The gain values presented here are proven and represent the minimal values. The trans-
mitted THz pulse propagates not only through the active zone of the QCLs due to the
mode profile. Tt spreads into the substrate the laser was grown on. By including typical
confinement factors I' &~ 0.25 [23, 20] the real gain value is expected to be in the range of
40cm~L. Similar calculated values have been reported by Williams et al. [140]. Our first
demonstration of spectrally resolved gain measurements show the potential of such exper-
iments to get access of proven values unknown so far. Further, the measured values for
the gain are not falsified by a changed refractive by driving the device’s active zone [141].
This was verified by the THz pulse position which was the same for all conditions.

Apart from the absolute numbers concerning the gain, spectrally resolved transmission
measurements like THz-TDS provide much more information. Since the probe pulses

sensed by THz-TDS carry a broad spectrum the position, shape and bandwidth of the
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Figure 6.20.: Spectrally resolved gain/reduced losses for T1 (a) and T2 (b) operated at full
output power (dotted line indicate gain bandwidth fitted by a Gaussian line
shape).

gain spectra are obtained. This information is very important. For instance the resonator
could be redesigned so that the waveguide losses are low at frequencies where the gain is
high. Further, as mentioned above the cascades start to align gradually. One of the main
reasons for this behavior are quality inaccuracies during the growth. As a consequence they
align at different bias levels and show different emission wavelengths. This inhomogeneous
broadening is directly responsible for the oscillation length shown in Fig. 6.17. The broader
the gain bandwidth the shorter the oscillations are and vice versa. For the used QCLs the
gain bandwidth was fitted by a Gaussian line shape (Fig. 6.20). T1 exhibits 170 GHz
bandwidth while T2 has one of 390 GHz. For future broadband pulse amplification this
parameter is of great importance. This fact and the efforts to achieve mode-locking in
QCLs (see chapter 2.3.1) strongly dependent on the gain bandwidth. Therefore, to achieve

broadband amplification with high gain will be an important task in the future.

From the data shown in Fig. 6.20 even the different lasing transitions can be evaluated
by calculating the spectrally resolved refractive index where resonances become visible.
Theoretically the discrete FFT algorithm provides a phase which corresponds to the re-
fractive index but the information content of it is almost zero. Since the FFT provides only
phase information in the range |—m, 7] no phase devolution can be correctly traced due
to the discrete values. Without having a continuous phase the course between two points
is unknown. Many mathematical programs offer a numerical procedure called “unwrap”
function which tries to estimate the real phase course but the quality of the final results is
more or less unknown. The correct spectrally resolved phase can be instead calculated by
the Kramers-Kronig relation [142]. With this relation and the spectral information from

Fig. 6.20 corresponding to an absorption « (w) the phase can be determined by

An(w)=<.PV /OOO ) (6.9)

T 02 —w?

where ¢ is the vacuum speed of light and PV means the principal value of the integral.
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Figure 6.21.: Phase diagram of the gain spectra of (a) T1 and (b) T2.

The calculated phase is shown in Fig. 6.21. The shape correlates well with the gain and the
position of the emission lines of the QCLs (Fig. 6.10). Fig. 6.21a shows that T1 has only
one gain region exhibiting the typical phase of a resonance. For laser T2 the situation is
different. At least two resonances are observable. One at ~ 1.9 and the other at ~ 2.1 T Hz
indicating the existence of two gain regions aligned at the same bias level. This property
explains its more than doubled bandwidth compared to T1. The limited resolution and
the lack of other available sources does not allow to specify this more in detail. But the

results show how powerful THz-TDS is for the study of this very interesting parameter.

6.5.3. Spectral hole burning

The results presented above showed the spectral position, bandwidth and the absolute
number of the gain in two QCLs as a function of the driving current. By seeding the
QCL’s active region it amplifies certain parts of the THz probe pulse. As already mentioned
above and shown in Fig. 6.19 the slope of the current dependence of the gain changes when
exceeding the laser’s threshold current. Since the data shown in Fig. 6.20 is just part of
a huge THz-TDS measurement series the resolution was limited by the scanning time and
the system drift. At this conditions no spectral feature due to lasing operation can be

observed in detail. As a role of thumb the relation
measurement time o spectral resolution x signal qualtiy (6.10)

can be approximated. For the observation of spectral hole burning as a consequence of
lasing activities the resolution was increased up to 20 GHz by a long term scan. This
made is possible to observe spectral hole burning effects shown in Fig. 6.22. When the
QCLs start lasing the inversion in the active zone at the emission line is consumed by
this activity. The photons emitted by this action have of course equal phase but no set
phase relation compared to the reference THz probe pulse. Out of the reference phase this

radiation cannot be sensed and its radiation spectrum is lost. In the figure the lasing lines
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Figure 6.22.: Gain spectra with observable spectral hole burning due to lasing operation
in T1 (a) and T2 (a). (f.p.—full power, b.th—below threshold, a.th.—above
threshold).

are identified by kinks. As shown in the optical output spectrum (Fig. 6.10) T1 showed
only one emission line while T2, due to its wide gain spectrum, is capable to emit on
several lines. This corresponds very well with the results gained by THz-TDS. The gain
spectra rise with the same shape as shown in Fig. 6.20. But by exceeding the threshold
current value the gain at the lasing lines, 2.87 THz for T1 and 1.94 & 2.07 THz for T2,
stays constant. From this data important parameters can be read out.

First, the observed gain at the kinks corresponds to the optical cavity losses at this emis-
sion line for the coupled THz pulse. The waveguide of T1 at 2.87 THz shows waveguide
losses of 8.5 cm™!. In addition, by drawing a Gaussian fit corresponding to the inhomoge-
neous broadened lasing transition into the gain curve diagram a net gain of 5e¢m ™! could be
observed without considering the confinement factor. Both values are consistent with the
above presented gain estimation including the confinement factor. The waveguide losses in
T2 are 8.3 and 7.7 em ™! for the measured emission lines at 1.94 and 2.07 THz, respectively.
Latter mode spacing is consistent with the values presented in Tab. 6.1. In the case of T2
a correct value for the net gain was hindered by the deformed gain spectra shape. This
hampered a Gaussian fit like done for T1 which is essential for the determination of this

value.

6.5.4. Longitudinal spatial hole burning and gain shift

All results presented above were measured and calculated using single pass signal data.
In this way the combined gain/loss characteristics in the structure could be determined.
But gain and reduced losses cannot be separated. Further, in this way the dynamics of
initiated lasing cannot be observed. To obtain this information multipass data is needed.

Every THz seed pulse coupled to the laser’s waveguide is partly reflected at the end
facets. This leads to multiple round-trip signals which manifest themselves as delayed

pulses. Since these pulses sustain cavity gain and losses more than once they show differ-
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Figure 6.23.: Gain/current dependency of the first round-trip signal within (a) T1 and (b)
T2.

ent spectra and current dependency in respect to each other. As mentioned in section 6.3.2
the attached incoupling optics (lens and waveguide coupler) open slightly the cavity. This
has several impacts on the transmission and modulation signals. First, it reduces the re-
flectivity at the facet where the additional optical components are attached and results
in a weaker round-trip signal of the coupled THz wave and a slightly increased thresh-
old current (N 20 A/cm_Z) is observed for both lasers. As a consequence the multipass
gain/current characteristics looks different from than shown in Fig. 6.19. The correspond-
ing gain/current curves for the first round trip signals are shown in Fig. 6.23. Compared
to the single pass signals gain appears at much higher currents (I71 threshold,3passes =
150mA, I3 threshold,3passes = 300mA). This behavior gets clear if the lasing condition
(gain > losses), directly probed by this experiment, is taken into consideration. Below
the threshold level the coupled THz wave experiences gain but losses as well. Without
fulfilled lasing condition latter effect dominates and the signals decrease after each pass
and spectrally shapes. This shows the increased threshold current for the observed mod-
ulation signal. This mechanism and tendency carries on until after a series of round-trips
the current/gain characteristic of the modulation signals shapes equally compared to the
light-current (L-I) curves (Fig. 6.14) of the corresponding QCL. Under this condition fi-
nally the lasing condition is fulfilled. Since the facet reflectivity and mode profile is mostly
unknown the values in Fig. 6.23 can only be given in arbitrary units.

Apart from this lasing condition the above described effect can only be explained by an-
other effect present in laser too. When lasing operation starts a standing electric field wave
pattern is formed. This results in a second order grating (Fig. 6.24). In the nodes where
the electric field of the standing wave is zero the full gain is available for the amplification
of the transmitted THz seed pulse. In the antinodes the situation is vice versa. Here the
strong local electric field vector couples to the optical transition and is amplified leading
to a gain clamping. This effect, also called longitudinal spatial hole burning (LSHB) [143],
has a direct impact on the local refractive index distribution. LSHB can be measured

by transmitting a beam perpendicular to the laser’'s waveguide and comparing it with a
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Figure 6.24.: Scheme of the local power intensity distribution of a QCL waveguide below
(a) and above threshold (b) current (SP—seed pulse, BW=backward wave,
TW-—transmitted wave).

reference which reflects the refractive index pattern. Since the metallic top contacts of the

QCLs prevent such measurement a indirect proof of LSHB is considered.
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Figure 6.25.: Optical scheme of the THz signals transmitted through a QCL waveguide
(MS: main signal, RTS: round trip signal, AT round trip time).

For this proof, the round-trip signals in T1 (Fig. 6.26) and T2 (Fig. 6.27) are measured.
An illustration of these delayed round-trip signals in the THz-QCL waveguide is shown
in Fig. 6.25. Subsequent to the main signal the internal reflections are sensed which are
delayed by multiples of the round-trip periods. For the used lasers these signals are delayed
by ~ 47.5ps and~ 38.9 ps for T1 and T2, respectively. Without refractive index grating
these round-trip signals should be just a time delayed replica of the single pass signals. In
this case changes can mainly occur due to spectral changes by the waveguide losses and
gain saturation effects. Since the peak electric field in the experiments presented here is
far below the non-linear regime (Erm, < 100V /cm) latter effect is not expected. Further,
if linear changes like waveguide losses occur the signal should not change its delay given
by the round-trip time.

This is not the case for the measured signal traces (see Fig. 6.26 and Fig. 6.27) . Taking
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Figure 6.26.: Round trip signals through T1. (a) 3 passes, (b) 5 passes and (c) 7 passes
(signals are lowpass filtered fg = 3.5THz).

the position of the maximum electric field amplitude of the main oscillation frequency an
additional delay per round-trip of ~ 9ps and ~ 3.5 ps occurs for T1 and T2, respectively.
Apart from the changed gain/current characteristics of the first internal reflected signal
(Fig. 6.23) this additional delay is an evidence of the existence of LSHB in the QCLs.
On the formed grating the THz pulse is partly back scattered at every node/antinode
optical interface. Apart from this delay these multisection reflections in the QCL have
another impact on the signal shape. Due to the optical grating the structure’s optical
properties get extremely frequency selective. The consequence of this is illustrated in
the round-trip figure sequence of T1 (Fig. 6.26). Starting from the single pass signal
(Fig. 6.16) the shape of the modulation signal changes. First, spectral components die
off by frequency selective amplification and losses. Second, frequency selective scattering
in the laser resonator happens. These two effects are responsible for the signal shaping.
After 3 passes the THz signal’s (Fig. 6.26a) low frequency components related to reduced
losses and absorption vanished mostly. The originally long decaying oscillation forms a
symmetric bubble shaped signal which is longer than the original. Further, due to the
LSHB this leading part is followed by a cw THz wave with constant amplitude. This

process is repeated and the oscillation length gets longer and longer. Already after 7
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Figure 6.27.: Round trip signals through T2 after (a) 3 passes and (b) 5 passes.

passes the original transmitted THz pulse formed a more than 30 ps long oscillation which

is headed and followed by a lasting cw THz wave.

Apart from the indication of LSHB in the QCLs, the evolution of this cw wave can
be interpreted as starting lasing activities. For the single pass THz pulse the active zone
provides the largest available gain in the structure. Resulting in a very fast rising signal
amplitude followed by a long decay. After passing the end facet the the wave propagates
back through a partly depleted region which has still not finished its local gain recovery
process. For the back propagating THz pulse this means that for the leading parts no full
gain is available but the on-going gain recovery process amplifies other components of the
THz pulse. So, the THz pulse starts to form a bubble lead and followed by a cw wave.
After each cavity pass the THz pulse’s core part gets longer and weaker until it cannot be
anymore distinguished from the cw wave.

In spite to normal lasers, where most likely vacuum fluctuations are responsible for the
initiation of stimulated emission [52], here this process is initiated by the coupled THz
seed pulse acting as system disturbance. Since this seed pulse has known phase this lasing
process can be directly observed which stands in contrast to the other effects which are
launched with random phase.

The round-trip signals show another interesting detail. From the single pass signal the
gain curve can be determined which is important for the development of a THz semicon-
ductor pulse amplifier. But for redesign issues of THz-QCLs it is of great interest to know
the real gain shape for the multi round-trip signals. Especially, this information cannot
be obtained by emission spectroscopy or FT-IR. Latter measures the cumulative signal
and cannot pick out a certain time window to make the signal dynamics visible. As in all
lasers the cavity length determines the mode spacing and the lasing condition defines which
modes are allowed. Especially, if the mode spacing is large it can happen that the gain
spectrum does not overlap with only one mode or they are not located in the maximum.

Usually such circumstance is exploited to obtain a single mode laser.

Examining the spectra from the individual time windows it gets clear that both QCLs

114



6.5. Coherent probing of terahertz quantum cascade lasers

0.8 T T T T T

A - o7k Single pass (b).
Single pass “ [ —Single pass (fit) 29 GHz
—_ — — 3 passes 06k — — 3passes 7
e I T 5 passes 5 - 5 passes
o N [ / A S N 7 passes - 05
g &,
r S 04
2, %
2 303
s =
£o g 02
<
0.1 B
ool L e
. 34 17 18 19 20 21 22 23
Frequency [THZz] Frequency [THz]

Figure 6.28.: Spectral comparison of internal round-trip signal of (a) T1 and (b) T2 .

are not optimally designed (Fig. 6.28) or the available gain spectra for the coupled THz
probe pulse and the lasing mode are different. However, for the coupled mode the gain
spectra get narrower, smaller and shift to lower frequencies (2.85 THz for T1 and 2.02 THz
for T2). They get narrower due to frequency selective scattering (LSHB) and already after
5 passes the final gain spectra for the coupled mode is established.

As is shown in Fig. 6.28 the spectral amplitude after each roundtrip decreases. As
one would complain now, this stands in conflict with the expected continuously amplified
signal whose amplitude should rise or stay constant. The explanation for this artifact is
trivial and has two reasons. First, the oscillation gets longer but weaker due to energy
conservation in the active zone. So parts of the signal components become hidden in
the noise floor. Second, due to the pulse lengthening signal components become located
outside of the measured time window which is limited due to system drift during the
measurement. Further, after a few passes the signals cannot be any more separated by
time windows because they overlap. These circumstances prevent a proper determination

of the gain spectra characteristic as a function of the signal passes.

6.5.5. Spectral limitations caused by thermally activated absorption

The modulation spectroscopy technique introduced and successfully applied in this work
enabled the measurement of the real gain in THz-QCLs. It provides for the first time
an insight view in this difficult devices and their physics. As explained above simple
on/off transmission experiments would not have been able to provide the presented data.
Apart from the problems with the limited dynamic reserve the temperature conditions
would prevent proper data processing due to thermally induced changes in the involved
materials.

But transmission measurements made in on/off mode can provide helpful data and in-
formation about the optical properties of the QCL’s active zone and its waveguide. For
instance in this way thermally activated absorption mechanisms can be observed and quan-

tified. This information would be of great interest since THz-QCLs are limited to cryogenic
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operation conditions. As explained above these devices have to be cooled (at least to liquid
nitrogen T' = 77K) to prevent thermally assisted depopulation of inversion. By comparing
the absorption data obtained at various temperatures for the activated and switched off

device the real device temperature can be determined.

Typically in emission spectroscopy experiments of QCLs the heat sink temperature is
stated as device temperature. But due to the distance between the temperature sensor
of the cryostat cold finger and the mounted laser, the temperature conditions on both
places are different. Only in pulsed operation mode and at small duty cycles the heat sink
temperature corresponds more or less with the device temperature. But such operation

condition is far away from the cw operation needed for commercial applications.

To analyze the thermally induced changes the laser T1 was selected and installed in a
temperature controlled liquid helium cooled cryostat. The THz pulse coupling was made
by an aperture and a lens as explained above. The spectral changes in the laser’s waveguide
were obtained by pulse transmission in the temperature range 5-300 K. Since mainly the
changes correlated with temperature increase were of interest, the absorption was evaluated

relatively using the formula

In (mest i)
aw,T)=-2- s , (6.11)
Lya
where E (w,T) is the electric field spectral amplitudes of the measured transmitted THz
probe pulse measured at 5 K and Ly is the length of the THz-QCL waveguide. The THz
pulse spectrum Egcry off (w,5K) for the inactive device at 5K was taken as reference.
In such representation the increase or decrease of the losses in the laser waveguide are
represented directly - the reduced or increased gain with respect to the conditions at 5 K

is presented as increased or decreased absorption in the spectrum respectively.

The temperature dependence of the absorption in the THz-QCL without applied bias is
shown in Fig. 6.30a. For the unbiased laser the losses of the waveguide at 5 K are almost
frequency independent and were estimated to be 8 + 1 e¢m™!. This value is in reasonable
agreement with that calculated for the given THz-QCL design [136, 144] and is assigned to
Drude absorption in the QCL active region, doped contact layers and the top waveguide
metallization. The absorption increases with rising heatsink temperature. In the unbiased
case the heatsink and device temperatures are considered to be equal. The onset of the
absorption is observed at a temperature of about 50 K. Above this temperature an absorp-
tion feature centered at about 3 THz appears. By increasing the laser’s temperature this
absorption band gets stronger and broadens mainly towards lower energies. At 150 K the
calculated absorption coefficient at 3.1 THz is ~ 32 ¢m ™! which is the maximum observable
value due to the dynamic range of the measurement (at given frequency). The origin of

this absorption band is discussed later in detail.

Quantitatively, the temperature dependence of the absorption « (w,T') at the 3.1 THz
absorption peak is shown in an Arrhenius plot (Fig. 6.29). Using the relation
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Figure 6.29.: Arrhenius plot of the absorption feature at 3.1 THz.

a(w,T) x exp (— kAE(;> , (6.12)
5 -

where AF, is the activation energy, kp is the Boltzman constant and 7' is the device
temperature, an activation energy of this absorption feature of 12.4meV is obtained.

The increase of the operational temperature above 100 K is associated also with an
increase of the absorption over the whole observed frequency range, as a result of the
absorption by thermally activated free carriers. An activation energy of the order of 0.18 eV
is estimated for this process.

Measurements for the THz-QCL biased at the condition of the maximum THz output
power (I=380mA) were also performed. The QCL was driven by 7 us long current pulses
with a duty cycle of ~ 15%. In Fig. 6.30b the temperature dependence of the waveguide
losses in the active device are shown. As before the spectrum of the inactive device mea-
sured at 5K was taken as reference. Already here differences due to the gain centered
at 2.87'THz can be observed. Those changes get much more pronounced by building the
difference between the obtained spectra.

Since all absorption spectra were derived by the same reference they can be subtracted
without restrictions. This is shown in Fig. 6.30c. The gain is observed at the frequency
of ~ 2.87TTH~z as indicated by the negative peak in the spectra obtained at 5 and 25 K.
At heat sink temperatures above 50 K the gain disappears and the difference spectra show
additional losses (positive peaks at 2.87 and 3.1 THz). Since the absorption increases
with the temperature, the observed additional losses at 3.1 THz indicate that the actual
operation temperature in the laser’s active region is higher than the heat sink temperature.

We have estimated these temperature difference using Eq. 6.12 and an activation energy
of 12.4meV. Between 25 and 50 K, the temperature of the QCL’s active region is about 15-
20 K higher than that of the heatsink. This difference is illustrated in Fig. 6.31a. Similar
findings were presented for a comparable THz-QCL with a surface plasmon waveguide by
Vitiello et al. using micro photoluminescence measurements [145]. At higher temperatures

the difference between the active region and the heat sink increases up to 35-40 K at 80 K.
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Figure 6.30.: Temperature dependent transmission absorption spectra for (a) QCL off, (b)
QCL on and (c) change in the absorption transmission spectra (the figures
are offset for clarity).

This gives a real device temperature of 115-120 K. Beyond this temperature the difference
apparently drops and vanishes at 150K (Fig. 6.31b). Reason for this observed drop is the
above mentioned limitation by the signal dynamic range and photon assisted scattering of
electrons into the continuum. Latter are in contrast with the observed broadband effect.

However, in principle we correlate it with the roll-off of the THz-QCL output power [136].

The observed thermally activated optical absorption can be explained by a three energy
level model (Fig. 6.32a). In this model electrons are located at the lowest level 1 and the
optical transition 2-3 has an energy of 12.4 meV. With increasing temperature, the middle
energy level 2 is populated by electrons from level 1 and thus the optical transition 2-3
becomes active, too. As the position of the individual energy levels depends on the applied
electric field, the biased and unbiased QCL should exhibit different optical transitions. The
intraband transitions origin can be ruled out also due to the active region design in which
the energy width of the injector structure subband <12meV, while the first and second
subbands are separated by 18 meV. But since the observed absorption feature appears at
the same wavelength in both, biased and unbiased, cases it proves that the origin of the

absorption is not solely related to the energy levels in the structure.

This thermally activated absorption process can be explained by the presence of silicon
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Figure 6.32.: (a) Three stage model for thermally activated losses and (b) configuration
coordinate diagram of silicon donors in a GaAs quantum well. (1 - phonon
scattering of electrons on the energy level; 2 - capture of electron on the
donor defect site; 3 - optical transition from the donor to the heterostructure
energy level). The optical transition 1 widens towards the low energies with
increasing temperature due to the phonon scattering.

donors in the quantum cascade structure. In the THz-QCL heterostructure of laser T1
the silicon doping is placed in the 12nm thick quantum well in the Aly15Gags5A4s/GaAs
heterostructure [146]. The activation energy, corresponding to the optical transition Si'* —
GaAsg‘l/V, is about 12.5meV. To explain the observed absorption in the THz-QCL and its
thermal activation the following claim is formulated. The energy level structure of the
silicon donors in the GaAs contains the excited state that is resonant with the energy level
E1l in the GaAs quantum well (Fig. 6.32b). In the normal state, the electrons are thermally
activated from the donor ground state and redistributed between different energy levels in
the conduction band. Let us consider the energy levels of the excited neutral donor laying

about 12meV above the quantum well ground state.

By increasing the device’s temperature electrons are occupying the lowest energy level.

From here they are intensively phonon scattered and can achieve energies high enough to
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reach the excited state of the donors Sisz; and then relax fast to their ground state. The
capture of the electrons on the donor sites leads to two effects. First, the density of the
occupied absorbing sites increases due to the increased electron density. That means the
absorption at the optical transition from the donor ground state to the heterostructure
subband increases with temperature. Second, electrons captured on the donor sites are
effectively removed from the laser’s active region. This results in a decreased gain. Indeed,
temperature dependence of the decrease of the gain at 2.87 THz exhibits almost the same
activation energy ~ 12.5meV as the absorption at 3.1 THz.

The observed thermally induced absorption seems to be one of the major reasons why
THz-QCLs based on the bound-to-continuum or similar designs stop lasing at high tem-
perature. Especially this applies for the THz-QCL used for characterization and similar

devices based on the same design.

6.6. Conclusions

This chapter was dedicated to time-resolved THz transmission spectroscopy of quantum
cascade lasers. It was shown that these devices cannot by examined and investigated only
be emission spectroscopy like FT-IR because many crucial parameters cannot be accessed.
But with THz-TDS in transmission mode the dynamics and internal properties of THz-
QCLs can be measured. Latter include optical as well as thermal parameters. Further, by
the direct measurement of the electric field from a QCL this was the first demonstration of
phase resolved measurements of stimulated emission. Especially the comparison of these
parameters for two QCLs operating at different emission frequencies (2 and 2.87 THz)
resulted in a new understanding of these devices [147, 148].

Most results shown in this chapter rely mainly on the applied modulation spectroscopy
measurement technique. Without this technique the signal dynamic range would be too
low. Especially all results related with gain, reduced losses and absorption depend strongly
on this new applied measurement scheme. This dramatically increases signal quality and
enabled high resolution scans already at low duty cycles of the electrically driven de-
vice [149].

As was shown, with applied transmission signal modulation the real gain potential in
QC heterostructures can be directly determined. The impact and potential of the per-
formed measurements get clear by assuming the following fact. Sometimes a laser does not
start lasing operation due to unexpected losses although the gain material was properly
designed. In this case only photo luminescence measurements can give a hint about the
emission capabilities. But in contrast to such measurements THz-TDS can directly proof
the gain capability of a material below the threshold current of lasing operation. But
furthermore, by coupling broadband THz pulses into the laser’s waveguide its full gain
bandwidth including the current dependence could be sensed. Thereby the laser with the
larger gain bandwidth showed features in the phase diagram corresponding to a gain region

consisting of two optically active transitions. This design feature was unmeant but shows
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on the other side the potential of THz-TDS measurements for the QCL’s active region
redesign.

Further, it was shown that THz-TDS is capable measuring many physical effects present
in a laser’s active medium like spectral and spatial hole burning. Completely new is
the time-domain measurement of the round-trip signals in the lasers whose spectra could
be obtained by measuring the signals within proper time windows. The shape and the
spectra of these signals allowed to identify and distinguish between net gain and reduced
absorption. Both effects mixed up in the single pass signal. But furthermore, the multi-
pass signals show the first moments of initiated lasing activities. After a THz seed pulse
excites the laser’s active region a wave is launched which shapes after each pass. Already
after 3 passes the main signal is followed by a continuous wave which corresponds to a
lasing like emission. Since the phase of the THz probe pulse is known its effect can be
directly accessed compared to the self initiated lasing operation of the QCL which stays
hidden due to the unknown phase of the photons.

In addition thermally activated loss mechanisms were investigated. As explained in
this chapter the device temperature is crucial for QCLs operating in the THz frequency
range. Any increase of the device temperature has a direct impact on the absorption
spectrum and the net gain conditions. By comparing the temperature dependence of
absorption characteristics of the activated and inactive device important conclusion could
be obtained regarding the real device temperature and loss mechanisms. In the laser T1
an absorption band located close to its gain region appeared. In this particular laser and
similar devices based on the bound-to-continuum design the observed mechanism seems to
be one of the major reasons hampering high temperature operation of the laser. Further,
the results presented here show clearly that the measured heatsink temperature gives no
information regarding the laser’s internal temperature. Depending on the duty cycle and
the heat transfer the device temperature is much higher than expected so far. Temperature
differences up to 40 K were observed. To our knowledge this was the first direct analysis

of the real temperature conditions in THz-QCLs.
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7.1. Summary

In this thesis the state-of-the-art potential of terahertz time-domain transmission spec-
troscopy was demonstrated in many fields of physics. Starting with a detailed description
of the main techniques for generating and sensing of incoherent THz radiation, most of
this work was dedicated to pulsed THz radiation and its direct application. This special
kind of coherent radiation is capable measuring a series of optical as well as many other
physical parameters of materials. Compared to other electromagnetic waves THz radiation
is capable penetrating many materials with an inherent broadband spectrum. This was
well demonstrated by many different examples. Further, the importance of a high quality
THz-TDS setup and proper high performance measurement techniques was demonstrated.
Especially without latter most of the effects presented in this work would not have been

measurable.

7.1.1. Setup and measurement technique

As explained above, apart from the gained results on various fields this work was dedicated
to the setup and measurement techniques. Staring point was a low performance setup
resulting in limited quality of the results. One after the other weak point of it was identified,
revised or at least improved. THz emitters and sensors were exchanged. Optics and
electronics optimized. Apart from sophisticated changes this included simple actions like
a modified beam guiding for a homogeneous beam profile as well. All changes together
resulted in an outstanding system performance and much faster data acquisition. Further,
proper local signal amplification or accurate signal potential separation helped obtaining
larger signal dynamics with large reserve. Latter was extensively used to measure weak
signals with high dynamics in the experiments performed at the end of this work where

also a new modulation spectroscopy technique was applied.

7.1.2. Metallic phase shift layers for THz frequencies

In this chapter the properties of ultra-thin metal layers were successfully analyzed. The
results were mainly a spin-off product. Main motivation was their application as anti-
reflection coating. For this purpose a series of thin chromium as well as ITO layers were
deposited on Si and GaAs substrates and characterized. By controlling the layer thickness

and so the mean free path of the electrons the conductivity of the metal film can be set.

123



7. Summary and outlook

Compared to A/4 layers, used usually in optics, these metal layers show outstanding per-
formance. Since the phase shift effect takes place at the metal/dielectric interface and is
not related with the propagation distance within it, the effect is more or less wavelength
independent. As long as the used metal keeps its conductivity constant the phase shift
and anti-reflection effect remains active. Only at high frequencies approaching the metal’s
plasma frequency the effect becomes weaker and vanishes. Further, due to the high re-
fractive index of such metal layers the phase shift effect stays constant even at incident
angles # 0°. Equipped with such properties these layers are perfectly suited for free space
optics and commercial applications discussed later. As all inventions this technology has
a drawback. Since the effect relies on electromagnetic induction eddy current losses are
generated. Depending on the optical properties of the material to coat losses occur. As
rule of thumb the higher the refractive index mismatch at an optical interface the higher

the absorption losses due to the properly designed metallic anti-reflection layer.

7.1.3. Terahertz optical activity of sucrose single crystals

Another topic were the optical properties of molecular crystals. Such crystals are built
by so called hydrogen bonds. In contrast to chemical or atomic bonds, where electrons
are shared between atoms, here only charged atoms or constituents are involved. Due
to the different electronegativity of the involved atoms building a molecule some of them
get positively and some negatively charged. This results in bonding forces, caused by
this charge distribution, between molecules but as well as within them. Latter causes a
torsion of the molecule. However, due to these soft forces between the molecules forming
the crystal absorption characteristic located in the THz frequency band were observed.
For this demonstration sucrose single crystals were grown, cut into well orientated slabs
and measured. Finally the results from the individual planes were merged to obtain a full
three dimensional data set as was shown. By comparing the obtained data with the real
molecular structure, measured by neutron diffraction, the data can be used to map the

observed vibrational modes with the crystal structure and its main axis.

7.1.4. Coherent probing of stimulated emission

The largest part of this work was dedicated to the coherent probing of stimulated emission
of THz quantum cascade lasers. For this task the above mentioned modulation spec-
troscopy measurement technique was applied. By coupling broadband THz pulses into the
laser’s waveguide the gain and losses can be directly measured. This included their spec-
tral shape, current dependency and dynamics. Especially latter could only be obtained by
time-resolved measurements of the main and round-trip signals within the laser’s waveg-
uide. FT-IR emission spectroscopy would not be able to obtain such information. Since
the coupled photons have known phase, compared to the random phase of the laser’s own
emission, the evolution of stimulated emission, in this case initiated by the coupled THz

seed pulse, could be measured for the first time in time-domain. The round-trip signals
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for several passes show how the THz seed pulse establishes a continuous wave. Further, by
comparing the results from two lasers with different emission frequencies (2 and 2.87 THz)
important conclusion could be obtained. They show similar absorption and reduced loss
characteristics but different gain spectra. Even indications were obtained for two active
optical transitions in one laser. Apart from the gain measurements the temperature depen-
dence of waveguide losses for one laser were measured. Thereby a narrow band absorption
feature could be obtained located close to the gain spectrum of the laser. The observed
absorption is one of the main reasons why the laser under investigation and most probably
similar devices stop lasing at higher temperatures. Further, this narrow band absorption
can be used to determine the real device temperature. This was done by comparing the
data of the biased and unbiased device. In this way, a temperature difference up to 40 K
and more compared to the heat sink could be determined. This shows the discrepancy

between the real temperature conditions in a QCL’s active zone and the published values.

7.2. Outlook

During this thesis a lot of question for various effects in physics and chemistry were an-
swered. But in addition by exploring these fields a lot of new questions and ideas for future
tasks originated. Every topic presented in this work left open work for upcoming activities
on the field of THz photonics and physics. In general it was shown what THz-TDS can be
used for and what it is capable. This was presented in terms of application, control and

amplification of few cycle THz radiation.

7.2.1. Measurement technique and applied optics

There is still a lot of potential in the measurement technique of THz-TDS itself. This
includes mainly the involved electronics and optics. Although the emitter antenna unit
was improved in terms of lifetime and emitted light field amplitude a closer look at it could
result in new improvements. The antenna shape and the waveform of the driving electric
field have for sure an impact on the performance of the emitted THz pulse amplitude and
bandwidth. Further, material science has to be included as well as cooling issues. Materials
with higher electron mobility and heat conductivity can improve the THz power output.
Another interesting field is the emission process of dipole emitters itself. Many effects are
not studied and understood in detail.

Another important device in every THz-TDS setup is the detector. In the particular
case a balanced photodiode detector. Here the sensor unit itself can be improved but
the amplifier circuit as well. The interplay between them is crucial for proper device
performance. As was inspected at the end of this work, but not shown, the spatial beam
stability plays a major role in short term noise effects. The solution to this problem will
lead to a big step towards mobile systems in the future.

Apart from electronics the optical system of such setup comprises huge potential for
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improvements. As shown in this work special attention has been taken at the beam guiding
which determines the beam shape and so the incouple performance into other structures.
Depending on the application the beam guiding can be optimized or certain combination
of optical components have to be prevented. For instance if parabolic mirrors are used
for free space beam guiding no mirror objective shall be used because no Gaussian beam

shape is provided. This is only one example what shall and what shall not be done.

7.2.2. Application and commercial products

The chapter about the absorption characteristics of sucrose single crystals showed one
of the possible applications. THz transparent materials with spectral features in this
frequency range can be fully characterized in terms of orientation dependent absorption.
The full three dimensional data can give an insight in new materials. Already the data
presented here can help to provide needful information for many software products dealing
with the estimation of vibrational modes and other material relevant physical parameters.
Molecular crystals represented in this work by sucrose are interesting agents of a large
group of materials. Due to their inhomogeneous charge distribution these crystals should
exhibit a large electro-optic coefficient. Maybe this will lead to new class of low cost sensors

for the THz frequency range in the future.

7.2.3. Control of pulsed THz radiation

Compared to continuous waves the control of pulsed radiation with its inherent large
bandwidth is very important for high performance optical systems. Here in this work the
control topic was represented by a broadband anti-reflection coating and an integrated THz
emitter/waveguide unit. Latter was used for high performance coupling into THz-QCLs
without suffering from problems caused by free space optics. Both examples presented here
imply a series of other possibilities. The optical mechanism used for the anti-reflection
effect can be most probably adapted for other applications. For instance dichroic mirrors
for broadband applications. Thereby proper conductive materials can be used to set exactly
the transition frequency between reflectance and transmittance. Further by placing such
coating in a resonator structure the transition area between these two properties can maybe
be optimized. Even other optical structures exhibiting the phase shift effect of the metallic

anti-reflection coating are conceivable.

Further, the here presented integrated waveguide emitter structure can be adapted for
other issues as well. This means the size can be still reduced improving the incouple
efficiency to other structures and similar designs can be exploited making so called micro
optics. Latter could maybe find application in a new generation of optical THz micro chips

or highly integrated optoelectronic devices.
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7.2.4. Amplification of THz pulses

Last topic of this work was dedicated to gain and absorption measurements in THz quan-
tum cascade lasers. The measurements proofed that THz pulses coupled into such devices
exhibit a strong amplification. This amplification corresponds well with the gain band-
width of the laser under investigation. For instance, with a 5mm long device having a

1 an amplification factor of more than 250 would be achievable.

modal gain of ~ 14em™
However, since only 2-10% of the initial THz field amplitude could be coupled to the
laser’s waveguide structure and the effective amplification factor (for the 2mm long de-
vices presented here) was only 2 the overall gain was negative. Although the physics of
those devices got clearer and a lot of new experiences were gained, relies the main goal
of real pulse amplification still in the future. Maybe the combination of integrated THz
optics and proper anti-reflection coatings could help building such device. This would also
represent then the first step towards a mode-locked quantum cascade laser. So to say, the
last open main topic in QCL science remaining. For this and real applications depend-
ing on room temperature operation any thermal effects present in these lasers has to be

investigated in detail. A starting point in this direction represents this thesis.
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A. Pulse laser specifications

During the work for this thesis two different femtosecond pulse laser systems were used.
Since the details of these lasers are not of imminent importance and anyway, the working
principle of such lasers is explained in chapter 2 here in this appendix part the exact
working parameters are summarized. Both laser systems are Ti:sapphire pulse lasers using
the Kerr-lensing effect (chapter 2.3.1) for passive mode-locking.

For all experiments presented in this work the Tsunami pulse laser system from Spectra-
Physics [150] was used (Fig. A.1). The laser is equipped with a prism compressor within
a slit is installed for wavelength tuning. For standard experiments where the generation
of THz radiation is made by photoconductive switches infrared pulses of about 120fs
(FWHM) are more than sufficient to generate sub-picosecond THz pulses. Further, another
advantage of the Tsunami laser system is its wavelength tunability. Experience values
showed an optimum system performance of the THz-TDS setup for wavelengths about
815-820nm. This is related with the bandgap energies of Si and GaAs used as detector
and emitter material respectively.

The second laser system is a M1 Femtosource from Femtolasers [151]. It was only used at
the beginning of this work and then replaced by the above described laser. The schematic
of the M1 laser is shown in Fig. A.3. Compared to the other system is provides less output
power but much shorter optical pulses. This results in a very high peak power of the
emitted laser pulses which is essentially needed for some experiments which are not shown
here. For obtaining ultrashort laser pulses of ~ 12 fs the pulse compression is done by a
set of chirped mirrors (see chapter 2.3.1 for details).

A comparison of the emission spectrum and a complete list of the performance parame-
ters of both lasers is shown in Fig. A.2 and Tab. A.1.

Pulse laser ‘ Tsunami M1
Center emission wavelength [nm)] 820 800
Emission wavelength tunability [nm] | 720-850 NO
Emission bandwidth FWHM [nm]| 10-12 100-120
Pulse width FWHM [fs] 120 12
Pump power [W] 10 7
Output power [W] 1.8-2.0 0.8
Repetition rate [MHz| 82 82
Pulse compression type Prisms Chirped mirrors

Table A.1.: Pulse laser specifications of Tsunami and M1 system.
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