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1
Terahertz spectroscopy on

semiconductors

Time-resolved terahertz spectroscopy is the main measurement technique
used in this thesis. This introductory chapter will treat its application to semi-
conducting materials. It starts with a general overview of experimental meth-
ods to generate and detect terahertz radiation, including a description of the
specific setups that are in use in our laboratory. It is followed by a section that
covers analytical procedures to extract the terahertz spectra from samples
employing common material geometries. The last section introduces char-
acteristic terahertz responses of certain material systems and their physical
interpretations, seasoned with selected references to previous works.

1.1 Introduction

Charge carriers in semiconductors provide the basis for a variety of important tech-
nologies, including computers, semiconductor lasers and light emitting devices. The
continuing wish to reduce the physical size of next-generation electronic devices re-
quires increasingly smaller building blocks in electronics. Nanostructures with sizes
well below 100 nm, such as semiconductor nanocrystals and nanowires, provide
such building blocks. Hence, it is apparent that there is both a technological and
fundamental interest in the properties of charge carriers in both bulk and nanostruc-
tured materials.

Charge carriers can have very different properties in semiconductors and semicon-
ductor nanostructures, depending on morphology, temperature and material prop-
erties such as the crystal structure, bandgap, dielectric function and electron-phonon
coupling strength. In a bulk material with high dielectric function, but moderate
electron-phonon coupling, charge carriers are efficiently screened from one another,
and electrons and holes will be present as free carriers and relatively mobile. For
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1. Terahertz spectroscopy on semiconductors

materials with strong electron-phonon coupling, these carrier-lattice interactions will
lead to the formation of polarons, carriers that are dressed with local lattice deforma-
tions. Polarons have a reduced mobility due to their increased effective mass. For
materials with reduced dielectric function, screening is relatively weak and bound
electron-hole pairs, excitons, may be formed, which can be thermally dissociated at
elevated temperatures.

Regarding the role of morphology of the material on the nature of the charge carri-
ers, one can distinguish several regimes. Consider a material for which in the bulk
electrons are present as free carriers. For sufficiently small nanostructures, i.e. of di-
mension R appreciably smaller than the exciton Bohr radius, strong confinement of
carriers occurs. In this limit, the effective bandgap of the material is increased due to
the confinement energy and discrete instead of continuous intraband energy levels
are present.

The common characteristic of charge carriers, which may be present in any of the
different forms described above, is that they all exhibit a distinct response in the
low-frequency range of the electromagnetic spectrum: Exciton binding energies -
and exciton transitions, for both bulk and nanostructured materials, are typically in
the meV range and are optically active; The response of mobile carriers and polarons
is dictated by carrier-phonon interactions leading to randomization of the carrier
momentum typically occurring on (sub-)picosecond time scales, giving rise to dis-
persion in the dielectric response on meV energy scales. The dielectric response in
the same energy range is modified for carriers which undergo a different type of
transport (hopping transport or transport in non-crystalline semiconductors). The
ability to probe charge carriers in the meV energy or, equivalently, terahertz fre-
quency range, therefore allows their detailed characterization through the distinct
spectral signatures in the terahertz range [206, 107, 67]. THz spectroscopy constitutes
a contact-free probe of the frequency-dependent conductivity, which is determined
by key parameters such as the carrier density and mobility.

THz time-domain spectroscopy (THz TDS) makes use of sub-picosecond pulses of
freely propagating electromagnetic radiation in the terahertz range. THz radiation
(1 THz = 1012 Hz) is characterized by sub-mm wavelengths (300 µm for 1 THz in
vacuum), low photon energies (33.3 cm−1 or 4.2 meV at 1 THz), corresponding to
less-than-thermal energies at room temperature (1 THz corresponds to 48 K). THz
pulses are readily generated by frequency down-conversion of femtosecond optical
pulses to the THz range and detected coherently in the time-domain (see next Sec-
tion). This brings some important advantages compared to traditional far-infrared
cw spectroscopy techniques that were commonly used before (see, e.g. [13, 96]. By
sampling the instantaneous THz field within a very short time window using visible
laser pulses, THz TDS allows for a relatively simple experimental setup by not hav-
ing to use liquid-helium cooled bolometers for detection. Moreover, it is insensitive
to the blackbody radiation of the environment and can yield very high signal-to-
noise ratio measurements [67].

Initially, the available frequency spectrum that could be generated and detected in
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1.2. Experimental methods

the time domain was limited to a few THz [66]. Advances in the development of
broadband ultrafast lasers and in the fabrication of new nonlinear optical materi-
als have pushed this limit into the mid-infrared [83, 215, 101] and recently into the
near-infrared, reaching frequencies beyond 100 THz (λ = 3µm) [182]. This chapter
will be limited to THz time-domain spectroscopy using ultrafast lasers generating
THz pulses - as opposed to continuous wave far-infrared spectroscopy using (FT-)
IR spectrometers and THz sources from accelerators such as free-electron lasers. It
also excludes works that have investigated THz radiation emitted from materials to
study charge carrier and lattice dynamics [99, 32, 4].

One particular advantage of all-optical generation and detection of THz pulses, is
the possibility to combine the approach with a time-synchronized femtosecond ex-
citation pulse. Pulsed, time-domain THz spectroscopy thus not only allows for the
characterization of charge carriers under steady-state conditions, but is also ideally
suited for non-equilibrium measurements: using a time-resolved THz spectroscopy
setup, an optical pulse can be used to create charge carriers and the subsequent evo-
lution of charge carriers can be monitored on the femtosecond timescale (see, e.g.
[6, 10, 180, 44]). In this way, one has direct access to the timescales and mechanisms
of carrier cooling, trapping and recombination, as well as the dynamics of forma-
tion of quasiparticles such as excitons and polarons. This attribute permits THz
spectroscopy to circumvent many of the constraints of conventional transport mea-
surement techniques. Accordingly, much progress has been made in the past two
decades in understanding the physics of elementary electronic excitations, owing to
the development of sources and detectors of coherent THz radiation.

In the remainder of this Chapter, I will first describe theoretical foundation and ex-
perimental approaches related to generation and detection of THz radiation, and
describe several THz time-domain spectroscopy setups. Then follows a section on
signal analysis, i.e. describing how the carrier conductivity response can be extracted
from the data, and how this compares to conventional transient photo-conductivity
measurements. Finally, the typically observed THz responses of charge carriers in
different semiconductor systems (bulk, confined) will be discussed.

1.2 Experimental methods

In this Section we describe the most common THz emitters and detectors. We limit
the scope primarily to pulsed table-top sources and detectors that are based on fem-
tosecond lasers and allow electric field-resolved measurements. Therefore, THz sour-
ces such as synchrotrons [209, 210], free-electron lasers [149], quantum cascade lasers
[47, 178] and gas lasers and THz detectors such as bolometers and pyroelectric de-
tectors are left out. Details about these sources and detectors can be found in earlier
papers [19, 212]. In Sect. 1.2.1 and 1.2.2 we describe the generation and detection
of THz electromagnetic transients based on either photoconductivity or optical non-
linearity of a medium. We then describe how to combine the generation and detec-
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1. Terahertz spectroscopy on semiconductors

tion capabilities for the THz time-domain spectroscopy (Sect. 1.2.3) and the analysis
methods that can be used to extract properties of material of interest in the THz
spectral regime (Sect. 1.3). The basics of THz time-domain spectroscopy have been
introduced in several review papers [66, 134, 217].

1.2.1 Generation

Photoconductivity and nonlinear optical processes are the two major techniques that
have been utilized to generate THz electromagnetic transients from femtosecond
lasers. A description of each of these methods, a comparison of the characteristics
of the THz emission derived from these techniques, and a discussion of approaches
for the generation of high-power THz radiation are included in this Section.

Generation of THz radiation by photoconductivity

THz generation based on photoconductivity is a resonant process in which a fem-
tosecond optical pulse is absorbed through inter-band transitions in a semiconduc-
tor to produce charge carriers. These carriers are subsequently accelerated in either
an externally applied DC electric field or a built-in electric field in the depletion or
accumulation region of the semiconductor. A transient current is thus formed which
in turn emits a THz electromagnetic transient that can propagate either on a trans-
mission line or in free space [190].

In the far field the emitted THz electric field is proportional to the first time deriva-
tive of the transient current. The current transient is limited by the duration of the
optical excitation pulse and the carrier scattering time, as well as the recombination
lifetime of the semiconductor and the time that it takes the carriers to drift out of the
active emitter area. Therefore, commonly used semiconductors for THz generation
are defect-rich to reduce the fall time of the transient current. Examples include low-
temperature grown or ion-implanted GaAs and silicon [184, 140, 126, 142]. Follow-
ing the pioneering work of Auston, Grischkowsky and their coworkers, researchers
have optimized ultrafast photoconductive switches in the past two decades to per-
mit generation and field-resolved detection of electromagnetic transients up to ∼ 5
THz [66, 5]. Such a bandwidth, while impressive, actually reflects the finite response
time of photoconductive materials rather than the ideal bandwidth that could be ob-
tained from current state-of-the-art modelocked laser pulses. For instance, a 10-fs
transform-limited optical pulse (with a bandwidth of ∼ 50 THz), should in principle
permit generation and detection of electromagnetic transients up to ∼ 50 THz. How-
ever, the comparatively slow response of the carriers in available photoconductive
media significantly degrades the high-frequency performance. In contrast, optical
rectification, as described in the next Section, can potentially generate THz emission
with a bandwidth limited only by the duration of the optical excitation pulse. Un-
der the assumption of perfect phase matching and a second-order nonlinearity of the
emitter independent of frequencies in the region of interest, the emitted THz electric
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1.2. Experimental methods

field in the far field is proportional to the second time derivative of the nonlinear
polarization which follows the intensity envelope of the excitation pulse.

With respect to the strength of the THz emission, a linear dependence of the THz
electric field on the DC bias [174, 29] has been observed. At low excitation fluence,
the THz field also varies linearly with fluence; however, high excitation fluence often
leads to saturation of the THz emission. There are two main reasons for saturation:
(i) the resultant high charge densities effectively screen the bias electric field; and
(ii) the electric field of the emitted radiation acts back and further decreases the net
bias field [11, 111]. Photoconductive antennas and coplanar transmission lines with
a small gap (10’s of microns) are often used with a femtosecond oscillator source that
delivers optical pulses of energy on the order of 10−9 Joule/pulse. A bias electric
field of ∼ 106 V/m can be applied and a typical THz pulse energy of ∼ 10−13 J (and of
peak power of 10−5 W) can be achieved. With an amplified femtosecond laser source
that delivers pulses of energy on the order of 10−3 J/pulse, to avoid saturation, large
aperture structures (∼ mm gap size) or bare semiconductor wafers are often used.
THz emission with a peak electric field up to 150 kV/cm, corresponding to an energy
of 10−7 J/pulse and a peak power of 105 W has been reported [221]. Details can be
found in earlier reviews [24, 177].

Generation of THz radiation based on nonlinear optical processes

An alternative method to generate THz radiation is to rely on nonresonant nonlinear
optical processes such as optical rectification. Optical rectification is a second-order
nonlinear process in which a DC or low-frequency polarization is generated when
an intense laser beam propagates through a non-centro-symmetric crystal. It can be
viewed as difference-frequency generation between the different frequency compo-
nents contained within the bandwidth of an optical excitation pulse. In contrast to
photoconductivity, it is a nonresonant process and can therefore withstand higher
excitation fluences and, very importantly, generate THz emission with a bandwidth
limited only by that of the optical excitation pulse.

In choosing appropriate nonlinear crystals for THz generation, several factors need
to be considered: (For more details see [174])

• The achievable THz bandwidth is always fundamentally limited by the band-
width of the laser excitation pulse. As an example, a Fourier-transform limited
100 fs pulse at 800 nm wavelength is characterized by a width of 10 nm which
translates to a maximum THz bandwidth of about 5 THz.

• The material should possess a large nonlinear susceptibility combined with a
high damage threshold.

• The material should be transparent throughout the desired frequency range,
both in the terahertz and optical regime. Unfortunately most of the commonly
used inorganic crystals exhibit phonon modes between 5-10 THz.
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1. Terahertz spectroscopy on semiconductors

• For efficient nonlinear processes, the phase-matching condition has to be ful-
filled. For optical rectification this requires that the group velocity of the ex-
citation pulse matches the phase velocity of all frequency components of the
emitted THz pulse [152]. For instance, for an optical excitation pulse centered
at 800 nm (1.55 eV), ZnTe and GaP with an optical gap around 2.3 eV have a
coherence length exceeding a mm for THz frequencies up to 2.2 THz [152].

Based on the above requirements, standard choices for nonlinear crystals for optical
rectification using a Ti:sapphire laser are: ZnTe for the 0-3 THz range, GaP for 2-7
THz, and GaSe for 8-40 THz [83, 215, 101]. There have also been considerable efforts
in the development of organic materials for optical rectification. Examples include
DAST [106], MBANP crystals, and dye-doped polymers [224]. Organic materials of-
ten possess larger nonlinearities than inorganic materials, but may exhibit relatively
low damage threshold or a lack of photo-stability.

Plasmas have recently been recognized as another attractive nonlinear medium for
THz generation. The lack of absorbing phonon modes in plasma permits the gener-
ation of broadband radiation without spectral gaps. Spectral components up to 75
THz have been observed and center frequencies up to 30 THz have been predicted
for an excitation pulse of 50 fs duration [112]. Plasmas have also been shown to gen-
erate intense THz radiation, with energies exceeding > 5µJ per pulse [112]. In these
experiments a focused fundamental pulse at 800 nm is mixed with its second har-
monic at 400 nm in a gas [27]. The fundamental beam ionizes the gas in its focus,
which then acts as the nonlinear medium. Several groups have worked on under-
standing and optimizing this process. Researchers have examined the dependence
of the THz emission on the parameters such as the phase and polarization of the
optical excitation [218, 82], the optical pulse duration [7], the external DC bias [199],
and the type of gas [23, 136]. However, the underlying microscopic mechanism of
the process is still a subject of debate [199, 105].

1.2.2 Detection

Like the generation process, detection of THz electromagnetic transients based on a
femtosecond laser can be achieved by either photoconductive or nonlinear optical
methods [20]. The working principle of a photoconductive antenna detector is simi-
lar to the emitter case, but now the bias is delivered by the THz pulse: when the opti-
cal probe pulse and a THz pulse simultaneously interact with the switch, the former
produces charge carriers and the latter drives them to form a current between two
contacts. The electric field (including both its amplitude and sign) associated with
the THz radiation at the instant of overlap with the optical probe pulse can thus be
determined from the THz-induced photo-current. To obtain the entire waveform of
the THz electromagnetic transient one simply needs to apply a sampling technique,
by varying the time delay between the THz and the optical probe pulses [187, 20].

Another method of detection of THz electromagnetic transients is to employ the
electro-optic (EO) effect. The linear EO effect (also known as the Pockels effect) pro-
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duces a birefringence in materials with inversion symmetry upon application of a
bias electric field [214, 151]. In this case the electric field associated with the THz ra-
diation acts as the bias field. The induced birefringence then causes a rotation of the
polarization of the probe optical beam, which is measured from the optical power
transmitted through the EO crystal surrounded by two crossed polarizers. To obtain
the entire waveform a sampling scheme can be used just as for photoconductive de-
tection. Because the same mechanism is involved in both generation and detection,
identical materials can be used for emitters and detectors. A more comprehensive re-
view of both methods of THz detection, with a detailed description of the underlying
physics, can be found in [174].

Below we note a few key properties of the EO detection method of the THz radiation.

• Multichannel detectors can be easily incorporated into the detection scheme
for either spatial imaging of the THz radiation or detection of the THz electric-
field waveform in a single laser shot. The latter can be achieved by translating
the time dependence into spectral dependence using a chirped optical probe
beam [93], into spatial dependence in a non-collinear geometry of the THz and
optical beams [186], or through other methods [219, 113, 108].

• The transmitted optical probe power through an EO crystal between two crossed
polarizers varies with the phase shift caused by the birefringence in the system
as ∼ sin2

(
φ+φ0

2

)
. Here φ is the field-induced phase shift, which is linearly

proportional to the THz electric field and φ0 is a field-independent constant
phase shift, the origin of which is discussed below. Such a relationship can be
linearized around the constant phase φ0 if φ0 ≫ φ. A phase shift of φ0 = π/4

is introduced to obtain the greatest absolute modulation in the probe beam in-
tensity for a given THz field strength [151, 214]; and a near-zero phase shift is
introduced for measurements that benefit from a higher modulation depth of
the probe beam [94, 186]. In cubic materials such as ZnTe and GaP (with no
birefringence ideally) the former can be achieved by making use of a quarter
wave plate and the latter by relying on the residual birefringence in the crystals
(for instance, due to stress). However, in the shot noise limit both approaches
yield a similar signal-to-noise ratio [94].

• One major advantage of the EO detection method is its time resolution, which
is, in principle, limited only by the duration of the optical probe pulse. To
achieve such ideal time resolution, crystals with good phase-matching proper-
ties and thin crystals are often employed. Zhang [68], Leitenstorfer [83], and
their coworkers have demonstrated a detection bandwidth > 30 THz using free-
space EO sampling in thin inorganic semiconductor crystals such as ZnTe, GaP,
and GaSe. Cao et al. [21] have done similarly with poled polymers. By combin-
ing a thin GaSe emitter (90 µm) and a thin ZnTe detector (10 µm) Huber and
coworkers [83] have been able to obtain THz pulses shorter than 50 fs (band-
width ∼ 40 THz) based on a 10-fs laser. The highest spectral components that
have been demonstrated using electro-optical sampling to date exceed 135 THz
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1. Terahertz spectroscopy on semiconductors

[181].

1.2.3 THz time-domain spectroscopy setups

The basic techniques for THz generation and detection have been outlined above
from the point of view of the fundamental processes of photoconductivity and op-
tical nonlinearity. In this Section we introduce a typical experimental setup for per-
forming THz Time-Domain spectroscopy (TDS). A schematic representation of a typ-
ical THz TD spectrometer is illustrated in Fig. 1.1. It consists of a modelocked laser,
a THz emitter and detector, and elements to couple and propagate THz radiation
from the emitter to the detector. The modelocked laser provides a train of femtosec-
ond optical pulses that are divided into two arms. One laser pulse is used to excite
the emitter (either a photoconductor or a second-order nonlinear crystal). The sec-
ond pulse, introduced at a defined time by an optical delay line, is used to detect
the generated THz radiation in the detector (either a photoconductive switch or an
electro-optic crystal).

In the experimental setup, the modelocked laser is often a Ti:sapphire laser that typ-
ically delivers pulses of less than 100 fs duration at a wavelength near 800 nm. An

excitation beam
THz

generationchopper

delay line
THz detection

THz generation

delay line

Detection:
balanced diodes

Excitation
frequency
conversion

THz
detection

Figure 1.1: Schematic representation of an optical pump - THz probe experimental setup. A train of
ultrashort laser pulses enters the setup from the upper left corner, and is split into three: the excitation
beam, and two beams for the generation and detection of THz pulses. A mechanical chopper is placed in
either the excitation or generation beam, depending on the type of experiment. In the balanced detection
scheme, the THz field-induced rotation of the polarization of the detection pulse is measured as indicated.
Two optical delay lines are used to control the delay times between the three pulses.
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1.2. Experimental methods

important characteristic of the laser system is its stability both in power and pointing
direction because the technique relies on separate sample and reference measure-
ments to determine the sample properties. For certain applications, such as ultra-
broadband THz spectroscopy, the stability of the duration of the optical pulse also
plays a key role in the system performance. Recently, modelocked fiber lasers based
Er/Yt-doped glass [50] have emerged as attractive sources for compact THz-TDS se-
tups [182]. Many of the emitters and detectors discussed in previous sections are
optimized for operation with Ti:sapphire lasers at a wavelength of 800 nm, rather
than at the 1550 nm wavelength of the modelocked fiber lasers. However, progress
has been reported in the development of emitters and detectors suitable for these
new fiber laser sources [164, 22]. These compact systems are expected to play an
increasingly important role in the future of THz spectroscopy.

A critical element in the THz-TDS system is the efficient coupling between the emit-
ter and detector, which is of particular importance for photoconductive switch-based
THz systems. Lenses of silicon or other high index materials are often attached to the
emitter and detector for efficient coupling. In addition, parabolic mirrors are used to
guide the THz radiation in free space from the emitter to the detector. Two config-
urations are commonly used in THz spectrometers: a confocal system consisting of
a pair of parabolic mirrors that has a frequency dependent beam waist at the mid-
point and the emitter and detector in the focal planes; and a system consisting of two
pairs of parabolic mirrors arranged to have the emitter, detector and the midpoint
in the confocal planes. The latter is often used in THz imaging and optical pump-
THz probe systems. To reduce absorption of the THz radiation by water vapor the
spectrometer is often purged with dry air or nitrogen gas. More details about the
THz-TDS systems can be found in [24, 134, 10].
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1. Terahertz spectroscopy on semiconductors

Figure 1.2: Spectra of the output pulses of the three different
Ti:Sapphire lasers employed for THz spectroscopy in the group:
BB DAVE (modelocked, cavity-dumped, 70nm bandwidth, sub-
20 fs), FAT DAVE (amplified, 30nm bandwidth, 35 fs), DAVE
(amplified, 10nm bandwidth, 100 fs).

The THz-TDS system can be
easily converted into an opti-
cal pump-THz probe setup by
introducing an optical pump
pulse. The pump pulse is
usually derived from the same
laser, as shown in Fig. 1.1.
The optical pump and the THz
probe spatially overlap at the
sample. The time delay be-
tween the two pulses can be
varied by adjusting an optical
delay line.

Our group employs three dif-
ferent pulsed Ti:Sapphire lasers
to drive time-resolved THz se-
tups: DAVE, FAT DAVE and BB DAVE. The latter two setups were built during the
course of this thesis. All three lasers differ in the emitted pulse duration and thus in
the bandwidth. The respective spectra of the delivered 800 nm pulses are plotted in
Fig. 1.2.

DAVE is the "workhorse" of the group, driven by a 1W, 100 fs, amplified system run-
ning at a repetition rate of 1 kHz (Coherent Legend, seeded by Vitesse and pumped
by Evolution). For the generation and detection of THz pulses ZnTe crystals are used.
The produced THz time-domain trace and its according Fourier-transformation is
shown in the upper panel of Fig. 1.3. The to-be-measured signal from the balanced
diodes is either acquired using a lock-in amplifier or a boxcar integrator and then sent
to the measurement computer. The fundamental pump wavelength of 800nm can be
converted by using BBO crystals to generate the 2nd (=400nm) or 3rd (=266nm) har-
monic.

FAT DAVE is similar to the DAVE setup in terms of layout, probe spectrum and data
acquisition. It is however driven by two synchronized amplified laser systems (Spec-
tra Physics Spitfire Ace, seeded by Mai Tai and pumped by Empower), with each of
them running at 1 kHz, delivering 35 fs pulses at 4W output power. The output of the
first laser is used to generate and detect the THz probe pulse, whereas the second one
delivers the output for the pump path. Using an optical parametric amplifier (OPA),
its output wavelength can be tuned between the mid-infrared and the ultra-violet,
permitting studies of systems where more specific excitation energies are required.
The advantage of having two separate but synchronized lasers for excitation and
THz probe, respectively, is that the time delay between pump and probe can be as
long as 1 ms, and thus much longer than the common 1 ns maximum achieved us-
ing a mechanical delay stage. This allows to monitor, for instance, recombination
processes occurring on such long timescales.

10



1.2. Experimental methods

Figure 1.3: Electric fields of the probe radiation (left side) created in our laboratories and their respec-
tive spectra (right side); upper panel: ZnTe generation and detection; lower panel: GaSe generation and
detection.

The BB DAVE setup sets itself apart from the other two in that its output bandwidth
is large enough to create a probe spectrum that lies in the mid-infrared, generated
and detected with GaSe crystals (see Fig. 1.3, lower panel), and in that it is not driven
by an amplified laser. Rather, a modelocked Ti:Sapphire oscillator (Coherent Mantis)
with an attached cavity-dump unit (APE PulseSwitch), is used. The cavity-dumper
extends the cavity of the oscillator, thereby decreasing the intrinsic repetition rate
from 76 MHz to 54 MHz. The cavity-dumper serves two main purposes: the rep-
etition rate can be varied continuously from MHz to kHz rates. Lower repetition
rates are necessary for the study of materials with long recombination times, such
as indirect bandgap semiconductors. At the same time, the pulse energy increases
when the repetition rate is lowered, saturating at around 35nJ for rates at and below
1 MHz.1 This value is about a factor five larger than the pulse energy of a similar
oscillator running at its intrinsic repetition rate - an obvious benefit for pump-probe
experiments. We thus operate the laser at 1 MHz or below, if necessary.

1The pulse energy saturates at 1 MHz because the system approaches the fluorescence lifetime of the
Ti:Sapphire crystal (∼ 3µs), which prohibits further amplification.
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1. Terahertz spectroscopy on semiconductors

Figure 1.4: Schematic of the double-pass cavity
dumper that allows to continuously change the repe-
tition rate of the modelocked laser that drives the BB
DAVE setup. Adapted from the manual.

The cavity-dumper is based on the
acousto-optic effect where part of the
laser pulse is diffracted out of the cav-
ity upon passing a fused silica crystal
(the Bragg cell) in which the refractive
index is modulated periodically (grat-
ing) by a traveling acoustic wave. This
acoustic wave is launched in the Bragg
cell through the application of an elec-
tric RF signal with a frequency of 380
MHz and a maximum power of 16.5W
to a piezoelectric transducer cemented
to the Bragg cell. A particular feature is
that the pulse is diffracted out twice and

not only once (double-pass cavity-dump), as shown schematically in Fig. 1.4. This
allows to obtain high dumping efficiencies of up to 60%, making it at the same time
however very sensitive to precise alignment since the two outcoupled pulses have to
interfere constructively.

In the first pass, the cavity pulse E(t) = E0cos(ωt) (with ω being the laser carrier
frequency) propagates through the Bragg cell, where part of it (Es(t)) is diffracted
with an efficiency η and the remaining, depleted, pulse transmitted (Ed(t)). During
the second pass, Ed(t) is diffracted, too, and the total extracted ("dumped") pulse is
given by

Eextr =
√
η− 1

√
ηE0 [cos(ωt+Ωt+Φ) + cos(ωt−Ωt−Φ)]

whereΩ is the applied radio frequency (380 MHz) andΦ its phase.

The laser output is sent into a grating compressor (Coherent CPC), where a pre-chirp
can be applied to the pulse in order to compensate for dispersive optics in the setup.
The drawback is that 20% of the pulse energy is lost.

In the setup, respectively 5% of the output power are split off for the generation
and detection of the probe radiation. The remainder (∼ 23nJ) is used as the excita-
tion pulse which can also be frequency-doubled to 400nm using a BBO crystal. The
available pulse energy may at first glance seem low for pump-probe experiments in
comparison to the hundreds-of-µJ output that is on hand in the other setups. The
focus of the probe beam is however orders of magnitude smaller (FWHM ∼ 50 µm)
due to its lower wavelength. The beam size area of the excitation beam can thus be
reduced by about a factor 1000 as compared to the other setups, which moves the
resulting pump fluences to a usable range.

The type of delay stage for the electro-optic sampling process is different from the
ones employed in the other setups. Instead of using a translation stage with stepper
motor that remains fixed at a certain delay position during the course of the signal
averaging time (commonly hundreds of milliseconds to seconds), the retroreflector
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1.3. Extracting the THz response

that is used to bounce back and delay the beam is mounted on a frictionless spring
bearing (APE ScanDelay). The reflector can be driven in a sinusoidal back-and-forth
motion with frequencies up to 20 Hz. The maximum amplitude of this motion is
equivalent to a time delay of 15 ps, and thus long enough to cover the whole probe
electric field trace. The advantage of using this "shaker" is on the one hand an im-
provement in the signal-to-noise ratio, for it reduces long-term noise below the oscil-
lation frequency, and on the other hand the provision of real-time THz spectra, which
is beneficial for alignment purposes and rapid evaluation of the measured signal.

The signal from the balanced diodes is acquired for every single laser shot, and thus
with a rate of up to 1 MHz, using a suitably fast DAQ card (National Instruments NI
6124). In addition to the diode signal, the current position of the retroreflector (which
is passed on from its control unit in form of a voltage) is recorded at the same time, as
well as the parity of the chopper that is modulating the excitation beam (i.e. whether
the beam had been blocked or not). All acquired data is binned and post-processed
in a suitable manner by the acquisition software.

1.3 Extracting the THz response

The THz-TDS systems described in the previous section are capable of generating
and detecting the electromagnetic transients on the femtosecond time scale. To use
these capabilities to characterize material properties in the THz spectral regime, a
measurement of the THz electric-field waveform is first obtained without the sam-
ple in place [Eref(t)] and then with the sample in place [E(t)], either in a reflection
or transmission geometry [66]. Below we describe how to extract the material prop-
erties as reflected in the complex dielectric function (or equivalently the complex
refractive index or conductivity) from the measurements.

1.3.1 Obtaining the complex dielectric function

The linear response of material can be described by its complex dielectric function
ϵ(ν) as a function of the frequency ν. The complex dielectric function is directly
related to the complex refractive index n(ν) by ϵ(ν) = n2(ν), and to the optical
conductivity σ(ν) by σ(ν) = −2πiνϵ0(ϵ(ν)−1), where ϵ0 is the vacuum permittivity.
The goal of a THz-TDS experiment is usually to extract this material response. In this
Section, we discuss the general procedure for doing so.

The material response can be extracted through the Fourier transforms of the mea-
sured electric-field waveforms for the sample E(ν) and the reference Eref(ν). The
transmission t(ν) or reflection r(ν) of the electric field (= E(ν)/Eref(ν)) can be re-
lated to the parameters of the sample. In the general case of a multilayered planar
system of N layers, a transfer matrix analysis can be applied [53]. For simplicity,
we assume the permeability of the materials to be one. The characteristic matrix for
normal incidence at m-th layer of thickness dm and dielectric function ϵm, is given
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1. Terahertz spectroscopy on semiconductors

by

zm(ϵm, ν) =

[
cos(βm) − i√

ϵm
sin(βm)

− i√
ϵm
sin(βm) cos(βm)

]
,

�� ��1.1

where βm =
2πνdm

√
ϵm

c
is the phase delay associated with propagation inside the

m-th layer and c is the speed of light in vacuum. The characteristic matrix of the
entire multilayer system is given by the product of individual layer matrices z =

zNzN−1...z1. The transmission and reflection coefficient of the system are determined
by the matrix elements (i, j = 1,2) of the characteristic matrix of the entire system z:

r(ϵ1, ϵ2, .., ϵN, d1, d2, .., dN, ν) =
(z11 + z12) − (z21 + z22)

(z11 + z12) + (z21 + z22)

t(ϵ1, ϵ2, .., ϵN, d1, d2, .., dN, ν) =
2

(z11 + z12) + (z21 + z22)

In case of a slab of homogeneous material of thickness d and dielectric function ϵ2(ν)
with media 1 and 3 on its two sides, a common experimental geometry, one retrieves
the following more familiar expression for the transmission coefficient:

t(ϵ2, ν) =
E(ν)

Einc(ν)
=

t12t23e
iβ2

1+ r12r23ei2β2

�� ��1.2

Here tij =
2
√
ϵi√

ϵi+
√
ϵj

and rij =
√
ϵi−

√
ϵj√

ϵi+
√
ϵj

are the Fresnel transmission and reflection
coefficients for normal incidence to an interface from medium i to j and Einc(ν) is the
incident field. The task is then to solve Eq.1.2 using experimentally determined E(ν)
and Einc(ν) and knowledge of the sample thickness to obtain ϵ2(ν). Generally, this
will involve numerical calculations: Eq. 1.2 can either be solved using an iterative
approach or piecewise in frequency to minimize phase and amplitude errors [40].

In the limit of a thin film sample of thickness d≪ λTHz (where λTHz is the wavelength
of THz radiation), an analytical solution for the film dielectric function ϵ(ν) is possi-
ble. Here we take the THz transmission through the film on a substrate as E(ν) and
the THz radiation transmitted through the bare substrate as Eref(ν). One can carry
out a Taylor expansion of the exponential terms in Eq. 1.2 to obtain

E(ν)

Eref(ν)
=

1+ iβ

1+
i2πνd

c

(
1+

(
√
ϵ− 1)(

√
ϵsub −

√
ϵ)

1+
√
ϵsub

) , �� ��1.3

where ϵsub is the substrate dielectric function. Eq. 1.3 can be readily solved analyti-
cally to obtain ϵ(ν).

We note that in deriving the characteristic matrix described in Eq. 1.1, we assume that
the THz beam can be represented as a superposition of plane waves of frequency ν
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1.3. Extracting the THz response

propagating along a fixed direction (normal to the sample in this case) and the beam
shape is not altered by the sample. These assumptions are usually valid. In case
of significant diffraction, the spatial profile of the THz pulse needs to be measured
and a spatial Fourier transform needs to be used in addition to the temporal Fourier
transform above.

The measurement technique and the analysis method described here are very gen-
eral. They can be applied to material systems ranging from dielectrics to semicon-
ductors to metals, in gas, liquid, and solid forms. They can be applied to a homoge-
neous sample or a composite. In the next Section 1.3.2 we describe how to extract the
dielectric properties of constituents of a composite based on the effective medium
theory (EMT). The THz-TDS technique and the analysis method described above,
however, have restrictions. We list some of the major ones below.

• The dynamic range (ratio of the peak electric field to the minimum detectable
field) of THz-TDS is typically large. For photoconductive antenna-based sys-
tems, dynamic ranges over 10,000 have been achieved. However, the precision
of the measurements is usually limited by the laser noise, which is typically
0.1 - 1%. This in turn places a minimum limit on the thickness of a sample
for which the complex dielectric function can be reliably inferred (typically∣∣√ϵ∣∣ 2πν

c
d > 10−2). To measure samples with a weak effect on the THz ra-

diation, modulation techniques are often required. For instance, the sample
can be moved in and out of the beam, with the difference between the signal
with and without the sample, E(t) - Eref(t), being detected by a phase-sensitive
detector. More details can be found in [92, 141, 17].

• Because the analysis of THz measurements involves a Fourier transform of the
electric-field waveforms, the bandwidth of the measurement is numerically
limited by the Nyquist frequency, (2∆t)−1 , where ∆t is the time step of the
delay line. Typically ∆t is chosen so that the Nyquist frequency is two or three
times the physical bandwidth of the system.

• The spectral resolution, ∆ν, of the THz-TDS is determined by the duration of
the measured waveforms. For a fixed step size ∆t and N data points acquired,
the resolution is given by ∆ν = (2N∆t)−1. For instance, for a 100-ps measure-
ment scan, this corresponds to a spectral resolution of ∼ 5 GHz. Such a reso-
lution is usually not an issue for solids or liquids that have broad resonances,
but the linewidths of gases are often limited by the instrumental spectral reso-
lution.

1.3.2 Inhomogeneous materials

Above in Sect. 1.3.1 we considered homogeneous media. The analysis is also ap-
plicable to inhomogeneous materials with inhomogeneities on a length scale much
smaller than the wavelength of the THz radiation. These systems include nano-
composites and nanoporous materials. An effective dielectric function ϵ(ν) can be
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1. Terahertz spectroscopy on semiconductors

extracted from the THz measurements. In order to obtain the properties of the con-
stituents, an effective medium theory (EMT) is usually applied.

There are many EMT’s in the literature [25]. Maxwell-Garnett (MG) [59] and Brugge-
mann [18] are the two most widely used ones. For particles made of a material of
dielectric function ϵp embedded in a medium of dielectric function ϵm the effective
dielectric function of the composite ϵ is the solution of the following self-consistent
equations:

MG:
ϵ− ϵm
ϵ+ κϵm

= f
ϵp − ϵm
ϵp + κϵm

�� ��1.4

Bruggemann: f
ϵp − ϵ

ϵp + κϵ
= (f− 1)

ϵm − ϵ

ϵm + κϵ

�� ��1.5

Here f is the filling factor in volume and κ is the geometric factor related to depolar-
ization (κ = 2 for spheres) [59]. In contrast to the Bruggemann approximation, in MG
EMT the role of the particles and their surroundings is not symmetric and is applica-
ble only for dilute composites. The general consensus is that Bruggemann formula is
more appropriate for composites consisting of two or more components at high fill-
ing factors. However, it is well known that the Bruggemann effective medium theory
does not reproduce some important material properties, such as plasmon resonances
in percolated conductors [175].

1.3.3 Analysis of photoinduced changes in the dielectric function

Now we turn our discussion to the analysis of typical optical pump/THz probe
measurements. In these experiments the electric-field waveform E(t) of THz pulses
transmitted through an unexcited sample and the pump-induced change in the THz
waveform, ∆E(t), are recorded. The latter is done by using a lock-in technique with
modulation of the optical pump beam for each fixed delay time τ between the optical
pump and THz probe pulse. In such experiments, we are interested in retrieving the
photoinduced change ∆ϵ(ν) in the complex dielectric function ϵ(ν) as a function of
the frequency ν. This can be achieved using the Fourier transform of the two wave-
forms E(ν) and ∆E(ν) following a similar procedure as in Sect. 1.3.1, where here we
have:

∆E(ν)

E(ν)
=
t(ϵ+ ∆ϵ, ν) − t(ϵ, ν)

t(ϵ, ν)

Note that, for now, we consider the simple case of a quasi-static limit, in which the
photo-induced change in the material properties changes, after photo-excitation, on
a much longer time scale than the THz pulse duration. In other words, the proper-
ties of the sample do not change during the ∼1 ps duration of the THz pulse. Such
a quasi-static condition is satisfied in a material with a long carrier lifetime and

16



1.3. Extracting the THz response

Figure 1.5: Schematic of typical sample excitations achieved in an optical pump - THz probe experiment.
Experiments with homogeneous excitation (a) and interfacial excitation (b) can be treated analytically.

probed several picoseconds after pump excitation when the fast hot carrier effects
have abated.

We first consider the analysis for a homogeneously excited slab of material in vac-
uum of thickness d (Fig. 1.5(a)) In the limit of a weak perturbation to the THz re-
sponse, a linear relation between the pump-induced response and the ratio of the
Fourier transform of the waveforms can be found, ignoring multiple reflections [121]:

∆ϵ(ν) = 2ϵ(ν)

[
i
√
ϵ(ν)

2πνd

c
−

√
ϵ(ν) − 1√
ϵ(ν) + 1

]−1

∆E(ν)

E(ν)

�� ��1.6

This expression includes propagation of the THz probe through the sample, as well
as interfacial reflection losses at the boundary of the sample.

A useful approximation can also be applied when only a very thin region near the
surface of a sample is excited (Fig. 1.5(b)). This situation occurs when the pump light
is strongly absorbed by a material, such as for above-band-gap photoexcitation of a
semiconductor. It is convenient to approximate the excited region by a homogeneous
region of width l0, the penetration depth of the optical excitation in the sample. If
the excitation density is sufficiently small, the phase accumulated by a THz wave
propagating through the excited region will be small (i.e.,

√
(ϵ+ ∆ϵ)2πνl0/c ≪ 1).

The exponential terms in the transmission function of the photoexcited region given
by Eq. 1.6 can again be approximated by Taylor expansions. We thus obtain the
following expression for the average change in the dielectric function inside the pho-
toexcited region:

∆ϵav(ν) = −i
c
√
ϵ(ν)

πνl0

∆E(ν)

E(ν)

�� ��1.7

Note that Eq. 1.7 follows directly from Eq. 1.6 under the neglect of the reflection
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1. Terahertz spectroscopy on semiconductors

contribution, which is not altered by photoexcitation for this case. Equation 1.7
applies to a broad range of THz pump-probe experiments where the condition of√
(ϵ+ ∆ϵ)2πνl0/c≪ 1 is fulfilled (see e.g. [73, 129]).

The analysis, however, is complicated when the penetration depth, l0, of the optical
excitation in the material of interest is comparable to the wavelength of THz radi-
ation. A numerical analysis is then required in which we divide the sample into
many thin, homogeneous slabs, with different excitation densities. Similarly prob-
lematic is the effect of inhomogeneous excitation along the direction perpendicular
to the propagation direction of the THz probe: finite difference time domain (FDTD)
simulations are required [114].

The discussion above applies to quasi-static changes in the material response. When
the change in the material response occurs on a time scale comparable to or shorter
than that of than the THz pulse, one can no longer use the method described above
for data analysis. This regime is typically encountered when probing immediately
after optical excitation or in systems with very fast carrier recombination times. In
these cases a complete two-dimensional scan of the pump-induced THz electric-
field waveforms ∆E(t, τ) at each optical pump-THz delay time τ must be consid-
ered within an overall model of the material response, since the time-dependent
frequency-domain material response function discussed above has no general physi-
cal meaning. In the limit of weak material response to the pump beam, the measure-
ment can be considered as a particular form of four-wave mixing. More details can
be found in [155].

1.3.4 Comparison to conventional transient photo-conductivity

Optical pump-THz probe spectroscopy has emerged as a powerful technique for
probing charge transport in a variety of homogeneous and inhomogeneous mate-
rials. It is therefore useful to compare this technique with the conventional transient
photo-conductivity measurements, such as time-of-flight method [144, 133, 124, 14].
In these measurements a transient current induced by a static electric field is mea-
sured as a function of time after photoexcitation by a short optical pulse. In this
Section, we briefly discuss the similarities and differences between these different
experimental techniques.

In conventional transient photoconductivity measurements, the temporal evolution
of the photo-induced current is determined by two factors: the density of mobile
charge carriers induced by the photoexcitation and their response to the static ex-
ternal electric field. In Fig. 1.6 (a) we illustrate a simple time dependence of the
transient current. Here the response of the photoexcited electrons is assumed to fol-
low the Drude model with a scattering rate γ0 and the population of the conduction
electrons is described by a step function at time zero. This is representative of pho-
toexcitaion in a bulk crystalline semiconductor by an ultrafast laser pulse. The tran-
sient current, calculated according to [75], is seen to rise exponentially with a time
constant determined by the electron scattering rate. Thus, the time evolution of the

18



1.3. Extracting the THz response

Figure 1.6: Time dependence of signals in a (a) transient photoconductivity measurement and (b) THz-
TDS measurement, both for a Drude electron gas undergoing a step increase in density at time zero.

current has a signature of the type of photospecies, and the transport mechanisms
and population dynamics in the material of study. A more complicated time depen-
dence of photoconductivity is expected in cases where charge localization/hopping
transport mechanisms [124, 14, 179], excitonic effects [144, 133], or population dy-
namics [163] are important.

In a typical optical pump-THz probe experiment, an optical pump pulse creates an
excitation in a sample, which is probed with a picosecond THz pulse at a time τ
after the excitation. In this case, one probes the time dependent conductivity of a
material using a transient field E(t) rather than a static one. Generally this is a two-
dimensional detection of the THz probe electric field at time (t) and time (τ) after the
photoexcitation. It is more straightforward to present this information in terms of a
time and frequency-dependent conductivity σ(ω, τ), i.e. a frequency dependent con-
ductivity which depends parametrically on time τ after photoexcitation. If σ(ω, τ)
changes fairly slowly with time during the THz probe pulse (typically ∼ 1 ps), one
can define a quasi-steady-state conductivity σ(ω) (see previous Section) that reflects
only the dielectric response of the material (Fig. 1.6). The population dynamics is
generally revealed independently of the dependence on τ as shown in figure 1.6(b)).
This is one of the major differences between THz-TDS measurements and conven-
tional photoconductivity measurements: for the latter, both the response of the pho-
toexcited species and their time dependent populations manifest themselves in the
transient current as a function of time after photoexcitation. It should be noted that the
general case, where σ(ω, τ) varies on a timescale that is shorter than the THz pulse
duration, such a simple separation does not apply and the temporal evolution of the
THz fields may be quite complex [161, 155, 156, 154, 114, 75], as different temporal
segments of the THz pulses probe different sample properties.

The pulsed nature of the THz electric field in a THz-TDS measurement also has im-
plications regarding the length scales over which conductivity is probed. For exam-
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1. Terahertz spectroscopy on semiconductors

ple, a simple estimate of the thermal velocity of an electron at room temperature (∼
105 m/s) indicates that, in the ∼ 1 ps duration of a THz cycle, the motion of charges is
probed only on a length scale of < 100 nm. Owing to the short time- and length scales
over which the THz conductivity is determined, the THz conductivity is relatively
insensitive to defect-related effects that impede carrier motion over large distances.
As such, charge mobilities inferred from THz measurements therefore usually repre-
sent intrinsic, upper limits for electron transport [76].

Furthermore, the ability of THz TDS to take conductivity "snapshots" on such short
timescales is particularly useful for the determination of the mobility in systems that
possess a high density of trap states or fast electron-hole recombination channels, for
instance. Chapter 2 presents measurements on type Ib diamond that possessed high
densities of single substitutional nitrogen defects on the order of hundred parts-per-
million. Electrons excited from these donor states into the conduction band showed
fast recombination times of about ten picoseconds, which corresponds to electron dif-
fusion lengths below 1µm. Traditional photoconductivity or time-of-flight measure-
ments require much larger charge collection distances and would thus be unsuitable
for such materials. Using THz TDS, it was possible to infer the electron mobility and
recombination time and its dependence on defect concentration and temperature.

1.4 THz responses of charge carriers

In this section, we illustrate the capabilities and achievements of THz spectroscopy in
characterizing certain charge carrier properties. In a simplified, classical picture, the
response of charge carriers to the THz probe spectrum is in the first place determined
by the THz-field-induced drift of the carriers and how additional correlations such as
Coulomb forces between carriers and interactions with the lattice affect their motion.
Additional restoring forces such as potential barriers or space charges can further
have an influence. Last but not least, quantum phenomena can play a role, like the
appearance of discrete energy levels following Bohr’s hydrogen model in the case of
exciton formation or the particle-in-a-box problem for quantum confinement.

1.4.1 Typical responses

Drude response

In bulk solids, the THz response of free carriers can often be described by a Drude re-
sponse function, irrespective of whether the carriers originate from dopants or pho-
toexcitation. The Drude formula can be derived from several descriptions of charge
motion within a solid, including the semiclassical Boltzmann transport equation and
the Kubo-Greenwood analysis [81, 127]. The model, as discussed below, involves just
a single relaxation parameter. Despite its simplicity, it has been verified for charge
transport over a spectral range from MHz to the optical frequencies [38] in various
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1.4. THz responses of charge carriers

materials.

Heuristically, the Drude response can be derived from a simple semiclassical model
of charge transport. In this picture, the charges are accelerated under the external
electric field E(t) according to the equation of motion:

d2r
dt2

+ γ
dr
dt

= −
e

m
E(t),

�� ��1.8

where r is the ensemble average of the displacement of the charge carriers, γ denotes
the damping rate or scattering rate, e is the electronic charge, and m is the effective
mass of the charge carrier. For a given carrier densityN the dielectric response func-
tion ϵ

D
to an alternating external electric field at angular frequencyω(= 2πν) can be

solved from Eq. 1.8. This yields the well-known Drude response:

Figure 1.7: Drude response for two regimes of scattering rates relative to the probe frequency window.
Upper row: complex dielectric function and conductivity for a relatively low scattering rate γ; Lower
row: the same for a very high scattering rate. All solid (dotted) lines indicate real (imaginary) part of
the response. Black dotted lines indicate zero point. γ0 is a frequency unit. The frequency axes of the
conductivity plots are normalized for γ0 while for the dielectric functions they are normalized for the
screened plasma frequencyωsp and ϵ∞ is set to 1.
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ϵ
D
= ϵ∞ −

ω2
p

ω2 + iγω

where ϵ∞ is the background dielectric constant.

The Drude response is characterized by a Lorentzian resonance centered at zero fre-
quency with a linewidth γ, which is the charge carrier scattering rate; the inverse of
the scattering time τ. The amplitude of the dielectric response is determined by the
plasma frequencyωp, defined as:

ω2
p =

Ne2

ϵ0m

with N being the charge density and ϵ0 the permittivity of free space. The real part
of ϵ

D
crosses the zero point at the screened plasma frequency ωsp = ωp/

√
ϵ∞. By

plotting the inverse of the dielectric response 1/ϵ
D

, also known as the dielectric loss
function, we find a peak centered atωsp.

We can also write the Drude response in terms of the complex conductivity of the
material

σ
D
=

σ
DC

1− iωτ
,

�� ��1.9

Here the parameter σ
DC

= Ne2τ/m gives the value of the DC conductivity of the
material within the Drude model.

Depending on the relative value of the scattering rate and the position and width of
the THz frequency window, the observed Drude response will vary. Figure 1.7 shows
the predicted dielectric function and complex conductivity for the case of a scattering
rate within the THz frequency window and for a far higher scattering rate. When the
scattering rate is within the THz probe window, both the real and imaginary parts
of the response are finite and dispersive. In this case, we can determine both of the
parameters in the Drude model, i.e., the plasma frequency and the scattering rate.
If the carrier mass is known, this analysis then provides the carrier concentration
N from the plasma frequency and the carrier mobility µ = e/mγ from the scatter-
ing rate. When the scattering rate far exceeds the upper limit of the available THz
frequency range, then the analysis can only yield the DC conductivity σ

DC
. In this

limit, the real part of the conductivity is finite, while the imaginary part is negligible.
This corresponds to a purely imaginary (i.e. dissipative) dielectric function, with a
trivial 1/ω frequency dependence. For this case, one consequently cannot indepen-
dently determine the carrier concentration and scattering time. In many experiments
involving photogenerated carriers, the excitation conditions provide information on
the carrier concentration. The THz data within the Drude model are then seen to
provide the carrier mobility (or scattering rate, assuming existing knowledge of the
carrier effective mass).
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1.4. THz responses of charge carriers

Charge carriers in many semiconductors exhibit scattering times of a few hundred
femtoseconds, corresponding to linewidths of the Drude peak of around 1 THz. Such
a response is therefore readily characterized by THz pulses generated with either
photoconductive antennas or ZnTe crystals, which allow one to determine the real
and imaginary components of the dielectric response over a broad spectral window
exceeding 1 THz. Hence, when the Drude model is applicable, THz spectroscopy
can be used to simultaneously characterize the two key parameters associated with
electrical conductivity, the plasma frequency and carrier scattering rate. Values for
the carrier mobility µ and the charge concentration N then follow immediately if the
effective mass of the carriers is known.

Lorentzian oscillator

In addition to the free-carrier response described above, a second distinct type of
THz response frequently observed is that with a resonance at a finite frequency. The
THz spectral regime covers many fundamental excitations including rotations, vibra-
tions and low-lying electronic transitions in molecules and collective modes in con-
densed matter such as phonons, plasma, magnons and energy gaps associated with
superconductivity [6, 103] as well as intra-excitonic transitions for excitons [115, 122].
A response with a resonance at finite frequencies, as will be shown in the remain-
der of this review, also occurs for a number of other situations, including effective
medium type response [59, 196, 25], plasmon-type response [160], Drude-Smith re-
sponse [189] and response associated with ’dispersive’ transport [41].

Here we present the simplest description of response at a finite frequency, the Lorentz
oscillator (given by the scattering rate). This is a direct generalization of the Drude
model including a response at a finite frequency and follows from the generalization
of Eq. 1.8 to include a restoring force. The dielectric function thus can be described
by the following expression:

ϵ = ϵ∞ +
A

ω2
0 −ω

2 − iωγ
,

�� ��1.10

where A is the amplitude, ω0 denotes the resonance frequency, and γ defines the
width of the resonance. Fig. 1.8 illustrates the corresponding response as measured
over a finite spectral range for different parameters. Applications of this treatment
will be discussed below.
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1. Terahertz spectroscopy on semiconductors

Figure 1.8: Resonant response with different linewidths and resonance frequencies relative to the probe
frequency window. Upper row: complex dielectric response and conductivity for fully resonant response;
middle row: the low-frequency side of the resonance; lower row: completely off-resonant response. All
solid (dotted) lines indicate real (imaginary) part of the response. Black dotted lines indicate zero point. γ0
is a frequency unit. All frequency axes are normalized for γ0. The dielectric response has been displaced
by −ϵ∞ for clarity.

1.4.2 Bulk semiconductors

Free carriers

THz-TDS allows one to measure both the amplitude and phase (or, equivalently, both
the real and imaginary parts) of the material response over a wide range of frequen-
cies. In semiconductors where charge carriers are free to move in the conduction or
valence band, the complex THz response data can often be described by the Drude
model. The two key conduction parameters, the plasma frequency and scattering
rate, [8, 78, 74] can then be determined by simultaneously fitting both the real and
imaginary part of the frequency dependence of the conductivity.

This ability of THz spectroscopy to independently determine both scattering rates
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and plasma frequencies has proven particularly useful in recent work that assessed
the efficiency of impact ionization processes in the low-bandgap semiconductors PbS
and PbSe [170]. Impact ionization refers to a mechanism in which a photon possess-
ing an energy of several times the bandgap is able to convert its excess energy into
the generation of more than one electron-hole pair. The terahertz response was mea-
sured following optical excitation at photon energies ranging from the infrared (close
to bandgap) to the ultraviolet. By verifying the uniformity of the scattering rate for
all pump wavelengths and fluences, one is assured that the plasma frequency, and
hence the signal amplitude, is directly proportional to the charge carrier density. The
number density of absorbed excitation photons can be determined separately. Com-
bining this quantity with the photogenerated charge carrier density inferred from
terahertz measurements, one can directly determine the efficiency of impact ion-
ization, measured in electron-hole pairs per photon. The results indicated that the
impact ionization efficiency is rather low (it takes a photon energy of ∼ 7Egap to pro-
duce two, rather than one, electron-hole pairs). However, compared to the efficiency
of this process in quantum dots (QDs), the impact ionization efficiency is larger in
bulk materials than in QDs for a given photon energy. This is in contrast to previous
expectations that quantum confinement would lead to an enhancement of impact
ionization.

In an older publication, a similar study had been undertaken on PbS [188], based
on device measurements. The results showed a lower impact ionization efficiency.
Contrary to the THz measurements, device measurements to determine impact ion-
ization efficiencies rely on photocurrent measurements [16], which require charges to
move over large distances on long timescales. As a result, recombination losses such
as Auger recombination and trapping at surface defects can introduce uncertainties
in the assessment of inherent carrier multiplication efficiencies in devices. In THz
studies, the carrier density is determined picoseconds after photo-excitation, thus
excluding the influence of all but the fastest trapping and recombination processes.

Although the Drude model has been successfully applied in many instances where
the frequency dependent conduction was determined, there are several examples in
which a description of the electron response requires more refined models.

For instance, the conductivity of n-type and p-type doped silicon samples at low
charge densities deviates significantly from the Drude form in the THz spectral range.
The data can, however, be fit by the Cole-Davidson model [88, 89]:

σ =
σ

DC

(1− iωτ)β

�� ��1.11

where the parameter β ̸= 1 describes the deviation from the Drude behavior and can
be considered a measure of the departure from a carrier response characterized by
a single scattering time. For low doping densities the data could be described with
β ≈ 0.8. Only at charge densities above 1017cm−3, a fit with β = 1 was obtained,
hence recovering the Drude model.
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A second example where Drude should be handled with care is for very high charge
densities. In these regimes scattering events between electrons and holes can no
longer be neglected, and the scattering time and hence the mobility decrease with
increasing charge density. This effect is most pronounced in materials with a small
(real) dielectric constant ϵ ′ since charge carriers are less effectively screened from
each other. For instance in silicon (small ϵ ′) a hundredfold higher charge density
from 1021 to 1023 m−3 leads to a reduction of the scattering time by roughly the same
amount, while in titanium dioxide (large ϵ ′) the same increase has barely any effect
on τ [74]. We note that, even when electron-hole interactions become important, the
dispersion of the conductivity may still appear Drude-like; the Drude parameters
will be modified, however.

Another limitation in the applicability of the Drude model can be found in the limit of
very strong electron-phonon interactions. For relatively weak electron-phonon inter-
actions, one can consider electrons to exhibit their band mass, but to scatter by emis-
sion of absorption of a phonon. As the electron-phonon interaction becomes strong,
it becomes appropriate to consider a local deformation of the lattice around a charge
carrier. The free electron approximation basically assumes a rigid lattice. In reality
the electric field exerted by a charge carrier displaces the lattice ions in its vicinity,
forming a polarization field around it. The charge carrier and its accompanying lat-
tice deformation result in the formation of a quasiparticle, the polaron [34, 120]. The
degree of coupling scales with the lattice polarizability and is measured by the Fröh-
lich constant α, which characterizes the electron-phonon coupling energy in terms of
the phonon energy [52]. The potential well created by the polarization field hinders
the movement of the polaron since it has to "drag" the field along: the charge carrier
is dressed with phonons. This results in an increased effective mass of the carriers,
termed polaron mass. For sufficiently weak coupling (α ≪ 6) the wavefunction of
the carrier remains extended (large polaron) and coupling merely increases the po-
laron mass, but leaves its transport Drude-like in nature, as THz-TDS measurements
on sapphire have shown [185]. For α≫ 6 the potential well is deep enough to local-
ize the carrier wave function, i.e., trap the charge (small polaron formation). In this
limit transport can only occur via tunneling or hopping and the conductivity is not
expected to follow Drude behavior.

Hence, charge carrier transport can in principle be divided into two idealized cases:
coherent, band-like transport in delocalized states when intersite coupling is large
and incoherent hopping transport from one localized state to another, characterized
by low intersite coupling. In addition to different types of response (Drude-like vs.
non-Drude like), a second way to distinguish the two types of response is through
the temperature dependence of the charge carrier mobility. While the mobility is gen-
erally thermally activated for hopping processes, i.e. it increases with temperature,
it generally decreases with temperature in bandlike transport due to increased car-
rier scattering with phonons at elevated temperatures. In many complex materials
this distinction might be an oversimplification since several types of charge transport
mechanisms can occur on different time and length scales in a single material. This
is particularly true for organic semiconductors where one often has to distinguish
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between intramolecular and intermolecular transport, both of which are strongly in-
fluenced by the sample morphology.

Excitons

Electrons and holes created after photoexcitation across the bandgap are not neces-
sarily fully decoupled from each other. The attractive Coulomb force between them
may lead to the formation of excitons, i.e. bound electron-hole pairs, particularly at
low temperatures and for low-dielectric materials, in which screening of the charges
is relatively inefficient. The binding energy associated with excitons lies generally
in the 1 - 100 meV range. Akin to the Bohr hydrogen model, intra-excitonic transi-
tions are formed, which are typically a fraction of the binding energy [122, 116, 120].
The low-energy structure of the exciton is thus similar to the one found in strongly
confined quantum dots, which is sketched in Fig. 1.11.

The existence of excitons in a semiconductor has important implications on its elec-
tric properties. While an electric field acting on free charge carriers is capable of in-
ducing a preferential drift and hence can produce an electric current, bound electron-
hole pairs are merely displaced and no net force can be exerted. In a solar cell, for
instance, this implies that photogenerated electron-hole pairs that are excitonic in
nature are effectively bound and cannot contribute to the photocurrent. The identi-
fication and characterization of excitonic populations is therefore of practical impor-
tance.

Excitons may have signatures in the optical spectrum as sharp lines that are red-
shifted from the electronic bandgap by their binding energy. Photoluminescence
and absorption measurements of these peaks have traditionally provided the means
to identify excitons. Their quantitative and unambiguous assessment is however
not straightforward. Due to momentum conservation luminescence can only be ob-
served from excitons with a total momentum close to zero, especially in the case of
small exciton-phonon coupling. So-called "dark" excitons with a forbidden dipole-
moment for interband transitions are commonly not accessible with visible or near-
IR probes either, apart from more sophisticated techniques such as two-photon exci-
tation spectroscopy [207]. An additional complication may be noted from recent cal-
culations and experiments, which have shown that emission from the alleged exciton
resonance can originate from an unbound electron-hole plasma as well [117, 54].

A direct way to monitor excitons that does not rely on probing interband transitions
is therefore desirable. THz spectroscopy can detect excitons, both through resonant
interactions with internal exciton transitions, or through a non-resonant interaction,
i.e. through the polarizability associated with the electron and hole wave functions
of the exciton. The first case would result in a response akin to the one depicted
in the upper panel of Fig. 1.8, whereas the latter one would be reminiscent of the
lower panel in the same figure. Observations of both cases, including the dynamics
of condensation and ionization of excitons, have been reported [100, 72, 102, 198].

27



1. Terahertz spectroscopy on semiconductors

1.4.3 Confined semiconductors

The ability to characterize electrical properties in a noncontact fashion with sub-
picosecond temporal resolution is necessary in the field of nanoscale electronics and
optoelectronics, where it is very challenging, if not impossible, to use conventional
probes. In this section, we distinguish two types of nanostructured semiconductors:
those where electrons and holes are present as free charge carriers, albeit impeded
in their movement, and those where quantum confinement effects dominate the re-
sponse of the carriers. The former class of materials are relatively large semiconduc-
tor structures with sizes of several nm to µm, such as sintered oxide particles. The
latter includes quantum wells, quantum dots and graphitic nanostructures.

Structures without quantum confinement: localization and plasmons

Pure crystalline semiconductors with high charge carrier mobilities constitute the
main ingredient for most microelectronic devices. Such high degrees of crystallinity
and purity are however often not desired or feasible due to cost considerations: low-
cost thin films of amorphous silicon find, for instance, widespread use in thin-film
transistors in the backplane of liquid-crystal displays. In solar cells, amorphous sili-
con can be processed as cost-saving thin-films, because, owing to its direct bandgap,
it exhibits a larger absorption as compared to its crystalline counterpart with indi-
rect bandgap. Porous oxide nanoparticles form the main constituent in Grätzel-type
solar cells [162]. Also, short lifetimes of optically excited charge carriers due to high
defect concentrations can be beneficial in certain optoelectronic devices.

It is therefore apparent that "real-life" electronic materials can be found in varying
compositions and structural appearances. Ultimately, their electronic properties on
the nanometer scale, to which THz spectroscopy is particularly sensitive, depend
on the degree to which delocalized "ideal" charge transport is disrupted and charge
carriers become localized. In the terahertz probe window the combined response of
delocalized and localized charge carriers can lead to intricate spectra. Chapter 3, for
instance, deals with THz measurements on free-standing silicon nanowires on a sili-
con substrate where the measured conductivity is comprised of a mix of delocalized
carriers in the substrate and charge carriers in the nanowires whose conductivity
response is altered due to the reduced material dimensions. The interpretation in
terms of a meaningful microscopic charge transport picture remains challenging. In
this section we shall introduce how these effects emerge and how they affect the THz
response.

The study of the effects of disorder on conductivity has a rich scientific history. Gen-
erally, there are two regimes of interest: in the "weak" localization, electron motion
is still considered diffusive, but electron wave interference caused by coherence af-
ter scattering from defects, introduces small deviations from the Drude conductivity.
Such effects, first considered by Abrahams et al. [1], generally only occur at low tem-
peratures in conducting materials. "Strong" localization [3] occurs when the degree
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of randomness of the impurities or defects is sufficiently large to significantly slow
down diffusion. A large number of conductivity models have been developed to de-
scribe effects due to strong localization. The most well known of these are the vari-
able range hopping model introduced by Mott [145, 146], which describes thermally
assisted hopping between localized electron sites, and phonon-assisted tunneling of
electrons [2], both of which are valid when electrons hop or tunnel a distance greater
than the average impurity separation. The Drude - Smith model [189], because of
its very general applicability, is a common choice for describing localization effects
in THz measurements. The Drude-Smith expression for the frequency dependent
conductivity reads:

σ(ω) =
ωpτ

1− iωτ

1+∑
j=1

cj

(1− iωτ)j

 �� ��1.12

This model was, among others [139], developed to describe material systems in
which long-range transport is suppressed by disorder. It lifts the constraint of the
Drude model that charge carriers scatter isotropically, i.e. that their momentum ran-
domizes completely. Instead, charge carriers are allowed to scatter in preferential
directions by introducing a persistence of velocity parameter c which can have a
value between 0 and -1. It is implemented for every scattering event j in the se-
ries term in the bracket of equation 1.12. A key assumption of the model is that the
persistence of velocity is retained for only one collision, i.e. only the first scattering
event j = 1 is considered. Despite this crude approximation, this simple empiri-
cal model works remarkably well. It can reproduce the signatures characteristic for
charge carrier localization. Fig. 1.9 (a) and Fig. 1.9 (b) show the real and imaginary
parts, respectively, of the Drude-Smith response for varying values of c. c = 0 yields
the common Drude response. A more negative c-value increasingly depresses DC
conductivity and shifts the oscillator strength to higher frequencies. For c = −1,
the DC conductivity vanishes completely and the conductivity maximum occurs at
ωτ=1. The disappearance of the DC conductivity is intuitive, for the introduction of
complete carrier localization in that case prohibits long-range transport. The Drude-

Figure 1.9: Real part (a) and imaginary part (b) of conductivities delivered by the Drude-Smith model for
various values of c - both versus frequencies normalized to ωτ.
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Smith model is applied in chapter 4 to describe the THz conductivity in large col-
loidal nanoparticles

One must note one caveat when describing the THz conductivity in nanocrystalline
materials which are described by a spatially varying conductivity. Such inhomoge-
neous materials must be treated differently from those that contain large numbers of
microscopic local defects, such as impurities or grain boundaries, which are evalu-
ated using scattering theories [196]. This is because a far-field THz measurement re-
flects an averaged conductivity of a spatially varying material and one has to link the
local conductivity in nanocrystalline materials to the average conductivity obtained
by far-field THz measurements. In other words, it is not only the change in local
dielectric response that determines the overall dielectric response, but also the con-
trast in the dielectric response between the material of interest and its surroundings
for the unexcited system. To make the connection between the local, spatially vary-
ing conductivities and averaged conductivities measured in the far-field, requires
an effective medium theory, such as those proposed by Maxwell-Garnett [59] and
Bruggemann [18]. The problem of relating the far-field response to the local conduc-
tivity is however abated when the dielectric response of the nanomaterial and the
surroundings are identical.

Another cause for the modification of the THz response of inhomogeneous semicon-
ductors is related to the excitation of plasmons. Bulk plasmons are quantized, lon-
gitudinal oscillations of charge which occur in a plasma near the plasma frequency
ωp. In a homogeneous, 3-dimensional material, one cannot couple optically to plas-
mon modes with a transverse electric field of a plane wave light source, and plasmon
modes manifest themselves as nodes, rather than resonances, in the bulk dielectric
function of a conductor [118]. Surface plasmons, first predicted by Ritchie in the
1950s [176], are plasmons which are confined to interfaces between conductors and
dielectrics. As is the case for bulk plasmons, surface plasmons at a flat metallic inter-
face cannot be excited by plane wave light, because the wavevector of the plasmons is
always larger than the wavevector of the incident light. This momentum mismatch
can be overcome by scattering effects on rough surfaces [125], for which coupling
to surface plasmons occurs. Similarly, in inhomogeneous conducting materials one
can couple to local plasmon oscillations. Semiconductors, on the other hand, exhibit
significantly lower plasma frequencies than metals [84, 85], so that one can expect
coupling to THz plasmon oscillations in structured semiconductors. Such plasmon
oscillations produce resonances in the effective dielectric function, similar to those
expected from carrier localization effects. However, the physical origin of a plasmon
resonance is very different from the single particle, localization effects described in
the previous paragraphs: plasmon resonance is a many-body effect, and results in a
coherent oscillation of all the conducting electrons.

To illustrate the origins of plasmon resonance, we briefly refer to the work of Nien-
huys et al. [160], who measured THz photoconductivities of isolated silicon micro-
spheres embedded in a polyvinylpyrrolidone (PVP) matrix. These particles were fab-
ricated by simply grinding a silicon wafer to a powder with particle sizes between
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1 and 30 µm. Since the particles were completely isolated the system lacked any
pathway for long-range charge transport. It is therefore not surprising that the pho-
toconductivities did not follow the Drude law and vanished for probe frequencies
approaching zero. Notably, the spectra featured a resonance whose center frequency
shifted to higher values, proportionally to the square root of the charge carrier den-
sity. One should note that the Drude-Smith model cannot account for this behavior
- its resonance frequency is solely defined by the scattering time. In addition, this
model would not make sense physically: given that the particle dimensions are in
the micrometer range and thus much larger than the charge carrier diffusion length
on picosecond time scales, the relative amount of carriers that backscatter from the
surface is negligible. A hopping model is also not appropriate: intraparticle transport
is still expected to be bulk-like and interparticle transport - or transfer into the PVP
matrix - is practically impossible. It is therefore clear that these transport models,
which describe localization of single particles in an inhomogeneous material, cannot
account for the behavior observed in silicon microspheres.

To understand the response it is instructive to recall that the terahertz probe acts as an
oscillating electric field that displaces electrons and holes in opposite directions. Due
to the restricted size of the particles, charges will accumulate at the particle bound-
aries and form a space charge layer at the surface. The resulting dipole moment acts
as an additional force on the motion of charge carriers (depolarization field) and has
thus to be included as a restoring force in the differential equation of the damped har-
monic oscillator that we have introduced in section 1.4.1 to derive the Drude model.
The solution gives a conductivity σpl which is essentially represented by the Drude
model whose resonance frequency has shifted from zero to higher frequencies, re-
producing the behavior observed by Nienhuys et al.:

σpl =
ωpτD

1− iωτD

(
1− s

ω2
p

ω2

) �� ��1.13

s denotes a scaling factor that shifts the resonance frequency depending on the par-
ticle shape 2 (in the case of spherical particles as considered here, s=1/3) and the di-
electric constant of the particle and the surrounding medium (which were neglected
in this study). One should note that Eq. 1.13 is a Lorentzian resonance (introduced in
Section 1.4.1, Eq. 1.10), defined in terms of conductivity, with a resonant frequency
ω0 = ωp

√
s. Hence, the resonance frequency scales with the plasma frequency ωp

and hence with the square root of the charge carrier density, in accordance with the
measured conductivities. The plasmon model for spherical particles as considered
above gives the same resonance condition (i.e. ω0 = ωp

√
s) as is obtained by insert-

ing the Drude conductivity (Eq. 1.9) into Maxwell-Garnet effective-medium theory
(Eq. 1.4) in the limitsωτ≫ 1/τD, ϵm = ϵ = 1 and the filling fraction f→ 0, [73]. This
is because Maxwell-Garnet effective-medium theory is derived from the Clausius-
Mosotti relation [51], and therefore takes into account the local depolarization field

2For metal nanoparticles that exhibit plasmon frequencies in the visible this dependence can be nicely
seen as a variation of the particle color with particle shape [150].
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due to surrounding charge carriers. Indeed, it is well known that, in contrast to
the Bruggemann’s approximation, Maxwell-Garnet effective-medium theory repro-
duces plasmon resonance at optical frequencies in islandized metals [175]. Strictly
speaking, Maxwell-Garnet effective-medium theory is correct only to first order ex-
pansion in f [193], and therefore gives exact results in the limit f → 0. Despite this
limitation, there is convincing evidence [60] suggesting that Maxwell-Garnet theory
may also satisfactorily reproduce plasmon resonances observed at optical frequen-
cies in porous/granular metals, and has been shown to produce meaningful results
[65] even for materials described by f ∼ 0.5.

In addition to the observation of plasmon resonance in isolated silicon particles de-
scribed above, there have been several studies where plasmon resonance has been
observed in semiconductor nanowires [166, 165, 195]. For a general review of charge
carrier dynamics in semiconductor nanowires, see [171]. The diameter of most nano-
wire semiconductors fabricated today is larger than the exciton Bohr radius and elec-
tronic quantum confinement effects are thus not observed. Their response in the
terahertz region is thus expected to be of plasmonic nature as well.

Chapter 3 of this thesis deals with a two-component material system comprised
of free-standing silicon nanowires on a silicon substrate. The measured total THz
conductivity of photogenerated charges is comprised of a mix of Drude response
from charge carriers in the substrate and a Lorentzian-oscillator-type response from
charge carriers in the nanowires. The THz conductivity of both is distinct and their
discrimination thus possible and was used to identify carrier diffusion from the
nanowires into the substrate.

Since plasmon resonance and carrier localization in inhomogeneous semiconductors
can both result in conductivity resonances in the THz frequency region, it is often
difficult to determine the physical origin of any resonance behavior in these ma-
terials. To illustrate this point we summarize below two works published in recent
years which investigated the THz response of nanoporous TiO2 films [203, 73]. These
studies illustrated how one can interpret THz measurements on the same system in
different ways.

First published was the work by Turner et al. [203], who studied the THz photocon-
ductivity of a porous material composed from sintered TiO2 nanoparticles (25 nm
radius). The TiO2 matrix was sensitized with photo-activated dye molecules, from
which carriers were injected into the TiO2 matrix. The photoconductivity, measured
at 77K, exhibited a clear resonance in the THz spectrum. The authors interpreted this
response as a localization effect, fitting their frequency dependent conductivity us-
ing the Drude-Smith model [189]. This fit yielded a mobility for the porous material
of 1.5 cm2/Vs, compared to the bulk value for TiO2 of 56 cm2/Vs.

A later work on a similar system by Hendry et al. [73] also measured the THz photo-
conductivity of sintered, 25 nm TiO2 nanoparticles. There were, however, a number
of subtle differences from the original experiments by Turner et al. Firstly, in order to
remove effects due to injection, carriers were introduced by directly photoexciting an
unsensitized TiO2 with both 266 nm and 400 nm light. This means that both electrons
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and holes were excited in the material. By comparing directly the photoconductiv-
ity of the nanoporous material with that measured for a homogeneous TiO2 single
crystal [78] the authors were able to determine that the THz mobility of electrons
in the porous sample was ∼10−2 cm2/Vs at 77K. The contribution from the holes
was negligible due to the very large effective mass of holes in TiO2. On increasing
the temperature of the sample to 300K, a reduction in conductivity of only a factor
of two (compared to a change of almost two orders of magnitude in the bulk TiO2

material) was observed. More notably, the authors also observed a conductivity reso-
nance in the THz conductivity of the nanoporous material. By varying the excitation
intensity, the authors observed that the resonance frequency depended on carrier
density, which is a strong indication of a plasmon resonance. The authors therefore
employed Maxwell-Garnet effective-medium to describe the observed plasmon res-
onance. This model also explained the relative insensitivity of the THz conductivity
to temperature, since the plasmon resonance frequency is determined only by the
carrier density, and not the scattering rate.

While both Turner et al. and Hendry et al. observed similar resonances in their THz
conductivity spectra of nanoporous TiO2, two different explanations for the physical
origin of the response were given: as an intra-particle, single carrier response gov-
erned by boundary scattering on the one hand, and as a Drude response buried in
an effective medium on the other hand, resulting in a plasmon resonance. This illus-
trates how THz conductivities ought to be evaluated with care, as one essentially has
to distinguish how local, single carrier properties (Drude, hopping, backscattering)
and local field/many-body contributions (dielectric screening, depolarization fields)
affect the overall, far field response. A proper understanding of both the local in-
traparticle behavior and local field effects due to inhomogeneities in the dielectric
response are thus imperative.

To address the issue of local conductivity, Nemec et al. published several articles in
which Monte-Carlo simulations were performed to calculate the conductivities of
charge carriers of simplified model systems such as spherical particles of varying
sizes and more realistic ones, e.g. nanoporous oxides [157, 159, 158]. Only a few
parameters entered the simulation: the particle dimension d, the thermal velocity
vth and the carrier momentum scattering time τ (and hence the mean free path lf =

vthτ). The parameter pr denotes the probability that upon scattering with the particle
boundary a charge carrier is reflected back into the particle (pr is thus akin to the c-
parameter in the Drude-Smith model). The degree of localization was expressed as
the parameter α, defined as the ratio between the mean free path and the particle
dimension. The authors concluded that the shape of the conductivities only depend
on α and pr for simple spherical particles.

It was further shown that the aforementioned Drude-Smith model bears a good re-
semblance to the calculated spectra and can thus be used as a reasonable approx-
imation to describe THz responses of simple material systems. Monte-Carlo sim-
ulations however allow including more realistic microscopic boundary conditions
such as electric field gradients or potential barriers that influence charge transport
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locally - something the purely phenomenological Drude-Smith model is not capable
of. Nevertheless, the spectra calculated by Monte-Carlo simulations still represent lo-
cal, single-carrier properties of the material. In order to obtain the effective response
of the whole system one would still have to either incorporate carrier-carrier inter-
actions into the calculation (or alternatively apply an appropriate effective-medium
theory). One can still consider, in a very general manner, the effects that carrier-
carrier interactions would have: for a nanoporous material in which the interparticle
transport is inefficient (i.e. one which exhibits a localized, single particle conductivity
resonance), carrier-carrier interactions would introduce an additional restoring force
for carriers near the interface, pulling them towards the center of the particle. Such
a restorative effect would shift the spectral weight of the low-frequency, localized
resonance, to higher frequencies (see section 1.4.1). This means that on increasing
the strength of carrier-carrier interactions (by increasing the carrier density) one can
expect to observe the evolution from a localized resonance to plasmon resonance in
the same material. This problem of resolving plasmon resonance from localization
effects is obviously not restricted to TiO2 but can also occur in other nanostructured
materials that possess domain dimensions comparable to the carrier mean free path.

Structures with quantum confinement

The previous section dealt with nanostructured semiconductors in which the typi-
cal dimension of the carrier de Broglie wavelength remained small compared to the
physical dimensions of the semiconductor nanostructures. The effects of quantum
confinement take place when the size of a system or structure approaches the de
Broglie wavelength of the charge carriers (electrons or holes) in one, two, or all three
dimensions. Such a structure is referred to as a quantum well (QW), quantum wire
or nanowire, and quantum dot (QD), respectively. The electronic and optical prop-
erties of these structures deviate substantially from those of their bulk counterparts
[69]. Typically, this quantum confinement leads to discrete energy states of carriers
(in analogy to a quantum mechanical particle in a box) and, depending on the con-
finement dimensionality, to various other effects like change in bandgap energy or
exciton binding energy [71, 56, 30]. This behavior will affect the THz response; in-
versely, the THz response can be used to characterize confined charge carriers. Here,

Figure 1.10: Different regimes of charge carriers in Quantum Dot (assemblies): (A) in the limit of strong
confinement, the QD radius is smaller than the exciton Bohr radius and strong confinement occurs. (B)
for weak confinement, charge carriers can move within the confined space of the nanocrystal. (C) for
QD assemblies, electronic coupling between adjacent quantum dots (owing to the finite overlap of charge
carrier wavefunctions) allows for finite electrical conductivity over macroscopic distances.
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we will only elaborate on 0D nanostructures, i.e. quantum dots, since Chapter 4
deals with such. It is however noted that a large number of publications have re-
ported on THz measurements on other types of quantum confined nanostructures
such as quantum wells, carbon nanotubes and graphene [205].

Quantum dots (QDs) are semiconductors with charge carriers confined in all three
dimensions [69, 42]. In QDs the electron and hole energy states become discrete due
to the 3D spatial confinement. As a result, QDs have optical responses very different
from the bulk material from which they are made. What is more, the QD optical
response is tunable: by varying their size (and therefore degree of electronic confine-
ment) the band gaps of QDs can be modified and tuned to cover the entire visible to
near-infrared spectral range [211]. As such, they are promising materials for a vari-
ety of electro-optic applications, such as LEDs and photovoltaic devices. Knowledge
of the processes immediately following photo-excitation is therefore essential, and
there has been much interest recently in exciton dynamics in QDs ([119] and refer-
ences therein), especially in exciton decay, exciton cooling, multi-exciton dynamics,
and the possible formation of multi-excitons by carrier multiplication.

Many studies of carrier dynamics in semiconductor quantum dots have been per-
formed using ultrafast optical spectroscopy [119]. Most of these studies, typically
based on transient absorption or time-resolved fluorescence, have focused on inter-
band transitions in the optical range. The observed optical dynamics in the visible
are dictated by both electron and hole dynamics. Infrared transient absorption mea-
surements have been used to study specifically electron dynamics by probing elec-
tron intraband transitions. As will be shown in the following, THz spectroscopy has
proven to be a very fruitful approach for the study of exciton and carrier dynamics
in quantum dots and quantum dot assemblies.

In quantum dots, the spacing of the discrete electron and hole energy levels is strongly
dependent on the size of the quantum dot. The two relevant length scales of the prob-
lem are the QD radius R and the exciton Bohr radius aB that is the natural physical
separation in a bulk crystal between an electron in the conduction band and its cor-
responding hole in the valence band. Strong confinement in small QDs (R < aB,
see Fig. 1.10 (a) ) results in high confinement energies and relatively large energy
spacing between the levels, while larger QDs have more closely spaced energy lev-
els. For even larger QDs (R ≫ aB, see Fig. 1.10 (b) ), the confinement is weak, and
charge carriers can move within the boundaries of the QD volume. For assemblies of
quantum dots, the electron/hole wavefunctions between different QDs can couple,
and energy and charge transfer can occur within the system (Fig. 1.10 (c) ). For the
latter case, THz-TDS is very sensitive to the degree of electronic coupling between
the quantum dots. Strong coupling will allow electrons or holes to "hop" between
QDs, giving rise to a real component of the complex conductivity (or equivalently
an imaginary component of the permittivity/susceptibility) even at frequencies be-
low the intraband transitions of isolated QDs. Such a component would be absent in
isolated particles in the strong confinement regime.
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Figure 1.11: (a) Energy level scheme for a QD
in the limit of strong confinement. All transi-
tions occur at energies exceeding that of the low-
frequency THz spectrometer (smallest arrows). As
a result, the excitonic transitions are interrogated
off-resonantly.

In the limit of strong confinement, the
energy level spacing depends on the de-
gree of confinement, but also on the band
masses of the electrons and holes: a rule
of thumb is that the heavier the quasi-
particle the more closely spaced the en-
ergy levels. In quantum dots made of II-
VI materials such as CdSe, the hole band
mass is several times that of the electron,
so that the valence electronic levels are
more closely spaced than the electron lev-
els (see Fig. 1.11 (a) ).

THz spectroscopy was first used to inves-
tigate the nature and dynamics of pho-
toexcitations in semiconductor quantum
dots by Beard et al. [9], for colloidal CdSe
quantum dots of various sizes. The au-
thors note that for NPs in the strong con-
finement regime (< 5 nm diameter), the
photoinduced change in the THz dielec-
tric function is purely real (finite imag-
inary conductivity; zero real conductiv-
ity) and the magnitude increases with the
fourth power of the particle radius.

The origin of such a response (purely real dielectric response of photo-excited QDs)
was subsequently revealed by Wang et al. [208] and [28]. These authors argue that
for QDs with strong confinement, both electrons and holes occupy discrete energy
levels separated by at least tens of meV [42], i.e. energies significantly larger than
the photon energies used to probe the levels (1 THz = 4 meV) - see Fig. 1.11 (a).
This means that THz photons with energy below the intraband transitions interact
non-resonantly with electrons and holes. The non-resonant nature of the interaction
dictates that no absorption of THz light can occur, which explains the experimental
observation of a photoinduced change in the THz dielectric function that is purely
real (imaginary conductivity). The amount of photoinduced increase in the dielectric
response can be directly related to the polarizability (α) of the exciton.

In a QD, the energy levels of electrons and holes scale with the quantum dot radius R
as ∝ R−2, while the Coulomb interaction scales as ∝ R−1. In the limit of strong con-
finement, i.e. small R, the confinement energies far exceed the Coulomb interactions
and the electron and hole comprising an exciton are therefore largely uncorrelated
[42]. Consequently, one can treat the exciton polarizability as the sum of separate
contributions from the electron and the hole. The polarizability is a measure of the
extent to which the electron and hole wavefunctions are deformed in an applied elec-
tric field. This deformation requires mixing of higher lying states, and occurs more
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readily when these states are energetically close by. Owing to smaller energy-level
spacing, the hole therefore dominates the polarizability at frequencies below the in-
traband transition energies, giving rise to a real and spectrally flat susceptibility (or
dielectric constant, see Fig. 1.8, lower panel). Typically, the magnitude of the hole
polarizability is around 104Å3, scaling approximately as α ∝ R4. A more detailed
analysis, taking into account the non-parabolicity of the electronic bands and the
electron-hole interaction, yields α ∝ R3.6. Subsequent studies on PbSe quantum dots
[28] revealed that similar conclusions can be drawn for PbSe QD systems. However,
the THz response is no longer dominated by the holes due to the comparable band
masses of electron and hole and corresponding similar level spacing for conduction
and valence states in lead salts.

Chapter 4 of this thesis deals with an extensive study on the transition between
the strong confinement, characterized by the abscence of THz absorption, and the
intermediate confinement, where THz absorption is observed, in isolated colloidal
CdTe nanoparticles. Backed up by tight-binding calculations which take into ac-
count electron-hole correlations and the band structure, we were able to follow this
transition.
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