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Introduction
Much of the scientific research, including this thesis, originates from the question
how a certain natural phenomenon occurs. However, before this question can
arise and the scientific research be initiated, such a natural phenomenon must
be first observed. The scientific method is based on observations. Scientists use
observations to formulate theories and, in turn, a theory can be valid only if it
is not disproved by an observation. The importance of observations in science
can be also found at a deeper level as a theory can be defined as scientific
only if its predictions are observable, at least conceptually. As science would
not exist without observations, the advancement of science depends on that of
technology which allows experiencing natural phenomena beyond our common
senses. Pushing an established experimental technique to the limits of its own
capabilities or developing a new tool for the scientific research is essential for
scientific progress. This thesis takes part to this process as it contributes, albeit
to a small extent, to the advancement of an experimental technique named
terahertz (THz) spectroscopy, in particular that based on air photonics. The
subject of this thesis is not only the experimental technique itself but also, the
first observations made via our THz air photonics spectrometer.

The word “terahertz” (THz) refers to the frequency unit of the electromag-
netic radiation employed in the spectrometer, 1THz ≡ 1012Hz. In the electro-
magnetic spectrum, the THz range (0.1–30THz) bridges the gap between the
microwave and the infrared range. In the past, this spectral region was known
as the “THz gap” because of the lack of efficient emitters and detectors [1, 2].
Nowadays continuous and pulsed coherent THz radiation can be efficiently gen-
erated and detected and THz spectroscopy based on subpicosecond THz pulses
is routinely performed in many laboratories all over the world [1–5]. After the
pioneering works carried out in the group of Y.R. Shen [6], THz spectroscopy de-
veloped in the 80s with the widespread of intense femtosecond laser sources [7,8].
Since then optical rectification in nonlinear crystals [8–10] and transient pho-
tocurrents in photoconductive antennas [7, 11, 12] have become the established
ways to generate ultrashort THz pulses. Typically, the quasi single-cycle electric
oscillations generated in a THz spectrometer are also detected in a nonlinear
crystal via free electro-optic sampling [10,13,14] or via photoconductive detec-

ix
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x Introduction

Figure 1. Bottom: THz waveforms acquired respectively in a conventional THz
spectrometer based on a 1mm-thick ZnTe crystal (black) and in a THz air photonics
spectrometer (blue). Top: corresponding amplitude spectra. The THz pulses are both
generated using the same near-infrared laser pulses of 40 fs duration. The bandwidth
contained in the seed laser is fully converted into THz radiation only in the THz
air photonics spectrometer. The dip in the spectrum at around 18THz is due to
two-phonon absorption in the Silicon window in the THz path.

tion [7, 11, 12]. As a result, THz waveforms as those shown in Fig. 1 can be
readily acquired.

The bandwidth of the THz pulse is ultimately limited by the bandwidth of
the source femtosecond laser pulse. In principle, the broader the bandwidth of
the source pulse, the broader the possible bandwidth of the THz pulse. However,
the bandwidth obtained through solid-state based THz emitters and detectors,
as those mentioned above, is typically far from its theoretical limit. The main
constraints originate from the properties of the materials employed for generat-
ing and detecting the THz pulses. Specifically, the presence of phonon modes
in the semiconductors used for the photoconductive antennas limits the rise
time of the photocurrent (and therefore the bandwidth) to the carrier-phonon
scattering time (typically hundreds of femtoseconds) [7, 11, 12]. In nonlinear
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crystals, the strong dispersion caused by the phonon modes is responsible of
the phase-mismatching between the THz and the laser pulse which results in
the deterioration of the generation and detection efficiency [10,13,14].

For example, the optically active lattice vibration centered around 5.3THz
in the ZnTe crystal [15] limits the THz bandwidth to only 2.5THz, in the case
of a conventional THz spectrometer based on 1mm-thick crystals and 30THz
as source bandwidth (Fig. 1). Only a very small part of the available 30THz
bandwidth is converted into the THz pulse. Since all known nonlinear crystals
have phonon modes in the THz range, the phase-mismatch cannot be elimi-
nated but only reduced using thinner crystals. However, the generation and the
detection efficiency also degrades with decreasing the thickness of the crystals.
Nevertheless ultra-broadband THz pulses in solid-state based THz spectrome-
ters have been widely demonstrated using either thin crystals (. 0.1mm thick)
of ZnTe [15], GaP [16], DAST [17] and GaSe [18, 19] or unconventional photo-
conductive antennas [20].

In the last decades, gas-based THz emitters and detectors have emerged
as an efficient alternative for generating and detecting ultra-broadband THz
pulses [21–23]. As gasses do not have optically active transitions in the THz
range and they are essentially dispersionless in the optical and THz ranges,
gas-based THz spectrometers are not affected by the phase-mismatching prob-
lem discussed above. For example, turning back to Fig. 1, the entire 30THz
bandwidth of the source pulse is efficiently converted into THz bandwidth when
the same femtosecond laser source employed in the ZnTe setup is supplied to a
THz air photonics spectrometer. Bandwidths up to 100THz have been achieved
using THz air photonics [24]. Further, the field strength of the THz pulse gen-
erated in an air photonics spectrometer is typically higher than that obtained
in conventional setups based on nonlinear crystals. THz pulses with a peak field
strength up to 300 kV cm−1 have been reported [25].

As THz photons have a very low energy, typically below interband excita-
tions, they are, for instance, ideal probes of intraband transitions and low-energy
vibrational modes. Indeed, THz spectroscopy is particularly suitable to inves-
tigate a broad range of phenomena such as, lattice vibration modes of polar
semiconductors [26], inter/intra molecular vibrations of polymers [27], molec-
ular relaxation dynamics in liquids [28], excitons [29], and free charge carrier
dynamics in, respectively, semiconductors [5], nanostructured materials [30],
graphene [31] and ferromagnets [32]. Because of the enhanced time-resolution
of the ultra-broadband THz spectrometers as those based on THz air photon-
ics, phenomena occurring on a sub-100 fs time scale can be observed. A few
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examples include the plasma formation process in bulk GaAs [33], intra exci-
tonic transitions in GaAs/AlxGa1–xAs quantum wells [34] or in WSe2 mono-
layers [35], the subpicosecond formation of mobile charges in polymer-fullerene
films [36] or in a single crystal of CH3NH3PbI3 [37]. High-field THz sources,
as those based on optical rectification in LiNbO3 but also on air photonics, are
also highly desirable as they enable an active control of the matter on the sub-
picosecond time scale [38] and the observation of THz nonlinearities [39]. THz
air photonics find applications in all the fields listed above, especially where
conventional THz spectroscopy cannot provide adequate performances because
of its poor time-resolution, its narrow bandwidth or low field strength.

In this thesis, THz spectroscopy based on THz air photonics is applied to
the following systems: some common polymers, solution-processed methylam-
monium lead iodide perovskite films CH3NH3PbI3(Cl) and GaAs. The typical
frequency range of our THz air-photonics spectrometer is 2–15THz which cor-
responds to the following values in equivalent units:

2THz ≡ 0.50 ps−1 ≡ 8.2meV ≡ 150 µm ≡ 67 cm−1 ≡ 95.2K
15THz ≡ 0.07 ps−1 ≡ 61.5meV ≡ 20µm ≡ 500 cm−1 ≡ 714K

This thesis is structured as follows:

• In the first chapter the principles of THz air photonics are discussed; we
explain how ultrashort THz pulses are generated and detected in a THz air
photonics spectrometer and we characterize the THz pulse in our specific
setup; then we describe in detail our THz air photonics spectrometer and
we provide the first demonstration of capabilities of our THz setup.

• In the second chapter we present the ultra-broadband, steady-state THz
spectroscopy of some common polymers, namely low-density polyethylene
(LDPE), cyclic olefin copolymer (TOPAS®), polytetrafluoroethylene (PTFE
or Teflon®) and polyamide-6 (PA6).

• In the third chapter time-resolved THz spectroscopy based on air photonics
is presented; we propose a self-referenced acquisition scheme to minimize the
phase error and we show the correct data analysis approach for transient THz
spectroscopy in reflection geometry; some pitfalls of the data analysis are
also shown and the results of our simulations are verified with a benchmark
experiment.

• In the fourth chapter the ultrafast dynamics of photocarriers and the
plasmon-phonon coupling in GaAs is discussed; first, we introduce the gen-
eralized dielectric function and the concept of level anti-crossing via the
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notion of phonon-polariton; then the longitudinal optical phonon-plasmon
coupling is discussed and experimentally observed in GaAs; the rise of the
photoconductivity and the establishment of the collective plasmon-phonon
response in the photoexcited GaAs is observed with a 40 fs time resolution;
finally, the ultrafast dynamics of the photocarriers is qualitatively discussed.
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1 Principles of THz Air
Photonics

1.1 Introduction

THz emission from femtosecond laser-induced gas plasma was first observed
in 1993 by Hamster et al. [40]. The THz radiation emitted from the plasma
was immediately recognized as the quadrupole polarization radiation of the
photo-emitted electrons along the radial intensity gradient of the focused laser
beam [40, 41]. With the increase of energetic femtosecond laser sources, the
technique of THz generation from gas plasma was considerably improved. Seven
years after Hamster’s experiment, Löffler et al. [42] demonstrated that the THz
emission from a DC-biased air plasma gives rise to a much stronger THz emis-
sion. At about the same time of Löffler et al.’s work, Cook and Hochstrasser [43]
proposed to mix the fundamental femtosecond laser pulse with its second har-
monic to further enhance the THz generation in the laser-induced air plasma.
The latter technique was presented as a four-wave mixing process and it became
the established method for THz generation with THz air photonics. Subsequent
studies have contributed to the establishment of this technique as the optimal
choice for THz generation from gas plasma [44–46].

Our THz air photonics setup employs ultra-broadband THz pulses obtained
via two-color femtosecond laser mixing in air plasma. By using THz field in-
duced second harmonic generation (T-FISH) [47] in air plasma, which is (to
a first approximation) the inverse mechanism to the THz generation, Dai et
al. [48] showed that broadband THz pulses could be entirely generated and
detected in air. This technique was subsequently refined to what is currently
known as air biased coherent detection (ABCD) [49], the detection technique
employed in our THz air photonics setup.

This chapter aims to introduce the reader to the principles of THz air pho-
tonics and it is structured as follows: the first section provides the fundamentals
of the THz generation from an air plasma induced by a two-color laser beam;
in the second section we present to the THz detection technique employed in

1
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2 Principles of THz Air Photonics 1.2

THz air photonics; in the third section the ultra-broadband THz air-photonics
setup is described in detail; in the last section the capabilities of our THz
air-photonics spectrometer are demonstrated by performing ultra-broadband
THz spectroscopy in transmission and in reflection geometry of a methylam-
monium lead iodide perovskite sample. In the latter section recently published
results [50] will be combined with additional unpublished data.

1.2 Generation of THz Pulses in Air Plasma

1.2.1 Introduction

The physics underlying THz emission from gas plasma is far from trivial: it
involves strong field ionization, plasma dynamics, and nonlinear optics prop-
agation. A rigorous discussion about the role that all these factors play in
the THz emission goes beyond the scope of this thesis. The reader is referred
to the following review papers for these aspects [21, 23, 51–53]. In analogy
with the conventional THz generation by optical rectification (OR) in nonlin-
ear crystals, ultra-broadband THz generation via two-color femtosecond laser
mixing in air plasma was first described as a four-wave rectification (FWR)
process [43,45,46,49]:

ETHz ∝ χ(3)EωEωE2ω, (1.1)

where ETHz, Eω and E2ω are respectively the THz, the fundamental and the
second harmonic (SH) electric field and χ(3) is an effective third-order nonlinear
susceptibility of the plasma filament. Although this phenomenological model
is capable to describe the main features of the THz emission from gas plasma,
the physical origin and the effective magnitude of χ(3) have been intensely de-
bated [21, 44]. The issue of higher-order nonlinear contributions to the THz
generation has also been raised [21,44].

The asymmetric photocurrent model proposed in 2007 by Kim et al. [54]
provided a satisfactory theoretical framework allowing a more rigorous descrip-
tion of the broadband THz emission from two-color femtosecond laser-induced
air plasma. According to this model, the gas molecules experience tunnel ion-
ization in the presence of the strong two-color laser fields. The resulting free
charges give rise to a plasma filament and the THz radiation is emitted by the
successive acceleration of the freed electrons under the temporally asymmetric-
shaped laser field oscillations. In the remaining part of this section the main
points of the asymmetric photocurrent model [21, 52, 54, 55] are summarized
and estimates of the relevant physical quantities for the THz generation in our
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1.2 Principles of THz Air Photonics 3

𝑈𝑖 

HHG 

𝐸 𝐸 

a) b) c) 

Figure 1.1. Interaction between a strong femtosecond laser pulse and an electron
confined in a potential well: a) tunnel ionization, b) electron acceleration upon re-
turning to the ion, c) electron recombination and generation of high-order harmonics
(HHG).

air-photonics spectrometer are also provided.
When a strong external electric field is applied to a gas, the potential well

in which the electrons of the gas atoms or molecules are confined can be sig-
nificantly distorted. As a consequence, one of the potential walls turns into a
lowered potential barrier and the probability for electrons to tunnel through
this lower potential barrier becomes non-negligible (Fig. 1.1a). In an alternat-
ing electric field, the distortion of the potential well changes sign according to
the electric field oscillation. Thus, electrons emitted in the first half cycle of
the laser field are attracted back to the parent ion by the subsequent change
in the potential distortion (Fig. 1.1b). In this process, the electrons acquire
additional kinetic energy and when they ultimately recombine with the parent
ion, they can release this energy by emitting high-order harmonics (Fig. 1.1c)
of the fundamental ionizing radiation (High Harmonic Generation HHG). The
THz generation process is closely related to the High Harmonic Generation
(HHG) [55]. Indeed, the THz radiation from air plasma is radiated by the
electrons accelerating away from the parent nuclei without losing coherence.

This tunnel ionization regime occurs when the ponderomotive energy of the
emitted electrons Up acquired during the two half cycles of the laser field is
much higher than the ionization potential Ui. The Keldysh parameter defined
as γ =

√
Ui/2Up [56] marks the border between the tunnel ionization and the

multiphoton ionization regime. The latter occurs when the ionizing radiation
has relatively low intensity but highly energetic photons. In this case, γ > 1
which means that the electric field oscillates much faster than the time an
electron needs to tunnel. On the contrary, in the tunnel ionization regime the
opposite case γ < 1 is fulfilled. The typical experimental conditions for a THz
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4 Principles of THz Air Photonics 1.2

air photonics setup require laser intensities > 1015Wcm−2. The peak intensity
of the ionizing fundamental laser pulse in our setup is ca. 8× 1015Wcm−2.
Since N2 is the most abundant species in air, one can use the ionization potential
of N2 for air: Ui = 15.58 eV [57]. In such a condition the assumption of tunnel
ionization (γ < 1) is well justified as γ = 0.13.

Another important parameter is the scattering rate of the emitted electrons
with the surrounding atoms. At ambient pressure and at plasma densities Ne ∼
1016 cm−3, the collision time is of the order 1 ps [58], which is much longer than
the pulse duration (40 fs). To first approximation one can, therefore, neglect
electron-atom impact ionization and scattering effects. The electron dynamics
just after the ionization was treated classically by Kim et al. [54, 55], whereas
a full quantum mechanical treatment has been formulated by Karpowicz and
Zhang [59]. The latter work to a large extent confirms Kim et al.’s results, but
in addition, it shows that the bremsstrahlung also contributes constructively to
the coherent buildup of the THz wave [59]. Below we will follow the semiclassical
approach.

1.2.2 Asymmetric Transient Current Model

The far field THz radiation ETHz generated by the transient transverse current
of the plasma filament is simply proportional to dj/dt, where j is the transverse
density current, in formula:

ETHz ∝
dj

dt
= e

d

dt

∫ t

t0

v(t, t′)Ne(t′)dt′, (1.2)

where e is the electron charge, t0 is the initial ionization time, v(t, t′) is the ve-
locity acquired by the electrons at time t from an initial time t′, and Ne(t′) is the
electron density at time t′ which can be calculated by applying the Ammosov-
Delone-Krainov (ADK) model [58,60], valid in the tunnel ionization regime.

It should be noted that since the THz radiation is much slower than the
oscillations of the optical cycles, the THz yield is mainly determined by the
DC component of v(t, t′). Around the intensity peak of the two-color laser
field, the ionization rate reaches a plateaux and the carrier density is constant
at its maximum value (cf. Fig. 2 in [54]). The electrons generated in these
instants are strongly accelerated by the peak electric field and therefore the
largest contribution to dj/dt is expected for t′ around the peaks of the optical
cycles. In these conditions Eq. (1.2) can be remarkably simplified as:

ETHz ∝
dj

dt
∝ eNe

d

dt

∫ t

t0

vd(t′)dt′, (1.3)
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1.2 Principles of THz Air Photonics 5

where vd(t′) is the drift velocity and the interval (t0, t) is limited to the time
around the peaks of the optical cycles. It should be noted that the integral
in Eq. (1.3) can be nonzero although the time averaged two-color laser field is
zero. Let us consider for simplicity that the total laser electric field E is simply
the sum of two sinusoidal electric fields with amplitudes E1 and E2, oscillating
at frequencies ω and 2ω respectively and polarized along the same direction:

E(t) = E1 cos(ω(t+ t′)) + E2 cos(2ω(t+ t′) + θ), (1.4)

with θ being the relative phase between E1 and E2. By applying Newton’s law
and neglecting the magnetic field, one finds that the expression for the velocity
of a single electron can be written as:

v(t, t′) = e

mω
{E1 sin [ω(t+ t′)] + (E2/2) sin [2ω(t+ t′) + θ]−

−E1 sin [ωt′]− (E2/2) sin [2ωt′ + θ]}︸ ︷︷ ︸
Drift velocity, vd(t′)

, (1.5)

where m is the electron mass and the initial velocity of the emitted electrons
was fixed to zero.

Eq. (1.5) demonstrates that the electron drift velocity gained in an optical
cycle depends on the ionization instant t′ and on the relative phase between
the two-color laser fields θ and it is in general nonzero. The shape of the total

𝜃 = 0 𝜃 = 𝜋/2 a) b) 

c) d) 𝑡0 
Δ𝑡 

𝑡0 
Δ𝑡 

Figure 1.2. Black curves: total electric field (a-b) and electron drift velocity (c-d)
versus ionization time respectively for θ = 0 (left panel) and θ = π/2 (right panel).
The values of E1 (red dashed curves) and E2 (blue dashed curves) were chosen to be
consistent with the estimated peak fields in our THz air photonics spectrometer. The
time integral of the drift velocity in the interval (t0,t0 + ∆t) around the peak of the
electric field (tpeak) is nonzero for θ 6= 0 and maximum for θ = π/2.
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𝐸(𝑡0) 𝐸(𝑡𝑝𝑒𝑎𝑘 − 𝑑𝑡) 𝐸(𝑡𝑝𝑒𝑎𝑘 + 𝑑𝑡) 

𝐸(𝑡0) 𝐸(𝑡𝑝𝑒𝑎𝑘 − 𝑑𝑡) 𝐸(𝑡𝑝𝑒𝑎𝑘 + 𝑑𝑡) 

−𝑑𝑣𝑑 𝑑𝑣𝑑 

𝑣𝑑 𝑣𝑑 + 𝑑𝑣𝑑 

a) b) c) 

d) e) f) 

𝜃 = 0 

𝜃 = 𝜋/2 

Figure 1.3. Schematic of the electronic motion around the peak of the total electric
field under: a-c) the symmetric-shaped electric field when θ = 0 (Figs. 1.2a and 1.2c);
d-f) the asymmetric-shaped electric field when θ = π/2 (Figs. 1.2b and 1.2d).

laser field is determined by the relative phase between the fundamental and the
SH pulse θ (Fig. 1.2a-b). If the laser field oscillations are symmetric around
the peak (Fig. 1.2a), the average drift velocity will simply sum up to zero
(Fig. 1.2c). The electrons generated under the same value of the electric field
(appearing in mutual phase opposition) will always have the same absolute
velocity but opposite directions (Figs. 1.3a-c). Under these conditions, the
integral in Eq. (1.3), i.e. the total net current, cancels out and no THz emission
is possible. In contrast, when the laser field oscillations are not symmetric
around the peak (Figs. 1.2b and 1.2d), the electrons generated under the same
values of the laser field will no longer have the same velocity (Fig. 1.3d-f). As a
consequence, a transient asymmetric current arises and a THz pulse is radiated.
As shown in Figs. 1.2a-b, the largest asymmetry is achieved when the relative
phase between the fundamental and the SH is set to π/2.

The asymmetric transient current model has been experimentally tested
in [21, 54, 55]. In the latter work the net transverse current arising from the
asymmetrically shaped laser field was indeed directly measured by using a B-
dot probe. A B-dot probe measures the time change of the plasma magnetic
field via the electromotive force induced in a wire coil. In the same work, the
dependence of the THz generation on θ has also been experimentally verified and
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1.2 Principles of THz Air Photonics 7

the anti-correlation of the THz yield to the third harmonic generation process
has been proven [55].

The relative phase θ can be actively controlled in different ways [44, 61],
for example by using the fact that air has a slightly different refractive index
at frequencies ω and 2ω. Indeed the relative phase depends on the dispersion
∆n experienced in air at the two-color frequencies: θ = 2π∆nd/λ + θ0, where
θ0 is the relative phase delay accumulated after the transmission through the
β-Barium borate (BBO) crystal, λ is the wavelength of the fundamental beam
and d is the optical path of the fundamental and SH beams. Since ∆n =
nω − n2ω = −8× 10−6 [62], we can estimate that a π/2 phase shift between
the fundamental and the SH pulses occurs for a distance of ca. 25.6mm, where
the phase delay through the BBO crystal has been neglected since the crystal
is only 100µm thick. By varying the distance between the BBO crystal and
the plasma of a few tens of millimeters along the propagation direction of the
beam, the THz yield can be easily optimized. The orientation and not only the
position of the BBO crystal also plays a crucial role both in the THz yield and
in the polarization direction as discussed in the next subsection.

It should be noted that the spatial distribution of the charges in the plasma
filament, the interaction between the charges and self focusing effects have been
ignored in this model for simplicity. In principle phase matching and THz
absorption along the plasma filament are also important parameters for the THz
yield. The phase slippage for a plasma filament of length l can be estimated
as ∆θ = (3π/4)(l/λ)(Ne/Nc) [54, 55], Nc = meω/(4πe2) = 1.7× 1021 cm−3

is the critical plasma density. Under the experimental conditions of our THz
spectrometer (cf. Sec. 1.4), l = 10mm and Ne is ∼ 1016 cm−3 one finds a
phase slippage ∆θ ≈ 0.2 rad. By following reference [55], we can also provide
an estimate of the absorption length La along the plasma at a certain THz
frequency Ω: La = 2c(Ω2 + ν2)/(ω2

pν), where c is the speed of light in vacuum,
ω2
p = 4πNee2m−1 is the plasma frequency and ν is the electron-atom collisional

rate which is of the order of 1THz [58]. The absorption length is defined as the
distance at which the THz yield drops by a factor of 1/e. At 10THz we found
that La . 1mm. These estimates show that, although the phase mismatching
in our 10mm-long plasma filament is negligible, important losses occur along
the plasma filament because of the THz absorption.

1.2.3 Characterization of the THz Pulse

THz spectra covering the entire traditional “THz gap” [49] or even extending
deep into the far infrared range [24] have been demonstrated using two-color
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8 Principles of THz Air Photonics 1.2

laser mixing in air plasma. The THz pulses generated from an air plasma have
not only a very broad bandwidth but also a considerable field strength reaching
up to 300 kV cm−1 as reported in [25]. Our THz air photonics spectrometer can
generate THz pulses with a bandwidth extending to 25THz and a peak field
strength & 20 kV cm. The THz field was calibrated from the electro-optic signal
measured in a ZnTe crystal. The THz emission from a two-color laser-induced
air plasma has a conical shape [63] as shown schematically in Fig. 1.4a. The cone
angle respect to the axis was found to be ∼ 8°. As a consequence of the conical
emission, the intensity profile of the THz beam has a donut shape (Fig. 1.4b)
which reduces to a central Lorentzian profile when the beam is focused (not
shown) [64].

D’Amico et al. [65] reported an intense conical THz emission in the forward
direction arising from long (tens of centimeters sized) single color laser induced
plasma filaments. The conical THz emission was attributed to a transition-
Cherenkov effect of the plasma wake following the ionization front. The THz
emission profile observed in compact (few centimeters long) two-color laser
induced plasma filaments [66] can be also explained as an optical Cherenkov
effect [67] although its physical origin is different. In two-color laser mixing
in air plasma, the THz is emitted by the net transverse current which follows
the ionization front whereas the THz wavefronts travel at lower speed. On the
contrary, in the case of single color ionization the THz emission arises from
dipole oscillations driven by the longitudinal ponderomotive force along the
plasma wake and not from the net transverse current [65,67].

b-BBO 

𝜔 

2𝜔 

THz a) b) 

Plasma 

Figure 1.4. a) Conical THz emission from the two-color laser induced plasma fila-
ment. b) Picture of the intensity profile of our THz pulse taken with a THz camera
(IRV-T0831 by NEC) placed along the direction of the focused THz beam at c.a. 3 cm
from the focus.
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1.3 Principles of THz Air Photonics 9

In the asymmetric transient current model discussed in Sec. 1.2.2, we as-
sumed collinear polarization of the first and second harmonic electric fields. In
type-I phase matching the ordinary axis of the BBO crystal is aligned with
the electric field of the fundamental beam whereas the electric field of the SH
beam is aligned with the extraordinary axis of the crystal. In this condition,
the two-color beams transmitted trough the BBO crystal will be linearly polar-
ized and mutually orthogonal. The polarization angle of the two beams can be
subsequently adjusted by using a dual color waveplate. An appropriate phase
compensator is usually employed for the precise tuning of the relative phase be-
tween the first and the second harmonic beam [61]. A systematic study of the
polarization of the emitted THz beam versus the polarization of the two-color
beam was led simultaneously by Dai et al. [61] and Wen and Lindenberg [68].
In [61] it was shown that if the two-color generation beams are linearly, yet
orthogonally, polarized, the emitted THz field is also linearly polarized and its
polarization is directed along the 2ω electric field. If one of the two-color laser
field components is circularly or elliptically polarized the polarization of the
THz field will be also elliptical and the polarization angle of the THz beam can
be rotated by varying the relative phase between the first and the SH pulses.
When both the ω and 2ω beams are circularly polarized the relative phase only
determines the THz polarization angle and not its intensity, unlike the gen-
eral case. These results can be explained by using the quantum mechanical
model [59,61].

A similar experiment was also performed by Wen and Lindenberg [68] who
interpreted the data by applying a two-dimensional asymmetric current model
based on Ref. [55]. As in Ref. [68], our BBO crystal can be rotated around
the axis perpendicular to the surface and also tilted. In this case, both the
fundamental and the SH pulses are elliptically polarized after passing through
the crystal. Along the ordinary and extraordinary axis of the BBO crystal, two
separate plasma currents are generated. The strength of such currents depends
on the relative phase between the two pulses which ultimately determines the
polarization state of the far-field THz radiation. The maximal THz yield occurs
when the fundamental laser beam forms an angle of 55° respect to the extraor-
dinary axis of the BBO crystal. In our typical experimental conditions, our
THz pulse is elliptically polarized (ellipticity 1/11 in THz intensity) with the
major axis oriented along the polarization of the fundamental laser pulse.
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10 Principles of THz Air Photonics 1.3

1.3 Detection of Broadband THz Pulses

1.3.1 Conventional THz Detectors

To exploit the full potential of the ultra-broadband THz pulses generated via
two-color femtosecond laser mixing in air plasma, one needs to draw upon an
appropriate detection technique. In conventional THz spectrometers the THz
pulses are detected via electro-optic sampling either in photoconductive anten-
nas [7] or in nonlinear crystals such as, for instance, ZnTe [13], GaP [16] or
GaSe [19].

A photoconductive antenna constitutes two micron-sized electrodes de-
posited on a semiconductor substrate. The detection principle of a photocon-
ductive antenna [7] is based on measuring the transient current driven between
the electrodes by the THz field when photocarriers are injected into the semi-
conductor substrate by the femtosecond laser pulse. By time delaying the THz
pulse with respect to the optical pulses, the latter being much shorter than the
former, the THz waveforms can be sampled in the time domain. The main
constraint to the detection bandwidth of such devices is the photocarrier life-
time. Indeed, a shorter photocarrier lifetime improves the response speed of
the photoconductive antenna, thus, its detection bandwidth, although, at the
same time, it degrades the detector sensitivity. The substrate material, the
antenna geometry, and the excitation pulse duration are also crucial parame-
ters for a good photoconductive detector performance. To date well-performing
ultra-broadband THz photoconductive antennas are found among those based
on low-temperature-grown GaAs (LT-GaAs) [69].

Beside photoconductive antennas, nonlinear crystals are the other conven-
tional devices for time domain detection of THz pulses. The THz detection in
nonlinear crystals is based on the transient birefringence induced by the THz
electric field applied to the detection crystal [70]. The crystal birefringence is
probed by the femtosecond laser pulses which are spatially overlapped to the
THz pulses into the detection crystal. At low laser beam intensity (few µJs)
and THz field strength (. 100 kV cm−1), the induced birefringence is simply
proportional to the THz field amplitude (Pockels effect). By tracking the rel-
ative change of the ordinary and extraordinary polarization components of the
laser beam transmitted through the detection crystal as a function of THz-
sampling pulse time delay, one can reconstruct not only the amplitude but also
the relative sign of the THz field. The detection bandwidth of nonlinear crys-
tals is limited by the THz absorption and the phase mismatching between THz
and laser pulses in the detection crystal. The reason is that nonlinear crystals



i
i

“dangelo_phd_thesis_” — 2016/5/9 — 19:43 — page 11 — #25 i
i

i
i

i
i

1.3 Principles of THz Air Photonics 11

always show some phonon modes within the THz range. ZnTe and GaP, for
example, have phonon modes at 5.3THz [71] and 10.98THz [72], respectively.
To limit the effects of the absorption and dispersion of the THz pulses in the
crystal and to achieve broad bandwidth detection one can reduce the thickness
of the crystal. Thinner crystals allow for a broader bandwidth detection [73]
although, at the same time, the detection sensitivity also degrades. Among
the most performing broadband THz detection crystals, GaSe is definitively the
clearest example [19]. It should be noted that although solid-based THz de-
tectors can provide reasonable broadband detection bandwidths, the detected
ultra-broadband THz spectra will be always affected by some absorption dips
which are intrinsically related to the detection mechanism.

Air Biased Coherent Detection (ABCD) [49] appears to be the optimal solu-
tion for broadband THz detection. This is the technique employed in this thesis
and the subject of the next section.

1.3.2 Air Biased Coherent Detection (ABCD)

As air has very little dispersion and absorption in both optical and THz ranges,
the optical-THz phase matching limitation discussed in the previous section
is conveniently lifted enabling the detection of the entire THz spectral range
without any gap. ABCD is based on THz field-induced second harmonic gener-
ation (T-FISH) [47] and it can be considered as a refinement of air breakdown
coherent detection [48]. The T-FISH process is a nonlinear Four-Wave-Mixing
(FWM) process that can be described by the following equation:

ETF
2ω ∝ χ(3)EωEωETHz (1.6)

where ETHz, ETF
2ω and Eω are respectively the THz, the second harmonic (SH)

and the fundamental electric fields and χ(3) is the nonlinear third order coeffi-
cient of the gas. It should be noted that in a centrosymmetric material, such as
a gas, χ(2) = 0.

Equation (1.6) shows that the T-FISH signal does not allow for a heterodyne
THz detection since the measurable quantity I2ω is only proportional to the
square of the electric field. However Dai et al. [48] showed that by increasing
the fundamental laser beam intensity up to the formation of a plasma filament
and with the corresponding emergence of white light generation, the detected
T-FISH intensity acquired the proper shape of a THz waveform as it were
measured in a conventional electro-optic crystal. This effect can be explained
with the presence of an additional SH field which takes origin from the white
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12 Principles of THz Air Photonics 1.3

light emission of the plasma Epl2ω. Indeed with the introduction of this additional
electric field, the SH intensity I2ω becomes:

I2ω ∝
(
ETF

2ω + Epl2ω

)2
∝
(
I2
ωE

2
THz + 2IωEpl2ωETHz + Epl2ω

2)
, (1.7)

where Iω is the fundamental laser beam intensity. By modulating the THz
field one can easily get rid of the DC term Epl2ω

2
. Moreover, if Epl2ω is sufficiently

high, the cross-term in Eq. (1.7) dominates upon the other and the SH intensity
turns to be simply proportional to the THz field. However this air-breakdown-
coherent detection system is affected by the following drawbacks: (i) the THz
detection is only coherent in a certain intensity regime; (ii) high Iω implies
automatically the presence of a high offset (cf. Eq. (1.7)) which is inherently
limiting the dynamic range of the detection.

These problems are brightly solved by air biased coherent detection
(ABCD) [49]. It is important to stress that ABCD (i) does not require
the formation of any plasma filament and (ii) relies on a purely heterodyne
detection scheme. A schematic of ABCD is shown in Fig. 1.5. Two high voltage
electrodes are introduced around the focused of the fundamental and THz
beam (Fig. 1.5a). The voltage bias switches its polarity between the levels of
±1.5 kV at a period of half of the laser repetition rate and the photomultiplier
tube (PMT) reads only the SH intensity filtered from the residual fundamen-
tal laser beam component (Fig. 1.5). The spacing between the electrodes is
roughly 2mm and therefore the amplitude of the bias field EDC is estimated
to be ∼ 15 kV cm−1. When Iω is below the threshold of the plasma formation
(∼ 1014Wcm−2), the SH contribution of the white light Epl2ω in (1.7) is simply
null. However under the presence of the external electric bias the heterodyne
term encountered in Eq. (1.7) can be now found in the more convenient form:

I2ω ∝
(
χ(3)Iω

)2
· (ETHz + EDC)2 ∝(

E2
THz + 2EDCETHz + E2

DC

)
.

(1.8)

The cross term in the square is linearly proportional to the THz field. The
latter can be isolated by setting the lock-in reference signal at half of the laser
repetition rate (Fig. 1.5). As a result, the lock-in signal contains only the
component that is directly proportional to the THz electric field. By sampling
the THz pulse as a function of the delay between the THz and gating laser
pulses, one can acquire the entire THz time waveform. Our THz spectrometer
employs a commercial ABCD detector distributed by Zomega Terahertz Corp.
with the name of ZAP detectora.

ahttp://www.z-thz.com/



i
i

“dangelo_phd_thesis_” — 2016/5/9 — 19:43 — page 13 — #27 i
i

i
i

i
i

1.3 Principles of THz Air Photonics 13

2 ms 
+𝐸𝐷𝐶  

−𝐸𝐷𝐶  

𝐼2𝜔 

𝐸𝑇𝐻𝑧 

PMT 

Filter 
𝐼𝜔 

𝐼𝜔 

𝐼2𝜔 

𝐸𝑇𝐻𝑧 

1 ms 

a) b) 

Figure 1.5. Schematic of ABCD detection. a) The fundamental (red) and THz
beams are focused between two high voltage electrodes and generate SH (blue), the
observable of ABCD (Eq. (1.8)). b) From the top to the bottom: high voltage bias
oscillating between the levels ±EDC at half the frequency of the laser repetition rate;
THz electric transients; sampling laser pulses; SH pulses generated under the positive
and negative half cycles of the external electric bias. The appropriate analysis of the
difference between the two SH signals provides the instantaneous THz field strength
sampled by the fundamental sampling pulse.

Given Iω, ETHz, EDC , the detection efficiency of an ABCD detection system
depends on the magnitude of the third-order nonlinear susceptibility and on the
phase matching conditions between the fundamental and the SH pulses [23]. A
systematic study of the optimization of ABCD detection by varying gas species,
gas pressure, and beam parameters can be found in [23,51,74]. In these studies,
the plane-wave approximation employed to describe the mechanism of ABCD
detection (Eq. (1.8)) must be abandoned in favor of a more rigorous descrip-
tion based on the propagation of Gaussian beams where the Gouy phase shift
experienced by the focused THz beam can play a crucial role [75]. The most
important guidelines emerging from these studies can be summarized by the
following points: (i) for each gas species one can define a figure of merit which
is simply proportional to (χ(3)/∆n)2 under the optimal gas pressure condition,
with ∆n = nω −n2ω. In this regard, it should be noted that the figure of merit
of gas Xenon is an order of magnitude higher than that of air. (ii) The optimal
pressure of a certain gas is proportional to [(zT + d/2)∆n]−1 where zT is the
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14 Principles of THz Air Photonics 1.4

Rayleigh distance of the THz beam and d is the electrodes length. (iii) The
electrodes length d is optimized under the following condition d/2 = zT − 2zR,
where zR is the Rayleigh distance of the probe beam.

To conclude, we observe that in addition to conventional ABCD detection,
a balanced ABCD detection scheme has been recently proposed [76]. The latter
technique has been demonstrated to enhance the signal-to-noise ratio by a factor
of two compared to a conventional ABCD detection system [76].

1.4 Experimental Setup: Transmission and
Reflection Geometry

A picture of our ultra-broadband THz spectrometer based on THz air photonics
is shown in Fig. 1.6a. A Ti:sapphire amplified laser system (Spitfire ACE by
Spectra-Physics) producing ultrashort laser pulses of 40 fs duration at 800 nm
and at 1 kHz repetition rate drives our THz spectrometer. Our THz setup is
specifically designed to work either in reflection (Fig. 1.6b) or in transmission
geometry (Fig. 1.6c). Although the transmission geometry is the most popular,
depending on the sample optical thickness in the THz range (cf. Sec. 3), the
reflection geometry can be mandatory. Some small adjustments are required to
switch from the reflection to the transmission mode as shown in Figs. 1.6b-c.

The 1.8mJ pulse energy available for the THz spectrometer is split into three
parts respectively: 1.1mJ for the THz generation, 0.1mJ for the THz sampling
and 0.6mJ for the sample photoexcitation (pump). For the THz generation by
two-color mixing air plasma, the fundamental laser beam was focused via a lens
with 200mm focal length. A 100 µm-thick β-BBO crystal for the SH genera-
tion is mounted in the beam path of the focusing fundamental laser pulse, at ca.
50mm from the focal position. The lens is mounted on a linear translation stage
which allows for the control of the relative phase between the fundamental and
SH pulse mixing at the focal position as discussed in Sec. 1.2. The appropriate
phase matching condition for the SH generation is achieved by controlling the
azimuthal and zenithal angle of the β-BBO c-axis with respect to the polariza-
tion direction of the fundamental laser beam. The residual optical light after
the plasma filament is blocked by a 1mm-thick high-resistivity (HR) silicon win-
dow. The THz radiation emitted by the plasma filament is collected and focused
onto the sample at normal incidence by a pair of 90° off-axis parabolic mirrors.
The length of the THz generation arm is controlled by a delay line which allows
for ABCD detection. When the spectrometer is in the reflection mode, a HR
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Figure 1.6. a) Ultra-broadband THz setup based on THz air photonics. The THz
spectrometer is designed to work either in b) reflection (R) or in c) transmission (T)
mode. In addition to the THz generation and detection lines, the setup is equipped
with a pump line for optical pump THz probe (OPTP) experiments with an excitation
wavelength of either 800 nm or 400 nm. In the latter case a BBO crystal is employed
for SHG and the optics of the pump line are appropriately repositioned.
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16 Principles of THz Air Photonics 1.5

silicon window is used as a THz beam splitter as shown in Fig. 1.6b. The THz
light reflected back from the sample to the silicon beam splitter is focused into
the ABCD detector by another 90° off-axis parabolic (Fig. 1.6b).

Depending on the spectrometer geometry one has to select the appropriate
path for the THz sampling in the ABCD detector. A flip mirror (Fig. 1.6a)
allows for the selection between the reflection and the transmission paths. It
should be noted that before entering the ABCD detector, the average pulse
energy of the sampling beam is attenuated to ca. 60 µJ. The latter beam is
focused between the high voltage electrodes located inside of the ABCD detector
by a 150mm-focal length lens. When the transmission geometry is chosen, the
THz beam splitter can be removed from the THz path and an additional 90°
off-axis parabolic mirror must be inserted behind the sample position in order to
collect the THz radiation transmitted through the sample. As for the reflection
mode, the transmitted THz radiation is ultimately sent to the last 90° off-
axis parabolic mirror to be focused into the ABCD detector. Simultaneously
the sampling beam is also focused inside of the ABCD detector via another
150mm-focal length lens (Fig. 1.6c).

Our THz spectrometer can perform either static THz spectroscopy
(cf. Chap. 2) or time-resolved THz spectroscopy (cf. Chap. 3 and 4). Only
in the latter case the pump line of the spectrometer is employed for optical
excitation of the sample. The pump energy can be adjusted up to 0.6mJ.
Additionally, we can select the excitation wavelength to be either that of the
fundamental laser beam (800 nm) or its SH (400 nm) by generating SHG in
another β-BBO crystal.

1.5 Demonstration of Capabilities

In the previous section we have provided a description of our THz air-photonics
setup allowing for ultra-broadband time-resolved THz measurements of the di-
electric properties of the materials both in reflection and transmission geometry.
Here we give a demonstration of capabilities of the ultra-broadband THz air-
photonics setup.

Solution-processed films of methylammonium lead iodide perovskite
(MAPbI3) were investigated by means of 400 nm-pump ultra-broadband THz
probe spectroscopy in both geometrical configurations. For these experiments,
the self-referenced acquisition scheme was adopted. In Chap. 3 the reader
will find all the details concerning the experimental technique and the data
analysis of self-referenced transient THz spectroscopy. The MAPbI3 films are
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prepared by following the recipe described in the supplementary information
(S.I.) of [50]. Two distinct perovskite samples were employed for the trans-
mission and reflection THz spectroscopy: in the first case, the sample was
deposited on a high resistivity silicon substrate, in the latter case the sample
was deposited on a fused silica substrate. In recent years methylammonium
lead iodide perovskites have emerged as promising low-cost candidates for
highly efficient active materials in optoelectronic devices, such as solar cells,
because of their solution processability, tunable band gap, defect free nature,
and strong optical absorption [77]. Despite the increasing number of reports
demonstrating more and more efficient MAPbI3-based solar cells [78–81], the
nature and the transport properties of the photo-products have been debated
for a long time [37,77,82,83].

THz spectroscopy offers unique possibilities to explore the intrinsic nature
of the photoconductivity of such a material in a direct, contact-free and phase-
sensitive manner. Previous low THz frequencies measurements (0.3–2.5THz)
have shown a spectrally flat photoconductivity response [84–86]. Additional
spectral information is therefore highly desirable for attributing the THz pho-
toconductivity unambiguously. To this end, ultra-broadband THz spectroscopy
is a natural choice. Ultra-broadband THz transmission spectroscopy was indeed
used in [50] with the aim of integrating the information obtained by using con-
ventional, low-frequency (0–2THz) THz spectroscopy and to unravel the role
of phonon-electron scattering in the photocarrier transport of MAPbI3 per-
ovskites. The sample employed for transmission spectroscopy measurements
was fully characterized by means of X-ray diffraction (XRD), scanning electron
microscopy (SEM) and ultra-violet-visible absorption and photoluminescence
measurements, as reported in the S.I. of [50]. SEM images (cf. S.I. of [50])
showed that the structure of our perovskite films (0.3 µm-thick) consists of
micron-sized crystals of MAPbI3 whereas absorption and luminescence mea-
surements revealed a band gap onset at ca. 775 nm and a broad absorption
peak at around 480 nm.

In figure 1.7a we show the ultra-broadband THz photoconductivity spectrum
measured in our air photonics setup in transmission geometry, as previously re-
ported in [50]. The parts of the spectrum < 6THz and > 11THz were discarded
since the low THz frequencies were contaminated by the Drude-like conductiv-
ity response of the photoexcited silicon substrate and the dynamic range of
the differential signal was rapidly deteriorated at high THz frequencies. The
choice of high resistivity silicon as a substrate material was dictated by two
reasons: (i) silicon is largely transparent in the ultra-broadband THz range
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b) 

a) 

Figure 1.7. Ultra-broadband transient THz conductivity (black points real part, red
points imaginary part) of two distinct MAPbI3 samples under similar experimental
conditions and acquired respectively a) in transmission and b) in reflection geome-
try. Black curves are a) Drud and b) Drude-Smith fittings to the respective measured
photoconductivities. a) The DC conductivity and the scattering time are respec-
tively 5.8× 103 Sm−1 and 2 fs. b) The DC conductivity, the scattering time and the
c parameter are respectively 9.1× 103 Sm−1, 14 fs and c =−0.77. Inset: chemical
structure of MAPbI3 [87]. The methylammonium molecule is located in the center of
the perovskite structure and it is surrounded by lead iodides.
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and (ii) it is compatible with the procedure of the sample preparation. Indeed,
ultra-broadband THz transmission spectroscopy is limited by the poor choice
of transparent materials in the ultra-broadband spectroscopy window. Beside
high resistivity silicon, to the best of our knowledge only TOPAS®, polyethy-
lene, and diamond (cf. Chap. 2) are currently valid candidates as materials for
ultra-broadband THz windows. To avoid the limitations imposed by the sub-
strate material, a valid alternative to the transmission geometry is the reflection
geometry although, as explained in Chap. 3, particular care must be taken in
the data analysis.

Figure 1.7b shows the photoconductivity spectrum of a MAPbI3 sample
obtained with ultra-broadband THz spectroscopy in reflection geometry. Unlike
Fig. 1.7a the use of reflection geometry allows the ultra-broadband THz window
to be fully exploited (Fig. 1.7b). However the results shown in Figs. 1.7a-b are
quite surprising since the photoconductivity spectra of our two MAPbI3 samples
are remarkably different although the excitation conditions (50 µJ at 400 nm
central wavelength) and the pump-probe delay (∼6 ps after the photoexcitation)
in the two measurements were identical [50]. The carrier dynamics of the sample
in Fig. 1.7a can be well described by the Drude model with the free carriers
experiencing high scattering rate, γ = 1/τ with τ ≈ 2 fs. On the contrary,
the Drude model is not even applicable to the conductivity spectrum shown in
Fig. 1.7b because of the negative imaginary component of the conductivity. On
the contrary, the Drude-Smith model approximated to the first order [88] can
describe the experimental data fairly well (Fig. 1.7b). Unlike the Drude model,
in the Drude-Smith picture the carriers velocity does not drop to zero after the
first scattering event but a fraction of the initial velocity is still retained. As a
consequence, the current is inverted before the applied field vanishes. In form,
the Drude-Smith conductivity σ reads:

σ = Ne2τ/meff

1− iωτ

[
1 + c

1− iωτ

]
, (1.9)

whereN is the carrier density, e the electron charge,meff is the effective mass of
the carriers and c is a phenomenological parameter accounting for the memory
effect after the scattering event. It can be shown that c = 〈cos θ〉 where θ is the
average scattering angle [88]. Negative values of c mean carriers preferentially
experience backscattering. It should be noted that when c is zero the Drude-
Smith model reduces to the Drude model.

The origin of the discrepancy between THz photoconductivity measured
in the transmission and in reflection geometry Figs. 1.7a-b is currently under
investigation although we believe that is most likely sample related. A nega-
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tive imaginary conductivity can be originated for different reasons. Since the
MAPbI3 grains are ten-micron sized, backscattering at the grain boundaries can
be ruled out. Carrier localization effects arising from different ordering of the
methylammonium ions might be a more plausible explanation [89]. As a final
remark, we note that the measured scattering rates are very similar in the two
samples (Figs. 1.7a-b) and the appearance of a negative imaginary component
has been reported previously [84].

1.6 Conclusions
In this chapter the principles of THz air photonics were discussed. Two-color
laser mixing in air plasma and air biased coherent detection (ABCD) are re-
spectively the THz generation and THz detection techniques employed in a
typical THz air photonics spectrometer as the one used throughout this thesis.
In Sec. 1.2 the generation of ultrashort THz pulses from air plasma was shown
using the asymmetric transverse photocurrent model [54]. As for the THz gen-
eration, THz air photonics requires an unconventional detection scheme also
employing air as a nonlinear medium. Broadband heterodyne detection of THz
pulses in air can be obtained using ABCD [49], as described in Sec. 1.3. As
gasses show little dispersion and absorption in the optical and THz ranges,
the phase-mismatch limitations imposed by conventional solid-state based THz
emitters and receivers can be overcome with THz air photonics. The bandwidth
of the ultrashort source pulse can be fully converted into the bandwidth of the
THz pulse. As a result, THz frequencies extending to 100THz [24] and peak
field strengths up to 300 kV cm−1 [25] can be reached with THz air photonics.

Our THz air photonics spectrometer was designed to work alternatively in
transmission and reflection geometry, in order to exploit the full bandwidth
of the THz pulse even under unfavorable experimental conditions. A detailed
description of our THz spectrometer was given in Sec. 1.4 and a first demon-
stration of capabilities was shown in Sec. 1.5. There, the transient conductivity
of solution processed MAPbI3 [50] films was measured in the THz air photonics
spectrometer using both geometrical configurations. Farther in this thesis, the
air photonics setup will be applied to some common polymers and GaAs.
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2 Ultra-Broadband THz-TDS
of Common Polymers

2.1 Introduction

THz time-domain spectroscopy (THz-TDS) is a commonly used, phase-sensitive
method to measure the complex-valued dielectric function of materials in the
THz spectral window [4, 90]. This technique is traditionally based on the
nonlinear-optical or photo-conductive conversion of femtosecond laser pulses
into single-cycle THz transients. The detection of the THz waveforms is again
enabled by ultrashort laser pulses, using either electro-optic or photoconduc-
tive sampling [1, 4, 8, 90]. In this way, the effect on the THz pulse propagating
through the material of interest can be measured directly in the time domain.
The analysis in the frequency domain of the measured THz signals provides the
THz frequency-resolved real and imaginary components of the complex-valued
dielectric function or, equivalently, the absorption and refractive index spectra
of the materials of interest.

Due to their ultrashort duration, the THz waveforms used for THz-TDS
contain a relatively broad frequency spectrum. However the typical accessible
spectral window of a traditional THz-TDS system based on nonlinear crystals
or photoconductive antennas is limited to 2–4THz. Most of the bandwidth
contained in the ultrashort laser pulses used for the THz generation is not con-
verted into the actual THz signal due to the material-imposed limitations of the
THz emitters and detectors (Chap. 1). For nonlinear crystal-based systems, for
example, these limitations are due to the THz-range refractive index dispersion
and absorption associated with phonon modes of the nonlinear crystals used in
the THz spectrometer [13,16].

With THz air-photonics [49, 51] the crystal-based limitations of THz-TDS
can be avoided, providing the opportunity for efficient conversion of the full
bandwidth of the ultrashort laser pulse into THz signal. This allows for THz-
TDS in a significantly extended frequency range, up to tens of THz and beyond,
providing important, direct information about the properties of the materials

21
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in this largely unexplored frequency range. THz air-photonics naturally offers
unique opportunities such as direct access to the entire THz spectral range in a
single measurement and high (. 50 fs) temporal resolution in time-resolved THz
spectroscopy. In polymer science ultra-broadband THz-TDS is especially useful
since it allows access to the spectral region where many interesting collective
vibrational modes in macromolecules occur [27,91,92]. At the same time, as the
THz photonics extends to increasingly higher frequencies, the technologically
relevant materials for ultra-broadband THz photonics components, such as low-
loss and non-dispersive dielectrics, must be identified. Among the so-called
“THz materials” many polymers play a primary role. Indeed THz windows,
lenses, waveguides, dielectric mirrors, photonic crystals, etc. are often made of
polymer-based materials [93–95].

In [96] we applied ultra-broadband THz spectroscopy to investigate the
2–15THz-range dielectric properties of common polymers such as low-density
polyethylene (LDPE), cyclic olefin/ethylene copolymer (TOPAS®), polyamide-6
(PA6), and polytetrafluoroethylene (PTFE or Teflon®). In that work, we demon-
strated the application of ultra-broadband THz-TDS based on air-photonics in
both technologically and fundamentally oriented polymer research. In this sec-
tion we represent in detail the results showed in [96].

2.2 THz-TDS in Transmission Geometry

Before presenting the experimental results let us summarize in brief the princi-
ples of THz-TDS. THz-TDS allows for the measurement of the complex-valued
refractive index of the material of interest. The generation and the detection of
ultrashort THz transients by means of THz air-photonics were already treated
in Chap. 1. Fig. 2.1 shows the basic principle of THz-TDS; the separate acqui-
sition of two THz waveforms is required: (i) the THz pulse transmitted through
a reference material with a known refractive index ñref and (ii) the THz pulse
transmitted through the sample having a refractive index ñ which is the re-
quested physical quantity. It is often convenient to use as reference material
simple air so that ñref = nair = 1.

Figure 2.2a provides an example of the measured ultra-broadband THz wave-
forms: the black curve is the reference pulse and the red curve is the sample
pulse, i.e. the pulse after transmission through the sample, a 0.47mm-thick film
of PA6. The reference, THz pulse transmitted through air, has a duration of
less than 50 fs, and its spectrum extends to frequencies of about 20THz, closely
matching the duration and the bandwidth of the laser pulse used for the THz
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Reference 

Sample 

𝑛 𝑟𝑒𝑓 

𝑛  

Figure 2.1. Basic principle of THz-TDS in transmission geometry. Two THz wave-
forms are separately acquired: (top) the THz pulse transmitted through a reference
material with a known refractive index ñref and (bottom) the THz pulse transmitted
through the sample with refractive index ñ which is the physical quantity of interest.
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Figure 2.2. (a) THz pulses generated and detected in our THz air-photonics spec-
trometer and transmitted through air (black) or through a 0.47mm-thick sample of
PA6 (red). The pulses were normalized to the maximum field of the reference. (b)
The corresponding amplitude spectra, obtained from discrete Fourier transforms of
the time domain traces.



i
i

“dangelo_phd_thesis_” — 2016/5/9 — 19:43 — page 24 — #38 i
i

i
i

i
i

24 Ultra-Broadband THz-TDS of Common Polymers 2.2

generation. The THz pulse transmitted through the sample is delayed, reduced
in amplitude, and substantially reshaped with respect to the reference pulse due
to dispersion, reflection, and absorption experienced in the sample. Resonant
absorption lines, related to different polar vibrational modes of PA6, clearly
appear in the amplitude spectra calculated by discrete Fourier transformation
of the time domain signals (Fig. 2.2b).

Most THz spectrometers traditionally operate in transmission geometry
(Fig. 2.1), where the THz pulse interacts with the volume of the material and
the strength of the interaction can be tuned, in principle, by the thickness of the
sample. As a consequence, extremely accurate measurements of the refractive
index can be done for relatively thick samples [97]. For reasonably thin and
moderately absorbing materials, such as our polymer samples, the transmission
configuration is usually preferred (Sec. 1.4). However, due to the presence of
optically active lattice vibrations most materials are also highly absorbing in
the broadband frequency range of our THz air-photonics setup [92, 98]. As a
result, for arbitrarily thick samples, the transmission geometry might not al-
ways be the optimal choice for ultra-broadband THz spectroscopy. A reflection
geometry must be therefore adopted (Chap. 3). As the interaction takes place
mainly on the surface of the sample, the interaction strength between the sam-
ple and the THz pulse is inherently low in reflection geometry. Yet to date this
configuration has only been rarely employed [36, 99–103], as such a geometry
poses additional challenges as described in more detail in Chap. 3.

Let us return to THz-TDS in transmission geometry. In frequency domain
the transmission function T at THz frequencies f , through a sample of thickness
d and refractive index ñ = n+ iκ can be written as follows [104]:

T (f) = Es(f)
Er(f) = 4nairñ

(nair + ñ)2 · exp
[
−i (ñ− nair)

2πfd
c

]
· FP (f), (2.1)

where Er and Es are respectively the reference and sample Fourier-transformed
THz fields and FP is the Fabry-Perot term, which accounts for multiple internal
reflections of the THz pulse within the sample, namely:

FP (f) =
N−1∑
m=0

{(
ñ− nair
ñ+ nair

)2
· exp

[
−2iñ2πfd

c

]}m
. (2.2)

The sum in Eq. (2.2) runs over the number of the total transmitted pulses
N recorded in the time window of the experiment. The inclusion of multiple
reflections in the data processing increases the accuracy of data analysis espe-
cially in the case of thin films [104]. For example, the main transmitted THz
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pulse through the PTFE sample (30µm-thick) was the result of interference of
multiple internal echoes. In the case of thick and highly transparent samples
like LDPE and TOPAS® (respectively 0.51mm and 0.25mm-thick) the mul-
tiple internal reflections were clearly distinguishable in the time-domain data
(not shown). The time delay between the main pulse and the first echo was
5.18 ps and 2.54 ps for LDPE and TOPAS® samples, respectively. The chosen
scanning time window was selected so that the etalon was not included (4 ps
and 4.5 ps long scans for LDPE and TOPAS®, respectively). For the 0.47mm
thick sample of PA6 (Fig. 2.2), only the transmission of the main pulse was
detectable above the noise level since this material was highly absorbing. The
frequency resolution of our measurements is given roughly by the inverse of
the time window (∼ 250GHz). Using Eqs. (2.1) and (2.2) for each sample we
derived the real and the imaginary refractive index spectra, respectively n(f)
and κ(f) = α(f)c/4πf , where α(f) is the power absorption coefficient of the
material, and the complex dielectric function ε̃(f) = ñ(f)2.

All our measurements were performed at room temperature, and the THz
beam path was purged with dry nitrogen to eliminate the THz absorption by
water vapor. The acquisitions of THz waveforms were repeated a sufficient
number of times to improve the signal-to-noise ratio. From the individual sets
of spectra, we could estimate the complex refractive index and its error (data
shown in the next section) as the standard deviation of the mean for each set
of measurements. Depending on the dynamic range of the measurement, the
frequency-dependent maximal measurable absorption coefficient αmax(f) can
be calculated as described in [105]. This quantity marks the limit of reliability
in the determination of the optical constants of the material of interest, with
the reliability criterion being α(f) < αmax(f). In the measured spectra shown
in the next sections, the spectral areas not satisfying the above criterion will be
marked with gray bars.

2.3 Experimental Results and Discussion

In this section we demonstrate our experimental results. The first part
(Sec. 2.3.1) is dedicated to such materials as LDPE and TOPAS®, which were
found to have negligible dispersion and absorption all across the frequency range
2–15THz, making them technologically relevant for ultra-broadband THz pho-
tonics applications.

Feature-rich spectra of materials like PA6 and PTFE are discussed in
Sec. 2.3.2. By referring to previous studies, we identified the most prominent
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spectral features and, where possible, we assigned them to their molecular ori-
gin. We note here that the physical properties of these polymeric compounds
may vary depending on the exact manufacturing and specifications. Never-
theless, as shown in this section the results of our spectroscopy are in general
agreement with previous measurements using FTIR spectroscopy or conven-
tional low-bandwidth THz-TDS.

A summary of our measurements is given in Table 2.1. Here we report the
minimum and maximum values assumed by the refractive index in the spec-
tral window, the central frequencies of the resonant modes, the measured ab-

Table 2.1. Spectral features of different polymeric compounds in the 2–15THz range:
minimum and maximum values of the refractive index, central frequencies of the ab-
sorption peaks f0, peak values of the absorption coefficient, molecular assignment of
the resonant absorption modes as reported in the literature.

Poly-
mer

nmin nmax f0 α(f0) Molecular Reference

[THz] [cm−1] origin

LDPE 1.523 1.526 2.1 1.6(8) LM [27,106,107]
2.8 2.1(7) LM
16.3∗ - -

TOPAS® 1.522 1.525 15∗ - - [27, 108]
PTFE 1.312 1.755 1.5∗ - LM [109–112]

6.1 5(1)× 102 CF2 (t)
15.5∗ - CF2

(r/w)
16.5∗ - CF2

(r/w)
PA6 1.587 1.817 3.1-

3.4
2.2(2)× 102 HB [113–116]

6.6 1.31(4)× 102 SV
8.82∗ - SV
9.51∗ - SV
13.4 2.2(3)× 102 SV
15.69∗ - SV
17.37∗ - SV

∗Literature values for resonant frequencies located outside the reliable spectral window.
LM Lattice Mode; HB Hydrogen Bond; SV Skeletal Vibration; t twisting; r rocking;w wagging.
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sorption coefficient at the resonant frequency, and their molecular assignment
according to the literature. At the end of Sec. 2.3.2 it will be shown that the
ultra-broadband THz dielectric functions of PTFE and PA6 can be successfully
reproduced using the multiple-Lorentzian model. This provides a more quan-
titative insight into the microscopic mechanisms underlying the THz dielectric
properties of such compounds.

2.3.1 LDPE and TOPAS®

Low-density polyethylene (LDPE) is a non-polar olefin polymer commonly
found in everyday life as plastic wraps. The structure of polyethylene (PE)
is formed by both crystalline and amorphous domains of CH2 chains. The
grade of crystallinity and the percentage of branching mark the substantial dis-
tinction between the two most common types of PE: high- and low-density PE,
respectively HDPE and LDPE. Our sample of LDPE is a semi-transparent
film prepared by compression molding from pellets of PE distributed by Micro
Powders Inc.

In Fig. 2.3 the measured refractive index, the absorption spectra and
complex-valued dielectric function of LDPE are shown. The refractive index
is largely constant across the whole spectral range, with an average value of
1.524(2). The absorption was found to be negligibly small across the entire spec-
troscopy window. The slow rise of the index and absorption spectra at higher
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Figure 2.3. LDPE: (a) Real (green) and imaginary (magenta) part of the dielectric
function. (b) Absorption coefficient (red-left ordinate axis) and refractive index (blue-
right ordinate axis). Dashed black line is the maximum absorption that can be reliably
measured by our spectrometer (left ordinate axis). Grey areas mark spectral regions
beyond the reliability limits determined by the magnitude of the absorption coefficient.
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Figure 2.4. TOPAS®: (a) Real (green) and imaginary (magenta) part of the dielectric
function. (b) Absorption coefficient (red-left ordinate axis) and refractive index (blue-
right ordinate axis). Dashed black line is the maximum absorption that can be reliably
measured by our spectrometer (left ordinate axis). Grey areas mark spectral regions
beyond the reliability limits determined by the magnitude of the absorption coefficient.

THz frequencies can be attributed to the tail of the 16.3THz band reported
in [106]. At low frequencies the only exceptions to the otherwise featureless be-
havior are represented by the very weak and broad bands centered at 2.1THz
and 3.2THz, reported previously and attributed to translational lattice modes,
respectively along the b and a axis of the unit cell [27,107] (Fig. 2.3). The faint
and broad features shown by LDPE are good indicators of a low crystallinity
grade as well as lattice disorder and pronounced branching.

Our TOPAS® sample (cyclic olefin/ethylene copolymer) was a thin trans-
parent film purchased from Topas Advanced Polymers. The measured ultra-
broadband THz spectra of TOPAS® are shown in Fig. 2.4. Low dispersion and
negligible absorption are again the dominant features in the entire frequency
range up to about 14THz. The average index 1.523(2) is also very similar to
that of LDPE. The absorption coefficient and the refractive index somewhat
increase at higher frequencies (>12 THz) probably because of the presence of
an absorption band centered around 15THz as mentioned in [108]. Similar
to LDPE, the low dispersion and absorption in TOPAS® are mostly due to a
weak crystalline structure and to the absence of polar bonds in the polymer
chain [27]. The properties shown by LDPE and TOPAS® are particularly at-
tractive for ultra-broadband THz photonic applications. These compounds are
usually employed for low-THz frequencies components (e.g. lenses and windows);
our studies demonstrate that the same materials, and hence exact same optical
components, can be used at frequencies up to 14–15THz equally successfully.



i
i

“dangelo_phd_thesis_” — 2016/5/9 — 19:43 — page 29 — #43 i
i

i
i

i
i

2.3 Ultra-Broadband THz-TDS of Common Polymers 29

2.3.2 PTFE and PA6

In contrast to the above materials, polytetrafluoroethylene (PTFE) and espe-
cially polyamide-6 (PA6) show significant dispersion and absorption features in
the range 2-15 THz (Figs. 2.5 and 2.6). A common commercial sheet of PTFE
was used as sample. PTFE is constituted by chains of CF2 forming amorphous
and partially ordered crystalline domains which are called spherulites, because
of their spherical shape. Despite the apparent simplicity of the CF2 chain which
may seem similar to that of PE, the presence of polar bonds along the backbone
chain and its helical structure make the physical properties of this material very
different from those of PE. The spectral assignment and the crystalline structure
of PTFE (existing in at least three different phases in the temperature range
273–313K at ambient pressure) has been discussed extensively [110–112,117].

Points in Fig. 2.5 show the measured THz spectra of PTFE in the 2–15THz
range. The quite isolated feature at a frequency of 6.1THz is assigned to the
CF2 twisting mode [110,112]. At low frequencies (2–4THz), a rather spectrally
flat refractive index and negligible absorption losses are found. The weak and
broad 1.5THz band (which is below the frequency range of our experiment)
originates from different lattice modes distinguishable only at low tempera-
tures, and here apparent from the faint anomalous dispersion at 2–3THz [110].
A similar weakly dispersive behavior is also registered in the range 7–13THz. In
this region, several weak absorption features have been previously reported in
the literature [92,109,110], which are however not clearly distinguishable in our
measurements. At the highest frequencies of our spectral range above 14THz,
the onset of a strong absorption peak is observed. This is consistent with re-
sults of infrared spectroscopy, in which bands located at 15.5THz and 16.5THz
were found. The assignment of these bands is not completely uniform in the
literature: CF2 rocking or wagging modes are both supported by theoretical
calculations [110,112].

The last material described in this paper is PA6, also known as Nylon 6.
This polymer is commonly used in the production of goods requiring high-stress
resistance like ropes, clothes or strings for musical instruments. In this material
a complicated dispersive behavior and many pronounced absorption features are
found in the 2–15THz range. The refractive index and the absorption spectra
of PA6 are shown by the points of Fig. 2.6. The strong absorption peak centered
around 3.2THz has been reported previously and attributed to the translational
motion of amide groups in the direction of inter-chain hydrogen bonds [116].

As shown by Fig. 2.6b the 8.6–9.6THz region is characterized by a very
strong absorption reaching values > αmax which marks the reliability limit of
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Figure 2.5. PTFE (Teflon®): (a) Real (green) and imaginary (magenta) part of the
dielectric function. Black lines are fits based on two Lorentzian resonant modes. (b)
Absorption coefficient (red-left ordinate axis) and refractive index (blue-right ordinate
axis). Black lines are the re-calculated index and absorption coefficient. Dashed black
line is the maximum absorption that can be reliably measured by our spectrometer
(left ordinate axis). Grey areas mark spectral regions beyond the reliability limits
determined by the magnitude of the absorption coefficient.

our measurements. In principle, the number of absorption bands (one or perhaps
more) at these frequencies cannot be inferred reliably taking into account only
the absorption spectrum in this spectral vicinity. However, the rather abrupt
change in the slope of the refractive index found in this spectral range suggests
the presence of two resonant modes, in good agreement with the reports of FTIR
measurements for this frequency range [113, 114]. These two peaks centered at
8.82THz and 9.51THz are fingerprints of the two different structures of PA6:
respectively the α-PA6 with the CONH group coplanar to the methylene groups
planes and the γ-PA6 which has the CONH group perpendicular to those planes.
Usually, both forms are present in different degrees of disorder, as reported
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Figure 2.6. PA6: (a) Real (green) and imaginary (magenta) part of the dielectric
function. Black lines are fits based on six Lorentzian modes. (b) Absorption coefficient
(red-left ordinate axis) and refractive index (blue-right ordinate axis). Black solid
lines are the re-calculated index and absorption coefficient. Dashed black line is the
maximum absorption that can be reliably measured by our spectrometer (left ordinate
axis). Grey areas mark spectral regions beyond the reliability limits determined by
the magnitude of the absorption coefficient.

in [114, 115]. The presence of the α-form in our PA6 sample is substantiated
by the pronounced shoulder at 6.63THz [114, 115] which has been previously
attributed to a torsional vibration mode of the methylene chain [113].

At even higher frequencies one can identify the band centered at 13.4THz
(Fig. 2.6b). This band has been reported previously, having been assigned
to the bending of the CH2 chain coupled with the in-plane bending of the
C––O group [113]. Further, infrared-active vibrational modes are expected be-
yond our frequency window, such as the bands centered around 15.69THz and
17.37THz [113]. The presence of these bands is likely the reason of the index
rise observed at frequencies above 14THz.

The measured dielectric function of PTFE and PA6 in the 2–15THz range
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can be well reproduced by the Lorentz oscillator model [118], as shown by the
black lines in Figs. 2.5 and 2.6. In this model the complex-valued dielectric func-
tion of a material affected by N infrared-active vibrational modes is described
by the following equation:

ε̃ = ε∞ +
N∑
j=1

Ω2
j

ω2
0j − ω2 − iγjω

, (2.3)

where ε∞ is the permittivity in the high-frequency limit and, Ωj , f0j = ω0j/2π
and γj are respectively the oscillator strength, the resonance THz frequency
and the damping constant of the j-th resonant mode. The dielectric function
of PTFE could be well reproduced using two resonances while six resonances
describe the dielectric function of PA6 (black solid lines in Figs. 2.5a and 2.6a).

The agreement between this simple model and the experimental data is ex-
cellent, in good agreement with the notion that the 2–15THz response of these
materials is dominated by resonant processes. The fit parameters for the dielec-
tric functions of PTFE and PA6 are summarized in Tab. 2.2. For the highest-
frequency modes with the resonance frequencies outside of our frequency window
2–15THz, the mode parameters were estimated from the observed shoulders of
these spectral lines (15.5THz mode in the case of PTFE, and 15.69THz mode
for PA6, respectively). In Figs. 2.5b and 2.6b the refractive index and absorp-
tion spectra for PTFE and PA6 are shown along with the fits corresponding to
the above dielectric functions.

As a final remark, we note that the strong far-infrared absorption modes

Table 2.2. Lorentzian fit parameters for the dielectric functions of PTFE and PA6.

Polymer ε∞ ω0j/2π Ω0j/2π γj

[THz] [THz] [THz]

PTFE 1.84 6.1 0.6 0.2
15.5∗ 16.7 0.3

PA6 2.63 3.2 4.4 2.5
6.45 1.6 2.5
8.82∗ 0.5 0.5
13.3 0.1 0.3
15.69∗ 6.8 5.3

∗Constrained parameters applied to the bands outside the
reliable spectral window.
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both for PTFE and PA6 will probably prevent their ultra-broadband THz pho-
tonics applications. However, the use of PTFE for applications in the narrower
spectral bands below 4THz and in the 9–11THz range is still possible, given
their spectrally-flat refractive index and negligible absorption at these frequen-
cies.

2.4 Conclusions
In this chapter, we have presented the ultra-broadband THz spectroscopy of sev-
eral common polymers in the frequency range reaching 15THz. We have charac-
terized the refractive index and absorption spectra of low-density polyethylene
(LDPE), cyclic olefin/ethylene copolymer (TOPAS®), polyamide-6 (PA6), and
polytetrafluoroethylene (PTFE). It was found that LDPE and TOPAS® have
spectrally-flat refractive index and negligible absorption in the range 2–15THz,
making them very suitable as ultra-broadband THz photonics materials. In par-
ticular, this indicates that components such as windows and lenses, originally
manufactured for the traditional low-THz range < 4THz can also be employed
for frequencies up to 15THz.

PA6 and PTFE were found to have several resonant absorption modes in
the range 2–15THz, which were assigned, where possible, to specific molecu-
lar vibrational modes. A multiple-Lorentzian model was successfully applied
to describe the measured dielectric function of PTFE and PA6 in the whole
ultra-broadband THz range 2–15THz. Our studies confirm the very high po-
tential of air-photonics-based THz-TDS as a powerful analytic tool in materials
science, allowing the spectroscopy in the range that is difficult to access us-
ing either conventional low-THz range THz-TDS or Fourier-transform infrared
spectroscopy.
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3 Self-Referenced
Ultra-Broadband TRTS

3.1 Introduction

Many reports exist to date on THz generation using dual-color laser-induced air
plasma, and on THz detection using air-biased coherent-detection (ABCD) [43,
49,51,54,55,64,119]. Yet, the implementation of THz air-photonics in accurate
ultra-broadband THz spectroscopy of materials has remained challenging, and
only a limited number of reports exist on that subject [36, 96, 98, 103, 108].
While THz air-photonics offers unique possibilities such as direct access to the
entire THz spectral range in a single measurement and very high (e.g. sub-
50 fs) temporal resolution in transient THz spectroscopy, at the same time it
poses new challenges, directly stemming from the ultra-wide THz bandwidth
available.

As discussed in Chap. 2, most THz spectrometers traditionally operate in
transmission configuration, where the THz pulses interact with the volume of
the material of interest. However, in many practical cases, such as for arbitrary-
thick samples, the transmission geometry cannot be implemented in a straight-
forward manner in the case of ultra-broadband THz spectroscopy. The reason
is that most materials are often opaque in some spectral region contained in the
broadband range (ca. 2–15THz) due to the presence of optically active lattice
vibrations (phonons, see e.g. Chap. 2.3.2). Since most of the THz radiation
is absorbed in the material, the interaction of the THz field with the material
cannot be quantified, and the advantage of the ultra-broad bandwidth of the
air-photonics THz pulse is thus lost. In turn, the reflection geometry becomes
a natural choice, as it allows one to utilize the full bandwidth of the THz pulse
in the spectroscopy experiment. Yet the reflection geometry has been used very
rarely, to date [36, 99–103], as such a configuration poses additional challenges
as described in [120]. The purpose of this chapter is to provide explicit guide-
lines for ultra-broadband transient THz spectroscopy with THz air-photonics
in reflection geometry.

35
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In Sec. 3.3 a self-referenced technique for transient THz spectroscopy and
specifically tailored for ultra-broadband THz air-photonics is presented. This
self-referenced data acquisition method takes direct advantage of the very na-
ture of ABCD detection and it minimizes the phase error naturally affecting the
high-frequency components of the THz pulse (Sec. 3.2). In Sec. 3.4 we demon-
strate that commonly used approximations in THz data analysis, such as that
of a homogeneously excited film, are not appropriate for the correct retrieval
of the optical properties from the reflectance spectra in ultra-broadband THz
spectroscopy. We explore the limitations of these popular approximations. For
the weak signal limit, we derive an analytical expression for conversion of the
measured transient THz reflectance into the complex-valued THz conductiv-
ity spectrum of the sample which is the quantity of interest. Our theoretical
findings are experimentally tested and verified by performing ultra-broadband
TRTS of a thick semi-insulating GaAs wafer which exhibits a strong phonon
absorption band around 8THz [121] (Sec. 3.6). Additionally, the sensitivity to
experimental errors is discussed (Sec. 3.5).

3.2 Phase Error

Unlike transmission THz spectroscopy (Chap. 2), in reflection THz spectroscopy
the interaction between the THz pulse and the sample takes place mainly on the
surface of the sample, therefore, the interaction strength is inherently low. As
a consequence, both changes in amplitude and phase of the reflected THz pulse
are small, and the retrieval of optical properties from reflection experiments is
very sensitive to accurate measurements of the reflectivity phase, as pointed

𝐸𝑒 𝐸0 

𝐸𝑖𝑛𝑐 𝐸𝑖𝑛𝑐  
𝐸𝑝𝑢𝑚𝑝 

Unexcited Excited 

Figure 3.1. Basic principle of a TRTS in reflection geometry. The reflected THz
pulses are acquired when the sample is not photo-excited (left) and when the sample
is photo-excited (right).
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out already long time ago for steady-state measurements [99,101,122,123]; spe-
cial precautions must be therefore taken to eliminate possible sources of phase
errors [122].

In THz-TDS phase errors originate primarily from the displacement of the
sample relative to the reference material when one is physically replaced by
the other in the THz spectrometer. In transient THz spectroscopy (Fig. 3.1),
i.e. in a pump-probe experiment, the data from the reference and the sample
are acquired, respectively, from the THz reflected from the unexcited and the
excited sample. When the sample is not replaced by any other reference material
as in time-resolved THz spectroscopy (TRTS), the main source of phase error
affecting is mostly related to a possible long-term drift or jitter of the time-offset
between the THz and gating optical branches. If the photo-induced change in
reflectance is small relative to the steady-state reflectance, the relative change
in reflectance can be related to the transient conductivity in a straightforward
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Figure 3.2. Illustration of the influence of the phase error on the conductivity re-
trieved from transient reflectance. Black lines: model conductivity used to calculate
transient reflectance spectra. Red lines: conductivity retrieved from the transient
reflectance containing an artificial phase shift corresponding to ±1µm change in the
optical path length between the THz reflected from the excited and unexcited sample.
The minor micron-sized drift in the optical path can easily lead to wrong assignment
of the conductivity mechanisms: the originally dispersion-free conductivity appears as
a Drude response when a positive phase shift is artificially introduced, or it exhibits
a signature of localization (negative imaginary part) when a negative phase shift is
artificially introduced.
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manner. The latter can be directly measured by using a lock-in amplifier which
allows for the measurement of small transient reflectance signals (< 1%) given
by the difference between the THz reflected from the excited and unexcited
sample. The reference and the differential THz signals (difference between the
THz interacting with the unexcited and excited sample) are typically acquired
in two distinct scans that can be separated by several minutes or even hours.

We note that a time offset τ as small as 3 fs (which corresponds to only
1 µm change in the optical path length) can significantly influence the inferred
material response already for the frequencies around 1THz [122]. Since the
corresponding phase shift φ = 2πντ is proportional to the probing frequency
ν, the determination of the optical properties from reflection measurements at
frequencies ≥ 10THz critically requires the elimination of any possible source
of the displacement between the THz and gating optical branches in the experi-
ment. Figure 3.2 shows the difference between the real and inferred conductivity
responses for ±1 µm change in the optical path length between the THz reflected
respectively from the unexcited and from the excited sample. We note that sim-
ilar effects also apply to the acquisition of transmission spectra of thin samples
for which the sensitivity to the phase error may be comparable [124].

3.3 Self-Referenced THz Spectroscopy with
ABCD

In order to improve the phase stability in transient THz spectroscopy, and to
suppress artifacts due to long-term changes in the THz signal such as, for in-
stance, drifts of the relative delay between THz and gating pulses in optical
pump-THz probe measurements (OPTP), Iwaszczuk et al. [125] proposed a
self-referenced data acquisition scheme based on the double-modulation of both
the optical pump and the THz probe using a dual-blade optical chopper. This
experimental procedure ensures that both the reference and the differential sig-
nals are acquired simultaneously in one single scan, instead of comparing two
consecutive acquisitions separated by minutes or even hours.

As changes of the optical paths due to thermal-mechanical instabilities or
laser power and pulse shape drifts occur on a time scale of several minutes or
hours in lab time, the effects of these instabilities are drastically reduced if the
differential and reference THz signals are acquired in one single scan. This
method was specifically conceived for electro-optic sampling [13, 126] which
directly detects a signal linear in the THz electric field. This scheme, how-
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Figure 3.3. Experimental setup for ultra-broadband self-referenced THz reflection
spectroscopy based on THz air-photonics.

ever, cannot be straightforwardly applied to the THz air-photonics detection
using ABCD [51], since obtaining a signal proportional to the THz field from
ABCD would require an additional modulation step in the detection path. The
methodology of our self-referenced THz spectroscopy is also based on the double-
modulation approach. The first modulation channel at the frequency of f/3 is
provided by an optical chopper transmitting every third pump pulse (Fig. 3.3).

The second modulation channel is provided by the ABCD detection unit
itself: the modulation is achieved by switching the high voltage bias in the
ABCD detector unit, which is supplied by a square wave oscillating between
V = ±1.6 kV, at the frequency of f/2. In the presence of the electric field
(bias plus THz electric field), a second-harmonic (SH) component of the near-
infrared gating pulse is generated and measured using a photo-multiplier tube
(Fig. 3.3). A dual-harmonic lock-in amplifier (AMETEK 7270) permits the si-
multaneous acquisition of the photo-multiplier tube (PMT) output signal at two
harmonic frequencies: at the frequency of f/6, which becomes the fundamental
modulation frequency in this measurement as explained below, and at its third
harmonic f/2. We show below that these two modulation steps are sufficient to
extract a signal that is linear in the THz field, although the SH generation is a
χ(3) process which is quadratic in the total applied field [51]. We note that this
detection method is intrinsically different from the more conventional electro-
optic sampling, which directly provides a signal linear in the THz field [126].
Under the experimental conditions shown in Fig. 3.4a-b, the intensities of the
second harmonic can be written as:
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Figure 3.4. Self-referenced acquisition scheme for ABCD detection. a) THz and
pump pulses impinging on the sample. b) From the top to the bottom: High-voltage
electric bias; THz pulse reflected from the excited (red) and unexcited (black) sample;
incident gating pulses (red); second harmonic pulses (blue) in the ABCD detection.
Couples of twin-signals (dashed/solid lines of the same color) are circled in red and
green for the THz pulse reflected from the excited and unexcited sample respectively.
c) Signals detected in the lock-in amplifier when the reference frequencies are respec-
tively f/6 and f/2. Twin-signals (dashed/solid lines of the same color) are 180° out
of phase and their vector sum is linearly proportional to the THz field (Eq. 3.2).

I±0,e ∝
∣∣∣χ(3)Iω (E0,e ± Ebias)

∣∣∣2 (3.1)

where χ(3) is the third-order non-linear susceptibility of air and Iω is the near
infrared gating pulse intensity (cf. Sec. 1.3.2).

The subscripts and superscripts in Eq. (3.1) are used to describe the four
possible SH intensities which are marked with the distinct colored circles in
Fig. 3.4b. During one period of the fundamental frequency f/6 we encounter
four different signals (I+

0 , I
+
e , I

−
0 , I

−
e ): the THz pulse probes either the unexcited

sample E0 (green) or the excited sample Ee (red); and this is combined with
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either of the two high voltage bias polarities at ABCD unit, a positive +Ebias
(dashed red/green) or negative polarity (solid red/green). In the following we
refer to the signals generated from the same THz field but under opposite ABCD
bias, as twin-signals. Namely, (I+

0 , I
−
0 ) and (I+

e , I
−
e ) are the two pairs of twin-

signals, which can be recognized in Fig. 3.4b by the pairs of circles with the
same color but different line styles.

A quick inspection of Eq. (3.1) reveals that the SH intensities contain not
only the heterodyne signal (simply proportional to the THz field) but also an
offset and a term quadratic in the THz field. The two latter spurious components
can be eliminated using appropriate lock-in detection, which is the core of our
self-referenced acquisition scheme (Fig. 3.4b-c). The input signal of the dual
harmonic lock-in amplifier is formed by the vectorial sum of six phase-shifted
components repeated with the fundamental frequency of f/6 (Fig. 3.4c). From
simple algebraic considerations we find that the heterodyne detection signals
corresponding to the THz fields can be obtained by summing the twin-signals
in the mutual phase opposition:

E0,e ∝
(
I+
0,e − I

−
0,e
)
. (3.2)

When the lock-in reference is set to f/6, the input signal can be decom-
posed into three couples of twin-signals satisfying Eq. (3.2) where each couple
contributes by one-third to the overall signal. This relation is illustrated in
Fig. 3.4c by the pairs of opposite vectors colored with two different shades of
red and green, respectively, for the THz pulse reflected from the unexcited and
excited sample. The couple in red gives rise to the heterodyne signal propor-
tional to Ee and the sum of those in green is proportional to E0. The overall
signal at f/6 is proportional to the differential THz waveform:

Sf/6 = k
[(
I+
e − I−e

)
− 0.5

(
I+
0 − I

−
0
)
− 0.5

(
I+
0 − I

−
0
)]
∝ (Ee − E0) . (3.3)

where k is a factor determined by the PMT and the lock-in amplifier instru-
ments. To achieve self-referenced detection, the pure reference signal must be
also acquired from an independent linear combination of E0 and Ee. The lat-
ter can be obtained by demodulating the signal at f/2. As shown in Fig. 3.4c
the input signal at f/2 can be decomposed into three couples of in-phase twin
signals yielding:

Sf/2 = k
[
2
(
I+
0 − I

−
0
)

+
(
I+
e − I−e

)]
∝ (2E0 + Ee) . (3.4)

The reference THz signal E0 can be then easily reconstructed from Eqs. (3.3)
and (3.4). The noise of the THz signal from the unexcited sample and that of
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the THz signal from the excited sample are partially correlated because of their
simultaneous acquisition. As a result, the noise affecting the differential signal
Sf/6 is lower relative to that in the signals originating from separate acquisitions
E0 and Ee.

To provide an experimental proof of our self-referenced spectroscopy method,
we have characterized an undoped 0.33mm thick GaAs wafer photo-excited at
800 nm at room temperature. GaAs is an archetypical ionic semiconductor,
widely used in electronics, with a direct bandgap of 1.4 eV and a Drude-like
photoconductivity response [127–129]. To illustrate the operation of our de-
modulation method, we performed a 1D-pump scan with the THz delay line
fixed at the peak value of the THz probe signal, and the optical pump being
time-delayed (Fig. 3.5). For negative pump-probe delays, the average differen-
tial signal Sf/6 is zero since there is no photo-induced change in the response
function of the sample. Immediately after photo-excitation, the reconstructed
THz peak amplitude reflected from the excited sample Ee rapidly rises to its
maximum value, as the GaAs reflectivity increases in amplitude due to the
presence of free carriers (the GaAs becomes slight more metallic), and then
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Figure 3.5. Self-referenced acquisition of a 1D pump-probe scan at the peak of the
THz field for a GaAs wafer excited at 800 nm with a pump fluence of 0.35mJ cm−2.
Lines in black and red are the simultaneously acquired signals Sf/6 and Sf/2 respec-
tively. Lines in blue and magenta are respectively the reconstructed THz signals
from the unexcited and excited sample obtained by using Eqs. (3.3) and (3.4). The
quantity of interest is the relative differential reflectance (cf. next section) given by
3Sf/6/(Sf/2 − Sf/6).
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it slowly returns to the equilibrium level as the differential signal approaches
zero. At the same time, the reconstructed reference signal E0, corresponding
to the THz pulse reflected from the unexcited sample, does not change upon
photo-excitation for all pump-probe delays, in perfect agreement with the ex-
pectations.

As a result, the demonstrated double-modulation technique, using a simple
chopper for optical pump modulation and a natural bias-switching sequence in
the ABCD unit for THz detection modulation, allows one to simultaneously
acquire the THz signals reflected from the unexcited and the photo-excited
samples.

3.4 Analysis of Transient Reflectance Spec-
tra

In this section we concentrate on the analysis of transient reflectance spectrum
in the frequency domain. We assume a thick bulk sample, such that all multiple
internal reflections of a probing THz pulse can be simply separated by the
temporal windowing. One face of the sample is optically excited and all the
pump pulse energy is absorbed within the sample (i.e. excitation density at
the sample output face vanishes). Note that in our analysis we do not impose
the approximation that the photoexcited layer is thin compared to the THz
wavelength. In reflection geometry the principal measurable quantity is the
complex transient reflectance spectrum:

∆r
r0
≡ Ee − E0

E0
, (3.5)

where r0 = (1−n0)/(1 +n0) is the sample reflectivity without photo-excitation
and n0 is the complex refractive index of the unexcited sample, at THz frequen-
cies.

In order to calculate ∆r induced by the photo-excitation, one should solve
the wave equation with a prescribed depth profile of the transient conductivity
∆σ(z). This can be done analytically in the limit of the small signal (∆r �
r0). This calculation yields a general expression valid for any sample thickness
and any conductivity profile ∆σ(z) as shown by P. Kužel in the appendix of
Ref. [120]. In this thesis, that calculus is also reported in the Appendix. In the
case of a bulk sample, where multiple internal reflections can be removed, the
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general expression (Eq. (A.8)) can be simplified to:

∆r
r0
≈ 2Z0

n2
0 − 1 ·

∫ L

0
∆σ(z) exp

[
2iωn0z

c

]
dz, (3.6)

where Z0 is the wave impedance of vacuum, L is the sample thickness, and c is
the speed of light in vacuum. It should be noted that in an analogous formula
for the transmission geometry [130], the exponential term in Eq. (3.6) is absent
in the argument of the integral. In other words, in the limit of small signal
the measured differential transmittance ∆t/t0 is simply proportional to the
transient sheet conductivity ∆Σ, independently of the particular depth profile
of the excitation density:

∆t
t0
∝ ∆Σ ≡

∫ L

0
∆σ(z)dz. (3.7)

The difference between Eqs. (3.6) and (3.7) is very important and, conse-
quently, the analysis of transient transmission and reflection signals must be
also different. In the transmission geometry, all the charges contribute to the
differential signal in phase, which means that their spatial distribution in the z
direction does not play any role if their response to the THz field is linear. By
contrast, in the reflection geometry the contributions to the total reflectance
given by the transient conductivity of each infinitesimal layer in the photoex-
cited region are mutually dephased (Eq. (3.6)). This represents an intrinsic
complication: inappropriate analysis of the data may generate an additional
phase error. The reflectance is strongly sensitive to the particular profile of the
excitation density.

The profile of the excitation density may acquire various forms; the most
common case (that of e.g. photoexcited homogeneous semiconductors) is
an exponential excitation profile given by the Lambert-Beer absorption law
(Fig. 3.6a):

∆σ(z) = ∆σs exp [−αz] . (3.8)

In this case Eq. (3.6) yields:

∆r
r0

= 2Z0

n2
0 − 1 ·

∆σs
α
·

1

1−
2iωn0

αc

, (3.9)

where α is the linear optical absorption coefficient (αL � 1) and ∆σs is the
photoconductivity at the surface of the slab. It should be noted that the tran-
sient reflectance expressed by Eq. (3.6) assumes an analogous form to Eq. (3.7)
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only when the thickness d = 1/α of the photoexcited part of the sample is
much smaller than the shortest wavelength of the broadband THz radiation
(2ωn0d/c � 1), in the so-called thin-film approximation (TFA), as shown in
Fig. 3.6b:

∆r
r0
≈ 2Z0

n2
0 − 1 ·∆Σ, (3.10)

where ∆Σ = ∆σs/α in the case of the exponential excitation profile (Eq. (3.9)).
In many theoretical models, a step-like excitation approximation (SEA) is

also used (Fig. 3.6c). In this approximation, the spatial dependence of the pho-
toexcited layer is neglected and a homogeneous conductive layer with thickness
1/α is considered. The transient reflectance in Eq. (3.6) then reads:

∆r
r0
≈ 2Z0

n2
0 − 1 ·

∆σs
α
·

exp
[

2iωn0

αc

]
− 1

2iωn0

αc

. (3.11)

In a truly thin-film excitation limit both Eq. (3.9) and Eq. (3.11) reduce to the
same form (Eq. (3.10)). For thicker excited layers, Eq. (3.10) loses its validity
and Eq. (3.11) does not properly account for the profile of the excitation density.
We illustrate these results on a calculation of a differential reflectance of a
photoexcited GaAs wafer under normal incidence.

We consider an exponential excitation profile given by α = 1.3µm−1

which corresponds to the linear absorption in GaAs at 800 nm [121, 127] and
the dispersion of the unexcited GaAs including the strong phonon mode at
νTO = 8.04THz, in formula: n0 =

√
ε, with ε being the complex-valued dielec-

tric function, ε = ε∞ + ν2
TO(ε0 − ε∞)/(ν2

TO − ν2 + iγν) where ε0 is the static

𝑑 

𝑛  
b) 

λ 

𝑑 ≪ 𝜆 

𝑑 

a) 
𝑛  (𝑧) 

𝑑 

𝑛  
c) 

λ 

Figure 3.6. Photoconductive layer in the a) exponential depth-profile approximation
(Eq. (3.9)), b) thin-film approximation (Eq. (3.10)) or c) step-like excitation approxi-
mation (Eq. (3.11))
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permittivity value, ε∞ is the electronic contribution to the permittivity of GaAs,
and γ is the damping constant of the lattice oscillation [121]. The response of the
photoexcited carriers is modeled by a Drude term: ∆σs = ∆σdc/ (1− i2πfτs)
with τs = 250 fs [101, 128, 129] and ∆σdc = 1 Sm−1. The photoconductivity is
chosen such that ∆r/r0 < 1%. First, we calculated the reflectance of an excited
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Figure 3.7. Real (solid, a) and imaginary (dashed, b) parts of the photoconductivity
of a GaAs wafer retrieved within various approximations. Blue curves: input Drude-
like conductivity used to calculate the transient reflectivity. Red and green curves
are erroneous conductivities calculated respectively using TFA (3.10) and SEA (3.11).
The conductivity retrieved using (3.9) exactly matches the blue curve in the plot.
Inset: zoom of the real and imaginary parts of the calculated photoconductivities.

sample by numerical solution of Maxwell’s equations in a medium inhomoge-
neous along z; for this, we used the method described in [131] which transforms
the problem to the solution of an ordinary differential equation. From that
we deduced the differential reflectance spectra ∆r/r0. Next, we inverted equa-
tions (3.9), (3.10), and (3.11) to retrieve the photoconductivities within these
approximations. The results are summarized in Fig. 3.7.

The thin film approximation (TFA), Eq. (3.10), is found to result in con-
siderable deviations from the correct result, already at frequencies just above
1THz (for the optical penetration depth of 1/α = 0.7µm). The results obtained
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by SEA using (3.11) are marginally better, but the agreement with the correct
curve is still relatively poor. Finally, Eq. (3.9) correctly retrieves the properties
of photoexcited GaAs and it proves that the knowledge of the excitation profile
is crucial for the accurate analysis of the transient reflectance spectra. Note
that an inappropriate use of TFA or SEA may lead to unphysical results, such
as a negative-valued real conductivity in absorbing media (inset of Fig. 3.7).
We also observe that the conductivity spectrum retrieved using inappropriate
approximations is strongly distorted in the vicinity of the TO and LO phonon
modes where it shows a clear artifact (inset of Fig. 3.7). Indeed, the equilibrium
reflectance r0 is quite high in this spectral range and this indicates that these
transient data are highly sensitive to experimental errors.

It should be noted that penetration depths up to ∼ 0.1 µm are short enough
to enable the application of the TFA in the range of a few THz. The use of
higher energy pump photons usually leads to shorter penetration depths. How-
ever, we have to keep in mind that such a shorter penetration depth can be
considered in the evaluation of the spectra only if the photocarrier diffusion
is negligible (this is the case for short pump-probe delays and/or low-mobility
materials). If the carrier diffusion is important, Eq. (3.6) should be used with
the appropriate depth profile of carrier concentration [128, 129]. In the follow-
ing part, we illustrate the sensitivity of the retrieved transient conductivity to
experimental errors on a particular case of the finite time-domain scan length.

3.5 Sensitivity to Experimental Errors
The frequency resolution in the time-domain spectroscopy is 1/(2T ) where T
is the length of the acquisition time window; in other words, the frequency
cannot be determined with an accuracy better than 1/(2T ). The error in the
conductivity δ(∆σ) due to an uncertainty of the frequency δν reads:

δ(∆σ) = ∂(∆σ)
∂ (∆r/r0) ·

∂ (∆r/r0)
∂ν

· δν︸ ︷︷ ︸
δ(∆r/r0)

. (3.12)

An example of this error is shown in Fig. 3.8.
Close to a sharp TO phonon-mode and in the reststrahlen band between TO

and LO modes the amplitude of the differential reflectance is strongly reduced
since r0 is simply saturated and the plasma oscillations of photocarriers cannot
couple directly to the transverse mode of the lattice. As a consequence, the
first term of the product at the right-hand-side of Eq. (3.12) diverges and any
minor error of the transient signal δ(∆r/r0) is thus strongly amplified when
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Figure 3.8. Error in the transient conductivity δ(∆σ) due to a frequency uncer-
tainty δν of 0.05THz corresponding to the frequency resolution of a 10 ps time win-
dow. Around the reststrahlen band the transient reflectance, therefore, the calculated
transient conductivity is extremely sensitive to small variations in frequency.

the transient conductivity is calculated. As the LO phonon frequency fLO is
approached, a sharp peak appears in the measured differential reflectivity as a
sign of the interaction between the free carrier oscillations and the LO vibration
of the lattice. As a result, the second term at the right-hand-side of Eq. (3.12)
diverges, leading to a large error in the conductivity retrieved around the LO
phonon mode.

It should be noted that the frequency and its uncertainty appearing in
Eq. (3.12) can be replaced by any other relevant physical quantity and its corre-
sponding uncertainty, such as, for instance, the refractive index of the unexcited
sample n0 and its uncertainty δn0. Thus, even if the uncertainty of the conduc-
tivity is largely dominated by the standard error of the measured differential
reflectance, the uncertainty of the refractive index is strongly magnified in the
spectral region around the reststrahlen band and it might also be no longer
negligible. This is indeed a good additional reason to exclude the frequencies
around the reststrahlen band from the reliable spectral window.
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Figure 3.9. Real (a) and imaginary (b) parts of the transient conductivity inferred
from the data using TFA (red), SEA (green), and by taking into account the expo-
nential excitation profile (blue). Black curves: Drude fit of the reliable conductivity
data. The parameters of the Drude fit are: N = 6× 1016 cm−3 for the carrier density
and τ = 0.09 ps for the scattering time. The transient reflectivity was measured 3.5 ps
after photo-excitation and for an average excitation energy of 3µJ cm−2 per pulse.

3.6 Experimental Demonstration on GaAs

Let us turn back to the time-resolved reflectance experiments with an undoped
0.33mm thick GaAs wafer photo-excited at 800 nm, and apply the analysis ap-
proaches described above to measured data. The THz reflectance spectrum
was acquired at 3.5 ps after photo-excitation, using the double-modulation self-
referenced technique as described in Sec. 3.3. The resulting transient conduc-
tivities retrieved using the three analysis approaches: general analysis approach
using the spatially-distributed excitation profile Eq. (3.9), TFA Eq. (3.10), and
SEA Eq. (3.11), are shown in Fig. 3.9.

The data points around the reststrahlen band have been discarded because
of larger relative error as illustrated in Fig. 3.8. The conductivity retrieved by
the general approach (Eq. (3.9), blue points in Fig. 3.9) was successfully fitted
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Figure 3.10. Points: real (open) and imaginary (solid) parts of the transient conduc-
tivity of the same GaAs sample but measured at low THz frequencies in a conventional
THz spectrometer. The spectrum was acquired under the same excitation conditions
of Fig. 3.9 and the Drude fit (black curves) returns a scattering time (τ = 0.11 ps)
consistent with that one inferred from the measurements performed using the THz
air-photonics setup.

using a Drude model. The Drude fitting parameters provide values of the car-
rier relaxation time of 0.09(1) ps and of the carrier density 6(1)× 1016 cm−3.
The Drude carrier concentration is in reasonable agreement with the density
of absorbed photons (∼ 9× 1016 cm−3). The inferred scattering time is con-
sistent with of the value of 0.10(1) ps obtained using conventional transmission
THz spectroscopy in the frequency range 0.2–2.5THz under the same excita-
tion conditions (Fig. 3.10). As mentioned before in this section, when the low
signal limit is not satisfied Eq. (3.9) cannot be applied. The experimental test
about the validity range of (3.9) is shown in Fig. 3.11. The THz conductivities
were calculated from several differential reflectance signals acquired at different
excitation power conditions by using Eq. (3.9) (blue points) or by numerically
solving the wave equation (black points). Only when the differential signal was
below 1% Eq. (3.9) lead to the correct result.

Finally, it should be noted that broadband THz spectroscopy is more sen-
sitive to conductivity contributions characterized by shorter carrier momentum
scattering times. It can be thus highly suitable for the investigation of low-
mobility semiconductors such as CdS or ZnO. For the case of high-mobility
semiconductors such as GaAs, it may be possible to distinguish further contri-
butions on top of the main Drude response, which may indicate e.g. the presence
of a distribution of scattering times [128]. In this sense, ultra-broadband THz
spectroscopy paves the way towards a much better understanding of fine details
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a) b) 

c) 

Figure 3.11. Points: real (open) and imaginary (solid) parts of the THz transient
conductivity of GaAs calculated by using Eq. (3.9) (blue) and by numerically solving
the wave equation (black). The spectra are taken at different pump excitation fluences
respectively a) 42 µJ cm−2, b) 10 µJ cm−2, c) 3 µJ cm−2. Equation (3.9) retrieves the
correct values of the photoconductivity, only when the relative differential reflectance
. 1% which corresponds to an excitation fluence of 3µJ cm−2.

of charge transport in electronic materials.

3.7 Conclusions
In this chapter we have provided general guidelines for ultra-broadband tran-
sient THz spectroscopy with THz air-photonics. We described a novel double-
modulation technique specifically tailored towards using with air-based coherent
detection (ABCD), which allows for self-referenced transient spectroscopy with
minimal phase error over the entire ultra-broad bandwidth of the air-photonics
THz signals. Additionally, we have provided an accurate conductivity retrieval
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approach, which requires the knowledge of the spatial distribution of the pho-
tocarriers within the sample. This has an important implication especially for
experiments carried out at long pump-probe delays where the initially exponen-
tial profile may substantially expand and change its shape due to the diffusion
of the free carriers in the photoexcited sample.

In the limit of small signals, a convenient analytical expression linking the
THz photo-reflectivity and THz photoconductivity was developed. At the same
time, we have demonstrated that the use of popular approximations, such as
TFA or SEA, is likely to result in false (and also unphysical) features in the
recovered photoconductivity spectra. The applicability criteria of these approx-
imations were discussed. Finally, we have provided an estimate of the relative
error in the measured photoconductivity, caused by the spectrally sharp features
in the background dielectric function of the material and the finite acquisition
time of the THz scan. Our experimental protocol and the developed data anal-
ysis approach was successfully verified using the transient THz spectroscopy on
GaAs, an archetypal material for this class of experiments.
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Photocarriers in GaAs

4.1 Introduction

The plasmon-phonon coupling and the ultrafast (subpicosecond) dynamics of
photocarriers in GaAs are discussed in this chapter. Because of its great
scientific and technological relevance, subpicosecond charge carrier transport
in semiconductors such as GaAs has been the subject of numerous investi-
gations [132–134]. As technology is moving towards increasingly faster and
miniaturized devices, the demand for controlling the charge carrier transport
on a femtosecond time scale is also growing. Up to date, the femtosecond dy-
namics of photocarriers in semiconductors has been investigated by numerous
experimental techniques such as for instance time-resolved optical transmis-
sion [135], electro-optic sampling [136], four-wave mixing [137] and many oth-
ers [134,138–140]. Several theoretical models have also been proposed to explain
the femtosecond carrier dynamics in semiconductors including those based on
semiclassical Boltzmann equations [138, 141], Monte Carlo simulations [142] or
Keldysh nonequilibrium Green’s functions [143].

In a polar semiconductor, such as GaAs, longitudinal optical (LO) phonons
couple to the carrier plasma oscillations via the Fröhlich interaction [132]. The
presence of such coupled plasmon-phonon modes [144,145] strongly influence the
carrier-carrier and carrier-lattice scattering. As soon as the carriers are photo-
generated, the rise of the LO-phonon coupled modes is not instantaneous but it
only occurs after the many-body correlations are constituted within the lattice-
carrier system [33, 34, 134]. Thus, in the initial instants after photo-excitation,
before the plasmon mode is formed, the carrier transport is characterized by a
regime of extremely weak screening. In such a strongly perturbed regime the
use of quantum kinetic theories is indispensable to explain the transport prop-
erties of the photocarriers [134, 146, 147]. As the plasmon-phonon resonator is
well established, the motion of the photocarriers becomes dominated by ran-
dom scattering events whereby the Drude model provides a good description of

53
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charge carrier transport in GaAs as shown, for instance, by [128,129]. As TRTS
allows to probe charge carrier dynamics in a non-invasive manner and on the
time scale of the carrier momentum relaxation, conventional narrow-bandwidth
TRTS has been routinely applied to semiconductors from the very beginning
of THz spectroscopy see, e.g. [101, 128, 148]. However, because of the lack of
ultrafast THz sources, the femtosecond dynamics of the photocarriers has been
rarely observed by means of TRTS [33,34,103,149].

With the aim of exploring the dynamics of the photocarriers on a time scale
in which the carrier-lattice interaction builds up and also testing the air photon-
ics spectrometer with a benchmark experiment, we performed ultra-broadband
2D-TRTS of photoexcited GaAs. Unlike 1D-TRTS where the delay line of the
pump is scanned at a fixed THz-sampling pulse delay (1D-pump, Sec. 3.3) or
where the delay line of the THz pulse is scanned at a fixed pump-THz delay
(1D-probe, Sec. 3.6), in 2D-TRTS the delay line of the THz pulse is iteratively
scanned to acquire the differential THz waveforms at different pump-THz de-
lays. As a result, the frequency-resolved photoconductivity of the sample is
obtained as a function of the pump-THz delay [128]. In 2D-TRTS, the duration
of the THz probe pulse is a critical parameter since it ultimately fixes the time
resolution with which the dynamics of the photocarriers can be resolved. With
THz air photonics, the THz pulse duration is almost four times shorter (ca. 50 fs)
than what is achieved by an equivalent conventional THz spectrometer. As a
result, the charge carrier dynamics can be reliably resolved on a subpicosecond
time scale. In addition, such a short THz pulse contains a much broader THz
spectrum extending up to 12–14THz. In this wide frequency window, one can
directly observe the dynamics of both the phononic and plasmonic response in
a regime of strong perturbation.

As the data analysis and the experimental technique have been widely dis-
cussed in the previous chapters, minor experimental details will not be given
here. Before showing the data, we introduce the semi-classical picture of the
carrier-lattice interaction, in which the screened Coulomb potential is renor-
malized after the promotion of free carriers in the conduction band as a result
of the photo-excitation. We start by recalling the definition of the generalized
dielectric function in the presence of an optically active vibration mode and of
free carriers. Afterwards, the concept of level anti-crossing and the effect of
the coupling between free carriers and the longitudinal optical phonon mode is
introduced via the notion of phonon-polariton. Finally, the rise of the photo-
conductivity leading to the renormalization of the screened Coulomb potential
is shown on a subpicosecond time scale. The main features of the ultrafast dy-
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namics of the photocarriers are then qualitatively discussed and good agreement
with the semi-classical picture is found at pump-probe delays longer than the
plasma oscillation period.

4.2 The Dielectric Function of GaAs
In this section, we briefly recall some basic concepts about the macroscopic
optical properties of the matter. The notions introduced in this section will
be used to draw the semi-classical picture of the plasmon-phonon coupling and
to define the screened Coulomb potential to which a free charge in a polar
medium is subject. The dielectric function (or permittivity) is a measure of
how easily the electric field can penetrate a material. The dielectric function ε
as encountered in the previous chapters, is the linear response function to the
applied electric perturbation in the frequency domain [118,132]:

Di(kkk, ω) = ε0εij(kkk, ω)Ej(kkk, ω), (4.1)

where Di(kkk, ω) is the i-th component of the electric displacement field, ε0 is
the vacuum permittivity (ε0 ≈ 8.85× 10−12 Fm−1), kkk and ω are respectively
the photon momentum and the angular frequency. It should be noted that:
(i) the quantities in Eq. (4.1) are complex-valued; (ii) the permittivity is a
second-rank tensor; (iii) the spatial dispersion, i.e. the dependence on the pho-
ton momentum, implies that the response function is a nonlocal function; and
(iv) the reality of the response function in the space-time domain implies that
ε(kkk, ω)∗ = ε(−kkk,−ω) [132].

The real and imaginary parts of the dielectric function are mutually de-
pendent via the Kramers-Kronig relations [118, 132]. The latter are a direct
consequence of the causality principle which states that an effect cannot pre-
cede its triggering cause. Because of the symmetry properties originating from
the cubic structure, the dielectric tensor of crystals such as GaAs reduces to a
scalar. Since in this chapter we are only interested in GaAs, from now on the
tensorial representation of Eq. (4.1) can be therefore abandoned. In addition,
when the wavelength of the electromagnetic radiation interacting with the ma-
terial is much longer than the lattice constant (in GaAs the lattice constant is
0.56 nm), the unit cell of the crystal experiences a spatially homogeneous electric
field. Therefore, the dependence of the dielectric function on the wave vector
can be also neglected. The latter condition is well satisfied in the wavelength
range 20–300µm that is the typical spectral window of THz spectroscopy based
on air photonics.
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The response of a material to the electric field stems both from the polar-
ization of the bound charges and from the current of the free carriers. Usually,
one prefers to distinguish the contribution of the bound charges of the valence
electrons ε∞, from that of the lattice vibrations εl, and of the free carriers εfc.
The total permittivity is therefore:

εtot = ε∞ + εl + εfc. (4.2)

In a polar semiconductor, such as GaAs, transverse optical (TO) phonon modes
couple to the electromagnetic radiation. In case of a single resonant lattice
vibration and by neglecting the contribution of the free carriers, Eq. (4.2) reads:

εtot = εL = ε∞ +
εDC − ε∞

1− ω2/ω2
TO − iωΓ/ω2

TO

, (4.3)

where ωTO is the angular frequency of the TO phonon mode, Γ is the damping
constant of the resonance and εDC is the dielectric constant in the zero frequency
limit. The capital L appearing as a subscript in Eq. (4.3) indicates that the
screening of the valence electrons has been included. It should be noted that
Eq. (4.3) becomes vanishingly small at ωLO, with the latter being defined by
the Lyddane-Sachs-Teller relation [132]:

εDC
ε∞

= ω2
LO

ω2
TO

. (4.4)

The zeros of the dielectric function correspond to the longitudinal solutions of
the Maxwell’s equations in the matter and ωLO is the eigenfrequency of the
longitudinal optical mode in the medium [132].

The response of the free carriers to the electric field is often illustrated in
terms of conductivity. The conductivity of the free carriers σfc is well described
by the Drude model in GaAs [121,129]:

σfc =
ω2
pε0τ

1− iωτ , (4.5)

where τ is the carrier scattering time and ωp is the plasma frequency w2
p = ne2

m∗ε0
,

with ε0, e, n and m∗ being, respectively, the vacuum permittivity, the electron
charge, the density and the effective mass of the charge carriers.

Since the permittivity is simply related to the ohmic conductivity σ through
the relation:

ε = ε∞ + iσ

ωε0
, (4.6)
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LO L- 

L+ 

Figure 4.1. Solid curves: total dielectric function of GaAs (Eq. (4.2)). Dashed
lines: dielectric function of the screened free carriers (Eq. (4.6)). Dots: dielectric
function of GaAs with no free carriers (Eq. (4.3)). The permittivity of the lattice
was calculated from Ref. [121]. The permittivity of the free carriers was calculated
assuming a Drude response with a carrier density n = 9× 1023 m−3 and a scattering
time τ = 0.14 ps [129]. Insets: zoom of the real and imaginary part of the dielectric
function.

in absence of optically active lattice oscillations, Eq. (4.2) becomes:

εtot = εFC = ε∞ −
ω2
p

ω2 + iωγ
, (4.7)

with γ = 1/τ being the damping constant of the plasmon mode. As in Eq. (4.3),
the FC label used as a subscript in Eq. (4.7) indicates that the screening of the
valence electrons has been included.

Fig. 4.1 shows the total dielectric function of GaAs in the spectral range
around the optical transverse phonon mode (ωTO = 8.04THz) [121]. At low
THz frequencies where the free carrier response is the strongest, the real part
of the dielectric function drops to large negative values. The corresponding
imaginary component of the dielectric function is therefore largely increased. In
this spectral range, the electromagnetic radiation interacting with the material
is strongly absorbed or reflected. As the dielectric function at low frequencies
is distorted by the free carriers contribution, a new zero crossing appears at
frequencies below the TO phonon mode (inset of Fig. 4.1). At the same time,
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the zero crossing of the dielectric function associated with the LO phonon is
shifted to higher frequencies due to its interactions with the carrier response
(inset of Fig. 4.1). This phenomenon is due to the coupling of the LO phonon
mode with the plasmon mode and it will be discussed in detail in Sec. 4.4.
Before doing that, let us turn off the free carrier response and let us consider
the case of an electromagnetic wave interacting with the oscillating dipoles of
the lattice.

4.3 Phonon-Polaritons
The dispersion relation for an electromagnetic wave propagating within GaAs
in the limit of no free carriers reads [132]:

k2 = ω2

c2

(
ε∞

ω2
LO − ω2

TO

ω2
TO − ω2 − iωΓ

)
︸ ︷︷ ︸

ε∞+εl

, (4.8)

where k is the photon momentum and c is the speed of light in vacuum. It
should be noted that Eq. (4.8) is fundamentally different from that of a wave
propagating in vacuum, for which k = ω/c. Indeed, the electromagnetic wave
propagating in a polar medium can couple with the polarization wave of the
lattice oscillating dipoles. Those two waves cannot be separated. The quasi-
particle associated with the coupled photon-phonon polarization wave is called
a phonon-polariton. The dispersion relation for the phonon-polariton associated
with the TO phonon mode of GaAs is shown in Fig. 4.2.

The dispersion curve of the phonon-polariton is divided into upper and lower
branches. Far from the phonon mode, at very low frequencies (ω/ωTO � 1)
or at very high frequencies (ω/ωTO � 1), the phonon-polariton assumes a
photon-like behavior, such as a bare electromagnetic wave propagating in a
medium with refractive index√εDC for the lower polariton or√ε∞ for the upper
polariton. Around the phonon frequency, the upper and the lower polariton are
reduced respectively to a bare LO and TO phonon mode. In the reststrahlen
band, i.e. in the spectral region between the TO and the LO phonon modes,
no electromagnetic waves can propagate within the medium: only evanescent
electromagnetic waves are allowed in the reststrahlen band because the finite
lifetime (1/Γ) of the lattice vibration.

It should be noted that in the limit of zero wave vector the distinction be-
tween transverse and longitudinal oscillations becomes meaningless. Thus, the
frequency of the transverse modes (the upper branch of Fig. 4.2) becomes degen-
erate with the longitudinal oscillation frequency. In the intermediate frequency
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Figure 4.2. Black: dispersion relation for the phonon-polariton (Eq. (4.8)). Magenta:
dispersion relation for the bare TO and LO lattice vibrations. Dispersion relations for
a bare electromagnetic wave propagating in vacuum (dark cyan), in a medium with
refractive index √εDC (blue) and in a medium with refractive index √ε∞ (green).
The avoided crossing between the bare phononic and photonic states gives rise to the
polariton.

regimes, the electromagnetic wave propagating in GaAs has a mixed photon-
phonon nature. Indeed, the presence of two separate branches is a consequence
of the coupling between the electromagnetic wave driving the TO lattice oscilla-
tion and the polarization wave arising from the dipole emission. Relative to the
bare phonon or photon modes, the oscillation frequencies of one mixed mode is
lowered whereas the other one is raised, as if the modes repel each other.

The coupling between electromagnetic and polarization waves can be de-
scribed in terms of two coupled harmonic oscillators. As the coupling strength
increases, the lower and the higher eigenfrequencies of the corresponding uncou-
pled oscillators are respectively lowered and lifted. In a quantum mechanical
picture, this phenomenon is known as level anticrossing or level repulsion, since
the energetic levels of the perturbed system repel each other in order to avoid
their crossing (degeneracy) [132]. A similar phenomenon also occurs when the
plasmon mode couples with the LO-phonon mode of the lattice, as we shall see
in the next section.
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4.4 Coupled Phonon-Plasmon Modes
In this section we show how the free carrier oscillations couple with the LO
lattice vibration, giving rise to the so-called coupled plasmon-phonon modes.
Since plasmon waves are exclusively longitudinal, they can only couple to the
LO phonon waves. In a semiconductor such as GaAs, high carrier densities
can be generated via optical excitation (Chap. 3) or by doping. When the free
carrier contribution is included in the total dielectric function, the dispersion
relation expressed by Eq. (4.8) is modified as follows:

k2 = ω2

c2
ε∞

(
1−

ω2
sp

ω2 + iωγ
+ ω2

LO − ω2
TO

ω2
TO − ω2 − iωΓ

)
︸ ︷︷ ︸

ε∞+εl+εfc

, (4.9)

where ωsp = ωp/
√
ε∞ is the screened plasma frequency.

Figure 4.3 shows how the upper and lower polariton branches are distorted
as a consequence of the mutual screening between free carriers and the polar
lattice (Eq. 4.9). The distortion shown in Fig. 4.3 strongly depends on the ratio
between the screened plasma frequency and the LO phonon frequency. The
effect is the strongest when this ratio gets close to unity. In this simulation
we used ωsp = 1.24ωTO, which implies ωsp/ωLO = 1.14. In presence of free
carriers the dispersion curve of the phonon-polariton is distorted. Equivalently,
one could also state that the dispersion curve of the free carriers is distorted in
presence of an LO phonon mode.

The main consequences of such a plasmon-phonon coupling are the frequency
shift and the splitting of the LO phonon mode into the L− and L+ coupled
modes, as shown in Fig. 4.3. Depending on the carrier concentration, each cou-
pling mode may have a prominent plasmon-like or phonon-like behavior. In the
simulation shown in Fig. 4.3, the L+ mode has mostly a plasmon-like behavior
whereas the L− mode has rather a phonon-like behavior. At frequencies close
and below the scattering rate the dispersion curve of the lattice-plus-carrier
system merges into that of the free carriers since the carrier response domi-
nates. When the lower branch approaches the frequency of the TO phonon
mode, the distortion induced by the free carriers vanishes, since the coupling
between the TO phonon mode and the longitudinal plasma wave is null. At
very high frequencies, beyond the range shown in Fig. 4.3 and independently
of free carriers, the dispersion curve of the upper polariton merges into that of
the bare electromagnetic radiation as previously shown in Fig. 4.2.

The frequencies and the damping rates of the coupled plasmon-phonon
modes can be found searching for the zeros of the total dielectric function



i
i

“dangelo_phd_thesis_” — 2016/5/9 — 19:43 — page 61 — #75 i
i

i
i

i
i

4.4 Ultrafast Dynamics of Photocarriers in GaAs 61

Figure 4.3. Black solid curve: dispersion relation for the phonon-polariton in pres-
ence of free carriers Eq. (4.9). Black dashed curve: dispersion relation for the phonon-
polariton without free carriers Eq. (4.8). Red dashed curve: dispersion relation for
an electromagnetic wave propagating in the screened plasma. Magenta: dispersion
relation for the bare TO and LO lattice vibrations. The parameters in this simula-
tion are identical to those used in Fig. 4.1. Under a sufficiently high carrier density,
the coupled plasmon-phonon modes L− and L+ reshape the dispersion curve of the
phonon-polariton.

Eq. (4.9), which corresponds to solving the following equation in ω:

ω4 +ω3(iΓ+iγ)−ω2(ω2
LO+Γγ+ω2

sp)−ω(iω2
LOγ+iω2

spΓ)+ω2
spω

2
TO = 0. (4.10)

This equation has four roots in the complex plane in the shape ±Re(ω±) −
iIm(ω±) [150]. As we are only interested in positive frequencies, we can discard
the roots with real negative values originating from the time symmetry of the
system. The real parts of the two remaining roots are the central frequencies
of the coupled modes, whereas the opposite of the imaginary parts give the
respective damping rates of the coupled modes. The solutions to Eq. (4.10) can
be shown by plotting the inverse of the dielectric function, the so-called loss
function (Fig. 4.4).

Since transverse modes are poles of the dielectric function and longitudinal
modes are zeros of the dielectric function, the loss function has poles at the
longitudinal modes and zeros at the transverse modes. As a consequence, the
coupled longitudinal modes will appear as peaks in the imaginary part of the
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Figure 4.4. Inverse of the dielectric function shown in Fig. 4.1. Solid curves: total
loss function of GaAs Eq. (4.2). Dashed curves: loss function of the screened free
carriers Eq. (4.6). Dots: loss function of GaAs without free carriers Eq. (4.3). L−

and L+ are the coupled plasmon-phonon modes centered respectively at Re(ω−) and
Re(ω+). The damping rates of the coupled modes γ− and γ+ are respectively 2Im(ω−)
and 2Im(ω+).

loss function and as zeros in the real part of the loss function (Fig. 4.4). As
for the phonon-polariton, the lattice-carrier system also behaves as a coupled
harmonic oscillator. When ωsp � ωLO the high-frequency mode is essentially
a phonon which has been slightly shifted up in frequency, whereas the lower
mode is basically a plasmon mode screened by the static dielectric constant.
In the limit ωsp � ωLO, i.e. when the carrier density is sufficiently high, the
upper mode behaves as a plasmon mode screened by the valence electrons, since
the free charges oscillations become too fast for being screened by the lattice,
whereas the lower mode behaves as a screened phonon mode.

The loss function is so called because its imaginary component is propor-
tional to the energy lost by the carriers moving in the medium. It should
be noted that the interaction between a charge and the macroscopic screened
coulomb potential Wq reads [33]:

Wq = Vq
εL(ω) , (4.11)
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where q is momentum exchanged by the charge, Vq is the interaction potential of
the charge in vacuum and εL(ω) is the longitudinal dielectric function. However,
as noticed at the beginning of this section, the longitudinal and transverse di-
electric functions are indistinguishable in the long wavelength limit. Therefore,
the loss function measured at THz frequencies provides a direct measure of how
the coulomb potential is renormalized as a result of the many-body interactions
between the charges present in the material [33]. As even a single electron can
exchange momentum with the LO phonon, the imaginary part of the loss func-
tion reduces to zero except for a peak centered around the longitudinal optical
phonon mode in the limit of low carrier density (Fig. 4.4).

Coupled plasmon-phonon modes in semiconductors have been discussed ex-
tensively and observed via numerous experimental techniques [34,144,145,150–
152]. As an example, Huber et al. [33, 34] showed how via THz-TRTS one can
monitor the dynamics of the photo-induced coupled plasmon-phonon modes on
the time scale in which such modes develop. Before following the approach
shown by Huber et al. we first show the experimental results under quasi-
steady-state conditions. We will return to the dynamics of the photo-excited
system in the following section.

The loss function of a bulk photoexcited GaAs sample (Fig. 4.5) was inferred
from the transient differential reflectance spectra measured via THz TRTS based
on air photonics. The experimental technique is identical to that described in
Chap. 3. The intensity of the 800 nm-wavelength excitation beam was fixed
to ca. 40µJ cm−2 which corresponds to a screened plasma frequency around
16THz. It should be noted that this excitation power is too high for using
Eq. (3.6) (Sec. 3). However, the transient dielectric properties of GaAs can be
still calculated by numerically solving the wave equation in the photo-excited
material [131]. The transient reflectance spectrum was acquired 1.4 ps after the
photo-excitation. At this time the coupled phonon-plasmon modes are already
in quasi-equilibrium [140] and they are well reproduced by the classical theory
based on the Drude model with the lattice contribution fixed to its equilibrium
value (Fig. 4.5).

However on a time scale shorter than the plasma period, the quasi-particles
arising from the many-body interactions within the electron-hole pairs are still
not well established [33]. In this transient regime, the classical theory fails
and the Drude model becomes inadequate to describe the dynamics of such
nonequilibrium photocarriers. This subject will be discussed in the next section.



i
i

“dangelo_phd_thesis_” — 2016/5/9 — 19:43 — page 64 — #78 i
i

i
i

i
i

64 Ultrafast Dynamics of Photocarriers in GaAs 4.5

Figure 4.5. Points: loss function of the photoexcited GaAs inferred from the mea-
sured transient reflectance acquired 1.4 ps after the photo-excitation. Solid curves: fit
of the measured loss function Eq. (4.2) assuming a fixed lattice response and a Drude
conductivity with a screened plasma frequency of 15.55THz and a damping constant
of 14.3THz. Dashed curves: loss function of the free carriers Eq. (4.7). Dots: loss
function of GaAs without free carriers Eq. (4.3). The coupled plasmon-phonon modes
are L− and L+.

4.5 Ultrafast Dynamics of Photocarriers
When the near infrared femtosecond laser pulse photo-excites GaAs, electrons
of the valence band are promoted to the conduction band. Right after the
photoexcitation, the photocarriers are equilibrated, neither with the lattice nor
among themselves. Such an ensemble of nonequilibrium carriers does not have a
well-defined temperature and, as a consequence, Boltzmann’s transport theory
is inapplicable in this regime. As soon as temperature and energy distribution
of the photocarriers can be defined, even if only in a quasi-equilibrium state,
Boltzmann’s transport theory can be attempted [132,133].

Although these nonequilibrium carriers are sometimes named as hot carri-
ers, we reserve the name of hot carriers only for those carriers in equilibrium
among themselves but not with the lattice, i.e. defined by a specific electron
temperature. The separation between the nonequilibrium and the hot carrier
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Figure 4.6. Transient photo-conductivity of GaAs in the time range 40–660 fs after
photo-excitation under an average excitation intensity of 36µJ cm−2. The frequency
region around the reststrahlen band (grey bar) has been discarded as discussed in
Sec. 3.5. Data points at frequencies higher than the reststrahlen band are heavily
scattered as the measured differential reflectance falls to the noise floor.

regime is determined by the time scale of the various randomization processes
leading the carrier distribution to the equilibrium. Distinct phases of carrier
transport can be therefore recognized on the subpicosecond time scale which is
the typical time that electrons take to relax to the bottom of the conduction
band [132, 133]. Figure 4.6 shows the measured ultra-broadband conductivity
spectrum of photoexcited GaAs at pump-probe delays ranging from ca. 40 to
660 fs.

On such short time scale, the role of surface and bulk recombination, defect
trapping and diffusion can be safely neglected [128]. In the first 400 fs after
photo-excitation the conductivity of GaAs was monitored in temporal intervals
of 40 fs which is less than half of the estimated plasma oscillation period. The
sub-50 fs-THz electric transients of the air photonics spectrometer provide suf-
ficient time resolution for monitoring the dynamics of the photocarriers on such
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a short time scales. In the first 240 fs after photo-excitation, the photoconduc-
tivity increases until a maximum value is reached. Afterwards, the transient
conductivity spectrum is reshaped and mostly lowered towards a steady-state
value reached after ca. 400 fs. The photoconductivity spectra in the first 240 fs
are remarkably flat compared to those acquired at later times. The lack of
dispersion suggests that at early times after photo-excitation the current is in
phase with the THz field. This initial coherence is subsequently lost because of
random incoherent scattering events [142,153,154].

The speed of the build-up of the photoinduced polarization is determined
by the optical pulse duration (ca. 40 fs). At this time scale, free carriers are ac-
celerated while the polarization response builds up. Ballistic transport, i.e.
carrier transport without scattering, is also expected on time scales below
0.1 ps [154, 155]. This may partially explain the upwards curving of the imag-
inary component at low frequencies since the conductivity caused by ballistic
motion is purely imaginary and it scales as ω−1 [128]. However, distinguishing
between separate phases of transport within the first 120 fs appears speculative
since the corresponding photoconductivity spectra shown in Fig. 4.6 graze zero
and the time resolution remains insufficient. Carrier-carrier interactions via
the Coulomb potential [146, 156, 157], inter- and intra-valley optical phonon-
carrier scattering [139, 157–159] are both expected to be dominating processes
on the time scale of hundreds femtoseconds. It should be noted that at carrier
densities as high as 1024m−3 electron-hole scattering becomes a competitive
cooling channel to the carrier-LO phonon interaction and the effect of coulomb
screening starts playing a significant role [146, 156, 157]. Since the momentum
relaxation time via intra-valley carrier-LO phonon interaction is of the order of
240 fs [160], at earlier times the cooling rate of the nonequilibrium electrons can
only occur via carrier-carrier and inter-valley scattering.

Cooling of nonequilibrium carriers is supported by the presence of nonequi-
librium longitudinal optical phonon modes via phonon-mediated electron over-
shooting [158]. A nonequilibrium carrier can be expelled from the Γ point to the
side (X or L) valleys by interacting with a hot phonon [161]. It should be noted
that this process becomes relevant only if a large number of photo-electrons have
a kinetic energy in excess of 300meV [158]. The number of electrons with such
a high kinetic energy is definitively small since the extra energy gained after
the photo-excitation is only 130meV at most. However under a strong electric
field as the one employed in our THz spectrometer (> 20 kV cm−1), electrons
can acquire sufficient velocity for transferring to the side valleys (Gunn effect).
Since the saturation velocity in GaAs is of the order of 2× 105ms−1 [132] and
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Figure 4.7. Drude fittings of the transient photoconductivity spectra of GaAs
(Fig. 4.6) in the time range 240–660 fs after 800 nm wavelength photo-excitation un-
der an average excitation intensity of 36 µJ cm−2. The frequency region around the
reststrahlen band (grey bar) has been discarded as discussed in Sec. 3.5. The quality
of the fits deteriorates as the pump-THz delay decreases.

the average kinetic energy of a free electron acquired under an electric field E
at frequency ω is given by the ponderomotive energy (e2E2)/(4m∗ω2), we con-
clude that a relatively modest electric field of 6.8 kV cm−1 at 10THz is already
enough for an electron to reach the saturation velocity. As the coulombic screen-
ing builds up in the first 200 fs while electrons are cooling via carrier-carrier and
inter-valley scattering, the electron cooling rate slows down. Simultaneously at
times longer than the LO phonon emission (ca. 240 fs) intra-valley scattering
pops up and it becomes the dominant process. After ca. 400 fs the electrons are
fully thermalized to the bottom of the gamma valley.

Figure 4.7 shows independent Drude fittings of the photoconductivity spec-
tra in the time range 240–660 fs after photo-excitation, as significant deviations
from the Drude model were found already at a time delay of 320 fs. Such a
result is in fair agreement with previous observations reporting the appearing
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Figure 4.8. Scattering times obtained from the Drude fittings of the photoconduc-
tivity spectra (Fig. 4.6) as a function of pump-THz delay.

of an exponential plasmon damping only at times longer than the highest LO-
phonon coupled frequency [33, 160]. The Drude fittings provide estimates of
the scattering time at each pump-probe delay or, equivalently, of the damping
constant of the plasmon mode (Fig. 4.8).
In the time range from 240 to 400 fs the scattering time increases from ca. 60 to
140 fs and it settles to that value, until the last measured spectra at ca. 700 fs
after photo-excitation. As the scattering time increases with time after photo-
excitation, the plasma frequency remains approximatively constant. This fact is
shown in Fig. 4.9 where the DC conductivity is plotted versus scattering time as
obtained by the Drude fittings. The DC conductivity is related to the scattering
time and to the plasma frequency via a linear relation: σDC = ε0ε∞ω

2
spτ . From

the linear fit of the data shown in Fig. 4.9, we obtain the following estimate of
the plasma frequency ωsp/2π = 10.9THz.

In conclusion, we notice that growth of the scattering time with pump-THz
delay as observed in our measurements is slightly slower than what reported in
Ref. [162]. However, the different rate could be explained by the lower carrier
density of our system 9.5× 1017 cm−3.
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Figure 4.9. DC conductivities obtained from the Drude fittings of the photoconduc-
tivity spectra measured at different pump-THz delays (Fig. 4.6) as a function of the
corresponding scattering times. The plasma frequency estimated from the linear fit is
ωsp/2π = 10.9THz.

4.6 Conclusions
Plasmon-phonon coupling and ultrafast charge carrier transport in photoexcited
GaAs have been the subjects of this chapter. As a consequence of the mutual
screening between the photocarriers and the polar lattice, coupled plasmon-
phonon modes arise in the photo-excited system. Whereas the surge of the pho-
toconductivity is instantaneous after the photoexcitation, the screened Coulomb
potential, takes slightly more than one plasma oscillation period to settle in.
In such a transient and partially unscreened Coulomb potential, the dynam-
ics of the photocarriers cannot be described in terms of the Drude model.
Indeed in such a regime so far from equilibrium, the carrier distribution is
strongly influenced by memory effects [160]. Quantum kinetic theories have
been proposed to model the charge carrier transport of such a strongly per-
turbed plasma [146, 160]. These theories are in qualitative agreement with our
observations. Only when the photocarriers have thermalized among themselves
and the dressed states have been established because of the many-body inter-
actions, the plasmon assumes the typical exponential damping behavior.

From the Drude fits at different pump-THz delays, we inferred the scattering
times and the plasma frequency. The scattering time increases from ca. 60 fs to
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140 fs in the time range 0.2–0.7 ps after photo-excitation, whereas the plasma
frequency remains roughly constant in the same time interval. As GaAs is one
of the most relevant semiconductors in the field of electronics and optoelec-
tronic, charge carrier transport in GaAs has always been subject of numerous
investigations. Nevertheless, only a few reports exist to date on the frequency-
resolved dynamics of photocarriers by means of TRTS. This chapter shows how
ultra-broadband TRTS based on THz air photonics can contribute to unravel
the ultrafast dynamics of charge carriers in many important materials.
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A Appendix
This appendix is taken from the supplementary information of [120]. The merit
of this work must be primarily attributed to Prof. P. Kužel. We represent it in
this thesis under the author’s permission for the sake of completeness.

In this appendix we derive a general expression for the transient reflectance
under normal incidence of a photoexcited sample in a weak signal approxima-
tion, i.e. ∆E � E, where E is the field which propagates in the sample in
equilibrium and ∆E is the field change due to photoexcitation. Similar deriva-
tion for the transient transmitted field has been published recently [130] and
in this work we follow the same method of analysis. The photoinduced field
∆E(z) inside the sample (Fig. A.1) obeys the following wave equation:

d2∆E(z)
dz2 + k2∆E = −ik0Z0∆j(z) (A.1)

where Z0 is the vacuum wave impedance, k0 = ω/c is the vacuum wave vector
of the THz field, k = n0k0, and z is the spatial coordinate perpendicular to the
sample surface (Fig. A.1).

n1 n0 n2 

Einc 

DEt 

z 
0 L 

Et 
Ds 

DEr 

Er 
E(z) + DE(z) 

Figure A.1. Scheme of fields and interactions in a photoexcited sample during tran-
sient transmittance ∆Et and transient reflectance ∆Er measurements. In equilibrium,
the incident THz field Einc and the transmitted Et and reflected Er fields, Et and Er,
respectively, fulfill standard Fresnel equations.

71
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The complex photoconductivity ∆σ(z) may have a general depth profile: it
can simply follow the Lambert-Beer absorption law expressed by Eq. (3.8) or it
can be substantially modified e.g. by non-percolated parts of the sample or by
the carrier diffusion [130]. The solution of the wave equation (Eq. (A.1)) inside
the sample reads:

∆E(z) = δ exp(−ikz) + γ exp(ikz) +G(z), (A.2)

where G(z) is the particular solution of the wave equation with the right-hand-
side:

G(z) = Z0

2n0

[
exp(−ikz)

∫ z

0
∆j exp(ikz)dz−

exp(ikz)
∫ z

0
∆j exp(−ikz)dz

]
.

(A.3)

The continuity conditions of the electric field ∆E(z) and of the magnetic field

∆H(z) = ic

ωZ0

d∆E
dz

(A.4)

must be satisfied at the input and output surface of the sample:

∆E(0) = ∆Er, ∆H(0) = ∆Hr,

∆E(L) = ∆Et, ∆H(L) = ∆Ht.
(A.5)

These four equations allow one to determine the constants δ and γ and the
transient output fields ∆Er and ∆Et. One finds:

∆Er =− Z0t
2
1a

2

2n1

[∫ L

0
exp(2ikz)∆σ(z)dz+

+ 2r2 exp(2ikL)
∫ L

0
∆σ(z)dz+

+ (r2 exp(2ikL))2
∫ L

0
exp(−2ikz)∆σ(z)dz

]
,

(A.6)

cf. Eq. (42) in [130]. Here t1 = 2n1/(n0 + n1) is the transmission coefficient of
the input sample surface and r2 = (n0 − n2)/(n0 + n2) is the internal reflection
coefficient at the output sample surface. The parameter a describes multiple
internal reflections of the THz beam inside the sample:

a = [1− r1r2 exp(2ikL)]−1
, (A.7)

where r1 = (n0 − n1)/(n0 + n1). In particular, for a thick sample, where the
photoexcited part is much thinner that the total sample thickness and where
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multiple internal reflections in the time-domain wave form can be removed by
the windowing procedure, we can simply consider the unexcited part of the
sample as the substrate, i.e. n0 ≡ n2 and r2 = 0, a = 1. In this case we obtain
a very simple formula which will be used in the main part of Sec. 3.4:

∆r
r0
≡ ∆Er

Er
= 2Z0n1

n2
0 − n2

1

∫ L

0
exp(2ikz)∆σ(z)dz. (A.8)
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Summary
The subject of this thesis is terahertz (THz) spectroscopy based on air photonics.
THz spectroscopy is a well-established technique which allows for measuring the
steady-state or transient dielectric properties of the materials in the THz range.
As THz photons have a very low energy, typically below interband excitations,
they are, for instance, ideal probes of intraband transitions and low-energy
vibrational modes. Further, THz spectroscopy employs time-domain detection
which provides access to the amplitude and phase spectral information of the
THz pulse. As a result, the real and imaginary part of the complex-valued
dielectric function of the material of interest can be directly inferred from the
THz measurements.

The typical bandwidth covered by conventional THz spectrometers is often
limited to the low THz frequencies (. 3THz) because of phase-matching lim-
itations imposed by the materials employed by conventional THz transmitters
and receivers. In the last decades, air-based THz sources and detectors have
emerged as an efficient alternative for generating and detecting ultra-broadband
THz pulses. As air is virtually non-dispersive, the optical-THz phase match-
ing condition is automatically met. As a result, single-cycle sub-100 fs THz
transients with peak field strengths up to several hundreds of kilovolt per cen-
timeter have been generated using air-plasma sources. These ultrashort THz
pulses contain a very broad spectrum extending over the entire traditional THz
spectral range (0.1–30THz) without any gaps. The exceptional performances
in terms of time-resolution, bandwidth, and field strength granted by THz air
photonics naturally offer unique opportunities for THz spectroscopy. In this
thesis we have sampled the capabilities of THz air photonics by performing
steady-state ultra-broadband THz spectroscopy of some common polymers, and
transient ultra-broadband THz spectroscopy of, respectively, solution processed
methylammonium lead iodide (MAPbI3) perovskite films and undoped gallium
arsenide (GaAs). In addition, we have presented explicit guidelines for ultra-
broadband transient THz spectroscopy with air-photonics, including a novel
method for self-referenced signal acquisition minimizing the phase error, and a
numerically-accurate approach to the transient reflectance data analysis.

In chapter 1 we have discussed the principles of THz air photonics. We

91
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have introduced the asymmetric transient current model which explains how
ultrashort THz pulses can be generated in a two-color laser induced air plasma
and discussed the air biased coherent detection (ABCD) which ensures hetero-
dyne ultra-broadband detection of the THz waveforms in air. Then, we have
described in detail our THz air photonics spectrometer and characterized the
THz pulse. In the last part of the first chapter, we have given a first demon-
stration of capabilities of our THz air photonics spectrometer in which MAPbI3
perovskites films have been measured using the THz spectroscopy in transmis-
sion and reflection geometry.

In chapter 2 we have shown the results of steady-state ultra-broadband THz
spectroscopy of common polymers. Time-domain ultra-broadband THz spec-
troscopy is particularly useful in polymer science as many vibrational modes
in polymers occur across the entire THz spectral region. Further, many poly-
mers are often employed as materials for THz-photonics components such as
THz windows, lenses, waveguides and dielectric mirrors. However, these ma-
terials are usually well characterized only at low THz frequencies while the 3–
15THz range has been rarely explored since neither conventional THz spectrom-
eters nor Fourier transform infrared spectroscopy can often guarantee adequate
performances in that spectral range. The complex-valued refractive index of
low-density polyethylene (LDPE), cyclic olefin/ethylene copolymer (TOPAS®),
polytetrafluoroethylene (PTFE or Teflon®), and polyamide-6 (PA6) have been
measured in the 2–15THz range using THz air photonics. LDPE and TOPAS®

are very suitable as ultra-broadband THz photonics materials since both poly-
mers have shown a spectrally-flat refractive index and negligible absorption in
the entire spectral window. By contrast, resonant high-frequency vibrational
modes have been observed and assigned to their molecular origin in PTFE and
PA6. Additionally, their complex-valued dielectric functions have been theo-
retically reproduced in the entire spectral window using a multiple-Lorentzian
model.

In chapter 3 we have presented the explicit guidelines for ultra-broadband
transient THz spectroscopy with air-photonics. Many critical challenges in-
herent to this technique have been treated and resolved. As the high-frequency
components of the ultra-broadband THz pulse are particularly sensitive to phase
instabilities, special care must be taken to minimize the phase error. Self-
referenced THz spectroscopy, as described in chapter 3, ensures the acquisition
of the reference and differential THz waveforms in one single scan instead of two
distinct acquisitions separated by several minutes or hours. Thus, the effects of
long-term changes in the THz signals, such as drifts of the relative delay between
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the THz and optical branches, are drastically reduced. As most materials are
often opaque in the broad spectral range of the THz air photonics spectrometer,
the transmission geometry cannot be always successfully applied, especially for
arbitrary-thick samples. For example, our 0.33mm-thick GaAs sample shows a
resonant absorption mode at ca. 8THz which reduces most of the transmitted
THz signal to the noise level. The advantage of the ultra-broad bandwidth of
the air-photonics THz pulse is thus lost. However, thinner samples also have
some drawbacks. For example, even if the sample is sufficiently thin, thus suf-
ficiently transparent as, for instance, our 300 nm-thick films of MAPbI3, the
choice of the sample substrate is very narrow since most of the materials are
not transparent in the ultra-broadband THz range.

The reflection geometry naturally comes across as the only possible way for
ultra-broadband THz spectroscopy in many practical cases. However, the analy-
sis of the transient reflectance spectra presents an intrinsic complication relative
to the geometry. Indeed, in the transmission geometry, all the photo-generated
charges contribute to the differential transmittance in phase, which means that
their spatial distribution along the direction of the THz beam does not play any
role if their response is linear in the THz field. As a result, the transient trans-
mittance is directly proportional to the sheet conductivity in the small signal
approximation. By contrast, the contributions to the total reflectance given by
the transient conductivity of each layer in the photoexcited region are mutually
dephased. Thus, the spatial distribution of the charges must be also taken into
account when the reflection geometry is employed and a more general expression
relating the transient reflectance to the conductivity must be used. In the end
of chapter 3, our theoretical findings have been experimentally tested and veri-
fied by performing ultra-broadband THz spectroscopy in reflection geometry of
a thick semi-insulating GaAs wafer.

In chapter 4 we have discussed the plasmon-phonon coupling and the sub-
picosecond dynamics of photocarriers in undoped GaAs. This subject has a
particular scientific and technological relevance as GaAs is an archetypal semi-
conductor, ubiquitously used in electronics. The THz air photonics spectrome-
ter has been employed to monitor the ultra-broadband THz photoconductivity
of GaAs on a time scale smaller than the carrier-lattice interaction. Whereas
the rise of the photoconductivity is instantaneous after the photoexcitation, the
establishment of a screened coulomb potential takes a finite time to be set up.
In a polar semiconductor such as GaAs, the longitudinal optical (LO) phonons
can couple to the carrier plasma oscillations via the Fröhlich interaction thus,
the plasmon dynamics is correlated to that of the phonon. The 50 fs time res-
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olution of the air photonics THz pulse has allowed us to observe the dynamics
of the photo-carriers before the many-body correlations have been established
within the lattice-carrier system. Only after the constitution of the coupled
plasmon-phonon modes after ca. 240 fs, the free carrier dynamics starts to be
dominated by the plasmon damping. Drude fits of the photoconductivity spec-
tra have provided estimates of the scattering time and of the plasma frequency
for each pump-THz delay. However good agreement with the Drude model has
been found only at pump-THz delays longer than 320 fs. In the time range from
240 to 400 fs, we have observed an increase of the scattering time from ca. 60
to 140 fs. Subsequently, the scattering time settles to the latter value at least
until ca. 700 fs after photo-excitation. The plasma frequency remains largely
constant over the time range 240–700 fs, as changes in the carrier density and
effective mass of the photo-carriers are negligible respect to the change in the
scattering time. These observations are in fair agreement with previous reports.

In summary, we have introduced a broadband, air-based THz setup, and
have demonstrated its capabilities in different (transmission and reflection) ge-
ometries. The setup has been used for both steady-state spectroscopy of poly-
mers, and time-resolved spectroscopy of photo-excited semiconductors, and has
allowed for new insights into lattice vibrations and carrier dynamics in these
systems.
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Samenvatting
Het onderwerp van dit proefschrift is ultra-breedband terahertz (THz) spec-
troscopie gebaseerd op luchtfotonica. THz spectroscopie is een beproefde on-
derzoeksmethode om steady-state en transiënte diëlektrische eigenschappen van
materialen in het THz frequentie-bereik vast te stellen. Doordat THz-straling
een zeer lage fotonenergie heeft, meestal lager dan de interband excitaties in
halfgeleiders, is deze straling bijvoorbeeld ideaal om intraband overgangen en
vibratietoestanden met een lage energie te detecteren. Verder verschaft de tijd-
domein detectie van THz spectroscopie toegang tot zowel de amplitude als de
fase van de THz puls. Hierdoor kunnen het reële en imaginaire deel van de
complexe diëlektrische functie van het te onderzoeken materiaal direct worden
afgeleid uit THz metingen.

De typische bandbreedte van conventionele THz spectrometers is vaak be-
perkt tot de lage THz frequenties (. 3THz) als gevolg van phase-matching
beperkingen opgelegd door de gebruikte materialen waaruit conventionele THz-
zenders en ontvangers bestaan. In de afgelopen decennia zijn lucht-gebaseerde
THz bronnen en detectoren naar voren zijn gekomen als een efficiënt alternatief
voor het genereren en detecteren van ultra-breedband THz pulsen. Doordat
lucht praktisch niet-dispersief is, wordt automatisch aan de optische-THz phase
matching voorwaarde voldaan. Daardoor is het mogelijk om met lucht-plasma
bronnen één cyclus sub-100 fs THz transiënten met piekveldsterkten tot enkele
honderden kilovolt per centimeter te genereren. Deze ultrakorte THz pulsen
bevatten een zeer breed spectrum over het gehele traditionele THz spectrale
bereik (0.1–30THz) zonder enige onderbreking. De uitzonderlijke prestaties
van THz luchtfotonica in termen van tijd-resolutie, bandbreedte en veldsterkte
bieden vanzelfsprekend unieke mogelijkheden voor THz spectroscopie. In dit
proefschrift hebben we de mogelijkheden van THz luchtfotonica onderzocht
door het uitvoeren van steady-state ultra-breedband THz spectroscopie van een
aantal alledaagse polymeren, en transiënte ultra-breedband THz spectroscopie
van respectievelijk uit oplossing geprepareerde methylammonium lood jodide
(MAPbI3) perovskietfilms en ongedoteerd galliumarsenide (GaAs). Daarnaast
hebben we expliciete richtlijnen voorgesteld voor transiënte ultra-breedband
THz spectroscopie met luchtfotonica, waaronder een nieuwe methode voor sig-
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naalacquisitie waarbij de referentiemeting tegelijk plaatsvindt, waardoor de fa-
sefout minimaal is. We introduceren tevens een numeriek-nauwkeurige aanpak
van de data-analyse voor de transiënte reflectie metingen.

In hoofdstuk 1 hebben we de principes van THz luchtfotonica besproken. We
hebben het model voor asymmetrische transiënte elektron stroom model geïn-
troduceerd, dat laat zien hoe ultrakorte THz pulsen kunnen worden opgewekt
in een door een tweekleurenlaser opgewekt luchtplasma en bespraken de air bia-
sed coherent detection (ABCD) die heterodyne ultra-breedband detectie van de
THz golfvormen in lucht mogelijk maakt. Daarna hebben we onze THz lucht-
fotonica spectrometer in detail beschreven en de THz puls gekarakteriseerd. In
het laatste deel van het eerste hoofdstuk hebben we een eerste demonstratie van
de mogelijkheden van onze THz luchtfotonica spectrometer gegeven waarin la-
dingsdragersdynamica in MAPbI3 perovskietfilms werden gemeten met de THz
spectroscopie in transmissie- en reflectiegeometrie.

In hoofdstuk 2 hebben we de resultaten van de steady-state ultra-breedband
THz spectroscopie van alledaagse polymeren getoond. Tijd-domein ultra-
breedband THz spectroscopie is vooral handig in polymeeronderzoek omdat
veel vibratietoestanden van polymeren optreden in het gehele THz spectrale
gebied. Verder worden veel polymeren dikwijls toegepast als materialen voor
THz-fotonica componenten zoals THz vensters, lenzen, waveguides en diëlektri-
sche spiegels. Echter, deze materialen zijn doorgaans alleen bij lage THz fre-
quenties goed gekarakteriseerd, terwijl de 3–15THz range zelden onderzocht is
aangezien noch conventionele THz spectrometers noch Fouriergetransformeerde
infraroodspectroscopie adequate metingen in dat spectrale regime kunnen doen.
De complexe brekingsindices van lagedichtheidpolyetheen (LDPE), cyclische
olefine/etheencopolymeer (TOPAS®), polytetrafluoretheen (PTFE of Teflon®)
en polyamide 6 (PA6) zijn gemeten in het 2–15THz regime met behulp van
THz luchtfotonica. LDPE en TOPAS® zijn zeer geschikt als ultra-breedband
THz fotonica materialen aangezien beide polymeren een vlakke brekingsindex
en verwaarloosbare absorptie in het gehele spectrale venster laten zien. Daaren-
tegen zijn in PTFE en PA6 resonante hoogfrequente vibraties waargenomen en
toebedeeld aan hun moleculaire oorsprong. Daarnaast zijn de complexe diëlek-
trische functies van de onderzochte polymeren theoretisch gereproduceerd in het
gehele spectrale venster met een bestaande uit meerdere Lorentz resonanties.

In hoofdstuk 3 hebben we de expliciete richtlijnen voor ultra-breedband tran-
siënte THz spectroscopie met luchtfotonica gepresenteerd. Vele uitdagingen die
inherent zijn aan deze techniek worden behandeld en opgelost. Aangezien de
hoogfrequente componenten van de ultra-breedband THz puls zeer gevoelig zijn
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voor instabiliteit van de fase, moeten speciale maatregelen worden genomen om
de fasefout te minimaliseren. Zelfgerefereerde THz-spectroscopie, zoals beschre-
ven in hoofdstuk 3, verzekert de acquisitie van de referentie en differentiële THz
golfvormen in één scan in plaats van twee verschillende acquisities waar een aan-
tal minuten of uren tussen zit. Op deze manier worden de gevolgen van lange
termijn veranderingen in de THz signalen, zoals afwijkingen van de relatieve
vertraging tussen de THz en optische paden, drastisch verminderd. Aangezien
de meeste materialen vaak ondoorzichtig zijn in het brede spectrale regime van
de THz luchtfotonica spectrometer kan de transmissiegeometrie niet altijd met
succes toegepast worden, in het bijzonder niet voor dikke monsters. Bijvoor-
beeld, ons 0.33mm dikke GaAs monster laat een resonant absorptie-signaal zien
bij ca. 8THz, die het grootste deel van het doorgelaten THz signaal vermindert
tot het ruisniveau. Het voordeel van de ultra-bandbreedte van de luchtfotonica
THz puls gaat dus verloren. Echter, dunnere monsters hebben ook een aantal
nadelen. Bijvoorbeeld, zelfs als het monster zelf dun genoeg is, dus voldoende
transparant zoals bijvoorbeeld onze 300 nm dikke MAPbI3-films, is er weinig
keuze voor het substraat aangezien de meeste materialen niet transparant zijn
in het ultra-breedband THz regime.

De reflectiegeometrie komt vanzelfsprekend naar voren als de enige moge-
lijke optie voor ultra-breedband THz spectroscopie in veel praktische gevallen,
hoewel de analyse van de transiënte reflectantie spectra een intrinsieke com-
plicatie ten opzichte van de geometrie met zich meebrengt. Inderdaad, in de
transmissiegeometrie dragen alle fotogegenereerde ladingen in fase bij aan de
differentiële transmissie, waardoor de ruimtelijke verdeling ervan in de richting
van de THz bundel geen enkele rol speelt als hun respons lineair is in het THz
veld. Dientengevolge is de transiënte transmissie recht evenredig met de zgn.
sheet conductiviteit in de limiet van kleine signaalsterkte. Daarentegen zijn
de bijdragen van de transiënte conductiviteit van iedere laag in het fotogeëxi-
teerde gebied aan de totale reflectantie onderling gedefaseerd. Daarom moet in
de reflectiegeometrie ook met de ruimtelijke verdeling van de ladingen rekening
gehouden worden en een meer algemene uitdrukking voor de relatie tussen de
transiënte reflectie en de conductiviteit worden gebruikt. Aan het einde van
hoofdstuk 3 hebben we onze theoretische bevindingen experimenteel getest en
gecontroleerd door het uitvoeren van ultra-breedband THz spectroscopie in re-
flectiegeometrie van een dikke semi-isolerende GaAs wafer.

In hoofdstuk 4 hebben we de plasmon-fonon koppeling en de sub-picoseconde
dynamica van foto-geëxciteerde dragers in ongedoteerd GaAs besproken. Dit
onderwerp heeft een bijzondere wetenschappelijke en technologische relevantie
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omdat GaAs een archetypische halfgeleider is die alom gebruikt wordt in elektro-
nica. De THz luchtfotonica spectrometer werd gebruikt om de ultra-breedband
THz fotoconductiviteit van GaAs te meten op een tijdschaal kleiner dan de
tijd die nodig is om het nieuwe evenwicht tussen ladingsdragers en het rooster
(elektron-fonon koppeling) te bereiken. Waar de fotoconductiviteit onmiddellijk
na de foto-excitatie toeneemt, kost de oprichting van een afgeschermde coulomb
potentiaal een zekere tijd. In een polaire halfgeleider zoals GaAs kunnen de
longitudinale optische (LO) fononen koppelen met de plasmatrillingen van de
ladingsdragers, via de Fröhlich interactie, waardoor de plasmon dynamica ge-
correleerd is aan die van het fonon. De 50 fs tijdsresolutie van de luchtfotonica
THz puls heeft ons in staat gesteld om de dynamica van de foto-geëxciteerde
dragers te observeren vóór dat de veel-deeltjes correlaties in het rooster-drager
systeem gevormd zijn. Pas na de oprichting van de gekoppelde plasmon-fonon
modes na ca. 240 fs begint de vrije drager dynamica gedomineerd te worden door
de plasmon demping. Drude fits van de fotoconductiviteitspectra hebben schat-
tingen verschaft van de verstrooiingstijd en van de plasmafrequentie voor elke
pomp-THz vertraging. Maar alleen pomp-THz vertragingen langer dan 320 fs
zijn in goede overeenstemming met het Drude model. In het tijdsbereik van
240 fs 400 fs hebben we een toename van de verstrooiingstijd van ca. 60 fs om
140 fs waargenomen. Vervolgens blijft de verstrooiingstijd bij de laatste waarde
tot minimaal ca. 700 fs na foto-excitatie. De plasmafrequentie blijft grotendeels
constant over de tijdspanne 240–700 fs, wanneer veranderingen in de ladings-
dichtheid en effectieve massa van de foto-geëxciteerde dragers verwaarloosbaar
zijn ten opzichte van de verandering in de verstrooiingstijd. Deze waarnemingen
zijn in de goede overeenstemming met eerdere verslagen.

Samengevat hebben we een breedband, lucht-gebaseerde THz opstelling ge-
ïntroduceerd en zijn mogelijkheden in verschillende (transmissie en reflectie)
geometrieën aangetoond. De setup is gebruikt voor zowel steady-state spec-
troscopie van polymeren als tijdsopgeloste spectroscopie van foto-geëxciteerde
halfgeleiders, en heeft nieuwe inzichten in roostertrillingen en ladings dragerdy-
namica in deze systemen mogelijk gemaakt.
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