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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-
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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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Introduction xi

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.


