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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
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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
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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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6 Principles of THz Air Photonics 1.2

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
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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/
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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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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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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.


