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4 Ultrafast Dynamics of
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
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54 Ultrafast Dynamics of Photocarriers in GaAs 4.1

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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4.2 Ultrafast Dynamics of Photocarriers in GaAs 55

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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56 Ultrafast Dynamics of Photocarriers in GaAs 4.2

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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4.2 Ultrafast Dynamics of Photocarriers in GaAs 57

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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58 Ultrafast Dynamics of Photocarriers in GaAs 4.3

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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4.4 Ultrafast Dynamics of Photocarriers in GaAs 59

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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60 Ultrafast Dynamics of Photocarriers in GaAs 4.4

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
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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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62 Ultrafast Dynamics of Photocarriers in GaAs 4.4

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.
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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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4.5 Ultrafast Dynamics of Photocarriers in GaAs 65

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.


