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Abstract: We use THz probe pulses to detect and analyze the dynamics of charge transport
anisotropies generated by ultrafast laser two-photon absorption in Zinc Telluride (ZnTe) semi-
insulating crystal showing smooth and laser structured surfaces. The detected anisotropy consists
in a modulation of the THz transmission as a function of the orientation of the <001> axis
of ZnTe. The change in THz transmission after pump excitation is attributed to free carrier
absorption of the THz field in the laser-induced electron-hole plasma. Pre-structuring the
surface sample with laser-induced periodic surface structures (ripples) has strong influence on
free carrier THz transmission and its associated anisotropic oscillation. Within the relaxation
dynamics of the laser-induced free carriers, two relaxation times have to be considered in order to
correctly describe the dynamics, a fast relaxation, of about 50 picoseconds in pristine sample (90
picoseconds in sample pre-structured with ripples), and a slow one, of about 1.5 nanoseconds.
A theoretical model based on classical Drude theory and on the dependence of the two-photon
absorption coefficient with the crystal orientation and with the laser polarization is used to fit the
experimental results.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Engineering and functionalization of materials by ultrafast direct laser processing [1], in bulk or
on surfaces, is a promising way for the development of integrated and smart photonic devices, for
applications in several domains of science [2–4]. Effects of laser-induced ripples structures on
material surfaces have been studied during the last decades for several materials. These periodic
anisotropic structures are the result of laser scattering and interference, creating periodic patterns
with periodicities proportional to the wavelength [5]. They can add to a structured material new
characteristic in the optical, thermal, or mechanical domains [5–7]. Being defined by light-driven
excitation and ionization processes, the question of potential transport anisotropies is of interest.
On the other hand, since the earliest works on ionization process in semiconductors and other
crystalline materials much attention has been devoted to the study of the anisotropies involved
in these processes, especially when related to two-photon absorption (TPA) in low bandgap
semi-insulating crystals [8–13]. If the second-order optical susceptibility is important for the
design of electrooptic and frequency doubling devices, the third-order susceptibility related to
TPA can give fundamental limitations to any high χ(3) material in all-optical switching schemes
based on an intensity-dependent refractive index [14–16].

The anisotropy of TPA coefficient has been studied in GaAs, CdTe and InSb [17–19], showing
that it is a function of the crystal orientation and of the polarization direction of the incident
light. Sanjuan et al. [20] studied the influence of TPA anisotropy on THz generation by Optical
Rectification (OR) in a< 111> cut ZnTe crystal.
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Concerning the recombination process after TPA excitation of semi-conducting crystals,
Kanevce et al. [21] studied carrier dynamics and transport characteristics within two-photon
excitated photoluminescence in CdTe semiconductor. Opanowicz et al. [22] discussed the
luminescence of highly excited ZnTe crystals under several experimental conditions showing
that the recombination rate of free carriers can be described in terms of direct band-to-band
transition and direct electron-hole (e-h) trapping. Baxter et al. [23] proved that electrons and
holes have similar effective masses upon excitation from the valence band to the conduction band
via TPA and both will contribute to the THz absorption in bulk ZnO by time-resolved terahertz
spectroscopy.

However, so far, little experimental works have been devoted to the study of the relaxation
dynamics by considering the anisotropic aspect of ultrafast TPA excitation of low band-gap crystals
and, to our knowledge, no works can be found in the literature concerning laser pre-structured
samples with topography anisotropies. In this work we will investigate the anisotropic dynamics
which follows the initial TPA excitation, in pristine and surface pre-structured samples. Among
the methods which can be proposed for the study of crystalline and electronic band asymmetries
in semi-insulating crystals [17,24], here we use optical pump and terahertz probe pulses, which
is a very powerful method for non-invasive in situ analysis of free carrier conductivity. Moreover,
using THz pulses as a probe has the advantage of high free carrier absorption in the laser-induced
plasma, the absorption cross-section at THz frequencies being about 108 times larger than at
optical frequencies (800 nm in the present case). This means that electron densities as low
as 1013 − 1014cm−3 can be detected and their relaxation dynamics analyzed in a context of
low-density electron-hole plasmas and relatively long collision times. The anisotropy of TPA
gives an initial modulation of the THz response of ZnTe crystal as a function of the crystal
orientation. This will induce THz transmission oscillations, by which conductivity changes of the
excited ZnTe can eventually be deduced. We will show that the model of TPA anisotropy given
in Ref. [17] can be applied in our case, fitting in a satisfactory way the experimental results. By
adjusting the theoretical model to our experimental data, we are able to deduce some important
parameters related to TPA anisotropy and the relaxation dynamics in ZnTe after ultrafast laser
excitation, in presence and in absence of surface ripples.

2. Experimental setup and method

A Ti: Sapphire femtosecond laser (800 nm central wavelength, 50 fs pulse duration, 2 kHz
repetition rate, maximum energy per pulse of 3 mJ) is used in an optical pump – THz probe
configuration, as shown in Fig. 1. The initial laser beam is divided into three beams, two beams
are used for THz generation and detection, and the third beam is used as an optical pump to induce
TPA in the studied sample. THz probe pulses are generated by OR in a first ZnTe crystal with
a laser fluence of about 0.7mJ/cm2 and duration of 150 fs (chirp adjusted in order to optimize
the THz signal), and detected by electrooptic sampling (EOS) in a second ZnTe crystal [25].
ZnTe crystals utilized for THz generation and detection are holographic-cut. The crystal used
for THz generation has a thickness of 500 µm and its <001> axis forms an angle of about 55°
with the pump polarization direction (horizontal). The crystal used for THz detection has a
thickness of 1 mm and its <001> axis is perpendicular to the optical probe polarization direction,
which in turn is parallel to the THz electric field direction in the crystal (both horizontal). These
conditions optimize the generated and the detected THz signal. A third ZnTe crystal (500 µm
thickness) is used as a sample and it is excited by the optical pump with a laser fluence ranging
from 0.01mJ/cm2 to 0.25mJ/cm2. Teflon tapes are positioned just behind the first ZnTe crystal
and the studied sample, in order to stop the near-IR laser pulses. The THz radiation generated by
the femtosecond optical pump in the studied sample is not detected because its repetition rate
(2 kHz) is different from the chopping frequency (850 Hz) of the detection system (heterodyne
detection with lock-in amplifier), therefore the THz signal variation detected in the presence
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of the optical pump is only due to the absorption by the free carriers generated by the optical
pump in the sample. Moreover, we estimate that about 26% of the optical pump pulse energy is
absorbed by the sample within the TPA process when 0.25mJ/cm2 pump fluence is used, which
gives an energy conversion efficiency of optical pump to TPA process much higher than the
conversion efficiency of the optical pump for THz generation (about 10−5) [26].

Fig. 1. Optical pump-THz probe setup. The probe delay line is used to reconstruct THz
field for a given delay of the optical pump pulse. The pump delay line is used to change
the delay between optical pump and the THz probe pulses, probing so the charge transport
dynamics induced in the excited sample.

During the experiment the THz probe pulse has a fixed horizontal polarization whereas the
optical pump polarization can be changed from parallel to perpendicular, with respect to the THz
probe polarization.

We analyze the anisotropy by rotating the sample crystal on a xOy plane by an angle θ measured
between the <001> crystal axis and the y vertical axis (see Fig. 2(b)); with θ0 we indicate the
angle between the optical pump polarization ê and the y vertical axis. All the experimental
results are obtained by measuring the THz transmission of the excited ZnTe as a function of θ for
different delays between optical pump and THz probe and different optical pump polarization.
All the measurements are done at room temperature.

Fig. 2. (a) The schematic of ZnTe sample with orthogonal incident optical pump and THz
probe. The optical pump will excite free electrons and then is stopped by a Teflon tape put
after the ZnTe sample. (b) The xOy plane is the (110) plane of the holographic-cut ZnTe.
Horizontal polarization (θ0 = −90o) and vertical polarization (θ0 = 0o) of the optical pump
are introduced for anisotropy measurements.

3. Theoretical background

ZnTe is a direct bandgap crystal semiconductor, with a bandgap of about 2.3 eV. Given the photon
energy at 800 nm, corresponding to 1.55 eV, free electrons in the conduction band and an equivalent
population of holes in the valence band can be generated only by TPA. The generated free
carriers will efficiently absorb THz probe field by free carrier Inverse Bremsstrahlung absorption
process. The relaxation process then may include various paths of decay with recombination rates
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proportional respectively to the electron density (direct band-to-band transition), the square (direct
e-h trapping) and the cube (Auger process) of the electron density [27–29]. In semiconductors,
relaxation processes via e-h trapping and Auger scattering are expected, but they are effective
only at lower band-gap and carrier densities above 1018cm−3[30]. In our case we expect carrier
densities as low as 1013 − 1014cm−3 and therefore e-h trapping and Auger recombination have not
significant influence. Furthermore, bulk exciton states in ZnTe have binding energies lying below
the thermal agitation energy at room temperature (kBT ≈ 26 meV), therefore in our experimental
conditions bound exciton states have very low probability of appearance [31]. For all these
reasons we will assume that the laser TPA generated free carrier density has an exponential decay
behavior.

The atomic density of ZnTe, Nat = 2 × 1022 cm−3, being much larger than the expected
excited electron density (around 1014 cm−3), the peak electron density can be estimated using
the multi-photon absorption rate equation as N0 ≈ σ

(2)
0 I2

0Natτ, where σ(2)
0 is TPA cross-section,

which can be deduced by TPA coefficient β using the relation σ(2)
0 = β/2Nathν0, where h is

Planck constant and ν0 is the laser pulse central frequency. I0 is the peak intensity, and τ = 150 fs
is the optical pluse duration.

The THz intensity transmission by a free electron slab of thickness l can be described by a
simple Beer-Lambert law as:

T(t) = e−αfc(t)l (1)

The characteristic absorption length within TPA is estimated as 1/βI0 ≈ 2000 µm, which is 4
times larger than the sample thickness. Because of the latter consideration and because the pump
laser pulse is not focused in the sample, the value of l in Eq. (1) is not the confocal length of the
focused beam nor the characteristic TPA absorption length but the sample thickness, l = 500 µm.
Here we indicate as αfc(t) the free carrier absorption coefficient, which can be written as:

αfc(t) = 2
Ω
c

nI(t) (2)

Ω being the THz frequency and nI(t) being the transient imaginary part of the index corresponding
to free carrier relaxation, which depends on the carrier density (t) by the following expression
(imaginary part of the square-root of the dielectric function):

nI(t) = ℑ
⎛⎜⎝
√︄

1 − i
e2

m∗
eε0

τc
Ω(1 − iΩτc)

N(t)⎞⎟⎠ (3)

where τc and m∗
e are the collision time and the electron effective mass, and e and ε0 the electron

charge and the free space permittivity, respectively. The expression (3) represents the variation
of the imaginary part of the complex index of an electron plasma when the Drude model is
considered to describe it, and cannot be approximated in our experimental conditions because
the collision frequency (the inverse of the collision time) could be, in principle, comparable to
the plasma frequency, ωpe =

√︁
e2N0/m∗

eε0, and the THz frequency.

4. Experimental results

4.1. THz transmission dynamics

The THz transmission quantity utilized in this work is defined as follows: we calculate the
integral of the modulus squared of the THz signal detected by EOS in presence and in absence
(the reference) of optical pump (free carriers) respectively and then we take the ratio. The time
window for the signal integration is 4 ps, which corresponds to the time window allowing the
complete oscillation of the THz electric field, as can be seen in Fig. 3(a), which shows the THz
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signal as measured by EOS before (dark solid line) and just few ps after (red solid line) optical
pump excitation. The retrieved spectral amplitude is also shown in Fig. 3(b), giving a clear idea
of the measured bandwidth. By changing the delay between optical pump and THz probe pulses
we experimentally obtain the THz transmission dynamics which is shown as dark solid line in
the graph of Fig. 3(c), in the case of excitation by a 0.125mJ/cm2 pump pulse. We can clearly
see that two distinct lifetimes have to be considered in order to fit the experimental result. The
theoretical curve in Fig. 3(c) (red solid line) is obtained by calculating the THz transmission
through a free carrier plasma slab by taking into consideration the simple Drude model described
in the section 3, where the density of the plasma slab is described as a bi-exponential decay with
two characteristic lifetimes, a fast one of about 50 ps and a slow one of about 1.5 ns. The short
relaxation time seems consistent with the value reported in [32] in similar experimental conditions
with respect to our work, while the long relaxation time seems consistent with typical free carrier
relaxation times reported in crystal semi-conductors [21]. To reproduce the experimental result
some parameters have been fixed by considering the experimental conditions (laser pulse intensity
and associated peak electron density: N0 ≈ 6 · 1013 cm−3 at a fluence of 0.1mJ/cm2 and 150
fs pulse duration), while the value of β = 5 cm/GW has been taken from [33]. The collision
time and the electron effective mass have been retrieved by the simulation, giving respectively
the values τc = 1 ps and m∗

e=0.12me. The value of the retrieved collision time is consistent
with low intensity exposures and low-density electron-hole plasmas, while the retrieved electron
effective mass value is consistent with values previously reported in the literature for ZnTe at
room temperature [34]. The percentage of the fast and slow exponential relaxation is around 80%
and 20% respectively, indicating that the fast-exponential decay is the dominant process.

4.2. THz free carrier absorption oscillations vs crystal orientation

The THz transmission signal with 0.25mJ/cm2 pump and without pump, for a fixed pump-probe
delay and a THz probe polarization set to horizontal, is measured as a function of the crystal
orientation, as described in section 2. In Fig. 3(d), the dark curve is the THz transmission of
the holographic-cut ZnTe crystal without pump excitation, while the red curve represents the
THz transmission obtained when the optical pump is applied just before the probe arrives (a few
picoseconds, therefore close to the peak absorption). We can clearly see how a modulation of
the THz transmission as a function of the crystal orientation appears when the optical pump is
present. This oscillation is attributed to the dependence of the TPA cross-section coefficient with
the crystal orientation and laser pulse polarization [17]. The THz transmission oscillation is then
due to the oscillation of the initial charge density induced by TPA anisotropy, which induces
oscillations of the free carrier absorption coefficient, as a function of the ZnTe <001> axis angle.

For better understanding, both the transmission of the optical pump and the THz transmission
by free carriers in presence of the optical pump, are reported in Fig. 4(a) and 4(b), respectively
for horizontal and vertical pump polarizations. As can be remarked, the transmission of the
sample for the optical pump depends on the crystal orientation (dark squares and solid line).
To compare the response of the sample for optical pump and THz probe, we fix the pump
delay around the maximal absorption and set the polarization of the optical pump to horizontal
(θ0 = −90o) (Fig. 4(a)) and vertical (θ0 = 0o) (Fig. 4(b)), using a pump fluence of 0.125mJ/cm2.
As can be seen, the THz probe transmission oscillation follows the oscillation of the optical
pump transmission. This behavior is well explained within the assumed theoretical scenario: the
higher the optical pump transmission, the lower the generated free carrier density in ZnTe by
TPA, and therefore the lower the THz absorption (or higher the THz transmission) in the free
carriers plasma. From Eq. (29) of Ref. [17] it can be deduced that the TPA cross-section σ(2) in
a holographic-cut semi-insulating cubic crystal has an angle dependence with the <001> axis
orientation given by:

σ(2)(θ) = σ
(2)
0 {1 + B[1 + 3cos2(θ − θ0)]sin2(θ − θ0)} (4)
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Fig. 3. (a) THz signal measured by EOS before (dark solid line) and few ps after optical
pump excitation of the studied sample. (b) Retrieved spectral amplitudes after Fourier
Transform of the signals in (a). (d) Experimental data (dark line) and the theoretical
simulation (red line) of THz transmission by TPA generated free carriers as a function of
the optical pump – THz probe delay, within a temporal window of 300 ps (pump fluence
0.125mJ/cm2 and 150 fs pulse duration). Two exponential recombination times are clearly
observable. (c) THz transmission with and without pump excitation as a function of the
crystal orientation (pump fluence 0.25mJ/cm2 and 150 fs pulse duration).

where θ0 indicates the pump polarization angle with respect to the vertical axis y, as described in
section 2 (Fig. 2(b)). B is an a-dimensional parameter, which is related to the elements of the χ3

tensor involved in the TPA process. In Fig. 4(c) and (d), we use this model to fit the experimental
data, with fixed θ0 (pump polarization). By adjusting the theoretical and the experimental results
we find a value of B= 0.23, which is consistent with the value reported in Ref. [17] for a CdTe
crystal. As can be seen in Fig. 4(c) and (d), the result is consistent with the TPA anisotropy
model, for both pump polarizations, horizontal and vertical, in term of prediction of the position
of the hills and the valleys and the shape of the oscillation. The discrepancy between experiment
and theory, in the graphs of Fig. 4(c) and 4(d), is attributed to the THz transmission fluctuation
with the crystal orientation, which is present even in absence of the optical pump, although this
oscillation is randomly distributed and it has not the same structure as the oscillation in presence
of the optical pump. The level of this noise can be estimated by observing the Fig. 5(a) for
negative delay (before the pump arrives).

4.3. THz free carrier absorption oscillation vs crystal orientation and pump-probe delay

THz transmission amplitude vs angle at different pump delays has been measured. In this case
we fix a horizontal pump polarization with a fluence of 0.14mJ/cm2. The THz transmission
as a function of the <001> crystal axis orientation has the same oscillation trend than at zero
delay but different oscillation amplitudes, as shown in Fig. 5(a). A remarkable feature which
can be remarked by observing the graph of Fig. 5(a) is that the maximum THz oscillation
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Fig. 4. The output optical pump power oscillates with the <001> axis angle, and the THz
signal follows the pump oscillation, in the case of horizontal (a) and vertical (b) pump
polarization. In (c) and (d), we use the model taken from [17] to fit the experimental data for
both horizontal and vertical polarizations of the optical pump. All the curves are normalized
between 0 and 1.
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Fig. 5. (a) THz transmission oscillation as a function of the crystal orientation, for several
optical pump delay, with polarization set to horizontal, and fluence of 0.14mJ/cm2 (the
negative delay time means the pump arrives after the probe, and the observed oscillations are
only due to noise). (b) Experimental (black dots and dashed line) and theoretical (red solid
line) THz oscillation amplitude as a function of the delay. As can be seen the maximum THz
oscillation amplitude appears at a delay of about 35 ps. This is well predicted by the theory.
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amplitude is not occurring at zero delay. This behavior is also well predicted by the theory
(TPA carrier generation+ anisotropic oscillation of the TPA cross-section given by (4)+ carrier
recombination), and the comparison with the experimental amplitudes is shown in Fig. 5(b). By
analyzing the experimental behavior of the THz transmission in the Figs. 5(a), we can observe in
fact that the THz transmission oscillation amplitude (∆T) has a maximum (∆Tmax) at a delay of
about 35 ps.

Remark that this is not a real delayed response of the sample. In fact, the transmission function
of the electron plasma, T(t) = e−αfc(t)l, is a monotonic function of the time, but when a small
modulation of the initial carrier density, ∆N0, is introduced (because of the anisotropic oscillation
of the TPA coefficient with the crystal orientation), the function ∆T(t) = |∂T/∂N0 | × ∆N0 ∝

|∂αfc(t)/∂N0 |e−αfc(t)l may not be monotonic in time and have a maximum which is delayed with
respect to t = 0 (excitation time). However, the value of the delay at which this maximum
oscillation amplitude arrives (in our case around 35 ps) is very sensitive to the experimental
conditions (pump laser intensity) and the physical parameters of the system (peak carrier density,
electron effective mass, collision time, lifetimes). This can be experimentally verified by plotting
∆T as a function of the delay, considering the experimental data reported in Fig. 5(a), and the
result is illustrated with black dot and dashed line in Fig. 5(b). Within the proposed model, if
the value of the maximum THz oscillation amplitude, ∆Tmax, is essentially determined by the
value of the parameter B, here fixed to 0.23, the delayed position at which this maximum is
reached depends weakly on the value of the parameter B and strongly on the other important
parameters involved in the model and described in the paragraph 4.1, as the electron effective
mass, the collision time, and the two characteristic lifetimes. By considering the values of the
electron effective mass, the collision time, and the two lifetimes reported in the paragraph 4.1 we
were able to theoretically predict a maximum THz oscillation amplitude occurring at around 35
ps, and the theoretical curve (red solid line in Fig. 5(b)) is satisfactory in agreement with the
experimental result.

We can conclude that the simple theoretical model proposed here is consistent not only with
the description of the carrier generation and relaxation dynamics, but equally with the description
of the dynamics of the charge anisotropy initiated by TPA.

4.4. THz absorption oscillations vs crystal orientation in surface structured ZnTe with
ripples

One of the main objectives of this work is to study if and how a permanent anisotropy, generated
by pre-structuring the sample on its surface by using ultrashort laser, influences the transient
charge anisotropy induced by TPA. The structures consist in periodic ripples photowritten on
the whole surface, having an average period of about 800 - 850 nm, on a average depth of about
300 nm, forming an angle of about 25–30° with the <001> axis of the ZnTe sample, as indicated
in Fig. 6, where scanning electron microscopy (SEM) and atomic force microscopy (AFM)
images of the ripples are shown.

The sample surfaces were textured using a Tangor HP femtosecond laser (Amplitude Systems,
France) and a galvanometric scanner (GmbH’s intelliSCAN 14, Scanlab, Germany). The laser
pulses have central wavelength of 1030 nm and pulse duration around 400 fs. The laser beam was
linearly polarized. All the samples were placed on 3D-XYZ translation stages. The galvanometric
scanner was finally associated with a f-theta lens of 100 mm, and surface ripples were generated
at a fluence of 2 J/cm2. The beam spot size was about 33 µm in diameter. For large area ripples
formation, the pulse-to-pulse spacing and the offset between scanning lines were kept identic and
equal to 5 µm. These structures are photowritten on both the input and the output faces of the
sample with the same angle. The periodic structures, generated on both ZnTe surfaces, by using
ultrashort laser photo-inscription, have remarkable quality, as can be seen in Fig. 6.
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Fig. 6. (a), (b) SEM images of the ripples photowritten on the ZnTe surfaces (two different
magnifications are given). The yellow dashed line in Fig. 6(a) is a guide for the eyes and
indicates the direction of the <001> axis of ZnTe, while the red dashed line represents the
new optical axis introduced by ripples. (c) AFM image of the surface ripples, with a false
color scale indicating the depth level. (d) Surface scanning with the AFM tip along the x
axis, giving an average depth variation of about 300 nm and a deduced (projection along the
direction perpendicular to ripples) average period of about 800 - 850 nm.

We first investigate the effect of ripples on the static response of ZnTe by measuring the sample
transmission for the optical pump and the THz probe with respect to <001> axis orientation,
by using horizontally polarized optical and THz beams. Surface ripples have big effect on the
optical pump transmission, by drastically reducing the transmitted power (about 7 times for a
0.125mJ/cm2 input fluence), but in particular by drastically changing the angular dependence on
the <001> axis orientation. This last characteristic can be observed by comparing the relative
transmission (the mean value has been removed) of the optical pump for three different input
powers, as a function of the crystal orientation without ripples (and therefore only due to TPA
anisotropy) (Fig. 7(a)), and with ripples (Fig. 7(b)). As expected, at a very low input fluence
of about 0.01mJ/cm2, the oscillating behavior of the sample transmission disappears, when the
anisotropy is due only to TPA (Fig. 7(a)), but on the contrary it keeps in presence of surface
ripples. This indicates that in the first case the anisotropy effect is self-induced by the optical
pump and it disappears when TPA is no more effective at low fluences, while in the second case
the effect is permanent because is due to permanent structures photowritten on the surface. By
the contrary, ripples seem having small effect on static THz transmission (no pump excitation).
In fact, if the presence of surface ripples reduces the static THz transmission of about 30%,
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probably because of a change in surface reflectivity and transmissivity due to the presence of
ripples, it has no significative effect on the angular dependence of the THz signal with crystal
orientation, as shown in Fig. 7(c). The strong effect on the angular dependence of the optical
pump transmission with <001> axis orientation can be explained by a relatively strong coupling
due to the fact that the values of the optical wavelength and the ripples average period are very
close. This also explains why this effect is negligible in the case of static THz transmission
(wavelength of 300 µm at 1 THz).

Fig. 7. (a) Relative (the average value has been removed) optical pump transmission vs
crystal orientation on a pristine ZnTe, for different input optical pump fluences. (b) Same
measurement as in (a) but in presence of surface ripples. (c) THz pulse energy (value
proportional to) transmitted by the ZnTe sample as a function of the crystal orientation,
with (dark solid line) and without (red solid line) surface ripples. (d) free carrier THz
transmission as a function of the crystal orientation for an optical pump-THz probe delay of
35 ps, with pump fluence of 0.25mJ/cm2, and horizontal polarization.

If the angular behavior of the static THz transmission with the <001> axis orientation is not
affected by the presence of surface ripples, this is not the case of the transient THz transmission
in presence of free carriers induced by TPA. In this case in fact a significant angular shift (angle
dependent) is observed in the THz transmission curve, as shown in Fig. 7(d) for a delay of
35 ps (corresponding to the delay where a maximum oscillation amplitude is observed). We
also observe that this shift is not constant but it depends on the angle. This behavior can be
explained by assuming a birefringence effect induced by ripples on the surface, which changes
the polarization of the optical pump after the input surface. This optical pump polarization
change is responsible for the angular shift observed on the THz transmission curve, as expected
by considering the TPA anisotropy model described in section 4.

Surprisingly surface pre-structuring with ripples seems affecting also the free carrier relaxation
dynamics, by changing the value of the fast characteristic relaxation time. In Fig. 8(a) we show
the experimental (dark solid line) and theoretical (red solid line) relaxation decay up to 1 ns
in presence of surface ripples for a fixed crystal orientation. To fit this relaxation decay, all
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the parameters are maintained equal with respect to the case without ripples (paragraph 4.1,
Fig. 3(c)) excepted the parameter corresponding to the fast relaxation lifetime, which has to be
set now at 90 ps instead of 50 ps. This result is confirmed by measuring the relaxation dynamics
of the oscillating THz signal transmitted by free carriers, averaged over 360° crystal orientation,
for the pristine sample first, and then for the same sample but pre-structured with ripples. The
experimental results (dots and dashed lines) and the corresponding simulations (solid lines) are
shown in Fig. 8(b). We can notice that the experimental curve in Fig. 8(a) presents a higher level
of noise with respect to the one presented in Fig. 3(c) (no ripples). This noise can be explained by
the presence of surface ripples. In fact, the surface birefringence introduced by ripples highlights
the phase fluctuations of the optical pump polarization components, resulting in a significative
polarization jitter. The noise is due to the fact that the THz transmission is highly sensitive to
the pump polarization. However, the increase of the noise can only increase the uncertainty
of the measured lifetime and not its average value, therefore this effect cannot be attributed to
an artifact due to the high noise level. A possible empirical explanation of this effect is that
the fast relaxation process is related to phenomena happening on or close to the ZnTe surfaces.
Among the scenarios proposed to explain this effect there is a relatively fast transient change of
the surface reflectivity, induced by the optical pump at THz frequencies. This would give the
impression of a fast depletion of charge in the volume. However, in this case the Drude frame
would be preserved because the consequence of this scenario would be only an overestimation
of the initial carrier density. Another possibility is that we observe a relatively fast trapping of
electrons by impurities due to structural defects, which are much more numerous close to the
interface. This would give a fast and strong depletion of charge close to the interface, which
in turn can give a transient change of reflectivity at THz frequencies. In this case changing the
interface properties by pre-structuring it, can change the electron dynamics after pump excitation
of the crystal semiconductor. In fact, the presence of impurities due to structural defects at the
interface of a crystal semiconductor is a common feature. This is why it is important to study
how a pre-structuration of the interface can change the anisotropic and electronic properties of a
crystal semiconductor. However, a more detailed analysis is needed to validate these hypotheses,
and it is matter for future investigations.
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Fig. 8. (a) Experimental and theoretical relaxation dynamics measured and calculated
until 1 ns in presence of surface ripples. (b) Normalized THz transmission by free carrier
(averaged over 360° crystal orientation) in absence (dark squares and dashed line) and in
presence (red circles and dashed line) of surface ripples. The solid lines correspond to
theoretical simulations of exponential decays with 50 ps (dark solid line) and 90 ps (red solid
line) lifetimes.
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5. Conclusion

Using THz pulses, we probed the anisotropic relaxation dynamics of TPA generated free carriers
in bulk ZnTe with density as low as 6 × 1013 cm−3. Transient anisotropy induced within the TPA
process itself, and consisting in an oscillation of the THz signal transmitted by TPA generated free
carriers as a function of the crystal orientation, have been analyzed for pristine and surface pre-
structured ZnTe, as a function of the delay between optical pump and THz probe. Pre-structuring
the surface sample with ripples showed a strong influence on the optical pump (the source of free
carriers), introducing at the same time a polarizing function (polarization directional coupling)
and a birefringence function (introduction of an optical axis perpendicular to ripples) on the
ZnTe surfaces, while it showed low influence on the sample static THz transmission. However,
surface ripples have strong influence on the THz signal transmitted by the photo-generated
free carriers, and the corresponding anisotropy, because of its sensitivity to the optical pump
intensity and polarization state, which are strongly influenced by the introduction of the surface
structures. In particular, the birefringence introduced by the ripples on the input surface changes
the polarization of the optical pump, resulting in an angle dependent phase shift of the oscillating
free carrier THz transmission. The relaxation dynamics shows clearly two distinct lifetimes, a
long one of about 1.5 ns, and a short one of about 50 ps in absence of ripples, which becomes
equal to about 90 ps in presence of ripples. The fact that only the fast decay is significantly
influenced by ripples could indicate that this lifetime is related to a process happening at the
interface or close to it, as for example a transient surface reflectivity change at THz frequencies,
induced by the optical pump. A simple model based on classic Drude theory of free carrier
absorption, as well as the anisotropy description in term of dependence of the TPA coefficient
on the crystal orientation and on the laser pulse polarization, has been adopted and showed a
satisfactory consistence with the observed experimental results. This type of analysis is applied
here for surface pre-structured ZnTe semi-insulating crystal, but it could be applied in principle
for any material. Analyzing the influence of laser structuring on transport properties can have an
important impact for future applications in the domains of ultrafast laser-processed functional
engineered surfaces and materials.
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