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Abstract: We report on the generation of THz waves through optical rectification in ZnTe of
femtosecond laser pulses whose photon energy is tuned from below to above the ZnTe bandgap
energy. The THz signal exhibits a pronounced peak at the bandgap energy, at THz frequencies
for which losses in ZnTe remain small. This peak is likely due to the resonance of the ZnTe
nonlinear susceptibility in the vicinity of the bandgap.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical rectification (OR) of femtosecond laser pulses in electrooptic crystals is an elegant
way to produce broadband and powerful terahertz (THz) pulses [1-2]. The OR optical-THz
conversion efficiency is governed [3] by the crystal nonlinearity, its losses at both optical and THz
frequencies, and the possibility of achieving phase-matching. When using common Ti:Sapphire
mode-locked lasers emitting at 0.8-um wavelength, ZnTe is an excellent material [4-5], because
phase-matching is almost realized, losses are rather weak, and the birefringence issue is ignored,
even if its nonlinear coefficients are quite small as compared to the ones of other employed
crystals (LiNbOs3, LiTaOs. .. ) [6]. Making larger the nonlinear coefficients is possible by tuning
the laser pump wavelength closer to the bandgap [7-8]. However, optical losses increase as well,
leading to a decrease of the THz generated signal. When the pumping photon energy is larger
than the bandgap (2.3 €V), excitation of free carriers in the conduction band of ZnTe occurs.
Under normal incidence, these free carriers do not contribute to the THz generation, and thus the
observed THz signal is still emitted by bound electrons. In this paper, we report on THz emission
from a ZnTe crystal excited by optical pulses delivered by an optical parametric amplifier, whose
wavelength is tuned from 800 nm down to 476 nm, corresponding to a photon energy varying
from 1.55 eV to 2.60 eV, that is below and above the ZnTe bandgap.

2. Experimental methods

The ZnTe wafer is 1.52-mm thick and [111] oriented. It serves as an emitting THz antenna in
a common THz time-domain setup. The THz signal is collected by two parabolic mirrors and
directed towards an electrooptic detection system, which includes a 0.5-mm [110] ZnTe crystal, a
Wollaston prism and a balanced photodiodes detector. An amplified Ti:Sapphire mode-locked
laser (Coherent Libra 7) supplies 45-fs pulses of 0.8-um wavelength at a 1-kHz repetition rate. A
part of the beam feeds an OPA (Topas from Light Conversion) that delivers 50-fs pulses whose
wavelength is presently tuned from 476 to 800 nm (i.e. from 2.60 to 1.55eV). The OPA output
beam is mechanically chopped and excites the ZnTe emitter under normal incidence. The detector
is synchronously triggered by pulses from the mode-locked laser and the THz waveform is read
with a lock-in amplifier. The experiment is performed in dehydrated air (8% humidity) and at
room temperature.

At the crystal, the focused spot diameter is 2 mm. Due to the limitation of nonlinear efficiency
in OPA, its average power is 10 mW in the range 1.55-2.60 eV (peak power density 6.37 GW/cm?).
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After the ZnTe emitter, a Teflon plate blocks the remaining OPA light. The exciting laser beam is
linearly polarized along the [110] axis of the crystal and thus the generated THz beam is also
linearly polarized along the same direction [9].

3. Results and discussion

Figure 1 shows the THz waveforms recorded for different pumping photon energies. For the
sake of visibility, each waveform is vertically shifted by 1 as compared to the neighbor curve
below. The respective pumping photon energy is given on the right side. For energies below
the bandgap, the waveform curves exhibit the typical THz dipolar pulse due to the mismatch
between the THz and optical velocities, followed by damped oscillations originating in dispersion
at THz frequencies [10]. The penetration depth is greater than the crystal length (3.2 mm at
1.55eV or 1.6 mm at 1.84 eV for example). Near the bandgap, the penetration depth shortens to
few hundreds of micrometers (330 um at 2.30 eV, 160 um at 2.33 eV for example), and over the
bandgap, its value is down to a few hundred of nanometers. The oscillations are erased as the
optical pulse no more propagates in the crystal.
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Fig. 1. THz waveforms recorded for different pumping photon energies (values given on

the right side). For the sake of legibility, each plot is vertically shifted by 1 as compared to
the neighbor one below.

The corresponding spectra are depicted in Fig. 2. For the sake of legibility, only the spectra
obtained for pumping energies of 1.55, 1.91, 2.26 and 2.30 eV are plotted. In the transparency
range of ZnTe, the spectra are limited to 1~3 THz because of the rather large thickness of the
ZnTe sample that serves as THz emitter. Typically, this bandwidth slightly decreases when the
pump photon energy gets closer to the bandgap energy. Above the bandgap energy, the spectra
shape changes. At these energies, the penetration depth is short. The THz signal is generated
only at the input surface of the crystal, since the pump beam is strongly absorbed. The THz
wave, as it propagates, is then absorbed all along the crystal. The absorption is quite small for the
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lowest energies. However, as the absorption increases with the frequency, the highest frequencies
vanish from the emitted spectrum.
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Fig. 2. Spectra of the THz waveforms plotted in Fig. 1, recorded for different pumping
photon energies (values given on the right side). For the sake of legibility, each plot is
vertically shifted by 1 decade as compared to the neighbor one below.

Plotting (Fig. 3) the experimental data for a given THz frequency versus the pumping photon
energy reveals some amazing results. When the photon energy increases from 1.5 eV up to 2.2 eV
(range of transparency of ZnTe), the THz signal decreases whatever is the THz frequency (except
the 1.55-eV value at 0.36 THz. Let us notice that the experimental uncertainty is quite large at
0.36 THz and smaller frequencies, because of the weak generated signal — see Fig. 2). A strong
peak is observed at 2.3 eV for THz frequencies up 1.5 THz, over which this peak disappears.
Its spectral width is about 0.15 eV. At larger photon energies, the THz signal strongly declines.
This is clearly seen for the 0.8-THz case, for which the peak is well contrasted as compared to
the baseline. At higher THz frequencies, the peak can no longer be distinguished. This can be
explained by the fact that absorption is stronger for high terahertz frequencies. The possible
enhancement is then canceled by this absorption. Figure 4 allows the comparison between the
enhancement peak and the crystal absorption between 2 eV and 2.4 eV. Absorption was extracted
from spectroscopic measurements with a Shimadzu UV-2600 spectrometer in transmission and
reflection thanks to the formula [11]:

1 [~ = RQY + (1 - R + 4T R
a(l)=—-=1In
d 2 T()R(1)?

ey

where A is the wavelength, d is the crystal thickness, R(1) and T(2) are respectively the measured
reflectance and transmittance. The absorption edge of ZnTe is clearly seen on the absorption
spectrum. Over 2.3 eV, the absorption plateau at about 65 cm™! is an artefact due to the lack of
transmitted signal, which makes 7'(1) substituted by noise in (1).

We can see on Fig. 4 that the peak position corresponds to the beginning of the absorption
edge. For higher photon energies, the THz signal decreases rapidly. This could be due to THz
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Fig. 3. THz field magnitude at 0.36, 0.8, 1 and 1.93 THz versus the pumping photon energy.
Full circles are experimental data. The lines are calculated with expression (1), and are
continuous in the range of validity (1.5-2.2 eV). For information, they are plotted as dashed
lines over 2.2 eV, even if the calculation is no more valid. The dotted line is a guide to the
eyes that emphasizes the 2.3-eV peak.
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Fig. 4. THz field magnitude at 1 THz and crystal absorption versus the pumping photon
energy. Full circles are experimental data. The dotted line is a lead to the eye.
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absorption by the photo-generated free carriers. Indeed, the pump fluence here is 0.3 mJ/cm?,
well below the saturation threshold of free carriers in ZnTe measured by Ku et al. [12]. Also, the
penetration depth decreasing rapidly at high photon energies, only a small part of the crystal
length is used for the THz generation. Finally, the optical photons used to generate free carriers
do not contribute to the nonlinear optical process of THz conversion, limiting the efficiency.

Figure 5 presents the THz field magnitude versus the THz frequency for different photon
energies below the bandgap (1.95 and 2.15 V), at the bandgap (2.28 eV) and above the bandgap
(2.5 eV). These values are normalized to the one at 1.55 eV, in order to get rid of the spectral
shape of the THz signal due to both the laser pulse duration and the detection bandwidth. Below
the bandgap (1.95 and 2.15 eV), the normalized signal slightly decreases with the THz frequency.
Above 1.5~1.7 THz, it becomes noisy due to the weakness of the recorded signals. At the
bandgap, the result is very different as compared to below the bandgap: a peak clearly appears
around 0.55 THz. At higher frequencies, the signal gently decreases. At 2.53 eV, another behavior
is observed: the signal increases gradually and monotonously with the frequency, without any
peak. In the transparency range of ZnTe, i.e. below the bandgap, THz generation originates in
OR. The expression of the amplitude of the THz field radiated outside the crystal of thickness x
is given by [3,13]:

. 02 2ng + jka) 4 (¥t Euna - By
Eo(x) = - X — X 2 o) T Lgena 2
& notltjka (1+n,) +k,2 Fna+nee)+j(5+aw)
with: e]'%ngxe—aTQx _ E/'%n(;,wxe—arwx
Lgen = . 3)

L(ng —ngw) + (% - @)

Expression (2) is valid for plane waves and within the hypothesis of neglecting rebounds of
both THz and optical beams inside the crystal. Q and w are respectively the THz and optical
angular frequencies, aq and «,, are the coefficients of absorption, kg and «,, the coefficients of

L L . . . ©(2)
extinction, ng and n,, are the refractive indices. ng ,, is the group index at optical frequency. y
is the nonlinear tensor of the crystal corresponding to the photon interaction (w + Q) — w — Q

(in zinc-blende crystals like ZnTe, only the )(f? = )(g) = )(_g? elements of the tensor are not

null), and Ew is the field of the pumping laser beam outside the crystal. The term Lg,, has the
dimension of a length and its modulus |Lg,|, called “the effective generation length” [14,3],
renders for the propagation effects, especially the phase-matching process. The spectral features
of the THz field amplitude are also strongly governed by the ones of the nonlinear tensor. In view
of determining the spectral dependence of the nonlinear tensor, we use the classical anharmonic
oscillator model [15,3] that leads to:

x@ o xVQ)xV(w))? )

In this expression, we write only the order of magnitude y® (i=1,2) of the tensor )H((l). P
denotes the linear tensor that is linked to the complex refractive index by (n + jx)> = 1 + yV.

We compute the THz field strength outside the crystal using expressions (2), (3) and (4). The
requested refractive indices and absorption coefficients of ZnTe are taken from Marple [16] (n,,),
Horikoshi et al. [17] (@), and Gallot et al. [18] (ng and @q). No adjustable parameter is used
in the calculation, except the optical absorption «,, that strongly depends on the ZnTe growth
process [17] and is known to change from a sample to another one. However, its value remains
almost constant [17] from 1.5 up to 2.2~2.3 eV whatever is the sample. Thus, we state it, in the
calculation, as a constant independent of the optical frequency and we only adjust its value to get
the best fits. The results of the calculation are plotted as continuous lines in Fig. 3. The fits of the
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Fig. 5. THz field magnitude normalized to the 1.84-eV value versus THz frequency, for
photon energies below the bandgap (1.95 and 2.15 eV), at the bandgap (2.28 V), and above
the bandgap (2.53 eV). The dashed line is a fit of 2.15-eV data using expressions (1), (2) and
3).

experimental data, whatever is the THz frequency, are quite good up to ~2.2 eV. For information,
we plot the curves as dotted lines above 2.2 €V, i.e. in the absorption range of ZnTe, where the
calculation is no more valid. We also plot the calculated curve for the 2.15-eV case with exactly
the same parameters as for the fits of Fig. 3. Here again, the model matches with a rather good
accuracy the measured data.

The best fits for all the plots are obtained for a,, = 60 cm~!, which is about 6 times larger
than reported by Horikoshi er al. [17]. This discrepancy may be explained by a two-photon
absorption effect, because, as stated above, the peak power density of the pumping laser beam is
quite high (6.37 GW/cm?). According to Schall and Uhd-Jepsen [19], the TPA coefficient of
ZnTe is f ~ 5.5 cm/GW when the crystal is pumped at 800 nm at a temperature of 10 K. This
leads to a TPA-induced absorption equal to 35-40 cm™!, which added to the measured intrinsic
absorption of about 5-10 cm™ in the range 0.5~2 eV, gives a total absorption of 40-50 cm™!.
This is of the order of magnitude of the 60 cm™! value deduced from the fits of Fig. 3. The
higher experimental value is certainly due to the fact that we perform the experiment at room
temperature, at which g is larger than at cryogenic temperatures [20].

The model reveals that the decline of the THz signal from 1.5 eV up to 2.2 eV is due to a
diminution of Ly, as its denominator increases because of a larger optical dispersion closer to
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the bandgap. This calculation, performed again without any adjustable variable, allows us to fit

rather well the experimental THz spectra for photon energy below the bandgap (see Fig. 5).
@

To our knowledge, ¥ ((w + ) — w — Q) has never been theoretically addressed in semicon-
ductors near or above the bandgap energy, but the dispersion of the second harmonic generation

(SHG) tensor )?(2)(0) + w — 2w) was subject to intense researches [21,22,23,7]. Second-order
perturbation calculation describes fairly well the experimental SHG records for zinc-blende
semiconductors [24], even if the experimental data are scarce [25]. Moreover, when inter-band
transition between the highest levels of the valence band and the lowest levels of the conduc-
tion band is the major photo-excitation process, the SHG tensor can be approximated as a
combination of the linear susceptibilities at w and 2w [26]. Thus, the measured dispersion of
)(fi)(w + w — 2w) in InAs and InSb (see Fig. 1 in Ref. [27]) exhibits a shape very similar to
the one of the THz signal presented here (for example Fig. 3 at 0.8 THz), with a decrease with
photon energy in the range below the bandgap, and a pronounced peak at the bandgap. Therefore,
because of the similar physical origin of SHG and OR phenomena, it is likely that the THz
peak at 2.3 eV originates in the resonant nonlinearity. The lessening of the peak at higher THz
frequencies may be explained by the larger losses at these frequencies, which dump the resonance
effect. As compared to SHG, excitation of ZnTe above the bandgap creates free carriers that
interact strongly with the generated THz beam. Especially, carriers generated by the first coming
part of the laser pulse absorb the THz radiation. All these hypotheses must be confirmed by a
theoretical study.

Another explanation for the peak observed at 2.3 eV could be phase-matching. Phase-matching
occurs in lossy materials when both equalities ng = ng,, and aq = 2a,, are fulfilled. Let
us notice that phase-matching cannot be realized when the optical beam is strongly absorbed,
because of inter-band transitions, since the optical decay length becomes shorter than the THz
wavelength. Therefore phase-matching effect is expected to be observed in the transparency
range of ZnTe, or in the very proximate vicinity of the bandgap energy. To check this hypothesis,
we use, in the transparency range, ZnTe parameters from Marple [16] and Horikoshi et al. [17] as
explained above. In the absorption range, i.e. above the bandgap, data from Sato et al. [28] are
very reliable. Again, we employ THz data from Gallot et al. [18]. Phase-matching with a 2.3-eV
photon energy is calculated to be achieved around 5 THz. For all the photon energies addressed
during the current measurement (from 1.55 eV to 2.56 eV), phase-matching is calculated to
appear outside the ~3-THz bandwidth allowed by the 1.52-mm thickness of the sample, and thus
its effect cannot be observed.

4. Conclusion

In conclusion, THz emission through optical rectification in ZnTe exhibits a contrasted peak when
the pumping photon energy is of the order the ZnTe bandgap energy, and for THz frequencies
within the range of weak absorption of the crystal. It is probable that this peak results from the
bandgap resonance of the ZnTe nonlinear susceptibility. This hypothesis must be confirmed by
theoretical works.
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