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Abstract. The generation of terahertz (THz) radiation using a ZnGeP, (ZGP) large-aperture
photoconductive antenna (PCA) was demonstrated. The semiconductors were excited above and
below the bandgap (400 and 800 nm) by a femtosecond Ti:sapphire laser. The THz pulse wave-
form generated by the ZGP antenna was measured using a time-domain spectroscopy technique.
The antenna’s THz pulse energy dependence on the optical pump energy was measured, and
saturation fluence and carrier mobility were estimated. The ZGP and a chemical vapor deposited
ZnSe-based PCA were compared. © 2021 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction

Photoconductive antennas (PCAs) are promising sources of relatively high energy terahertz
(THz) pulses. Another advantage of such sources is their potential to generate asymmetric
THz pulses with a low-frequency part and high ponderomotive potentials.' There are different
types of PCA substrate materials; the most common are GaAs,? ZnSe,’ and 6H-SiC.* With a
1.44-eV bandgap, GaAs can be excited by a Ti:sapphire (Ti:Sa) laser fundamental harmonic and
is widely used as a PCA substrate due to its high carrier mobility (i, ~ 3000 cm?/V - s at
300 K).® The use of ZnSe (u,, = 400 cm?/V - s at 300 K)° with a bandgap of 2.7 eV allows for
the application of higher bias fields due to a higher dielectric discharge threshold. Furthermore,
ZnSe can be excited by a Ti:Sa laser at the fundamental and second harmonics above (400 nm)
and below (800 nm) the bandgap.® Recently, 6H-SiC (4, ~ 480 cm?/V - s at 300 K)° 3.03-eV
bandgap crystal was investigated as a PCA substrate.* It can be excited by the second harmonic
of a Ti:Sa laser and has superior thermal properties compared to ZnSe.*®

Chalcopyrite ZnGeP, (ZGP) is widely used as nonlinear optical media in the mid-IR and THz
range.””'" However, this material has not been previously used as a PCA substrate. The bandgap
energy of ZGP is 2.2 eV, which makes it possible to excite this media above the bandgap not only
by the second harmonic of Ti: Sa systems but also by the second harmonic of Yb-based femto-
second lasers (Yb:KGW and Yb-fiber lasers). Therefore, Yb-based femtosecond lasers with the
ZGP antenna could provide more compact devices for THz applications. The ZGP'" has a higher
THz transparency than chemical vapor deposited-ZnSe'? (CVD-ZnSe), which is an advantage of
using this material as a PCA substrate. In addition, the dielectric breakdown threshold of ZGP is
higher or comparable to that of ZnSe. This property allows for high bias voltages to be applied.
In this study, we use ZGP as a semiconductor substrate for large-aperture photoconductive
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antennas (LAPCAs) and measure the parameters of such THz sources. We compare ZGP- and
CVD-ZnSe-based LAPCAs.

2 Experimental Setup

The PCA is based on the ZGP single crystal with a diameter of 30 mm and a thickness of 5 mm.
This crystal is grown vertically by the Bridgman method from a compound previously syn-
thesized by the two-temperature method on a seed crystal with a (100) orientation.'® The sample
for experimental measurements is cut along the ingot in the form of a plane-parallel plate ori-
ented parallel to the (001) plane. Both surfaces of the test piece are optically polished. The free
hole concentration is ~2.5x - 10’ cm™.!* Such crystals have a relatively high value of non-
linear susceptibility d = 70 - 10712 — 85.4 - 107> m/V and thermal conductivity (coefficient
of 36 W/m - K)."> The Maxwellian relaxation time of charge carriers (z,, = 230 ms) and
the diffusion length of the photocarriers (Lp = 1 ym) for ZGP are measured in the article
(ur =3.9%x 1078 cm?/V)."° The measured value of the ZGP surface breakdown field is
70 kV /cm, and the volume resistivity is 470 - 10% Q - cm. The volume resistivity value is highly
dependent on special preparation conditions. For comparison, the volume resistivity of ZnSe
MOVPE film grown by the van-dar-Pauw technique at room temperature is 10° Q - cm.’

Figure 1 shows the experimental setup used for the generation and detection of THz pulses.
The Ti:Sa laser beam (Coherent Legend Elite, 3.2-mJ pulse energy, 1-kHz repetition rate, 130 fs
duration, 800-nm center wavelength, and 10 mm beam diameter at a 1/e?) was split into two
parts by a beamsplitter (BS). The first part passed through the BS and generated THz radiation in
the LAPCA under investigation. In all of the experiments, the antennas consisted of a semicon-
ductor substrate with aluminum tape electrical contacts. The electrodes, which had a longitudinal
size of 12 mm, were deposited on the substrate sample surface 4 mm apart. The bias voltage
pulse with an amplitude Ub = 2 kV (which corresponds to a bias field of Eb = 5 kV/cm) and
duration of ~10 ns was applied by a high voltage (HV) pulse generator. The repetition rate of
HV pulses was set to 500 Hz for lock-in detection to reduce laser-induced noise at 1 kHz.!” The
antenna was irradiated with the second harmonic radiation. A beta barium borate (BBO) crystal
(I-type, 200 um thickness) is used to provide second harmonic generation. The energy of the
second harmonic pulses was 0.3 mJ. A Glan-Taylor polarizer was used to vary the energy of
the optical pump pulse. An optical filter was used to absorb fundamental harmonic radiation.

In time-domain spectroscopy (TDS) experiments, the THz beam generated by the LAPCA
was focused by a PTFE lens (f = 100 mm) to a ZnTe crystal (0.5-mm thickness, (110)-cut). The
reflected beam from the BS probe laser beam passed through a motorized delay line. It was used
to measure the temporal dependence of the electric field strength of the THz pulse using electro-
optical sampling. The THz waveform was recorded using a balanced detector connected to the
lock-in amplifier.
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Fig. 1 Experimental setup for the generation and detection of THz pulses from a large-aperture
PCA.
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For the THz pulse energy measurements, a Golay cell (Tydex GC-1P) was used instead of
the TDS system. In these experiments, laser radiation was gated with a 10-Hz frequency.

3 Results and Discussion

3.1 Waveform and Energy Measurements of THz Emission

The measured waveform of the electric field of the THz pulse generated in the ZGP LAPCA is
shown in Fig. 2(a). A high-amplitude positive peak is observable in the THz pulse and a negative
tail, the peak amplitude of which is smaller. Similar waveforms (with negative tails) have been
previously observed for a ZnSe single-crystal LAPCA.’ Using the Fourier transform, we
obtained the spectrum of the THz pulse [Fig. 2(b)]. Spectral analysis revealed a peak at 0.5 THz,
with no essential frequency components beyond 3 THz.

The THz pulse energy as a function of the optical excitation energy in ZGP LAPCA is shown
in Fig. 3. The radiated THz pulse energy increased in a saturated manner with the rise of the
optical pump energy. To estimate the saturation fluence of the ZGP substrate, taking into account
the non-uniformity of the optical irradiation, we modeled the THz pulse energy dependence on
the energy of optical excitation. Assuming that the optical beam intensity has a Gaussian
distribution, the optical fluence is expressed by the following formula: F(r) = (2Wy/2r3) -
exp(—2r?/r}), in which Wopt is optical energy and r( is the Gaussian beam radius at the

1/€? level. The distribution of THz fluence is Fry, (r) = F(r) - n(r). The proportionality factor
between the optical and THz fluence is the conversion efficiency of the optical signal to
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Fig. 2 The waveform of the THz pulse from the ZGP LAPCA.
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Fig. 3 The ZGP LAPCA terahertz pulse energy as a function of optical excitation energy [exper-
imental data (dots) and fitting (solid line)].
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F 2
n=(tE}/2FZ,) - <F+Fsm> , e))

in which 7 is the THz pulse duration, E}, is the electric bias field, F is the optical fluence, and
Z, is the free space impedance. Fg = ho(1 + n)/euZy(1 — R)" is the saturation fluence,
corresponding to the fluence necessary to extract half of the maximum radiated field, in which
hv is the photon energy at the excitation wavelength; e is the electron charge; and n, y, and R are
the THz refractive index, the carrier mobility, and the optical reflection of the semiconductor
substrate, respectfully.

The total THz energy is

Wy, :ﬁ/SFTHz(r)dS’ 2

in which the integration region is the area between the electrodes (4 X 12 mm). The dimension-
less factor g is included in Eq. (2) to account for the attenuation of THz pulse energy due to
absorption in the antenna substrate, reflections, and other factors. In the calculations, we used
the duration of a THz pulse 7 = 1 ps and the size of the 10-mm optical beam diameter at the
1/€? level.

Figure 3 shows the experimental data and its best-fit line using Eq. (2) with variable F
and S parameters. The saturation fluence values (Fg = 0.27 mJ/cm?) and g = 0.022 were
obtained. To provide a comparison, we present the saturation fluence data for PCAs based
on other substrates: Fg, = 0.0105 mJ/cm? for GaAs’, Fy, = 0.150 mJ/cm? for ZnSe, and
Fg = 024 mJ/cm? for 6H-SiC. Taking into account the thickness of the ZGP antenna
(L = 0.5 cm), the THz absorption coefficient @ = 7.6 cm™! could be estimated to correspond
to the fitting attenuation factor of g = 0.022 [ = —In(8) /L]. However, the calculated absorp-
tion coefficient differs from the known data:'' @ = 1 cm™! at 1 THz. It can be assumed that other
factors influence the difference between experimental and calculated values (which are related to
an adjustment of the setup, among others). The optical refractive index of ZGP was n ~ 3.5,%°
and the reflection coefficient was R ~ 0.3. The refractive index of ZGP was n = 3.4 at 1 THz."!
Using the value of the saturation fluence Fg, = 0.27 4-0.13 mJ/cm?, we found the carrier
mobility to be u~ 2304 100 cm?/V -s. The obtained mobility value differed from that
reported by Sooriyagoda et al.?! (u~ 150 cm?/V - s), which could be attributed to different
crystal growth techniques.

3.2 Pumping of the ZGP Antenna Above and Below the Bandgap

We conducted experiments to excite the ZGP antenna below (800 nm) the bandgap. Figure 4
shows the dependencies of the THz pulse energy versus the optical pump energy for the two
excitation wavelengths [400 (see Sec. 3.1) and 800 nm]. The measured part of the optical energy
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Fig. 4 The ZGP LAPCA THz pulse energy as a function of optical excitation energy for pumping
above (400 nm) and below (800 nm) the bandgap.
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Fig. 5 The THz pulse energy as a function of optical excitation energy from LAPCA based on
ZnSe and different ZGP materials.

transmitted through the antenna material at the wavelength of 800 nm was ~1%. The bulk
absorption of the laser radiation by the antenna material occurred on a scale comparable to
or greater than the Ary, in the medium. Figure 4 shows that, for the same optical energy values,
a higher value of the THz pulse energy can be obtained when pumped at 400 nm.

3.3 ZGP Antennas with Different Impurities

We performed experiments to measure the dependencies of THz pulse energy versus optical
pump energy for the antennas based on several ZGP substrate samples. All of these substrates
were grown using the same method but with different amounts of residual synthesis components.
In these experiments, the LAPCAs were excited at a 400-nm wavelength. Figure 5 shows the
obtained experimental data and the approximation curves [constructed using Eq. (2)].

We compared the LAPCAs based on ZGP and the well-known ZnSe (with a thickness of
L = 0.5 cm). The ZnSe antenna radiates THz pulses with more energy than the ZGP antenna
with the same optical pump energy (Fig. 5). We found that the energy of the THz pulse of the
ZnSe and ZGP antennas is comparable. Therefore, the carrier mobility in the material can vary
between samples. The value of carrier mobility in these antennas varied in the range of
u~92cm?/V-stopu~230 cm?/V s for ZGP.

4 Conclusions

We have demonstrated THz pulse generation with ZGP large-aperture PCAs excited above and
below the bandgap. We obtained the THz pulse waveform, determined the dependence of THz
pulse energy versus optical energy, and acknowledged the antenna materials’ mobility. Optical
pumping at 400 nm was more efficient. We found that the saturation fluence of the THz pulse of
the ZGP antennas (Fg, = 0.27 mJ/cm?) was comparable to that of the well-known ZnSe
antenna (F, = 0.13 mJ/cm?). However, a volume resistivity value higher than that for ZnSe
allowed a larger bias field to be applied to the ZGP LAPCA. Therefore, the advantage of using
the ZGP LAPCA is that the ZGP antenna can be pumped with a Yb-based femtosecond laser, and
a high bias field can be applied.
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