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Abstract — Efficiency of terahertz electro-optic sampling in
a number of II-VI, III-V and III-VI crystals have been experi-
mentally compared and analyzed. The terahertz pulses gener-
ated in femtosecond laser plasma filament were electro-
optically detected in the crystals under investigation and re-
corded using conventional THz-TDS setup. Influence of crystal
natural properties and chemical compound on the recorded
spectra is discussed. In particular, influence of sulfur concen-
tration in GaSe; S, mixed crystals on efficiency of terahertz
detection was tested.
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1. INTRODUCTION

Electro-optic sampling is one of the most widely used
methods for terahertz detection in terahertz time-domain
spectroscopy (THz-TDS). The process is based on polariza-
tion changing of probing optical pulse in an electro-optic
medium under action of terahertz field. The resulting ap-
pearance of orthogonal to initially linearly polarized beam
polarization component can be provided by Pockels or Kerr
effects as well as by nonlinear sum or difference frequency
generation. For efficient interaction of the optical and tera-
hertz beams in the detecting medium the well-known group
velocity matching condition must be satisfied. For birefrin-
gent nonlinear crystals also phase-matching conditions are
important. Basically the requirements to the electro-optical
materials are close to those for terahertz emitters via optical
rectification and the materials used for both applications are,
in many cases, the same [1].

One of the best nonlinear crystals for terahertz genera-
tion and detection in THz-TDS is gallium selenide. It is also
widely used for nonlinear frequency conversions in IR [2, 3]
and terahertz ranges [4, 5]. Gallium selenide possesses
unique properties for nonlinear generation of high-intensity
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(peak electric fields up to 100 MV/ecm [6, 7]) and
ultrabroadband terahertz pulses for terahertz time-domain
spectroscopy.

In order to modify the optical properties of GaSe and to
improve its intrinsically low mechanical properties
extensive theoretical and experimental studies of doped
crystals have been performed [8-12]. One of the most
studied dopant in GaSe is sulfur. The mixed GaSe;,Sy
crystals are known to become harder with increasing sulfur
content. The nonlinearity and refractive indexes are changed
as well. This influences the terahertz generation and
detection efficiency. Applications of GaSe; S, crystals with
relatively low and high sulfur content for terahertz detecting
is less studied compared to generation processes.

In the present study we compare terahertz detection in
Bridgman grown GaSe, GaSe:S 0.9 mass % and GaSe:S 7
mass % crystals and in widely used electro-optic sensors
ZnTe [13], as well as some other crystals. Zinc telluride is
the most widely used terahertz electro-optic sensor. Gallium
selenide has advantage in high terahertz frequencies (>8
THz) and when very broad spectral range is required [6, 14].

II. EXPERIMENTAL DETAILS

Zinc telluride and selenide had zinc blende structures
and (110) and (111) orientations respectively. The trigonal
LiNbO; and hexagonal GaSe,_,S, and CdSe,_,S, were z-cut.
The GaP crystal, available in our experiments was with
unknown orientation. All the crystals had thicknesses of 1-2
mm.

The experiments were done at conventional THz-TDS
setup, sketched at Fig. 1. To obtain terahertz pulses we used
laser pulses of Spitfire Pro (Spectra-Physics, USA)
regenerative amplifier with 800 nm central wavelength, 35
fs pulse width and 3.5 mJ pulse energy. Terahertz pulses
were generated in air plasma and BBO (6=29°) crystal with
200 pm thickness was placed 2.5 mm before filament to
generate second harmonic at 400 nm wavelength. It is re-
quired to accelerate the charges in air plasma [15].
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All the detector crystals were placed normally to the
probe and terahertz beams and were optimized on azimuth
angles. The optical transmission spectra were recorded at
room temperature using USB 4000+ (Ocean Optics, USA)
spectrometer with incandescent lamp as a light source.
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Fig. 1. Sketch of the experimental setup, M — mirror, L — lens, PM —
parabolic mirror, WP — Wollaston prism, NDF — neutral density filter, A/4 —
quarterwave plate, BPD — balance photodiodes, BS — beam splitter, F —
filament.

I11. RESULTS

The measured transmission spectra are given in Fig. 2.
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Fig. 2. Optical transmission spectra of the studied crystals. Thicknesses of
the samples are given on the plot.

It can be seen that ZnSe possesses the highest transparency,
while in ZnTe and GaP the transmission losses are
remarkably higher. The shift of the fundamental absorption
edge of GaSe:S crystals with increasing sulfur content is
also clearly seen (Fig. 2).

The highest signal exceeding noise level up to about 5.5
THz was registered with ZnTe (Fig. 3). It is seen that in
pure GaSe the signal exceeds the noise level up to 2.5 THz.
A dip at 0.59 THz present at the spectrum detected in GaSe
is connected with well-known phonon absorption resonance

[12]. Gallium selenide possesses restrahlen band in fre-
quency region 4-8 THz that explains the absence of the
registered signal in this region. The dip at 0.59 THz van-
ishes in GaSe:S 0.9 mass % but the detection efficiency is
lower at frequencies higher than 0.8 THz compared to pure
GaSe. In the case of GaSe:S 7 mass % the efficiency is
remarkably lower.

The thicknesses of ZnSe and GaP crystals were probably
too large and dips which can be attributed to the anti-
synchronism can be observed at 0.7 and 1.3-1.5 THz.

In LiNbO; very low signal was detected, only five times
exceeding noise level (not shown in Fig. 3). We checked
also CdSe; xS mixed crystals in the wide range of x and no
electro-optic sensing was observed.
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Fig. 3. Terahertz spectra registered in the studied crystals. Thicknesses of
the samples are given on the plot.

While Pockels effect is the mechanism of terahertz
interaction with the probe optical pulse in ZnTe, GaP and
ZnSe crystals possessing no birefringence, in the GaSe; S,
crystals difference and sum frequency mixing can be more
important [14].

In the case of GaSe sum and difference frequency
mixing can result in appearance of orthogonal polarization
component of the probe beam. The following phase-
matching conditions can be written for these processes

a)optn(a)opt) i a)THzn(a)THz) = (a)opr i a)THz)n(a)opt i a)THz) ’ (1)

where ., and ory, are cyclic optical and terahertz
frequencies and n represents refractive indexes.

The group velocity of the optical beam must be equal to
phase velocities of terahertz spectral components that gives
the following condition [1]

A(v, A) = [, (A) =y w12 =0, ()
C

where Ak is phase mismatch, v is a terahertz frequency and

A is optical probe pulse central wavelength. Group refractive
index ng, can be calculated by formula

dn(A)

(2 =n(A) =27 - (3)

For all the crystals the detection efficiency was sensitive

to rotation on azimuth angle ¢ around the surface normal. In
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the case of GaSe the efficient nonlinearity depends on the
internal phase-matching angle 6 and azimuth angle ¢ when
both ordinary and extraordinary waves interact as

doy=d, Lcos’ Bcos3p 3)
or

deg=-dscos Osin3 . (4)
This in particular explains the fact that in many cases the
terahertz detection in GaSe is most efficient at normal
incidence. According to (3) and (4) at rotating on azimuth
angle 3 maximums and 3 minimums of signal were ob-
served in GaSe;.Se, crystals.

IVv. CONCLUSION

The efficiency of terahertz detection in different spectral
regions was compared in ZnTe, GaP, ZnSe and GaSe:S
crystals. It was found that ZnTe is efficient up to
frequencies higher than 5 THz. The detection efficiency in
GaSe:S 0.9 mass % is lower at frequencies higher than 0.8
THz compared to pure GaSe. The effect is determined by
phase-matching conditions and nonlinearity change. At high
sulfur content (GaSe:S 7 mass %) the efficiency is
remarkably lower due to lower nonlinearity.
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