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1. Contents: 

1-1. Background 
Recently, there is growing interesting in fields using terahertz (THz) waves, or T-rays, 

for spectroscopy, imaging, communications, signal processing, and quantum information. 
The prospects of T-rays applications could be imaged by the lifelike cover picture of 
Rensselear Magazine [1]. Why do they call it “Next Rays”? In the viewpoint of safety, the 
T-rays will not cause harmful photoionization in biological tissues due to their low photon 
energies (4 meV@ 1THz, one millions times weaker than an x-ray photon). Moreover, 
numerous organic molecules have rotational and vibrational transitions which lead to strong 
absorption and dispersion in the region from GHz to THz. These characteristics are specific 
to the targets and enable T-rays fingerprinting. So T-rays are the wave of the future. In the 
pass decade, this previously hidden region of the electromagnetic spectrum has caught the 
imagination of scientists around the world. 

Terahertz domain of electromagnetic radiation spectrum (approximately 15 μm – 10 
mm or 0.03 – 20 THz) is located between mid IR and microwave range and remains 
comparatively low investigated. That is connected with technical and technological 
difficulties in creation of corresponded element base (radiating and detecting devices, lenses, 
filters etc.). On the other hand, terahertz radiation possesses a set of important for practical 
applications properties. For instance, it has higher penetrating power then optical radiation 
and allows more detailed imaging than microwaves. It can propagate through most of 
non-metallic and non-polar media. Many characteristic features of different substances lie in 
this range, for instance rotational and oscillating frequencies of molecules. On the base of 
THz radiation source it is possible to create a remote detector of explosive substances with 
high spatial resolution. Terahertz spectroscopy becomes an important tool of molecular 
biology, electrophysics, medicine etc.   

Early research concentrated on the generation and detection of THz radiation. By 
present time one can get terahertz radiation by dipole antennas [2-4], from semiconductor 
surface [5], by gas lasers with optical pump [6], free-electron lasers [7], and 
quantum-cascade lasers [8]. All methods have their merits and deficiencies. It is possible to 
obtain broad-band radiation with microwave lamps, but it is not coherent, free-electron 
lasers allows to get radiation in wide range and with high output power, but they are not 
compact and expensive thus being not available for most of research laboratories.  

A way to create relatively compact and not expensive coherent terahertz radiation 
source is nonlinear optical conversion in nonlinear crystals. By the moment the best results, 
in terms of tuning range and peak output powers are obtained on GaSe and ZnGeP2 crystals 
[9, 10]. Tuning range of some thousands of micrometers and peak powers of some hundreds 
of watts were achieved. On the other hand the task of optimizing the crystal properties is 
real. GaSe possesses low mechanical properties, as it is layered and easy cleavable material, 
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which makes a task to grow long homogeneous crystal difficult and do not allow to produce 
optical surfaces at angles to optical axis, that is needed for optimization of some types of 
frequency converters. Also ZnGeP2 has rather low transparency and refractive indices. 

GaSe crystals have being grown since 1960s. Original technology of manufacturing 
was developed by lab the participant of the project. The crystals are commercially available 
and used by many research labs for IR and THz applications. It was shown that doping 
could improve mechanical and optical properties of the materials.  
 

1-2 Goals 
 
In this project, we planed to find conditions of growth of large homogeneous GaSe 

crystals with lower absorption in THz region and investigate the possibilities to enhance 
their characteristics in THz generation and frequency convert by doping. The efficiency of 
conversion and in turn the power of output radiation is limited by crystal properties such as 
optical transparency and homogeneity. Additionally, the second method to generate THz is 
employing of dipole antenna scheme. For enhancement of efficiency of such devices it is 
necessary to use materials with high resistance and carrier mobility. Electrical transport 
properties of GaSe can be considerably modified by doping and it looks reasonable to 
investigate dipole antennas based on doped crystals, which also should give information on 
their electronic properties. After getting the suitable nonlinear optical crystals for high 
power and widely tunable wavelength THz generation, we could study the ultrafast 
dynamics in some interesting materials such as high Tc superconductor, multiferroics 
manganites, magnetic semiconductors and semiconductor quantum dots etc.. 

Finally the task is to develop scientifically based and stable schemes to produce 
nonlinear optical single crystals with improved parameters for applications in the THz 
range. 

 

1-3 Results and discussions 

(1) In Russia: 

The S-doped and Te-doped GaSe crystals have been grown by the way of 
modified two-temperature method (horizontal variant). The temperature-temporary 
conditions are as follows, 

- Growth rate is within 0.5-1 mm/hour. 
- Melt temperature is within 1010-1020 oC; 
- Temperature gradient at the crystallization front is 10 degree/cm;  

Specimens with thickness of 0.5 mm and 1.0 mm were made for investigation of 
physical properties and study of frequency conversion processes by exfoliation method 
from grown single crystal boulles. A few millimetres to few centimetres sized specimens 
of mixed crystals were made by mechanical methods: diamond saw cut and mechanical 
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Fig. 2 (a) Electron diffraction pattern. (b) Loading diagrams for the 
surface parallel to the GaSe1-xSx layers.  

polishing, so as it fixing on a metal substrate with the aperture of 5-10 mm in diameter 
for preservation of specimen flatness, as shown in Fig. 1.          
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The crystallinity of S-doped GaSe crystals have been measured by the electron 
diffraction pattern which shown the hexagonal structure in ab-plane (see the Fig. 2(a)). 
Moreover, the strength of bonds between the layers increases with raising the content of 
sulfur as shown in Fig. 2(b). This means that the hardness of GaSe crystals effectively 
rises with doping. 
 

 

 

Fig. 1 External view of the samples, GaSe1-xSx.  

X=0.02 X=0.05 X=0.13 X=0.22 X=0.3 X=0.4X=0.02 X=0.05 X=0.13 X=0.22 X=0.3 X=0.4

(a) (b) 
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Fig. 3 Schematic of the THz-TDS. BS: Beam splitter. WP: Wollaston polarizer. 
DP1 and PD2: Photodiode 1 and photodiode 2, respectively.  

 (2) In Taiwan: 

A THz time-domain spectroscopy (TDS) system with a focused beam at the 
position of a sample has been used in this study as shown in Fig. 3. The THz pulses, 
generated by femtosecond-laser-excited dipolelike antenna fabricated on semiconductor 
InP, were collimated by the off-axis paraboloidal mirror and focused on the sample by 
the other off-axis paraboloidal mirror. The spot size of the THz wave through the 
sample is about 4 mm in diameter which is smaller than the size of samples to increase 
the signal to noise ratio. The transmitted THz pulses were collected and focused on a 
(110)-oriented ZnTe crystal. The detection of THz wave using the free-space 
electro-optic sampling technique [11] was setup on a mode-locked Ti:sapphire laser 
operating at 800 nm (1.55 eV) with an 80 MHz train of 50 fs pulses. The entire setup 
was placed in an airtight enclosure purged with dry nitrogen and maintained at a relative 
humidity of < 2.0 % to avoid the strong absorption of water vapor in THz range. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

The temporal profiles of the THz pulse transmitted through the samples and air are 
shown in Fig. 4(a). After through the GaSe1-xSx crystals, the THz pulses do not only 
shrink in amplitude but also delay in time. The delay (Δt) from reference THz pulse (the 

thick line in Fig. 4(a)) is due to the thickness and the refractive index of GaSe1-xSx 
crystals. From the measured delay time Δt, the group index of refraction is calculated by 
ng = 1+cΔt/d, where d is the thickness of samples, and c is the speed of light in vacuum. 
For the thinnest crystals (GaSe0.95S0.05) with 240 μm, the ng = 3.1 is consistent with the 
measured values in the range of 0.2-1.5 THz at room temperature (see Fig. 5). In this 
study, the propagation direction of the incident THz beam with horizontal polarization is 
parallel with the optical axis (normal to the surface). Thus the refractive index measured 
in this geometry is the ordinary index, no.  
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Fig. 4 (a) Temporal profiles of the THz pulse transmitted through GaSe1-xSx 
crystals and air (thick-solid line). (b) The power spectra of the THz pulse 
transmitted through GaSe1 xSx crystals and air (thick-solid line).

Figure 4(b) shows the frequency spectra in THz range which are directly 
transferred from the THz signal in time domain by Fourier Transform method. In order 
to eliminate the modulation in the frequency spectra, the data analysis was only 
performed on the main pulse. The refractive index at various frequencies (ν) is 

determined by the phase difference as n(ν)=1+cΔθ/2πνd, and the absorption coefficient 
is calculated as α(ν)=-(1/d)ln[η．Ps(ν, d)/Pr(ν, d)] [12], where η is a correcting factor 

related to the reflection losses at the two crystal/air interfaces. Ps(ν, d) and Pr(ν, d) are 
the measured transmittances for sample and reference (without sample), respectively. 
Above analyses enabled the quite accurate determination of the refractive index n(ν) and 
power absorption α(ν) for the GaSe1-xSx crystals as shown in Fig. 5 and Fig. 6, 
respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
Although the refractive index n(ν) of GaSe1-xSx crystals is almost constant in THz 

range, the refractive index is strongly doping-dependent, i.e. n(ν) gradually decreases 
with increasing x in heavy S-doping region (x > 0.22). In 1995, Vodopyanov et al. [13] 
successfully fitted the refractive index of GaSe in 0.65-18 μm by the following 
dispersion equation:  
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where λ is in microns and the values for the coefficients A = 7.4430, B = 0.4050, C 
= 0.0186, D = 0.0061, E = 3.1485, F = 2194. We further apply the Eq. (1) to THz range 
and plot with thick-solid line in Fig. 5, which is consistent with the results in Ref. [12]. 
Obviously, all of the refractive indexes of S-doped GaSe crystals are smaller than the 
values from Eq. (1). This may be due to the β-GaS phase with lower refractive index. 
According to the studies in the dispersion properties of the GaSe1-xSx nonlinear solid 
solution crystals in Ref. [14], the refractive index of GaSe1-xSx crystal in THz range 
could be estimated by   
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where  
42242

GaS o, // EλDλCBAn ++++= λλ                        (3)  

By fitting the experimental data of GaSe0.6S0.4 in Fig. 5 with the Eq. (2), the 
coefficients in Eq. (3) are A = -3.4777×107, B = -2984, C = 6.7440, D = 3.3382×10-7, E 
= -8.6732×10-14. It is worthwhile emphasizing that the dash-dotted and dash-dot-dotted 
lines plotted by Eq. (2) match, respectively, with the experimental data of GaSe0.78S0.22 
and GaSe0.7S0.3 quite well. However, the refractive index of slightly S-doped GaSe 
crystals (x ≦ 0.13) cannot be expressed by the Eq. (2). This implies that the β-GaS 
phase certainly form in the heavy S-doped GaSe crystals (x ≧ 0.22). 

Moreover, some absorption resonance structures in the power absorption spectra 
(marked by the arrows in the inset of Fig. 6) are attributed to the second-order phonon 
modes which are the frequency differences between combinations of acoustical and 
optical phonons [15]. As listed in Table 1, three absorption peaks, 0.232 THz (7.7 cm-1), 
0.585 THz (19.5 cm-1), 1.025 THz (34.2 cm-1), were clearly observed in the power 
absorption spectrum of GaSe0.98S0.02 crystal. While increasing the content of S in 
GaSe1-xSx crystals, the positions of the absorption peaks shift to higher frequency or 
larger wave number, e.g. GaSe0.95S0.05 in Table 1. However, these absorption peaks 
would be smeared in heavy S-doped GaSe samples as shown in Fig. 6. For the cases of 
GaSe0.78S0.22, GaSe0.7S0.3, and GaSe0.6S0.4, no significant structures were observed in the 
power absorption spectra. By the Raman experiments in Ref. 16, Hayek et al. showed 
that the phonon spectra of GaSexS1-x are strongly S-doping-dependent. With increasing 
the content of S in GaSe crystals, namely, the phonon peaks were shifted to higher 
frequency or disappear gradually; meanwhile, some new phonon peaks were created. 
Consequently, the absorption peaks in the cases of GaSe0.98S0.02 and GaSe0.95S0.05 clearly 
disappear for x > 0.05 due to the emergence of the β-GaS phase in GaSe1-xSx. These 
results disclose that the optical properties of the heavy S-doped GaSe crystals 
(GaSe1-xSx, x > 0.13) in THz range are dominated by the β-GaS phase. 

 

 

 
 

 

 

 

 

 

 

 

Fig. 5 Refractive index of the 
GaSe1-xSx crystals in 
THz range (symbolic 
points). All of the lines 
are drawn by the Eq. (2).
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Fig. 7 Schematic of the THz interferometric system.  

 

 

 

 

 

 

 

 

 

 
 

Table 1. Assignment of the different combinations of phonon modes in GaSe1-xSx 
crystals.  

 

 

 

 

 

 

 

 

 

For THz measurement, an interferometric system was established as the Fig. 7.   

 

 

 

 

 

 

 

 

 

 

 

 

TDS Second-order phonon modes 
Samples 

THz (cm-1) Combination assignment 
in symmetry species 

Calculated from modes 
in Ref. 24 (cm-1) 

0.232 (7.7) 11 A-A ′′  142.6-134.0 = 8.6 
0.585 (19.5) (TO)E-(TO)A2 ′′′  233.4-214.0 = 19.4 GaSe0.98S0.02

1.025 (34.2) (TO)E-(LO)A2 ′′′  247.6-214.0 = 33.6 
0.262 (8.7) 11 A-A ′′  143.0-133.2 = 9.8 
0.665 (22.2) (TO)E-(TO)A2 ′′′  233.0-212.6 = 20.4 GaSe0.95S0.05

1.047 (34.9) (TO)E-(LO)A2 ′′′  248.0-212.6 = 35.4 

GaSe0.87S0.13 1.082 (36.1)
1
2gE-A2 ′  316.3-277.8 = 38.5 

Fig. 6 Power absorption spectra 
of the GaSe1-xSx crystals 
in THz range. The inset 
shows the power 
absorption spectra of the 
slightly S-doped GaSe 
crystals in logarithm 
scale. 
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The THz frequency could be changed by adjusting the incident angle of NIR laser 

pulses. Fig. 8 shows the electric waveform of THz radiation at various incident angles. 

After Fourier transform, the angle dependence of THz frequency is clearly shown in Fig. 

9(a). The maximum radiated power of THz is around 50°as shown in Fig. 9(b).    

Moreover, it is worthwhile mentioning that the phase matching angle of GaSe with 

slightly S-doped could be extended to zero degree for THz generation as shown in Fig. 

10.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 The electric field of THz radiation in time domain. 
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Fig. 9 (a) The Fourier Transform spectrum of THz waveform in Fig. 8. (b) The 

wavelength and output power as a function of incident angle. 
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3. Self-evaluation: 

In this Taiwan-Russia Research Cooperation project, the researchers in Russia have 
been prepared the various S-doped and Te-doped GaSe crystals last year and this year, 
respectively. All of the specimens have been delivered to Taiwan. After received the 
specimens from Russia, we immediately measured the transmissivity of all crystals in 
Far-IR and Mid-IR region by Fourier Transform Infrared Spectroscopy (FTIR). We found 
some interesting results in THz-TDS measurements which have been submitted to Optics 
Express. Moreover, we have successfully generated THz radiation from these GaSe:S and 
GaSe:Te crystals. There are some surprising results which are that the THz could be 
generated at small phase matching angle even at zero degree for slightly S-doped GaSe 
crystals. We are studying the mechanism of this phenomenon.  
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