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Abstract—Terahertz (THz) radiation generated by ultrafast
laser pulses focused on each monoclinic semiconductor crystal,
i.e., GaTe, exhibits unique features. By systemically measuring the
dependence of the THz output on the ultrafast pump pulses, in
terms of polarization, azimuth angle, incident angle, pump beam
size, and pump intensity, we have observed the strong evidence of
the unidirectional diffusion of photogenerated carriers within the
surface layer of each crystal. Regardless of whether each crystal
is pumped above or below its bandgap, the mechanism for THz
generation is always attributed to diffusion of the photogenerated
carriers. By analyzing data and introducing simplified models, it
appears to us that the diffusion of the photogenerated carriers
takes place along three different directions.

Index Terms—Broadband terahertz (THz) pulses, centrosym-
metric crystal, GaTe, unidirectional diffusion of photogenerated
carriers.

I. INTRODUCTION

FOR Terahertz (THz) waves generated in semiconductors by
using ultrafast laser pulses, there are primarily two compet-

ing mechanisms: optical rectification [1], [2] and photocurrent
surge [3], [4]. Both of these two mechanisms have been play-
ing dominant roles in the generation of broadband THz pulses.
However, in periodically poled ferroelectric crystals [5], THz
pulses having narrow linewidths can be generated based on op-
tical rectification [6]. It is important to note that all the binary
compounds studied for THz generation in the past, such as InAs,
GaAs, InP, ZnTe, GaP, GaSe, and InN, possess second-order
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nonlinearities. Therefore, when the photon energy of the pump
beam is below the bandgap of each compound, optical recti-
fication usually plays the dominant role for THz generation,
whereas above the bandgap either photocurrent surge or com-
bination of the two mechanisms plays a dominant role [7]–[9].
To the best of our knowledge, there has been no report on the
THz generation from any centrosymmetric binary-compound
semiconductor, which has no second-order nonlinearity.

III–VI chalcogenide semiconductor has a layer-stacking
structure with each layer consisting of four monoatomic sheets
in the sequence of anion–cation–cation–anion. It exhibits high
anisotropy in terms of optical and electrical properties along
intralayer and interlayer directions. In particular, GaTe belongs
to point group C2/m, which has a monoclinic structure. Two-
thirds of Ga–Ga dimers are oriented perpendicular to the layers,
whereas the remaining one-third of Ga–Ga dimers are almost
parallel to the layers. Such a structure is similar to that for GaSe.
However, unlike GaSe, GaTe is centrosymmetric, and therefore,
its second-order nonlinearity completely vanishes. In contrast,
GaSe crystals possess large second-order nonlinear coefficients,
and therefore, they have been used for efficient THz generation
and sensitive detection based on the large second-order nonlin-
ear coefficients [10]–[12].

Optical and electrical properties of GaTe have been stud-
ied for decades [13]–[16], due to its potential applications in
detection of radiation at room temperature, optoelectronic de-
vices, thermal energy conversion devices, and bistable switching
devices.

In this paper, we demonstrate that GaTe is a promising ma-
terial for efficient THz emission. We report our results on THz
generation from several GaTe crystals doped with Ge, Bi, and
Pb at different levels. The highest output powers were measured
to be 1.9 μW and 73 nW, corresponding to the pump photon
energies of above and below the bandgap of the crystals, re-
spectively. By measuring the dependence of the THz output on
polarization, azimuth angle, and incident angle of pump ultrafast
pulses, we have observed evidences on unidirectional diffusion
of photogenerated carriers, which is dictated by the asymmetry
of the crystal structure.

II. CRYSTAL PREPARATION AND EXPERIMENT DESCRIPTION

A. Crystal Growth and Preparation

Each undoped GaTe crystal was initially synthesized by
melting mixture of high-purity constituent elements with
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Fig. 1. Experimental setups used in the investigation of THz generation from
GaTe crystals. (a) Reflection geometry. (b) Transmission geometry, correspond-
ing to excitation wavelengths of 782 and 391 nm, respectively. WP: half-wave
plate; PM: off-axis parabolic mirror. THz filters were used to block the residual
pump laser beams while allowing the transmission of the THz waves.

stoichiometric ratio. The obtained ingot was placed in a coni-
cally tipped quartz ampoule with appropriate high-purity dopant
elements, which was evacuated and sealed off at the pressure of
10−6 torr. The ampoule was then heated by a two-zone horizon-
tal furnace, with its temperature being kept as a constant within
less than 0.5 ◦C/cm, in order to introduce different dopants
into each GaTe crystal. The details of the crystal growth can
be found in [17]. Powder X-ray diffraction confirmed that the
grown GaTe crystals had a monoclinic structure with the lat-
tice parameters a ≈ 17.404 Å, b ≈ 4.077 Å, and c ≈ 10.456 Å.
Due to the unique layer structure of each GaTe crystal, it can be
easily cleaved along the (100) plane to obtain the optics-grade
surface.

B. Experiment

Broadband THz pulses were generated by using either a
Ti:sapphire regenerative amplifier at 782 nm below the bandgap
of the GaTe crystals or a frequency-doubled regenerative am-
plifier at 391 nm above the bandgap of the crystals. For both the
amplifiers, the pulse duration is ∼180 fs and repetition rate is
set to 250 kHz. When each of the excitation beams was focused
onto each GaTe crystal, the THz radiation was collimated, and
then, focused onto a 4.2-K Si bolometer or pyroelectric detector
by a pair of gold-coated parabolic mirrors in transmission and
reflection geometries corresponding to the pump wavelengths of
391 and 782 nm, respectively (see Fig. 1). The Si bolometer was
calibrated by using a keating meter. Its response curve is rather
flat within the THz region. On the other hand, the pyroelectric
detector was calibrated by using the Si bolometer. The respon-
sivity of the pyroelectric detector did not change significantly
with the wavelength in the THz region.

TABLE I
SUMMARY MEASUREMENTS ON GaTe CRYSTAL

III. RESULTS AND DISCUSSIONS

In this section, we summarize our results of the measurements
on a series of GaTe crystals.

A. THz Spectra and Power Dependence

At an average power of 352 mW of the excitation beam at
391 nm, the highest average THz output powers were well above
1 μW for all five samples (see Table I). To the best of our knowl-
edge, this is the first observation of THz emission from a mono-
clinic centrosymmetric crystal. When these GaTe crystals were
excited by the amplifier beam at 782 nm, the highest average
THz output powers were approximately 20 times lower.

As we mentioned earlier, there are two competing mecha-
nisms for THz generation in semiconductor materials. Since
GaTe has a vanishing second-order nonlinear coefficient due
to its centrosymmetric structure, the mechanism for THz gen-
eration in GaTe crystals is expected to be photocurrent surge.
In such a case, the THz output power increases by increas-
ing the density of photogenerated carriers.An undoped GaTe
crystal has the bandgap of about 1.7 eV at room temperature,
corresponding to the wavelength of 729 nm. When GaTe was
excited below its bandgap, free electrons and holes can be gen-
erated by donor–acceptor pair absorption located at 1.57 eV
(790 nm) [18], followed by ionization of bound electrons and
bound holes by a surface electric field. The diffusion of free
photogenerated electrons and holes with different mobilities re-
sults in the generation of THz pulses. However, when GaTe was
pumped above its bandgap by the frequency-doubled amplifier
beam at 391 nm, band-to-band absorption is much higher than
the donor–acceptor pair absorption. Therefore, the free-carrier
densities generated by the amplifier beam at 782 nm were sig-
nificantly lower than those generated by the excitation beam at
391 nm. This is the primary reason why the THz output powers
generated by the 782-nm beam are much lower.

According to our measurements, the THz output power was
increased, as the doping concentration of Ge was significantly
increased below 600 ppm. However, above 600 ppm, it was
slightly decreased, as the doping concentration was increased
further (see Table I). Among all the crystals having different
dopants or doping concentrations, the highest output power was
measured to be 1.863 μW on the GTG8403 sample with the dop-
ing level of 600 ppm at the excitation wavelength of 391 nm.
Since the undoped GaTe crystals are p-type, introducing Ge
dopants can reduce the free-hole density. As a result, the mobil-
ity of the GaTe crystal is increased. Due to Einstein’s relation,
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Fig. 2. Typical spectra of THz waves emitted by a GaTe Crystal. Solid and
dashed curves correspond to the spectra by using ultrafast laser pulses at 782
and 391 nm as the pump beams, at the pump intensities of 250 and 194 W/cm2 ,
respectively. The spectral intensities are normalized at the peak wavelength of
720 μm (0.417 THz) for making comparison.

the increase in the mobility leads to the increase in the diffusion
constant. Therefore, the THz output power is expected to in-
crease accordingly. Since the THz output powers generated at
the excitation wavelength of 782 nm were measured under a
large incident angle in the reflection geometry, not all the emit-
ted THz powers were collected. This is the reason why the
dependence of the output power on the Ge concentration at
782 nm is not consistent with those at 391 nm.

The spectra of the THz output power for the GaTe crystals
were measured by rotating mechanical gratings. From Fig. 2,
one can see that THz power spectra cover a frequency range of
240 GHz–1.7 THz, regardless of whether the excitation wave-
length is 782 or 391 nm. Based on the high-resolution transmis-
sion (HITRAN) molecular absorption database, the pronounced
dip located at the wavelength of ∼538 μm is attributed to the
absorption of water vapor present in the beam path of the THz
wave. Based on our measurements, we did not observe any mea-
surable changes of the THz spectra shown by Fig. 2, as the pump
intensity was increased. When the GaTe crystal was pumped
above its bandgap, the power dependence was well fitted by
a square power law for the pump intensities of ≤44 W/cm2 .
However, it exhibits an increasing deviation from the square
power law for the pump intensities of >44 W/cm2 (see Fig. 3).
On the other hand, when the GaTe crystal was pumped be-
low its bandgap, the power dependence exhibits stronger sat-
uration, especially for the pump intensities of >100 W/cm2

(see Fig. 4).
Let us assume that the dependence of the THz output power

(PTHz) on the pump intensity (Ip ) and the absorption coefficient
for the THz wave (αTHz) takes a simple form of [8]

PTHz ∝
I2
p [1 − exp(−αTHzL)]2

α2
THz

(1)

where L is the penetration depth of the pump beam. Due to the
generation of the free carriers by the pump laser, a significant
fraction of the THz power can be absorbed by the photogener-
ated carriers. Therefore, the THz absorption coefficient can be
approximately written as αTHz ≈ α0Ip , where α0 is a constant.

Fig. 3. Average THz output power from GaTe crystal (GTG8403) was mea-
sured as a function of average pump intensity. The excitation wavelength was
391 nm. Squares correspond to data. Solid curve corresponds to the nonlinear
least-square fitting to all data points by using (4). Dotted curve and dashed
curve correspond to the least-square fitting to four and nine data points from the
low-intensity end by using quadratic and exponent, respectively.

Fig. 4. Average THz output power of GaTe crystal (GTGB8601) was measured
as a function of average pump intensity. The excitation wavelength was 782 nm.
Circles correspond to data. Solid curve corresponds to the nonlinear least-square
fitting to all data points by using (4). Dotted and dashed curves correspond to
the least-square fitting to four and seven data points from the low-intensity end
by using quadratic and exponent, respectively.

As mentioned earlier, photocurrent surge is one of the most
plausible mechanisms for the THz generation in the GaTe crys-
tals. In general, the THz emission from a semiconductor surface
originates from the drift and/or diffusion current. Since the mo-
bility and kinetic energy of electrons under the optical excitation
are much higher than those for holes, the amplitude of THz ra-
diation (ETHz) is approximately proportional to the electron
mobility μe(T )

ETHz ∝ ∂Jn

∂t
∝ μe(T ) (2)

where μe(T ) varies with the lattice temperature. Generally, it is
proportional to T−m , where m is a constant describing a power
index. Moreover, during the process of laser pulse excitation
on optoelectronic materials, the peak surface temperature is
directly proportional to the pulse energy [19]. If we neglect
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the energy loss through photoluminescence and assume that
all nonradiative transitions end up with the lattice heating, the
electron mobility is in the form of

μe(T ) ∝ T−m ∝ I−m
p . (3)

Under such an assumption, (1) can be reduced to

PTHz = C0
I2−n
p [1 − exp(−αTHzL)]2

α2
THz

(4)

where C0 is a constant and n = 2m. Let us use (4) as our simpli-
fied model to fit the data presented in Figs. 3 and 4, respectively.
One can see from Figs. 3 and 4 that we have obtained a perfect
agreement between our simplified model described by (4) and
our data. One can see that the power index determined from
fitting the data is significantly higher for the crystal pumped at
782 nm. This is consistent with our assumption that free carri-
ers were generated by donor–acceptor-pair absorption, followed
by ionization of bound electrons and holes. It is worth noting
that the penetration depths in a GaTe crystal at the excitation
wavelengths of 391 and 782 nm are approximately 40 nm and
65 μm, respectively, due to dramatically different absorption
coefficients [20]. Following the nonlinear least-squares fitting,
we have obtained the value of α0L to be 0.58 and 5.34 cm2 /kW,
and the value of n to be 0.51 and 0.28 for the excitation wave-
length of 391 and 782 nm, respectively. The ratio between the
two values of α0L at two different wavelengths reflects the
compensation between the large difference in the penetration
depths and the densities of the photogenerated carriers gener-
ated by the pump beams at 391 and 782 nm. This is due to the
fact that α0 strongly depends on the pump wavelength. Based
on our calculation, if the pump intensity is much lower than
(α0L)−1 ≈ 1.72 kW/cm2 and 187 W/cm2 for 391 and 782 nm,
respectively, the THz output power versus the pump intensity is
perfectly described by a power law with two different indexes
(see dashed curves in Figs. 3 and 4). However, when the pump
intensity is close to one of the two values given earlier, the power
dependence starts to deviate from the power law. Such predicted
behaviors are consistent with our data illustrated by Figs. 3 and
4, respectively.

On the other hand, when the pump intensity is sufficiently low,
the absorption of the THz wave by the photogenerated carriers
becomes negligible. Therefore, (4) can be reduced to PTHz ∝
I2
p L, i.e., the THz output power increases quadratically when

increasing the pump intensity. Under such a pumping condition,
the strength of the THz electric field is proportional to the time
derivative of the diffusion current [see (2)]. Consequently, it can
be readily shown that when the density of the photogenerated
carriers is sufficiently low, the THz electric field is linearly
proportional to the carrier density [21]. Since the carrier density
is proportional to the pump intensity, the THz output power is
proportional to the square of the pump intensity. Such a simple
explanation is consistent with our experimental result under
sufficiently low pump intensities (see Figs. 3 and 4).

According to our theoretical model described by (4), the max-
imum THz power generated by the GaTe crystal is expected to
be 29.17 μW at 4.00 kW/cm2 and 0.090 μW at 0.580 kW/cm2 at
the pump wavelengths of 391 and 782 nm, respectively. Due to

the strong saturation of the THz output power as the pump inten-
sity is increased, even under the pump intensity of 2.00 kW/cm2

at 391 nm, the THz output power has already reached 24.0 μW,
which is 82% of the maximum value.

B. Polarization and Azimuth Angle Dependence

As discussed earlier, photocurrent surge is likely the dominant
mechanism for the THz generation in the GaTe crystals. Though,
it is worth noting that optical rectification could be still one of
the possible mechanisms for THz generation, since a surface
hexagonal layer can be induced by lattice reorganization in GaTe
[23], [24]. One of the characteristics for distinguishing between
photocurrent surge and optical rectification for THz generation
is the polarization dependence [7].

When GaTe is pumped above its bandgap, the THz output
power and polarization angle were measured in the transmis-
sion geometry at normal incidence. On the other hand, for the
GaTe crystal pumped below its bandgap, our measurement was
made in the reflection geometry at an incident angle of 67◦ for
the pump beam. In our measurement, both of the pump inten-
sities were kept constants. The polarization angle of the pump
beam φ, which is varied by a half-wave plate, is defined as the
angle of the pump polarization formed with the incident plane
(p-plane), whereas the polarization angle of the THz output
beam β, which is monitored by a wire-grid polarizer, is de-
fined as the angle of the THz polarization formed with the same
plane. From Figs. 5 and 6, we can see that the THz output power
periodically oscillates as a function of the pump polarization.
Moreover, the period of the oscillation is the same at the pump
wavelengths of 391 and 782 nm. After taking into considera-
tion Fresnel reflections at the crystal/air interfaces, our data can
be well fitted by the respective theoretical curves (see the solid
curves in Figs. 5 and 6). To obtain the theoretical curve in Fig. 5,
we used the refractive indexes of ny ≈ 4.7988 and nz ≈ 3.4862,
which were taken from [20]. At both of the pump wavelengths,
the THz polarizations were kept as constants over the entire
range of the pump-polarization angles. Such behaviors clearly
indicate that photocurrent surge is the primary mechanism for
the THz generation in all the GaTe crystals.

Furthermore, since the THz polarization is parallel to the
direction of drift or diffusion current, only the photocurrent
surge within the crystal surface contributes to the THz output in
the transmission geometry under normal incidence. The surface
normal of each GaTe crystal is parallel to the 〈1 0 0〉 direction.
According to our fitting result in Fig. 5, the direction for the
photocurrent surge within the surface is perpendicular to the
〈0 1 0〉 direction. This is quite different from the THz wave gen-
erated at a typical semiconductor surface due to either drift or
diffusion of the photogenerated carriers. In general, for both of
the processes mentioned earlier, the directions for the photocur-
rent surge are typically along the surface normal under normal
incidence.

In order to further verify the direction of the photocurrent
surge within the crystal surface, the dependences of the THz
output power and polarization angle on the azimuth angle were
measured on all GaTe crystals using the same setup as that
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Fig. 5. Measurement of polarization dependence of GaTe crystal (GTGB8601)
at the excitation wavelength of 391 nm in transmission geometry. Dots corre-
spond to measured polarization angle of THz beam versus pump polarization.
Open squares correspond to normalized average THz output power as a func-
tion of pump polarization. Solid curve is theoretical result after taking Fresnel
reflections at crystal surface into consideration.

Fig. 6. Measurement of polarization dependence of GaTe crystal (GTGB8601)
at the excitation wavelength of 782 nm in reflection geometry. Dots correspond
to measured polarization angle of THz beam versus pump polarization. Open
squares correspond to normalized average THz output power as a function of
pump polarization. Solid curve is theoretical result after taking Fresnel reflec-
tions at crystal surface into consideration.

for obtaining Fig. 5 [see Fig. 1(b)]. While the pump beam is
p-polarized, each GaTe crystal is rotated around the 〈1 0 0〉 di-
rection [see Fig. 1(b)]. The azimuth angle of 0◦ implies that
the 〈0 1 0〉 direction forms 30◦ with the s-plane. After taking
the Fresnel reflections into consideration, our data are fitted by
the theoretical curve (see Fig. 7). The visible deviations are
caused by spatial inhomogeneity of the GaTe crystal. On the
other hand, the THz polarization linearly increases by increas-
ing the azimuth angle through the crystal rotation mentioned
earlier. Such a linear dependence confirms our predication that
the direction of the photocurrent surge within the crystal surface
is perpendicular to the 〈0 1 0〉 direction.

It is worth noting that the major component of the THz po-
larization in the measurement made earlier is perpendicular to
the 〈0 1 0〉 direction, whereas the minor component is parallel
to the 〈0 1 0〉 direction within the surface. The ratio between the
major and minor components was measured to be about 34.7.

Fig. 7. Azimuth angle dependence of GaTe crystal (GTGB8601). Dots and
open squares correspond to measured polarization angle and normalized average
THz output power of THz beam, respectively, as a function of the azimuth angle
of crystal. Solid curve corresponds to theoretical result after taking Fresnel
reflections at crystal surface into consideration.

C. Incident Angle Dependence

Previously, photocurrent surge originated from the drift of the
photogenerated carriers under a surface electric field and photo-
Dember effect. In order to find out how these two processes
affect the THz generation in our crystals, the dependence of
the THz characteristics on incident angle was measured on the
GaTe crystals. The incident angle θ is defined as the angle of
the surface normal formed with the propagation direction of
the pump beam. The generated THz output was collected along
the direction of the pump propagation. The pump beam at the
wavelength of 391 nm was p-polarized during our measurement.
In order to minimize the thermal effect, the pump intensity on the
crystal surface was kept at ∼110 W/cm2 at normal incidence.
The GaTe crystals were rotated around the 〈0 1 0〉 direction,
which is perpendicular to the plane of incidence.

The THz polarizations induced by the drift of the photogen-
erated carriers and diffusion current originating from photo-
Dember effect are shown in inset of Fig. 8. Since the surface
field is always along the surface normal, the THz polarization
induced by the drift current (E⊥) is along the surface normal,
whereas the THz polarization induced by diffusion current (ED )
is along the propagation direction of pump beam inside the GaTe
crystal. E// presents the THz polarization induced by the pho-
tocurrent surge within the crystal surface, as discussed earlier.
The angle of refraction θi can be expressed by

θi = arcsin

[(
n2

z

sin2 θ
− n2

z

n2
x

+ 1
)−1/2

]
(5)

where nx = 4.3586 and nz = 3.4862, as taken from [20]. Based
on Fresnel relations at the crystal/air surface, the fraction of the
transmitted pulse energy of the pump beam takes the form of

S(θ) =
n(θi) cos θi

cos θ

(
2 cos θ

n(θi) cos θ + cos θi

)2

(6)

where n(θi) is the refractive index of GaTe.
If we assume that the ratio (A0) between the contribution

of photocurrent surge within the surface and the contribution
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Fig. 8. Average THz output power was measured as a function of incident
angle on GaTe crystal (GTGP8901). Squares correspond to data. Solid and
dashed curves correspond to nonlinear least-square fitting by using (7) and (8),
respectively. Inset illustrates possible THz polarizations induced by different
surge currents.

of photocurrent surge perpendicular to the surface is kept as a
constant over the entire range of the incident angles, the THz
output powers can be determined by the following:

P ′
THz = C0 [A0S(θ)2 cos θ + S(θ)2 sin(θ − θi)] (7)

and

P ′′
THz = C0 [A0S(θ)2 cos θ + S(θ)2 sin(θ)] (8)

for the combination of ED and E// and the combination of E⊥
and E//, respectively, where C0 is a constant. One can see from
Fig. 8 that our experimental data can be well fitted by using ei-
ther (7) or (8). The photo-Dember effect is usually caused by the
difference in diffusion coefficients for electrons and holes [21].
As discussed in [22], however, such an effect can also be in-
duced by a structural asymmetry. The asymmetry of our data
and fitting results relative to the incident angle of 0◦ implies
that the photocurrent surge within the surface is unidirectional,
i.e., the photocurrent surge primarily occurs in a direction be-
ing perpendicular to the 〈0 1 0〉 direction within the surface of
the crystal. We believe that the THz generation induced by this
photocurrent surge is the manifestation of the unidirectional dif-
fusion of the photogenerated carriers. Such a peculiar process
was caused by the high degree of anisotropy in the GaTe crys-
tal, which can be attributed to its high degree of the structural
asymmetry. To the best of our knowledge, we believe that this
is the first report on the evidence of the unidirectional diffusion
of the photogenerated carriers within the crystal surface, thus
resulting in the efficient THz generation.

Due to the high value of the refractive index for GaTe, even
at the incident angle of 80◦, the angle of the refracted beam is
just ∼16◦. Such a small difference between the angles for the
drift and diffusion currents is rather difficult to be confirmed in
our measurement. On the other hand, if we assume that all the
pump photons are converted to the photogenerated carriers, the
density of the photogenerated carriers in our experiment reaches
∼ 2.0 × 1020 cm−3 . Such a value is much larger than that of the

Fig. 9. Average THz output power of GaTe crystal (GTG8101) was measured
as a function of beam size of pump wave. Squares and solid curve correspond
to data and nonlinear least-square fitting to data by using (4), respectively.

typical carrier density due to the surface accumulation. There-
fore, we believe that the THz generation from the GaTe crystals
is dominated by the diffusion current, i.e., photo-Dember effect.

According to our fitting result shown in Fig. 8 by using (7),
the value of ratio A0 is about 11.1. It is worth noting that in
the fitting result by using (8), the value of ratio A0 is slightly
changed to 11.2. The insignificant change of A0 is consistent
with our analysis made earlier. The ratio of the photocurrent
surge contributions for the THz generation from the GaTe crystal
along the 〈0 1 0〉 direction within the surface, the direction being
perpendicular to the 〈0 1 0〉 direction within the surface, and the
propagation direction of the pump beam inside the crystal is
determined to be 1.0 : 34.7 : 3.1.

D. Pump Beam Size Dependence

In order to obtain the optimal pump beam size, we measured
the dependence of the THz output power on the beam size of the
pump wave at the excitation wavelength of 391 nm. The experi-
mental setup is essentially the same as that used in the measure-
ment of the polarization dependence made earlier [see Fig. 1(b)].
The beam size of the pump wave on the crystal surface was var-
ied by moving a convex lens that was used to focus the pump
beam onto the crystal. To avoid the optical damage of the GaTe
crystal, the pump power was kept at a constant level of 200 mW.
From Fig. 9, one can see that our data can be well fitted by us-
ing (4). According to our theoretical model, the optimal pump
beam size at the pump power of 200 mW is 3.14× 10−3 cm2 ,
which corresponds to a beam waist of ∼447 μm for a Gaussian
beam. The corresponding THz output power is 371 nW. When
the beam size is decreased to 1.71 × 10−4 cm2 , which corre-
sponds to a beam waist of ∼104 μm for the Gaussian beam,
the corresponding THz output power is dramatically reduced to
37 nW, which is only 10% of the maximum output power due
to the significant laser heating effect of the GaTe crystal. As
the beam size was increased, the laser heating had a much less
effect on the THz output power.
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IV. CONCLUSION

In conclusion, we carefully investigated THz generation from
centrosymmetric GaTe crystals. Based on our results, the THz
generation from the GaTe crystals is primarily induced by the
photocurrent surge originating from photo-Dember effect when
the crystal is pumped either above or below its bandgap. For the
first time to the best of our knowledge, we observed an evidence
for the unidirectional diffusion of photogenerated carriers within
the crystal surface. The ratio of the photocurrent-surge contri-
butions to the THz generation from the GaTe crystal along the
〈0 1 0〉 direction within the crystal surface, the direction being
perpendicular to 〈0 1 0〉 within the surface, and the propagation
direction of the pump beam inside the crystal is 1.0 : 34.7 : 3.1.
Though, we would like to note that further studies must be
carried out in the future in order to firmly confirm the unidirec-
tional diffusion of the photogenerated carriers as the primary
mechanism for the efficient THz generation in the GaTe crys-
tals. Based on our theoretical model, the maximum THz power
generated from the GaTe crystal is 29.17 μW at the pump inten-
sity of 4.00 kW/cm2 when it is pumped above its bandgap. Due
to the unique characteristics for the unidirectional diffusion of
the photogenerated carriers within the crystal surface, GaTe is
a promising material for scaling up the output power when an
external electric field is applied.
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