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An intensive, broad tunable monochromatic Terahertz (THz) emission is generated from

S-doped (2 wt. %) GaSe (solid solution GaSe0.91S0.09) crystals by collinear difference frequency

generation method. The generated THz signal of 3.8 ns covers the spectral range of 0.57–3.57

THz (84.0–528.0 lm), with a maximal THz output peak power of 21.8 W at 1.62 THz. The THz

power conversion efficiency is of 45% higher than that of undoped GaSe, which is mainly

contributed to the improved optical properties. The terahertz source is of great potential to

be exploited for the out-of-door applications due to the increased crystal hardness. VC 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818764]

Intensive Terahertz (THz) source is always pursued for

the potential applications in terahertz communication,1 high

resolution spectral imagination,2 and THz radar.3 Difference

frequency generation (DFG) is an important way to generate

high power, narrow bandwidth, broad range, continuously

tunable, and coherent THz emission by using two tunable ns

lasers with slightly different output wavelength. DFG offers

the advantages4 of relative compactness, technical simplic-

ity, and much stable THz output. This approach has been

demonstrated in many nonlinear crystals, such as GaSe,4

ZnGeP2,5,6 GaP,7 and DAST.8

Among them, e-polytype GaSe ranks the most efficient

nonlinear material for frequency converters due to the won-

derful physical properties, such as high nonlinear coefficient

(d22¼ 54 pm/V), wide transparent spectral range (0.65 to

18 lm and �50 lm), large birefringence and minimal optical

losses in the THz wave range. Nearly the entire frequency

range of the output beam (mid-IR (MIR), THz, and milli-

meter waves) has been achieved by GaSe.9 However, GaSe

is a very soft and easy cleaving crystal due to the layered

structure. The crystal hardness is almost zero in the Mohs

scale, which makes it difficult to be cut and polished at arbi-

trary direction. This is a major factor that hinders this THz

source for practical applications.

Fortunately, GaSe is an excellent matrix material for

doping with isovalent elements, such as S, In, Te, Al,

Er,10–14 or pair of different group chemical elements.15 Its

mechanical and optical properties could be significantly

improved by doping. Doped crystals showed a large increase

(�1.5 times) in the crystal hardness to that of pure GaSe.15

Among the doped crystals, reasonable concentration of

S-doped GaSe crystal presents the promising property for the

THz applications due to the modified physical properties. It

includes decreased optical losses due to the less point defects

and layer stacking faults, increased thermal conductivity,

damage threshold and crystal hardness. Optimal S-doping

within 2 to 3 wt. % range is estimated from the maximal fre-

quency conversion efficiency in mid-IR.10 Although 2 wt. %

S-doped GaSe crystal or solid solution crystal GaSe0.91S0.09

was well investigated for the optical property in the THz

wave range by the THz time domain spectrometer (THz-

TDS), and even for THz emission with optical rectification

method.16 However, to the best of our knowledge, the THz

wave generation by DFG method has not been reported yet

in any doped GaSe crystal. In this letter, we choose a large

GaSe0.91S0.09 crystal for the THz generation experiment by

DFG. This kind of THz source can break down the barriers

for the out-of-door applications.

Fig. 1 illustrates the schematic experimental setup of the

THz wave generation in GaSe0.91S0.09 crystals by collinear

difference frequency generation. The fundamental pump is a

1064-nm beam of a Q-switched Nd:YAG laser with the pulse

duration �7.8 ns, repetition rate 10 Hz, and spectral band-

width �0.003 cm�1. The secondary pump for the DFG, is an

orthogonal polarized signal beam emitted from an optical

parametric oscillator (OPO) pumped by the frequency-

tripled (k¼ 355 nm) emission of the same Nd:YAG laser:

tunability from 1060 to 1080 nm, line bandwidth �0.075

cm�1, and pulse duration �3.8 ns. The spot shape-form for

the two pump beams is semi-circle, with the beam radii of

1.60 and 1.81 mm, respectively. And they are combined in

the 2.6� 3.7 mm2 spot on the crystal surface with a small

overlapped beam area of �2.9 mm2 through a polarized

beam splitter. Additional optical delay line for the 1064-nm

beam is used to compensate for the optical pass of the signal

beam inside the OPO system to make sure that they arrive at

the GaSe0.91S0.09 crystal simultaneously. In this experiment,
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we use the same pulse energy (5 mJ) for the fundamental

and OPO signal pump beams. The peak intensity for the fun-

damental pulse is of �11.6 MW/cm2, and that for the signal

wave pulse is of �22.6 MW/cm2. The total peak intensity is

well below the crystal damage threshold. A large as-cleaved

off GaSe0.91S0.09 crystal from the grown boule (z-cut) is used

for this THz DFG experiment without additional treatment.

It is of 5.5 mm in length and a rectangular input facet with

the long and short sides to be of about 30 and 20 mm, respec-

tively. The crystal is mounted on a two-dimensional high-

precision rotation stage. The generated THz wave is sepa-

rated from the pump beams by two 1.5-mm Ge filters, col-

lected by a pair of off-axis parabolic golden mirrors, and

then focused onto a liquid helium-cooled Si bolometer. The

electrical signal produced by the bolometer is recorded and

averaged 10 times in a high speed oscilloscope (LeCroy

Wave Runner 62Xi-A). The energy for the generated THz

pulse is measured by the value of the electric signal.

In the experiment, a monochromatic THz wave is

observed in the oe-e phase matching (PM) configuration,

whereas the 1064 nm, OPO signal, and THz wave beams are

corresponding to the ordinary (o), extraordinary (e), and

extraordinary (e) waves, respectively. Since the terahertz

absorption coefficient of e-wave is much smaller than that of

o-light inside GaSe,17 it is reasonable for us to detect this

strong e-polarized THz wave, which is testified by a home-

made metal grating. The wavelength and spectral bandwidth

of the THz wave were verified by a Fourier transform infra-

red spectrometer with a step-scan method.18 In the DFG pro-

cess, the efficient nonlinear coefficient depending on the

azimuthal angle h and u can be expressed as

doe�e
eff ¼ d22cos2ðhÞcosð3uÞ; (1)

where d22ðGaSe0:91S0:09Þ ¼ 0:89d22ðGaSeÞ,10 u ¼ 0 for the

maximal value of doe�e
eff .

Fig. 2 gives the external PM angle versus the output

THz wavelength. The maximal peak power of the emitted

THz wave is achieved both by varying the crystal azimuthal

angle and tuning the signal wavelength simultaneously.

When the PM angle is changed from 7.2� to 21.4� and the

OPO signal wavelength is in the range from 1066.3 to

1077.8 nm, the central wavelength of the terahertz emission

is tuned from 528.0 to 84.0 lm (0.57–3.57 THz). To calcu-

late the PM curve theoretically, the exact value of the refrac-

tive index in both IR and THz ranges must be known. It is

well-known that the refractive index of the S-doped crystal

could be estimated by using adequate dispersion relations for

the refractive indices of GaSe and GaS from the following

equation:19

n2ðGaSxSe1�xÞ ¼ ð1� xÞn2ðGaSeÞ þ xn2ðGaSÞ: (2)

Based on the Sellmeier equation of GaS19 and GaSe,20

we calculated the theoretical PM angle curve of oe-e type in

GaSe0.91S0.09 (Fig. 2). In the figure, the measured PM curve

is agreed with the theoretical calculation. The small differ-

ence between them is probably due to two reasons: (a) the

FIG. 1. A schematic experimental setup of the THz wave generation in GaSe0.91S0.09; OPO is the optical parametric oscillator; HWP is a half wave plate; GP

is a Glan prism; PBS is a polarizing beam splitter; A is an aperture; OAP is an off-axis parabolic mirror.

FIG. 2. Output THz wavelength versus the external oe-e type PM angle in

GaSe0.91S0.09 (measured: open circle; calculated: red solid line). Inset: THz

frequency versus the external PM angle (measured: solid circle; calculated:

red solid line).
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difference between the bulk and surface composition meas-

ured by X-ray microanalysis; (b) the real refractive index in

the GaSe0.91S0.09 crystal used in the THz wave range is sub-

stituted by the refractive index of GaSe since the refractive

equation of GaS crystal in the MIR range19 could not be

applied in the THz range.

Fig. 3 gives the dependence of the THz wavelength on

the OPO signal wavelength. This THz radiation has a pulse

duration of �3.8 ns with a repetition rate of 10 Hz. The

measured THz output peak power versus the wavelength is

shown in Fig. 4, which is corrected for optical losses caused

by the absorption of air and two Ge filters. The maximal

THz peak power achieved is of 21.8 W at 185.2 lm (1.62

THz), corresponding to the power conversion efficiency of

6.54� 10�5 and photon conversion efficiency of 1.14%.

The theoretical THz power conversion efficiency can be

calculated from the well-known formula21

P3

P1

¼ 2
l0

�0

� �1
2 x3

2deff
2L2

n1n2n3c2

P2

A

� �
T1T2T3expð�a3LÞ

� 1þ expð�DaLÞ � 2expð�DaL=2ÞcosðDkLÞ
ðDkLÞ2 þ ðDaL=2Þ2

; (3)

where l0 and �0 are the vacuum magnetic permeability

and dielectric permittivity, respectively; x3 is the output

THz frequency; deff is the effective non-linear optical coeffi-

cient; L is the crystal thickness; P2

A
is the input peak intensity

of the OPO signal wave; ni (i¼ 1, 2, 3) is the refractive

index at the 1064 nm, OPO signal, and THz wavelengths,

respectively; Ti is relative transmission coefficient, given

by Ti ¼ 4ni=ðni þ 1Þ2; Da ¼ ja1 þ a2 � a3j is the differen-

tial absorption coefficient depending on the magnitude of the

absorption coefficients at the 1064 nm pump, OPO signal,

and THz waves. Here, parameters are hext ¼ 12:3�, deff

¼ 53:7 pm/V, L ¼ 5:5 mm, P2

A
¼ 22:6 MW/cm2, n1 ¼ 2:7,

n2 ¼ 2:45, n3¼ 3:28, a1¼ a2� 0, a3� 1 cm�1 at 1.6 THz,

Dk¼ 0. According to Eq. (3), the theoretical THz power con-

version efficiency of GaSe is calculated about 8.0�10�5

under the consideration of that only half peak intensity of

OPO signal wave is contributed to the THz power genera-

tion. As mentioned above, additional 21% decrease occurred

in the THz power conversion efficiency for GaSe0.91S0.09

due to the 11% decrease of d22. So the theoretical THz power

conversion efficiency of GaSe0.91S0.09 is estimated about

6.3�10�5, which is well in coincidence with the measured

result.

Compared with the highest THz power conversion effi-

ciency generated in GaSe reported by Shi et al. with similar

crystal length4 (1.77� 10�5 in 4 mm and 4.5� 10�5 in

7 mm), an over 45% power conversion efficiency is achieved

in GaSe0.91S0.09 crystal. This is mainly contributed to the

improved optical properties at both near-IR (NIR) and THz

regions. Fourier transform transmission spectrum in NIR

region shows that the reflective index of GaSe0.91S0.09 (2.48)

is 8% smaller than that of the pure one (2.70) at the pump

region. And the reflective index of GaSe0.91S0.09 (3.16) at

THz region is 4% smaller than that of GaSe (3.28). From Eq.

(3), this will introduce a 35% increase in the THz power con-

version efficiency in GaSe0.91S0.09, which is larger than that

decreased by the effect of small d22. Besides, the absorption

coefficient at NIR region could not be ignored for such a

thick crystal (5.5 mm). In fact, the absorption coefficient of

GaSe0.91S0.09 (0.49 cm�1) is much smaller than that of pure

one (0.85 cm�1) at the pump region, which gives another

49% increase in the THz power conversion efficiency. So

compared with GaSe in the same crystal length, a 59%

increase in the THz power conversion efficiency is theoreti-

cal gained by GaSe0.91S0.09 due to the smaller reflective indi-

ces and absorption coefficient. This is well agreed with the

practical efficiency enhancement of 45%.

In this letter, we have demonstrated a wide-band genera-

tion of the tunable high power monochromatic THz emission

in a 5.5 mm-length 2 wt. % S-doped GaSe or solid solution

GaSe0.91S0.09 crystal by oe-e type DFG under the pump of

Nd:YAG and OPO beams. When the PM angle is changed

from 7.2� to 21.4� and the signal wavelength is in the range

from 1066.3 to 1077.8 nm, the central wavelength of the ter-

ahertz emission is tuned from 528.0 to 84.0 lm (0.57–3.57

THz). The achieved maximal output peak power is of

21.8 W at 1.62 THz (185.2 lm), corresponding to the THz

power conversion efficiency of 6.54� 10�5 and photon effi-

ciency of 1.14%. These efficiencies are well agreed with the

theoretical calculations. And this THz power conversion

FIG. 3. Output terahertz wavelength versus OPO signal wavelength.

FIG. 4. Output terahertz peak power versus THz wavelength in GaSe0.91S0.09.
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efficiency is 45% higher than that of pure GaSe crystal,

which is mainly contributed to the improved optical proper-

ties. With these improved optical and mechanical properties,

this terahertz source can be exploited for the out-of-door

applications. Further improvement in the efficiency is possi-

ble by optimization of the crystal and pump beams parame-

ters like large beam overlap and tight focusing.
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