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A new scheme which generates multi-frequency terahertz (THz) waves from planar waveguide by the optimized
cascaded difference frequency generation (OCDFG) is proposed. A THz wave with frequency @r; is generated by the
OCDFG with two infrared pump waves, and simultaneously a series of cascaded optical waves with a frequency interval
or is generated. The THz wave with a frequency of M-times @t is generated by mixing the m-th-order and the (m + M)-
th-order cascaded optical wave. The phase mismatch distributions of cascaded difference frequency generation (CDFG)
are modulated by changing the thickness of planar waveguide step by step, thereby satisfying the phase-matching condition
from first-order to high-order cascaded Stokes process step by step. As a result, the intensity of THz wave can be enhanced

and modulated by controlling the cascading order of OCDFG.

Keywords: multi-frequency terahertz wave, optimized cascaded difference frequency generation, planar

waveguide
PACS: 42.65.Y], 42.65.Dr, 42.65.Ky

1. Introduction

Owing to wide applications of terahertz (THz) wave in
security inspection, military radar detection, medical imag-
ing, and non-destructive inspection,'~* how to generate high-
efficiency multi-frequency THz waves becomes the focus of
attention. Compared with other THz wave generation meth-
ods, cascaded difference frequency generation (CDFG) can ef-
fectively improve the conversion efficiency of THz wave. >~!1]
However, the phase-matching conditions of each order cas-
caded Stokes process are different. As the cascading order in-
creases, the phase mismatches gradually become larger, which
restrains the energy transformation from pump wave to high-
order Stokes waves. Moreover, the reported CDFG can only
generate the THz wave with a fixed frequency because the
frequency interval between the two input infrared lasers is
fixed.[1O1] Tf the m-th-order and the (m + M)-th-order cas-
caded optical wave which generates in CDFG, efficiently in-
teract with each other, the THz waves with multi-frequency
can be produced by only two fixed frequency laser.

In this work, we propose an innovative scheme to gen-
erate multi-frequency THz waves by the optimized cascaded
difference frequency generation (OCDFG) in a planar waveg-
uide. By optimizing the phase mismatch distributions of
CDFG, the pump photons are transferred to high-order Stokes
waves, resulting in a high-efficiency THz wave generation. By
enhancing the interaction between the m-th-order optical wave

Corresponding author. E-mail: thzwave @ 163.com
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac29b4

and the (m + M)-th-order optical wave, the multi-frequency
THz waves are realized.

2. Theoretical model

Figure 1(a) shows the schematic diagram of generating
multi-frequency terahertz waves in accordance with the basic
principle of CDFG. In the schematic diagram, the black two-
way arrow curves indicate that each cascaded optical wave
can interact with any other cascaded optical waves, so that
the THz wave with multi-frequency can be generated. The
phase-matching condition of the first-order CDFG in a planar
waveguide is given by the following equation: ']

np N

o A

where n and A represent the refractive index and wavelength

Neff THz
Ar

ey

respectively, the subscripts p, s, and T denote the pump wave,
signal wave, and THz wave respectively. nef; TH, refers to the
effective refractive index of fundamental TM-mode THz wave.

The input pump wave (w) and the first-order Stokes wave
(@) generate the THz wave (@1 = wy—)) by difference fre-
quency generation (DFG). By changing THz wave effective
refractive index 7 TH, to satisfy the phase-matching condi-
tions between the m-th-order and the (m + 1)-th-order cas-
caded optical waves, a series of cascaded optical waves ()
with an interval of wr; and THz wave (wr;) are generated.
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By changing THz wave effective refractive index nefrtH, tO
satisfy the phase-matching conditions between the m-th-order
and the (m+ 2)-th-order cascaded optical waves, the THz wave
with a frequency of o (w2 = 2 X @r)) is generated. Sim-
ilarly, nefrTH, can satisfy the phase-matching conditions be-
tween the m-th-order and the (m + M)-th-order cascaded op-
tical waves, resulting in the THz wave generation with a fre-
quency of wry (Wry = M X wr1). The relationship between

negr, TH, Of fundamental TM-mode THz wave and the thickness
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According to Eq. (2), nefr TH, can be changed by varying the
thickness of planar waveguide to satisfy the phase-matching
conditions between the m-th-order and the (m + M)-th-order
cascaded optical waves to generate THz wave with frequency
of wry,. In this work we take wr; = 0.3 THz for example.
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Fig. 1. Schematic diagram of OCDFG generating multi-frequency THz waves, showing (a) interactions between the m-th-order and the (m + M)-th-
order cascaded optical waves, (b)—(f) waveguide thickness and phase mismatch |Aky| versus the cascaded optical frequencies with wr; = 0.3 THz,

= 0.6 THz, wr3 = 0.9 THz, and @wr4 = 1.2 THz, respectively.

Figures 1(b)-1(f) show the phase mismatch distributions
of OCDFG generating 0.3 THz, 0.6 THz, 0.9 THz, and
1.2 THz, respectively. It can be seen from the figure that
the greater the THz wave frequency, the larger the phase mis-
matches of OCDFG is. If the waveguide thickness # changes
with the minimum phase mismatch of each order OCDFG
from 291.76 THz to 61.36 THz, the phase mismatches in cas-
caded Stokes processes disappear one by one from the first-
order Stokes process to high-order Stokes processes, and the
phase mismatches in cascaded anti-Stokes processes increase
as shown in Figs. 1(b)-1(f). The cascaded Stokes process is
enhanced and the cascaded anti-Stokes process is suppressed

simultaneously, resulting in the enhancement of THz wave in-
tensity. The coupled wave equations of OCDFG are expressed

as follows:
dE o
R AL o +]KTMZ E E;+Me]Ak , 3)
dz 2
dE, oy . « _jAk
T = =St Kl iy e
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Ak(m) = ki — kin+m — keff THzZ, (7
1
[ = Enceo|E|2, )
E 2
N (@r.2) = netr,tHz (1) |ETi (@101, 2) | ’ ©)

Y. (0n) |En (wmao)‘z
where E is the electric field amplitude, the subscripts TM and
m represent THz wave with M-times wr; and the m-th order
cascaded optical wave, respectively, & denotes the absorption
coefficient, k is the coupling coefficient, Q is the angular fre-
quency, defr 1S the nonlinear coefficient, Ak is the phase mis-
match, k is the wave vector in the waveguide, c is the speed of
light in vacuum, [ is the power density, &) is the vacuum dielec-
tric constant, and 1 (@1, z) corresponds to the energy conver-
sion efficiency. On the right-hand side of Eq. (3), the first term
corresponds to the THz wave absorption, and the second term
corresponds to the sum of THz wave intensity generated by
the OCDFG between @, and ®,,+y. On the right-hand side
of Eq. (4), the first term corresponds to the absorption of cas-
caded optical waves, the second term corresponds to the en-
hancement of @, by the interaction between w,y; and wryy,
and the third term corresponds to the consumption of w,, by
the interaction between @+ and @ry.

3. Calculations

In this section, the intensities of THz waves and the
evolutions of cascaded optical waves are analyzed. The
frequencies of the two incident lasers are 291.76 THz and
291.46 THz, respectively. wr; = 0.3 THz, wrp = 0.6 THz,
w13 = 0.9 THz, and w4 = 1.2 THz. The intensities of the

two incident lasers Iy and I; are both 5 GW/cm?.

We use
MgO:LiNbOj3 planar waveguide for analysis. The nonlinear
coefficient of MgO:LiNbO3 at 291.76 THz is 336 pm/V.1%!
At 10 K, the THz wave absorption coefficients at 0.3 THz,
0.6 THz, 0.9 THz, and 1.2 THz in MgO:LiNbO3; waveguide
are 0.22 cm™!, 0.25 ecm™!, 0.32 cm™ !, and 0.45 cm™!, re-
All the absorption coefficients of the cascaded
optical waves are 0 cm~'.13] The laser damage threshold of
MgO:LiNbO3 with 100-ps pulse width is ~ 10 GW/cm?.[14]
The theoretical values of the refractive index of MgO:LiNbO3
in the infrared region!!>! and THz region!'3! are calculated by

spectively.

using the wavelength- and temperature-dependent Sellmeier
equations, respectively. We set the cascaded optical frequency
range to be 61.36 THz-500.56 THz. Figure 2 shows the THz
wave intensities with @r; = 0.3 THz and the evolutions of cas-
caded optical spectra. It can be seen from Fig. 2(a) that the
THz wave intensity monotonically increases, and the maxi-
mum intensity is 3.99 GW/cm? at z = 9.7 mm, corresponding
to the energy conversion efficiency of 39.9%. As shown in
Fig. 2(b), the thickness of waveguide first decreases and then
increases with the waveguide length increasing, satisfying the
phase matching conditions from the first order to higher or-
der OCDFG, which is in accord with the variation trend in
Fig. 1(b). Figure 2(c) shows the variation trend of cascaded
optical spectra. The diffusion range of cascaded Stokes pro-
cess is obviously larger than that of cascaded anti-Stokes pro-
cess, which is in consistance with the increase trend of THz
wave intensity in Fig. 2(a).

The generated THz wave intensity with wr, = 0.6 THz
is shown in Fig. 3. The planar waveguide is divided into two
parts. The THz wave with @wr; = 0.3 THz and a series of cas-
caded optical waves are generated by OCDFG in the first part,
while THz wave with wr; = 0.6 THz is generated by OCDFG
in the second part. As shown in Fig. 3(a), in the first part
from z = 0 mm to z = 4 mm, the THz wave intensity increases
rapidly, which corresponds to the shaded part of Fig. 3(c). The
THz wave with @wr; = 0.3 THz cannot transmit in the sec-
ond parts of the waveguide, so just the cascaded optical waves
can enter into the second part of the waveguide. As shown
in Fig. 3(b), the thickness variation of the first and the second
parts of the waveguide satisfy the phase matching conditions
of 0.3 THz and 0.6 THz from the first order to higher order
OCDFG respectively, which is in accord with the variation
trend in Figs. 1(b) and 1(c). The thickness variation of the
second part leads the phase mismatches of OCDFG to be zero
from the 1st order to the 350th order, and the maximum THz
wave intensity reaches 2.37 GW/cm? at z = 11.8 mm, corre-
sponding to the energy conversion efficiency of 23.7%. As
shown in Fig. 3(c), by changing the waveguide thickness, the
pump energy gradually transfers to high-order Stokes waves
rather than high-order anti-Stokes waves.
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Fig. 2. THz wave intensities and thickness and the evolutions of cascaded optical spectra, wr; = 0.3 THz, Iy = I; = 5 GW/cm?, showing z-dependent
(a) THz wave intensity, (b) waveguide thickness, and (c) cascaded optical spectra.
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Fig. 3. THz wave intensities and thickness, and the evolutions of cascaded optical spectra, wr; = 0.3 THz, wr, =0.6 THz, Iy =1; =5 GW/cm?, showing
z-dependent (a) THz wave intensities, (b) waveguide thickness, and (c) cascaded optical spectra.
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Fig. 4. THz wave intensities and thickness, and evolutions of cascaded optical spectra, wr; = 0.3 THz, wr3 =09 THz, Iy =1, = 5 GW/cm?, showing
z-dependent (a) THz wave intensities, (b) waveguide thickness , and (c) cascaded optical spectra.
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Fig. 5. THz wave intensities and thickness, and the evolutions of cascaded optical spectra, wr; = 0.3 THz, wra = 1.2 THz, [y =1, =5 GW/cm?, showing
z-dependent (a) THz wave intensities, (b) waveguide thickness, and (c) cascaded optical spectra.

The generated THz wave intensity with wrz = 0.9 THz is
shown in Fig. 4. It can be observed from Fig. 4(a) that in the
first stage from z = 0 mm to z = 4 mm, THz wave intensity
gradually increases. In order to effectively produce THz wave
with a frequency of 0.9 THz, the phase mismatches between
cascaded optical waves are zero from the 1st order to the 213th
order by changing the waveguide thickness with z > 4 mm.
The THz wave intensity rapidly increases, and the maximum
THz wave intensity reaches 2.05 GW/cm? at z = 9.45 mm,
corresponding to an energy conversion efficiency of 20.5%.
The waveguide thickness values in the two parts, shown in
Fig. 4(b), fulfill the phase-matching conditions between cas-
caded optical waves with frequency intervals of 0.3 THz and
0.9 THz, respectively. The variations of THz wave intensity
are consistent with those of the cascaded optical spectra shown
in Fig. 4(c) where more pump photons are transferred into
high-order Stokes waves.

The THz wave generation with wrq = 1.2 THz is shown
in Fig. 5. As shown in Fig. 5(a), both of the THz wave in-

tensities of 0.3 THz and 1.2 THz generated by OCDFG in-
crease rapidly with z increasing. For z > 4 mm, the thickness
of the second part of waveguide changes along the red curve
in Fig. 5(b). The phase mismatch between the cascaded op-
tical waves with an interval of 1.2 THz is zero from the 1st
order to the 169th order. The THz wave intensity gradually in-
creases with the waveguide length increasing, and it reaches a
maximum value of 1.397 GW/cm? at z = 7.9 mm, correspond-
ing to an energy conversion efficiency of 13.97%. Comparing
with cascaded optical waves in Figs. 3(c) and 4(c), the diffu-
sion range of cascaded optical waves in Stokes area is narrow
in Fig. 5(c). As shown in Fig. 1(e), the phase mismatch of
OCDEFG is separately larger than that in Figs. 1(c) and 1(d),
so the diffusion range in Fig. 5(c) is restricted, as a result, the
THz wave intensity is depressed simultaneously.

As shown in Fig. 1(a), the cascaded optical waves with a
frequency interval of 0.3 THz can generate 0.6 THz, 0.9 THz,
The THz
wave of 0.3 THz generated in the first waveguide is coupled

and 1.2 THz one by one with four waveguides.
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out by a quartz coupler and does not transmit into the second
waveguide. Similarly, the THz waves of 0.6 THz, 0.9 THz,
and 1.2 THz generated in the second, the third, and the fourth
waveguides respectively are coupled out by a quartz coupler,
and do transmit into the next waveguide. The cascaded op-
tical waves transmit and interact with each other in all the
four waveguides. The scheme discussed above has been pro-
posed in Ref. [16]. Figure 6 shows THz wave generations
of 0.3 THz, 0.6 THz, 0.9 THz, and 1.2 THz by OCDFG.
The thickness variations of the four waveguides, as shown
in Fig. 6(b), fulfill the phase-matching conditions among the

cascaded optical waves with frequency intervals of 0.3 THz,
0.6 THz, 0.9 THz, and 1.2 THz, respectively. All the four
THz wave intensities rapidly increase and reach the maxi-
mum value of 587.43 MW/cm? for 0.3 THz at z = 3 mm,
559.30 MW/cm? for 0.6 THz at z = 9 mm, 541.40 MW/cm?
for 0.9 THz at z = 11.7 mm, and 582.06 MW/cm? for 1.2 THz
at z = 17.7 mm, respectively. The evolution of cascaded opti-
cal waves is shown in Fig. 6(c). For each waveguide, the cas-
caded optical waves are gradually transferred into high-order
Stokes waves. The intensities of the four THz waves can be
adjusted by changing the waveguide thickness.
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Fig. 6. THz wave intensities, thickness, and the evolutions of cascaded optical spectra, wr; = 0.3 THz, @1, = 0.6 THz, wr3 = 0.9 THz, @r4 = 1.2 THz,
Iy =1} = 5 GW/cm?, showing z-dependent (a) THz wave intensities, (b) waveguide thickness ¢, and (c) cascaded optical spectra.

The waveguides with several tens of microns in this work
can be fabricated with extreme ultraviolet lithography and
inductively coupled plasma etching. The waveguides with
gradually changing thickness have been extensively utilized
in Refs. [17-19]. However, it is a tough task to simultane-
ously couple the cascaded optical waves into the waveguides
because the cascaded optical waves exhibit different propaga-
tion constants. Moreover, it is extremely difficult to keep the
cascaded optical waves propagating without walk-off when the
THz wave is coupled out by the quartz coupler because the
cascaded optical waves have distinct dispersion characteris-
tics.

4. Conclusions

We proposed a scheme to generate multi-frequency THz
waves by OCDFG through using an MgO:LiNbO3 planar
waveguide at 10 K. By optimizing the waveguide thick-
ness, the m-th-order optical wave can interact with the (m +
M)-th-order optical wave generating THz wave with multi-
frequencies. The intensities of multi-frequency THz waves
can be enhanced by modulating the phase mismatch dis-
tributions of CDFG. When the intensities of the two inci-
dent lasers are both 5 GW/cm?, the THz wave intensity of
587.43 MW/cm? for 0.3 THz, 559.30 MW/cm? for 0.6 THz,
541.40 MW/cm? for 0.9 THz, and 582.06 MW/cm? for
1.2 THz are realized by OCDFG, respectively. The effec-
tive scheme in this work provides an option for generating the
high-power pulsed or quasi-continuous THz waves.
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