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Abstract: We demonstrate terahertz (THz) wave generation by wavelength conversion in a
ridge-type/bulk periodically poled lithium niobate (RT-/bulk-PPLN) under almost the same
experimental conditions. When using the RT-PPLN, the ridge structure works as a slab waveguide
for the incident pump beam (wavelength: ~1 um), and the generated THz wave (~200 um) was
emitted uniformly from the entire side surface of the crystal. The RT-PPLN has a much higher
conversion efficiency from the pumping beam to the THz wave than the bulk-PPLN, and the ratio
improved several ten times compared with those of previous studies.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Periodically-poled lithium niobates (PPLNs) have attracted much attention as a candidate crystal
to generate THz wave, since PPLNs are useful for THz wave generation by the following reasons:
(i) large non-linear coefficient d.g~170 pm/V [1,2], (ii) controllability of THz frequency and
emission direction by design parameters such as period of PPLN, (iii) high optical damage
threshold (MgO-doped LN ~ 0.6 GW/cm? for long pulse (~20 ns pulse), 100-120 mJ/cm? (peak
optical intensity ~ 360 GW/cm?) for femtosecond pulse (~330 fs pulse)) [3-6], (iv) robust over
surrounding environments such as humidity and temperature compared with organic crystals.
Therefore, it has been used as an emitter in various THz wave generation experiments not only
in cases of femtosecond pulse pumping via optical rectification effect (OR) [7—13] but also
quasi-CW (long pulse) pumping via different frequency generation (DFG) [14—18]. Moreover,
PPLN has been proposed to be used as a crystal for cascade parametric oscillation for highly
efficient THz wave generation [19].

For efficient THz wave emission, lateral THz wave generation in bulk PPLN with slant-stripe
periodical structure (bulk-PPLN) have been applied [14, 20-22]. In this case, main advantage is
that absorption of THz wave due to the material absorption can be avoided, e.g., ~28 cm™! at 1.5
THz and >170 cm™" at >2.5 THz [23-25]. Moreover, damage threshold of LN for femtosecond
pulse is about 3 orders of magnitude higher than that for long pulse, as explained above, lateral
THz wave generation from PPLN pumped by femtosecond pulse is suitable to obtain high power
output.

For further improvement, a ridge-type PPLN (RT-PPLN) was proposed in Refs. [26,27]. By
fabricating the ridge structure of PPLN (width~20 pm, hight~330 um, length ~ 20 mm), which
works as a slab waveguide for pump beam, high-power electric-field density due to the optical
confinement with long interaction length is expected. However, the output from RT-PPLN in Ref.
[26,27] was about 1/30, compared with bulk-PPLN in Ref. [15]. Here, the pump light sources in
these papers were the same. The reason why the output from RT-PPLN was reduced has not
been mentioned in Refs. [26,27]. Since waveguide THz sources are expected to be more efficient
than a bulk THz wave sources, various waveguide THz sources using LN have been proposed
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recently [28,29]. However, first of all, it is important to confirm that the waveguide structure is
effective in THz sources.

In this paper, we experimentally demonstrate that THz wave generation from RT-PPLN is
efficient compared with that from bulk-PPLN. Pumping by femtosecond pulse, output power
from RT-PPLN was about twice of that from bulk-PPLN. This improvement is explained by
the effective utilization of the ridge structure as a slab-waveguide. We confirmed that the ridge
structure works as nearly ideal slab waveguide, and THz waves are generated from the whole
side surface of the ridge. Moreover, we investigated effect of incident NA of pump beam to THz
wave intensity, to clarify optimal focusing condition of the pump beam into the ridge structure.

2. Experimental setup

Figure 1(a) shows microscope image of RT-PPLN from the front. The ridge structure (width of
~20 wm, height of ~330 wm, and length of ~42 mm) was fabricated by a dicing saw from 500
um-thick PPLN substrate, which works as a slab waveguide for optical pump. Its pitch length
is ~91 um and its direction is parallel to the longitudinal direction of the ridge, as shown in
Fig. 1(b). By this periodical structure, THz wave at 1.5 THz generates in the lateral direction
of the ridge, which is almost the same structure in Ref. [27]. Note that, the structure does not
satisfy the phase matching condition. However, it is relaxed in this case. This is because the
width of the ridge is shorter than the wavelength of the terahertz wave, as mentioned in Ref. [27].

(b)
Pump THz wave 91um
I 20 um
42 mm 1
RT-PPLN
(c)
Pump THz wave 91um
23° 9mm
35um
40 mm
bulk-PPLN

Fig. 1. (a)Microscope image of RT-PPLN from the front. Schematic structures of RT-PPLN
(b) and bulk-PPLN (c).

For comparison, we also fabricated bulk-PPLN (thickness of ~ 500 um, length of ~40 mm). Its
pitch length is ~35 um with angle of ~23 degree, as shown in Fig. 1(c). This periodical structure
is designed to generate THz-wave at 1.5 THz in the lateral direction, which is the same as the
structure in Ref. [14].

About the effect of material absorption of generated THz wave, it is estimated to be ~5%
and ~20% at the maximum for RT- and bulk-PPLN, respectively, (considering absorbance to be
~28 cm~! and each horizontal beam sizes). Especially, THz wave absorption in RT-PPLN is
avoided enough due to its thin ridge width to be ~20 um, Thus, it is not necessary to reduce LN
absorbance by cooling [8].

Figure 2 shows our experimental setup. Femtosecond pump pulses (duration time ~ 120 fs,
center wavelength = 1035 nm, full width at half maximum (FWHM) ~20 nm, average power >1.8
W, and repetition rate ~30 MHz) were focused onto the RT-PPLN by two cylindrical lenses (CL;
and CL,). CL; and CL, have focal lengths of 250 mm and 25.4 mm in vertical and horizontal
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directions, respectively. Polarization angle of the pump beam was set in vertical direction, which
was parallel to the polarization direction of the RT-PPLN. In the vertical direction, the pump
beam was focused slowly into RT-PPLN and its focal point was adjusted around the center of the
ridge with a beam size of ~75 pm, to generate THz wave from the whole side-surface of the ridge.
In the horizontal direction, the pump beam was confined by the ridge with its width of ~ 20 pm.

Bolometer

Pump pulse

PPLN

Fig. 2. Experimental setup. CL: Cylindrical lens, L: Plano-convex lens, BP: Black
polyethylene.

Transmittance of the RT-PPLN was measured to be ~65%. Considering twice Fresnel reflection
on the surfaces of ~14% (refractive index of LN ~ 2.2), coupling efficiency of the pump beam
was evaluated to be 90%. Moreover, depletion of the pump beam by THz wave generation was
not observed in our experiments.

Generated lateral THz wave from the side-surface was collected by aspheric cylindrical THz
lens (CL3) with sizes of height 30 mm, length 60 mm, and an effective focal length 9 mm. After
that, the THz wave was focused into the cryogenic bolometer by THz lens (L) with focal length
of 100 mm and its diameter of 76 mm. The THz wave signal was detected by lock-in detection
technique. Black polyethylene (BP) was used to block scattering light and prevent background
noise.

In the case of the bulk-PPLN, experimental setup was as same as the case of RT-PPLN, but the
pump beam was focused by convex lens with f=250 mm, in place of the CL; and CL, in Fig. 2.
In this case, focus spot was circular, and its diameter was estimated to be ~75 pm.

From RT- and bulk-PPLN, the anticipated electric field profile of the generated THz wave
in the lateral direction is multicycle THz wave pulse [21]. At the same time, multi-cycle THz
wave pulse in collinearly with the pump beam is also produced at different frequency (~1.1 THz).
However, this THz wave is mostly absorbed due to the material absorption of LN [23-25]. Note
that, in this experiment, we measured simple THz wave radiation from both RT- and bulk-PPLN,
not THz wave emission as Cherenkov waves. To obtain such THz wave, coupling prism to permit
the generated THz wave to coupled out into free space is necessary [28].

3. Result

Figure 3 shows average THz-wave powers from RT-PPLN (red circle) and bulk-PPLN (black
square) as a function of the average pump power. Both signals increased proportional to the
square of the pump power increased. Maximum average power of THz wave from RT- and
bulk-PPLN were estimated to be ~7.4 and ~3.6 nW, respectively, at 1.8 W pumping. Moreover,
for RT-PPLN, THz wave output was observed to be almost constant over the PPLN length
direction. THz waves generation from the whole side surface uniformly were confirmed.
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Fig. 3. Average THz-wave powers from RT-PPLN (red circle) and bulk-PPLN (black square)
as a function of the average pump power.

Figure 4 shows the output signals from RT-PPLN depended on the pump incident NA. In
cases of NA =0.08, 0.04, 0.02, and 0.01, cylindrical lens with f=12.7, 25.4, 50, and 100 mm
were used respectively, instead of the CL, in Fig. 2. As discussed later, the incident pump beam
couples into the ridge waveguide regardless of NA. In all the cases, the transmittance of the
incident pump beam was almost constant to be ~65%.
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Fig. 4. Average output power of the THz wave output from RT-PPLN at 1.8 W pumping
power, as a function of the incident NA. Blue line denotes fitting curve calculated from the
coupling efficiency of incident beam and fundamental waveguide mode, obtained by the
equation n = 2a/(1 + a%), where a = NAincident/NAridge- NAincident and NArgge denote the
NA of incident beam and NA of fundamental mode in the ridge, respectively. Result was
best fitted when NAjgge ~ 0.043.

Maximum output was obtained when the incident NA = 0.04. The output power decreased
as the NA differed from 0.04. The blue line in Fig. 3 denotes the fitting curve calculated by
coupling efficiency of incident beam and fundamental waveguide mode, given by n=2a/(1 + a?),
where a = NAjcidgen/NAvigge [30]. The calculated line was well fitted the experimental result
when NAjgge ~0.043.
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4. Discussion

In our experiments, THz wave powers from RT-PPLN was about twice higher than that from
bulk-PPLN. However, a simple theoretical calculation indicates that the ratio of THz wave powers
from RT-PPLN to that from bulk-PPLN is ~6, as discussed below.

Since THz wave is generated via second-order nonlinear optical process, output power of THz
wave (Prg;) is proportional to the square of pumping intensity (Ppump/S, where Py, and S
denote pumping power and spot area of the pump beam, respectively), proportional to the linear
of interaction volume (LS, where L denotes interaction length), Pry, is approximately given as
follows [31-33].

L
Py, =A§|PPump|2 (D

where A is the coefficient for generating THz wave from PPLN. In our cases, material absorption
is negligible, as pump spot size is less than penetration depth of THz wave to be ~300 wm at 1.5
THz, which was evaluated by absorbance ~ 28 cm~! at 1.5 THz in Ref. [24].

According to E.q. (1), THz wave generation efficiency is proportional to Ls/So when the
pump power is the same. Here, L.z is defined as twice the length from the focal point where
is half of the excitation density of the spot. Generally, in cases of waveguides, smaller beam
spot area and longer interaction length are expected due to optical confinement by waveguide
structure, compared with cases of bulk.

In the case of RT-PPLN, § and L.y are estimated to be ~1500 um? (vertical ~75 um, horizontal
~20 wm) and ~20 mm, respectively. On the other hand, in the case of bulk-PPLN, S and L.z are
estimated to be ~4400 pm? (focal diameter ~75 um) and ~10 mm, respectively. The difference
in L.y between RT-PPLN and bulk-PPLN is due to the beam divergence angle extends to one
and two dimensions, respectively. Substituting these values into L.s/S, it is evaluated that ratio
of output from RT-PPLN to that from bulk-PPLN is about 6. This ratio is higher than the ratio
obtained from our experiments to be ~2.2, which was evaluated by performing the quadratic
approximation of the graphs in Fig. 3.

Next, we discuss what causes the difference between the experimental result and numerical
evaluation. Considering the ridge structure with a width of 20 pm, it works as a multimode slab
waveguide. Its V-parameter is evaluated about 80, assuming refractive index of core and clad are
2.2 and 1, respectively [34]. Therefore, it contains several ten modes, not as single mode. Thus,
the pump beam incident on the ridge is affected by the modal dispersion by the ridge structure.
Although the transmittances of the pump beams were almost constant, the output of the THz
wave decreased as the mismatch between the incident NA and the ridge NA (~0.04) increased, as
shown in Fig. 3. This indicates that mode matching of pump beam into the fundamental mode in
the ridge is contributed to generate THz waves efficiently.

About the comparative investigation of lateral THz wave generation from RT- and bulk-PPLN,
to the best of our knowledge, this paper demonstrated that RT-PPLN generates THz waves more
efficiently than bulk-PPLN for the first. The works in Refs. [27] and [15], output of lateral THz
wave generation via DFG from RT-PPLN and bulk-PPLN were reported, respectively, pumped
by the same pump source. Comparing these papers, the output power from RT-PPLN was about
1/30 of that from bulk-PPLN. The reason is explained as follows.

In the experiment in Ref. [27], the incident beam was focused into ridge structure by a r=1
mm rod lens together with f= 100 mm circular lens. Owing to a high NA focused by the rod
lens (NA~0.5 in typical), large mode mismatching of the incident pump beam to fundamental
waveguide mode in the ridge was considered. Moreover, a large aberration due to the rod lens was
also considered. Owing to these reasons, THz wave was not efficiently generated from the ridge.

Finally, for further improvement, it is desirable to have a narrower ridge width, i.e., single
mode ridge. By doing that, only the fundamental mode is excited in RT-PPLN and its excitation
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density becomes further high. When ridge width is ~1 um, efficiency of THz wave generation
from RT-PPLN will be improved more than 100 times compared to that from bulk PPLN.

5. Summary

In this paper, we demonstrated that THz wave generation from RT-PPLN was more efficient
than that from bulk PPLN, by comparing outputs from RT- and bulk-PPLN under almost the
same experimental conditions. As the ridge structure of RT-PPLN works as an almost ideal
slab waveguide for incident pump beam, electric-field density was high power due to the optical
confinement with long interaction length. Moreover, it was confirmed that THz waves were
generated uniformly from the whole side-surface of the ridge. The ratio of THz wave output
from RT-PPLN to that from bulk-PPLN was improved from ~1/30 (by comparing the Refs. [27]
and [15]) to be ~2.2. This improvement was obtained by optimizing the incident condition of the
pump beam.

To obtain efficient THz wave generation, it is important to couple pump beams into fundamental
mode of ridge structures, which was clarified by investigating the output of THz wave depended
on incident NA. Moreover, we mentioned that the efficiency of THz wave generation will be
significantly improved by using a single-mode RT-PPLN with thin ridge width to be ~1 pm.
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