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We studied the mode-conversion process of terahertz pulses from a planar subwavelength waveguide
to a tilted rectangular subwavelength waveguide. An unusual wavefront rotation, which led to an
extra conversion time, was observed using a time-resolved imaging technique. We simulated the mode
conversion process by a finite-difference time-domain method, and the results agreed well with the
experiments. According to the simulations, the conversion time was demonstrated to become longer
as the tilt angle or width of the rectangular waveguide increased. This work provides the possibility
to optimize the future high-speed communications and terahertz integrated platforms.
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1 Introduction

Recently, the increasing demands for broad communi-
cation bands and on-chip photonic communications re-
quire more studies on optics and photonics focusing on
short /ultrashort pulses and micro/nano structures [1-4].
Thus, the studies on the behaviors of short/ultrashort
light pulses in micro/nano structures become important.
Classical guided-wave optics has clearly studied how the
light propagates in subwavelength waveguides and some
of the analyses can be inherited to study the behavior of
pulsed light [5, 6]. These studies present the basis for many
applications and much progress has been made. For exam-
ple, a high-speed optical transceiver, which could achieve
a very high-bandwidth optical interconnection and high-
performance computing, was constructed using an on-chip
integrated photonics/nanoelectronics platform [7]. In ad-
dition, photonic signal processing [8], coherent control and
emission [9, 10] were also achieved. Especially, the on-chip
mode (de)multiplexer has been consecutively improved to
enable complicated and realistic photonic networks [11-
13].

However, although the above-mentioned studies largely
improved related applications and technologies, most
of them failed to consider the transient behaviors of
pulsed light in subwavelength waveguides. For instance,

the mode-conversion process between different waveguides
was hardly considered, which usually occurs and ends in
several picoseconds or less, which requires a fine time-
resolution detection. In addition, to understand this pro-
cess need to solve the time-dependent solution of Maxwell
equations, which could not be explained by the traditional
geometrical optics or time-independent Helmholtz equa-
tion.

Besides, terahertz (THz) technology is gradually de-
veloping since it has presented outstanding and attrac-
tive performances in the fields of communication, imaging
and sensing [14-17]. In recent years, increasingly more re-
search has focused on the THz regime, such as subwave-
length waveguides [5, 6], antennas [18, 19], metamateri-
als [20, 21], and microcavities [22, 23]. In particular, for
the THz high-speed communication and on-chip integra-
tion, it is necessary to study the transient interactions
between short/ultrashort THz pulses and subwavelength
waveguides. Unfortunately, the related studies were sel-
dom reported, which somehow limits the further develop-
ment and update of the corresponding technologies.

In this article, we designed and manufactured two tilted
rectangular subwavelength waveguides (RSWs) in a 50
pum-thick lithium niobite (LN) wafer. The short THz pulse
with a duration of about a picosecond was generated in
the sample by a femtosecond laser via impulsive stimu-
lated Raman scattering [24, 25], which enables to integrate
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the generation, control and propagation in a 50 um-thick
planar subwavelength waveguide (PSW), the LN sample.
Using a time-resolved imaging technique, we recorded and
studied the transient mode-conversion process of the THz
pulses from a PSW to two RSWs with cross sections of
50 um X 100 pm and 50 pm x 150 pum, individually.
According to the experiments, an unusual wavefront rota-
tion process was noted during the mode conversion. With
the finite-difference time-domain (FDTD) simulation, we
demonstrated that the wavefront rotation is caused by
the tilt of RSW. Different performances of the mode-
conversion process were also shown when we changed the
tilt angle or width of the RSW. This work provides an
insight to consider transient process. This finding is not
only useful in THz technology but also in near infrared,
especially in the mature technology, silicon photonics.
Specifically, when a coupling device is designed to cou-
ple the light from one mode to another mode, the mode-
conversion time needs to be considered. Otherwise, the
steady mode may not form if an enough coupling length
was not designed.

2 Experiments and results

In the experiment, the sample was produced using a 1 cm
x 50 um x 1.1 cm LN wafer with an optical axis paral-
lel to the 1.1 cm-span boundary [z-axis in Fig. 1(a)]. The
thickness of the sample is comparable to the wavelength
of the THz waves so that it can be regarded as a PSW,
in which two RSWs were fabricated via femtosecond-laser
machining. During the fabrication process, the amplified
Ti:sapphire laser-pulses (800 nm wavelength, 120 fs dura-
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Fig. 1 (a) Schematic of the sample and the experimental
setup. A femtosecond pump-laser was line-focused into the
sample to generate THz waves. Both the coordinate system
and optical-axis of the crystal are indicated in the figure. (b)
Optical microscope image of the structure after the fabrication
process. The LN sample is transparent under normal illumina-
tion, which reveals the outline of the carved structures. (c)
Schematic of the setup. In the system, fi = 10 cm, fo = 15
cm.

42502-2

tion, 1 kHz repetition rate) with 5 pJ pulse energy, were
focused by an objective with a numerical aperture of 0.25
to a spot size of about 4 um. A three-dimensional trans-
lation stage held the 50 pwm-thick LN slab. It was pro-
grammed to move laterally (about 0.4 mm/s), so that the
outline of the air channel was irradiated and drilled, which
was facilitated by moving the LN crystal along y direction.
A scheme of the sample is shown in Fig. 1(a). Figure 1(b)
shows the optical microscopy view for a part of the air
channels. The outlines of the carved structure can be seen
under illumination. As Figs. 1(a) and (b) show, a pair
of 50 um-wide parallel air channels was ablated from the
wafer. This leaves two LN rods with cross sections of 50
pm x 100 wm and 100 pm x 150 um to form two RSWs
both with a tilt angle of o ~ 12° with respect to the z-axis
[Fig. 1(a)].

THz waves were generated and detected by a pump-
probe system [26]. Femtosecond laser pulses were divided
into a pump beam (450 mW) and probe beam (50 mW).
The pump pulses were directed to a mechanical time-delay
line and then line-focused into the LN slab (a PSW), rel-
atively far away from the RSW [Fig. 1(a)], using a cylin-
drical lens of 300 mm focal length, to generate THz waves
[26, 27]. A scheme of the experimental setup is shown in
Fig. 1(c). By gradually changing the optical path of the
pump pulses, sequences of images of the THz waves were
obtained [5, 26].

When the THz waves were generated in the PSW, they
propagated along z-axis [Fig. 1(a)] as the modes of the
PSW. Some of the THz waves entered the fabricated RSW
and reached a new steady state, the mode of the RSW.
Other THz waves did not enter the RSW and still propa-

" Electric field (a.u.)

Fig. 2 Propagation of THz waves in the RSW structures.
The experimental results recorded by a time-resolved phase-
contrast method. (a) (Visualization 1) The cross section of the
RSW is 50 um x 100 pm. The pictures from top to bottom
were recorded with a delay time of 5.0 ps, 10.4 ps, 19.4 ps, and
28.0 ps after the THz waves were generated. (b) (Visualization
2) The cross section of the RSW is 50 pm X 150 pm. The
pictures from top to bottom were recorded with a delay time
of 4.0 ps, 12.0 ps, 21.0 ps, and 29.4 ps after the THz waves
were generated.
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gated in the PSW. Figure 2 shows some images captured
by the imaging system at different times, which enables
an intuitive demonstration of the “wavefront rotation” of
the THz wave during the mode-conversion process. Fig-
ures 2(a) and (b) show the mode-conversion process of
THz waves from a 50 pm PSW to an RSW with cross sec-
tions of 50 um x 100 pwm (Visualization 1) and 50 pum X
150 pm (Visualization 2), respectively. As the THz pulse
is launched and propagates in the PSW, it arrives at the
critical boundary of the RSW. Due to the mismatch of the
eigenmodes supported by RSW and PSW, mode conver-
sion occurs. Interestingly, this process tends to be not just
a simple rotation from a tilt (the wavefront in PSW) to a
perpendicular direction (the wavefront in RSW). Instead,
it behaves somewhat counterintuitive: the wavefront ro-
tates beyond the steady-state position, which is perpen-
dicular to the propagation direction, and then swings back
to the initial side. After some pendulum-like swings, the
wavefront stabilizes at its final steady-state position, i.e.,
a perpendicular wavefront.

3 FDTD simulations

To model the “wavefront rotation” phenomena, some 3D
finite-difference time-domain (FDTD) calculations were
performed. Standard perfect match layer was added as the
boundary condition. The commercial software Lumerical
FDTD Solutions provides an auto mesh module, which
allows many models run correctly without specifically set
the mesh grid size and time step. Simultaneously, to as-
sign a specific mesh size which is smaller enough can also
get the same results. In our settings, the mesh grid size
was set automatically to level 3, which is about 4 um for
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Fig. 3 FDTD simulations results of the experiments. (a)
The cross section of the RSW is 50 um x 100 wm. The pictures
from top to bottom were recorded with a delay time of 11.0
ps, 14.7 ps, 16.4 ps, and 20.3 ps after the THz waves were
generated. (b) Distributions of Poynting vectors of (a). (c)
The cross section of the RSW is 50 um x 150 um. The pictures
from top to bottom were recorded with a delay time of 11.0
ps, 15.2 ps, 22.3 ps, and 28.4 ps after the THz waves were
generated. (d) Distributions of Poynting vectors of (c).

42502-3

grid size and 15 fs for time step. This is a very fine mesh
for THz waves centered at 0.5 THz, wavelength 600 pm in
vacuum and about 2 ps for electromagnetic period, which
guarantee the satisfaction of the Courant—Friedrichs—Levy
condition. The geometric parameters and material param-
eters set according to our experiments [26, 27]. The con-
version process are shown in Figs. 3(a) and (c), with the
corresponding distributions of the Poynting vectors shown
in Figs. 3(b) and (d), respectively. The simulations also
show a wave rotation phenomenon, which agrees well with
the experiments.

In order to clarify how the tilt of the RSW influenced
the mode conversion, we simulated the conversion from a
50 um PSW to an RSW with a cross sections of 50 um x
100 pm but with different tilt angles. The material set-
ting is the same as that used in Fig. 3. To be consistent
with the experiments, the polarization and arrangement
of the THz source were kept parallel to the optical axis
of the LN material, when we changed the tilt angle. Fig-
ures 4(a) to (d) show the final steady state of the mode
conversion in RSW with tilt angle of 0°, 10°, 20°, and
30°, respectively. Here, we determined the final steady
state by the Poynting vectors. Specifically, when the lead-
ing Poynting vectors keep parallel to the propagation di-
rection, the propagating was considered as a final steady
state. For the non-tilt RSW, the wavefront does not ro-
tate [Fig. 4(a)] and the conversion costs more time as the
tilt angle increases. Figure 4(e) shows the dependence of
time on tilt angle and the black dashed line show the time
t =~ 17 ps at which nearly the whole THz pulse entered
the RSW.

The mode conversion also costs different time when
we change the width of the RSW. As Fig. 5 shows,
the conversion time for RSWs with a width of 100 pm
[Fig. 5(a)] and 150 um [Fig. 5(b)]. The rectangular waveg-
uide with widths of 250 um [Fig. 5(c)] and 500 pm is
non-subwavelngth for the THz waves centered at 0.5 THz
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Fig. 4 Final steady states of mode-conversion of THz pulses
from a PSW to an RSW with different tilt angles. The cross
section of the RSW is 50 pm x 100 pm. (a—d) Final steady
state for different tilt angles of @ = 0°, & = 10°, @ = 20°, and
a = 30°. (e) Plot of the conversion time versus the tilt angle
of the RSW. The black dashed line shows the time ¢ ~ 17 ps
when THz waves entered the RSW.
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RSW increases, the conversion time goes up correspond-
ingly.
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Fig. 5 Final states of mode-conversion of THz pulses with
different widths of the rectangular waveguides. The tilt angle
a = 10°. (a—d) Final steady state for different widths of 100
pm, 150 pm, 250 pm, and 500 pm. (e) Plot of conversion time
vesus width of the rectangular waveguide. The black dashed
line shows the time t ~ 17 ps when THz waves entered the
RSW.

in LN waveguide. Especially, when we increase the width
of the RSW to 500 um, the final steady state cannot be
found anymore [Fig. 5(d)].

4 Analyses

All in all, the wavefront rotation can be observed in the
subwavelength waveguide. In none-subwavelength waveg-
uides, the wavefront rotation is replaced by an interfer-
ence pattern [Fig. 5(d)]. To the best of our knowledge,
this behavior is due to the reflection of THz waves near
the boundary of the waveguide and the interference of the
waves before and after the reflection. The THz waves were
generated and transmitted into the rectangular waveg-
uide before they reflected at the boundary of the waveg-
uide. During the multiple reflections, the THz waves can
be divided into two reflection modes: upwards reflection,
and downwards reflection. When the THz waves are re-
flected, the two reflection modes can interfere near the
boundary and form an interference pattern in the non-
subwavelength waveguide [Fig. 5(d)]. Nevertheless, for the
subwavelength condition, when the width of the waveg-
uide decreases to subwavelength, a single interference spot
is able to occupy the whole waveguide. Hence, a perpen-
dicular wavefront is observed. According to the dispersion
properties of the waveguides, the THz pulse has a larger
phase velocity than its group velocity [5, 6]. Therefore, the
energy seems to go backwards on the propagating wave-
fronts. As a result, the alternation of the two reflection
modes was observed.

Generally speaking, the conversion time will be longer
when the tilt angle is larger, which caused a larger mode
mismatch, thus more time is needed to converse (Fig. 4).
For the RSW with a larger width, it costs more time
for the pulse to reach one boundary from the other one
(Fig. 5). Therefore, either the width or the tilt angle of the
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5 Conclusion

In conclusion, a mode-conversion process of THz pulses
was experimentally observed and simulated in subwave-
length waveguides. When the THz waves entered the
tilted-RSW, an unexpected swing-like mode conversion
process was noted. Furthermore, the time-dependent in-
terference of the two reflected modes explains how the
mode-conversion process occurs. We also found the wave-
front rotation presents only in tilted subwavelength waveg-
uides and behaves different when the tilt angles changes.
In addition, the mode conversion process costs more time
when we increase the tilt angle or the width of the rectan-
gular waveguide. This study can advance the development
of on-chip photonic platforms, and also provide some in-
sight into transient phenomena in subwavelength waveg-
uides, micro and nano optical devices, or integrated pho-
tonic platforms.
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