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In this study, we demonstrate the management of terahertz pulse attenuation using a metallic structure in
the frequency-conversion process with a temporal boundary. During the propagation of a terahertz pulse,
rapid optical excitation of the waveguide surface induces a temporal boundary that can cause frequency
conversion. The output amplitude of the terahertz pulse varies depending on the timing of the temporal
boundary, which is a notable issue in this process. This is attributed to the difference in the attenua-
tion constants before and after the temporal boundary. We fabricated a waveguide with a metal structure
consisting of periodically aligned metal lines. This metallic structure decreases the area in which photo-
excited carriers are generated and reduces the attenuation constant after the temporal boundary. On the
other hand, the attenuation constant before the temporal boundary increased because of the Joule loss of
the patterned metal. These effects balance the attenuation constants before and after the temporal bound-
ary. Consequently, regardless of the location of the terahertz pulse within the waveguide at the timing of
the temporal boundary, the amplitude of the output terahertz pulse remained constant.

DOI: 10.1103/PhysRevApplied.21.044044

I. INTRODUCTION

Over the last two decades, the application of terahertz
waves has attracted attention in various scientific and tech-
nological fields. In particular, their potential is expected
in areas such as wireless communications [1], security
inspections [2,3], and chemical analysis [4–7]. Among
these applications, terahertz communication is considered
crucial for achieving high-speed information transmission
in future wireless communication systems.

As terahertz wave applications advance, more com-
plex optical systems are required. To address the chal-
lenges of terahertz system complexity and miniaturization,
researchers are developing terahertz-wave integrated cir-
cuits [8–10]. In integrated circuits, the functional wave-
guides such as wave splitters and couplers [11], topological
waveguides [12,13], delay devices [14], and resonators
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[15,16] are important elements. Among these, frequency-
conversion techniques that use waveguides play an impor-
tant role. Waveguide-embedded frequency conversion
enables the transformation of signals between different fre-
quency domains, enabling tailored signal processing for
various purposes [17].

Recently, successful frequency conversion was achieved
by temporally controlling the structural dispersion in GaAs
waveguides [18,19]. During the propagation of terahertz
pulses within a GaAs waveguide, structural dispersion can
be rapidly modified by illuminating the surface with a
femtosecond laser. Such an instantaneous change in the
structural dispersion corresponds to a temporal boundary,
which causes frequency conversion [20–30]. This method
of frequency conversion is a potential candidate for signifi-
cant functional optical components in future terahertz inte-
grated systems. However, the attenuation of the terahertz
pulse as it propagates through the entire waveguide varies
depending on the timing of the temporal boundary. This
characteristic can be problematic for practical applications.
For example, in the application of amplitude-modulated
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coding terahertz pulse trains [9,31–33], attenuation can
significantly distort the relative amplitudes of the pulses
in the pulse train. The dependence of the attenuation of
the terahertz pulse on the timing of the temporal bound-
ary is caused by the difference in the attenuation constants
before and after the temporal boundary. Therefore, it is
important to develop a method that can perform frequency
conversion without altering the relative output amplitude,
regardless of the temporal boundary timing.

To address this issue, we propose a waveguide with a
metallic structure to manage the attenuation of terahertz
waves during propagation. In a previous study [18], fre-
quency conversion was achieved by optically exciting the
bare top surface of a semiconductor waveguide with a
metal coating on the bottom surface using a femtosec-
ond laser. This caused a change from a single-sided to a
double-sided metallic waveguide within a very short time.
In this waveguide, the attenuation is small before the tem-
poral boundary but increases after the temporal boundary
owing to the Joule losses of the optically excited carriers.
The difference in attenuation before and after the temporal
boundary can cause significant distortion of the terahertz
pulse shape.

On the top surface of the proposed waveguide, there is
a patterned periodic metallic structure consisting of long
metallic wires extending in the propagation direction. The
metallic pattern is expected to increase conductivity and
reduce propagation attenuation after the temporal bound-
ary. On the other hand, before the temporal boundary,
the metallic structure itself causes Joule losses, result-
ing in higher propagation attenuation than that without
the metallic structure. Thus, the magnitude of propaga-
tion attenuation before and after the temporal boundary
can be balanced by the metallic structure. Consequently,
the electromagnetic field at any location in the waveg-
uide experiences the same attenuation. In this study, we
fabricated a metal-patterned waveguide and experimen-
tally confirmed that terahertz frequency conversion can be
achieved with a uniform output amplitude regardless of
the location of the terahertz pulse in the waveguide at the
temporal boundary.

II. EXPERIMENT

In the experiments, we used a waveguide fabricated
using semi-insulating GaAs (SI-GaAs) as the material.
Figures 1(a) and 1(b) illustrate a schematic of the entire
waveguide and an enlarged view of the waveguide, respec-
tively. The waveguide has a thickness of d = 0.1 mm and
a width of w = 1 mm. Depending on the specific exper-
iment, we fabricated waveguides of varying lengths L,
ranging from 3 to 10 mm. The bottom surface of the
waveguide was covered with a metal film (SI-GaAs/50 nm
Pt/30 nm Ti/120 nm Au). The top surface of the waveg-
uide was patterned with a metallic structure composed of

(a) (b)

FIG. 1. (a) Schematic of the semiconductor waveguide and
optical configuration. The optical pump pulse is irradiated onto
the top surface. (b) Enlarged view of the waveguide. The top sur-
face is patterned with a metallic structure. The bottom surface is
entirely covered with a metal film.

periodically arranged lines of a metal film (SI-GaAs/10
nm Ti/100 nm Au). The periodicity p between the metal
lines and the gap g were set to 50 and 4 µm, respectively.
The lowest-order diffraction frequency, determined by the
period of the metal line, was higher than the terahertz wave
frequency of interest in our experiments. We also fabri-
cated the unpatterned waveguide with the same metallic
ground for comparison.

We used optical-pump terahertz probe time-domain
spectroscopy to generate the temporal boundary and
observe the terahertz waveform transmitted through the
waveguides. As shown in Fig. 1(a), when a terahertz pulse
propagates through the waveguide, the top surface of the
waveguide is irradiated with femtosecond optical pump
pulses to instantaneously change the structural dispersion.
This instantaneous change of the structural dispersion by
photoexcitation induces a temporal boundary. The pulse
width of the pump pulse was approximately 100 fs. The
polarization direction of the pump pulse was perpendic-
ular to the metallic line. The timing of the pump pulses
could be arbitrarily controlled by adjusting the delay time
τ with respect to the terahertz pulse. The incident terahertz
pulse was a narrowband pulse with a center frequency
of 0.48 THz. The typical relaxation time of photoexcited
carriers in GaAs is on the order of nanoseconds in our
experiment. This time scale is sufficiently long compared
to the time it takes for the terahertz pulse used in the exper-
iment to exit the waveguide after photoexcitation. The
polarization of the incident terahertz pulse is parallel to
the top and bottom surfaces, which results in the excita-
tion of the transverse electric (TE) mode in the waveguide.
Further detailed information regarding other experimental
aspects is reported in our previous study [18].

III. RESULTS AND DISCUSSION

A. Attenuation constants in the waveguide

Before discussing the experimental results, it is neces-
sary to explain the propagation attenuation in the frequency
conversion with a waveguide-type temporal boundary.
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During the frequency-conversion process through the tem-
poral boundary, two attenuation constants should be con-
sidered: the attenuation constants before (γb) and after (γa)
the temporal boundary (see Fig. 2). To investigate these
attenuation constants, it was necessary to determine the
propagation distance and attenuation of the terahertz pulse
intensity before and after the temporal boundary. How-
ever, accurately measuring the position of a terahertz pulse
within the waveguide when the pump pulse is irradiated is
challenging. Therefore, we varied the timing of the pump-
pulse irradiation and controlled the relative propagation
distance after the temporal boundary.

Figure 2 shows a schematic of the terahertz pulse propa-
gation before and after the temporal boundary. We assume
that the center of the terahertz pulse is located at distance
Ln and L0 from the entrance of the waveguide at the pump
timings τn [Fig. 2(a)] and τ0 [Fig. 2(b)], respectively. In this
study, τ0, which is the reference for pump timing, can be
arbitrarily determined. The intensity I (n)

ON of the transmitted
terahertz pulse for the pump timing τn can be expressed as
follows:

I (n)

ON = Iinηe−γbLne−γa(L−Ln), (1)

where Iin and η represent the incident terahertz pulse inten-
sity and frequency-conversion efficiency, respectively.

By measuring I (n)

ON for τn and τ0, the ratio between I (n)

ON

and I (0)

ON is expressed as follows:

I (n)

ON

I (0)

ON

= e−(γa−γb){−(Ln−L0)} = e−�γ (−�L), (2)

where �γ = γa − γb is the difference between the atten-
uation constants before and after the temporal boundary,
and �L = Ln − L0 is the relative propagation distance. The
value of �L can be derived from the relative pump timing
�τ = τn − τ0 and the group velocity before the temporal
boundary vg as follows:

(a)

(b)

FIG. 2. Schematic of the propagation of a terahertz pulse
before and after the temporal boundary (γb and γa are the
attenuation constants before and after the temporal boundary,
respectively). Panels (a) and (b) show the pump timing of τn and
τ0, respectively.

�L = vg�τ , (3)

where vg is obtained from the dispersion relation of the
waveguide mode, as explained in detail in the Supplemen-
tal Material [34]. In the actual experiment, we measured
I (n)

ON for several pump timings τn and obtained �γ .

B. Converted frequencies

First, we confirmed that the metallic structure did not
affect the converted frequency. Figures 3(a) and 3(b) show
the transmitted terahertz pulses for the unpatterned and
metal-patterned waveguides, respectively, as �τ is varied.
In this experiment, the pump pulse fluence is 2.1 µJ/mm2,
and the waveguide length is L = 5 mm for both wave-
guides. The full width at half maximum of the incident
terahertz pulse is contained within the waveguide irra-
diated by the pump pulse at �τ = 0. At the bottom of
the graphs, the transmitted terahertz pulse without pho-
toexcitation is shown. Figures 3(c) and 3(d) show the
corresponding Fourier-transform (FT) power spectra of
Figs. 3(a) and 3(b), respectively. It can be observed that the
peak frequency in the presence of photoexcitation is con-
verted to a higher frequency (0.55 THz) than that without
photoexcitation (0.48 THz) in both waveguides.

The validity of these experimental results was con-
firmed using a dispersion relation. Figure 3(e) shows
the dispersion relations of the lowest-order TE mode in
the metal-patterned (blue dash-dotted line), unpatterned
(red solid line), and double-metallized (black dashed line)
waveguides. These dispersion relations were numerically
calculated using COMSOL Multiphysics and determined by
the geometrical shape of the waveguide, the metal pat-
tern on the waveguide surface, and the refractive index of
the dielectric material. The details of this calculation are
provided in the Supplemental Material [34].

The dispersion relations of the double-metallized
waveguide corresponded to the states after photoexcitation
for both the unpatterned and metal-patterned waveguides,
whereas others corresponded to those before photoexcita-
tion for each waveguide. Because of the metallic structure,
the dispersion relation of the metal-patterned waveguide
underwent a slight change from that of the unpatterned
waveguide. The relationship between the input and con-
verted frequencies is determined by these dispersion rela-
tions depending on kz once the waveguide is fabricated.
The experimentally obtained peak frequencies of the out-
put terahertz waves are also plotted for the unpatterned
(orange circles) and metal-patterned waveguides (green
squares). The filled and open markers of these experi-
mental results are for the output terahertz waves with
and without photoexcitation, respectively. The wavenum-
ber was estimated from the theoretical dispersion relation
and the experimentally obtained frequency without pho-
toexcitation. The same wavenumber was applied to plot
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FIG. 3. (a),(c) Pump timing dependence of the transmitted terahertz waveforms and the FT spectra for the unpatterned waveguide.
(b),(d) Similar waveforms and FT spectra for the metal-patterned waveguides. (e) Simulated dispersion relations of the lowest-order
TE modes in the metal-patterned (blue dash-dotted line), unpatterned (red solid line), and double-metallized (black dashed line)
waveguides. The experimentally obtained input and output frequencies are also plotted for the metal-patterned (green squares) and
unpatterned (orange circles) waveguides. The filled and open markers for these experimental results are for the output terahertz waves
with and without photoexcitation, respectively. (f) Dependence of the ON:OFF ratio on the relative propagation distance for unpatterned
(red circles) and metal-patterned (blue triangles) waveguides. The relative propagation distance is determined based on the relative
pump timing �τ and the group velocity vg . Dotted lines represent the fitting of experimental data with exponential functions.

the points with photoexcitation. The experimental results
for both waveguides agree well with the theoretical cal-
culations, indicating that the converted frequency is not
disturbed by the metallic structure.

Here, we should mention the efficiency of the frequency
conversion at the temporal boundary. As previously men-
tioned, the converted frequency was not affected by the
presence of the metal structure. However, the frequency
conversion efficiency changed slightly when compared to
that of the unpatterned waveguide. The conversion effi-
ciency is determined by the degree of overlap between the
spatial distributions of the electromagnetic fields before
and after the temporal boundary. From the theoretical anal-
ysis, the energy conversion efficiency for the 0.48-THz

incident frequency can be estimated to be η = 0.76 and
0.55 for the unpatterned and metal-patterned waveguides,
respectively. The details for calculating the conversion effi-
ciency are provided in the Supplemental Material [34]. The
lower conversion efficiency of the metal-patterned waveg-
uide is attributed to the concentration of electromagnetic
fields near the gap, resulting in a reduced overlap with the
electromagnetic fields after the temporal boundary.

C. Dependence of the output terahertz pulse amplitude
on pump timing

Subsequently, we focused on the change in the output
terahertz wave amplitude depending on the pump timing.
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The purpose of this study is to balance γa and γb to
achieve �γ = 0. In the time-domain waveform data, the
amplitude of the output terahertz pulse decreased for the
unpatterned waveguide as the timing of the pump pulse
becomes earlier [Fig. 3(a)]. On the other hand, the change
in amplitude after frequency conversion is gradual for the
metal-patterned waveguide [Fig. 3(b)]. These results imply
the following: In the unpatterned waveguide, the output
terahertz pulse amplitude varied significantly depending
on the position of the terahertz pulse at pump timing. In
contrast, in the metal-patterned waveguide, the output tera-
hertz pulse amplitude remained almost constant regardless
of the position of the terahertz pulse at the pump tim-
ing. This indicates that the pulse shape was preserved
even when a terahertz pulse with a wider pulse width was
used, or relative amplitudes of a terahertz pulse train were
preserved.

From the results shown in Figs. 3(c) and 3(d), we plot
the ON:OFF ratio as a function of the relative propagation
distance after photoexcitation, as shown in Fig. 3(f). The
ON:OFF ratio is defined as the ratio of the spectrally inte-
grated fitted curve when the optical pump is ON to that
when the pump is OFF. The fitting function was the square
of the Lorentz function because we used double bandpass
filters to restrict the bandwidth of the incident terahertz
pulse. The relative propagation distance �L was calculated
from �τ and the group velocity of 0.238c0 and 0.268c0
for the unpatterned and metal-patterned waveguides [34],
respectively, where c0 is the speed of light in vacuum.

The ON:OFF ratio is normalized by that at �L = 0 for
each waveguide to obtain the values corresponding to
Eq. (2). The vertical axis in Fig. 3(f) represents a loga-
rithmic scale. The ON:OFF ratio decays with increasing the
absolute value of the propagation distance for the unpat-
terned waveguide (red circles). In contrast, the ON:OFF
ratio of the metal-patterned waveguide increases slightly
(blue triangles). From these results, the value of �γ can
be estimated by fitting the experimental data with an expo-
nential function (dotted lines). The obtained �γ are 1.07
and −0.05 mm−1 for the unpatterned and metal-patterned
waveguides, respectively. For the metal-patterned waveg-
uide, γa and γb are nearly balanced owing to the metallic
structure, and correspondingly �γ becomes nearly zero.

The value of �γ becomes zero owing to the metal-
lic structure, as explained below. First, let us consider γb.
The value of γb, which corresponds to the propagation loss
before the temporal boundary, is determined by the struc-
ture of the waveguide. The value of γb can be experimen-
tally obtained by measuring the intensity of the terahertz
pulses that passed through waveguides of different lengths.
The FT intensity of the transmitted terahertz pulse as a
function of the waveguide length for the unpatterned (red
circles) and metal-patterned (blue triangles) waveguides is
plotted in Fig. 4. The vertical axis in the figure represents
a logarithmic scale. For both waveguides, the FT intensity
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FIG. 4. Integrated FT power of the transmitted terahertz wave
as a function of the waveguide length for the unpatterned (red
circles) and metal-patterned (blue triangles) waveguides.

decayed exponentially as the waveguide length increased.
By fitting these results with an exponential function (dot-
ted lines), we can estimate the value of γb to be 0.67
and 0.06 mm−1 for the metal-patterned and unpatterned
waveguides, respectively. Compared to the unpatterned
waveguide, γb of the metal-patterned waveguide is rel-
atively higher. According to the results obtained from
finite-element simulations, this attenuation was attributed
to Joule loss in the deposited metal. A detailed description
of the simulation method is provided in the Supplemental
Material [34].

The value of γa can be obtained from γa = �γ + γb,
and it is calculated to be 1.13 and 0.62 mm−1 for the
unpatterned and metal-patterned waveguides, respectively.
These results are summarized in Table I. In contrast to γb,
the value of γa is lower for the metal-patterned waveg-
uide. This is because the Joule loss caused by the opti-
cally excited carriers after photoexcitation is reduced by
patterning the metal structure.

According to the experimental results, the following
conclusions were drawn. The values of γb and γa were
significantly different for the unpatterned waveguide (γb <

γa). By patterning the metallic structure, γb increases and
γa decreases from those of the unpatterned waveguide,
resulting in a balance between the two values. In practical
applications, the balanced values of γb and γa should be as

TABLE I. Measured attenuation constants for unpatterned and
metal-patterned waveguides.

Waveguide Attenuation constant (mm−1)

γb γa �γ

Unpatterned 0.06 1.13 1.07
Metal-patterned 0.67 0.62 −0.05
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small as possible. Regarding γb, the value of the attenua-
tion constant can be decreased by decreasing the resistance
of the patterned metal. This can be achieved by increasing
the thickness of the patterned metal [34] or using a metal
with higher conductivity.

D. Dependence on pump pulse fluence and tunability
of �γ

Finally, we discuss the tunability of �γ by investigat-
ing the dependence on pump pulse fluence. The value of
γa varies with the pump pulse fluence, while the value
of γb remains fixed once the metallic structure is fabri-
cated. This is because γa is dominantly attributed to the
Joule loss of photoexcited carriers. At low pump pulse
fluences, the photoexcited carrier concentration is low,
resulting in low conductivity, and hence a high attenu-
ation constant. As the pump pulse fluence increased, it
was expected that the conductivity would increase and the
attenuation constant would decrease. The values of �γ are
plotted in Fig. 5 as a function of pump pulse fluence for
the unpatterned (red circles) and metal-patterned waveg-
uides (blue triangles). For the unpatterned waveguide, �γ

always has a positive value at any pump pulse fluence. For
the metal-patterned waveguide, as the pump pulse fluence
increases, �γ decreases and reaches zero at approximately
2 µJ/mm2, indicating that γa becomes equal to γb. Figure 3
shows the experimental results obtained for this pump
fluence range. The result of this pump pulse fluence depen-
dence indicates the tunability of �γ by adjusting the pump
fluence.

Here, as the pump fluence increases more than
2 µJ/mm2, γa increases for the unpatterned waveguides,
while �γ decreases for the metal-patterned waveguide.
The reason for the increase in the attenuation constant of

the unpatterned waveguide is not clear at this stage. How-
ever, at exceptionally high pump pulse fluences beyond
the linear absorption regime, the strong nonlinearity in the
optical absorption of GaAs may contribute to the experi-
mentally observed increase in loss [35]. Further theoretical
developments are required to elucidate the reasons for
these characteristics.

IV. CONCLUSION

This study presents a method for balancing propagation
losses before and after the temporal boundary in frequency
conversion through the patterning of a metallic structure
on the top surface of a waveguide. The presence of a
metallic structure reduces the area of the semiconductor
surface irradiated by the pump pulse, increasing the aver-
age conductivity and reducing the Joule losses after the
temporal boundary. In contrast, the propagation loss before
the temporal boundary increases owing to the Joule loss
of the patterned metal itself. These characteristics balance
the attenuation constants before and after the temporal
boundary at an appropriate pump fluence. In this case, the
amplitude of the output terahertz pulse remained constant,
regardless of the location of the terahertz pulse within the
waveguide at the pump timing.

The frequency-conversion method utilizing the waveg-
uide and temporal boundary can be applied to a wide range
of terahertz frequencies (0.1–10 THz), as long as the real
part of the dielectric constant of the photoexcited GaAs
has a negative value. Therefore, the results of this study
are significant for future terahertz integrated circuits, as
they can be used as functional components with frequency-
conversion capabilities. For example, when using terahertz
pulses with a wide pulse width, they can be converted
from one frequency pulse to another while maintaining the
pulse shape. In another example, in information processing
involving multiple pulses or pulse trains, it is believed that
the input pulse trains can be converted into other frequency
pulse trains while maintaining the relative amplitude ratio
of the input pulse trains. Thus, a deeper understanding
of waveguides with metal structures can provide impor-
tant insights for exploring new applications and designing
devices.
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