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Abstract: In this study, the frequency down-conversion
of terahertz waves is analytically and experimentally
demonstrated at the temporal boundaries within a GaAs
waveguide. The temporal boundary is established by pho-
toexciting the top surface of the waveguide, thereby
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instantaneously increasing its electrical conductivity. This
photoexcited waveguide supports a transverse electromag-
netic (TEM) mode with a frequency lower than those of
the transverse magnetic (TM) modes present in the orig-
inal waveguide. At the temporal boundary, the incident
TM mode couples with the TEM mode, resulting in fre-
quency down-conversion. Subtracting the propagation loss
from the frequency-converted components indicates that
the frequency conversion occurs with an efficiency consis-
tent with the analytical predictions. The propagation loss is
primarily due to ohmic loss, caused by the finite electrical
conductivity of the photoexcited region. Given that the fre-
quency of transverse electric modes is up-converted at the
temporal boundary, our findings suggest that the direction
of frequency conversion (upward or downward) can be
controlled by manipulating the incident polarization. The
polarization-dependent frequency conversion in waveg-
uides holds significant potential for applications in devices
designed for the interconversion of terahertz signals across
various frequency channels. This capability is instrumental
in the development of frequency-division-multiplexed tera-
hertz wave communication systems, thereby enabling high
data transfer rates.

Keywords: time-varying medium; temporal boundary; fre-
quency conversion; terahertz wave; frequency division
multiplexing

1 Introduction

With the ever-increasing demand for information trans-
fer, expectations for broadband and high-speed data trans-
mission technologies utilizing terahertz waves are continu-
ously rising [1]. Frequency division multiplexing techniques
play a pivotal role in optimizing the use of frequency
resources in the terahertz band, thereby enhancing the
rate of information transfer [2]-[4]. The interconversion
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between arbitrary-frequency channels necessitates both up-
and down-conversion of frequencies [5].

Typically, two conventional approaches are utilized for
frequency conversion. The first is the electronics approach,
which employs diodes with nonlinear responses [6]-[8], and
the second is the photonics approach, utilizing the nonlinear
optical effects of crystals [9]-[11]. In both approaches, the
output frequency is constrained to multiples of the input
frequency when considering single-frequency excitation. In
particular, frequency down-conversion to a non-zero fre-
quency necessitates a complex system that includes an addi-
tional input of the exact frequency difference between the
desired and fundamental frequencies. Additionally, achiev-
ing high conversion efficiency in frequency conversion
devices for terahertz waves is challenging. In the electron-
ics approach, the response of the circuits limits the gen-
eration of high-frequency terahertz waves. The conversion
efficiency obtained from nonlinear optical effects, such as
harmonic generation and difference-frequency generation
in photonics, is dependent on the intensity of the input
waves, rendering them unsuitable for the terahertz fre-
quency range due to the challenge of obtaining intense ter-
ahertz sources.

Frequency conversion in time-varying systems [12]
presents an alternative approach for realizing highly effi-
cient, arbitrary frequency up- and down-conversion of ter-
ahertz waves without the need for difference-frequency
inputs. Compared with time-invariant systems, the tempo-
ral variation of material parameters, such as the refractive
index, enables frequency conversion. Initial studies on fre-
quency changes in time-varying systems demonstrated the
frequency up-conversion of microwaves in rapidly grow-
ing plasmas [13]-[15]. Subsequent frequency conversion
in the optical frequency range was achieved using semi-
conductor waveguides with mechanically movable compo-
nents [16], [17] and carrier generation through optical exci-
tation [18], [19]. In the terahertz frequency range, which
lies between the microwave and optical frequencies, the
temporal manipulation of plasma frequency in semiconduc-
tors has been applied to frequency up-conversion [20]. Fre-
quency conversion using easily manageable planar meta-
material devices has increased the flexibility of the conver-
sion frequency [21], [22].

Performing frequency conversion for terahertz waves
in waveguides is highly desirable due to its compatibility
with future terahertz wave circuits [23]. The mechanical
deformation of waveguides has been utilized for the fre-
quency up- and down-conversion of infrared light [17]. How-
ever, it is difficult to induce larger frequency shifts rela-
tive to frequencies in THz by mechanical deformation of
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waveguides to fully take advantage of broad terahertz fre-
quency range. Miyamaru et al. demonstrated the frequency
up-conversion of terahertz waves in a GaAs waveguide [24].
In their experiment, a terahertz wave packet with a trans-
verse electric (TE) mode was excited in a GaAs waveguide
featuring a metal-coated bottom surface. As the terahertz
wave packet propagated through the waveguide, optical
pumping at the waveguide’s top surface generated conduc-
tion electrons, altering the structure to a double-metalized
(parallel plate) configuration. This photoexcitation-induced
transformation occurred instantaneously for the terahertz
waves, with the altered structure persisting beyond the ini-
tial change. This transition was conceptualized as a tem-
poral boundary, analogous to a spatial boundary, facilitat-
ing the frequency up-conversion in the TE mode. How-
ever, frequency down-conversion presents greater chal-
lenges than up-conversion and has not yet been demon-
strated. Typically, frequency down-conversion is improba-
ble at the photoinduced temporal boundary in waveguides,
as the boundary condition tends to induce more spatially
confined propagation modes with higher frequencies post-
photoexcitation. The waveguide structures and mode con-
ditions that allow frequency down-conversion despite the
confinement of electromagnetic fields by photoexcitation
has been counterintuitive and non-trivial. To overcome this
challenge, we have exploited the polarization degree of
freedom.

In this study, we have both theoretically and exper-
imentally demonstrated the frequency down-conversion
of transverse magnetic (TM) mode terahertz waves in a
GaAs waveguide. Unlike the TE modes, the incident TM
modes can couple with the transverse electromagnetic
(TEM) mode of the double-metalized waveguide at the tem-
poral boundary. Since the dispersion curve of the TEM
mode is situated at a lower frequency than that of the
incident TM mode, frequency down-conversion can occur
at the temporal boundary. We have estimated the effi-
ciency of the frequency conversion for the TM modes the-
oretically and observed the frequency down-conversion
of the terahertz waves experimentally. By subtracting the
propagation loss from the frequency-converted terahertz
waves, we determined that the efficiency of the frequency
conversion process aligns with the analytical predictions,
thereby validating the proposed theory. Variations in the
intensity of the pump pulse revealed that the intensity
of the frequency-converted terahertz waves is primarily
influenced by Ohmic loss due to the finite electrical con-
ductivity of the optical pump region. Considering the fre-
quency up-conversions for TE mode terahertz waves [24],
the direction of frequency conversion (either up or down)
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can be selectively controlled by manipulating the incident
polarization.

2 Theory

In the context of a homogeneous medium experiencing a
frequency shift at a temporal boundary, where there’s a
change in the refractive index, the transmission and reflec-
tion coefficients have previously been derived based on
the continuity of electromagnetic fields at the boundary
[25]-[27]. By contrast, in this study, we focus on terahertz
waves propagating in a waveguide, with a temporal bound-
ary induced by photoexcitation leading to changes in the
waveguide structure and the associated dispersion relation.
Figure 1(A) illustrates the schematic of the waveguide struc-
ture designed for the frequency down-conversion of tera-
hertz waves. The bottom surface of the GaAs slab waveg-
uide is metal-coated. Concurrently, as the terahertz waves
propagate along the z-direction of the waveguide, its top sur-
face undergoes photoexcitation. For electromagnetic waves
whose frequencies are significantly lower than the plasma
frequency of the excited area, this configuration effectively
becomes a parallel metallic plate waveguide, as depicted in
Figure 1(B). The act of photoexcitation creates a temporal
boundary, transitioning the waveguide structure from the
setup shown in Figure 1(A) to that in (B). In this section, we
delve into the wave scattering phenomenon at the temporal
boundary in the waveguide, by connecting the electromag-
netic modes present at the boundary.

2.1 Dispersion relations involved
in the frequency conversion

First, we derived the dispersion relations of the propagation
modes in the semiconductor dielectric waveguides to assess
the feasibility of utilizing the TEM mode for frequency
down-conversion. Prior to the temporal boundary, the
terahertz waves propagate into the single metalized
waveguide (Figure 1(A)). The lowest-order mode of the TM
electromagnetic wave (H, = 0) was considered to travel
in the z-direction in the GaAs waveguide. The thickness of
the waveguide was d = 100 pm, and the bottom surface
(y = 0) was covered with metal. For simplicity, the metal
was assumed to be a perfect electric conductor (PEC),
and the waveguide was uniform in the x-direction. The
permittivity inside and outside the waveguide was assumed
tobe e =g, for 0 <y <d and € = g,¢, for y > d, with
the relative permittivity of GaAs e, = 12.96, the relative
permittivity of air £, = 1, and the permittivity of a vacuum
gy The permeability was assumed to be equal to the
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Figure 1: Schematics of the (A) single-metalized (without photoexcit-
ation) and (B) double-metalized (with photoexcitation) waveguides.
(C) Dispersion curves of transverse magnetic (TM) and transverse
electromagnetic (TEM) modes in the single- and double-metalized
waveguides. In this analysis, the thickness of the waveguide is

d =100 pm, and the relative permittivity of GaAs is £, = 12.96.

The input and output frequencies observed in the experiment

are plotted using red and black markers, respectively; the circles,
squares, and triangles correspond to the frequency conversion

for input frequencies of 0.35, 0.42, and 0.48 THz, respectively.

(D) Energy efficiency of the frequency conversion T, from the lowest
TM mode in the single-metalized waveguide to the TEM (/ = 0)

and TM (/ = 1) modes in the double-metalized waveguide.

permeability of a vacuum p, The -electromagnetic
waves in the waveguide propagated with a factor of
exp[j(wt — k,z)|, where @ and k, indicate the angular
frequency and propagation constant in the z-direction,
respectively. Each component of the electric field E and
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magnetic field H can be denoted by E; and H;, respectively,
where i = x, y, z. As the focus was on TM waves propagating
in the z-direction, E, = H = 0 holds. Solving the Helmholtz
equation 0?H, /dy* = —(epu,w* — k2)H, with the Maxwell
equation —0H, /dy = £0E, /0t under boundary conditions
where E, =0 at y=0 and E, and H, are continuous at
y = d, we obtained the x-component of the magnetic fields
inside (0 <y <d) and outside (y > d) the waveguide as
follows:

* k,d) exp|—k,(y — d)] exp|j(wt — k,z)| (y > d).
m
Here, k,, k,, and A4;, denote the wave vector in the
y-direction inside the waveguide, the extinction coefficient
outside the waveguide, and the complex amplitude of the
mode, respectively. The other components of the electric
fields, E, and E,, can be calculated using the Maxwell
equations as —0H, /dy = €dE,/dt and 0H, /dz = €JE, / dt,
respectively. The continuity of H, at y = d led to the follow-
ing relationship between k, and x ;:

° - Ay, cos(k,y) exp[j(wt — k,z)] (0<y<d),
T\ A, sin(

k, = g5k, cot(k,d). )

Equation (2) with Kk} +k = ek and Kk} — k) = kg
yields the dispersion relation of the TM mode in the single-
metalized waveguide, where k, = w/c, and ¢, = 1//€qHo-

Subsequently, we examined the scenario where the
upper surface of the semiconductor waveguide is opti-
cally excited (resulting in a double-metalized waveguide, as
shown in Figure 1(B)). For simplicity, the photoexcited top
surface was also treated as a PEC, and its thickness was
disregarded. The magnetic field in the x-direction for the
Ith mode H)‘f) was deduced from the Helmholtz equation
under the boundary conditions E,=0aty=0and y=d
as follows:

HO = A0 cos(kfy) explj(w®t —k,2)] (0 <y <d), ©3)

where A®, »®, and k;l) = I /d denote the complex ampli-
tude, angular frequency, and y-component of the wave vec-
tor of the Ith mode, respectively. The following dispersion
relation should be satisfied:

2
(k’(l))2 = €£,&0 1o (a)(l))2 = (kfvl)) + K2 (Y]

The condition [ = 0 represents the TEM mode, char-
acterized by a uniform electric field distribution in the
y-direction (k;o) = 0). Figure 1(C) depicts the dispersion
curves calculated for both single- and double-metalized
GaAs waveguides. The dispersion curves of [=0and [ > 1
are situated below and above that of the single-metalized
waveguide, respectively. When photoexcitation transforms
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the structure from single-to double-metalized, the region
available for electromagnetic wave propagation narrows,
favoring the emergence of higher frequency modes (I >
1). However, the TM mode in the single-metalized waveg-
uide can engage with the TEM mode (I = 0) at the tempo-
ral boundary, facilitating frequency down-conversion. Con-
versely, frequency down-conversion is unattainable when
the incident terahertz wave is polarized in the x-direction
(TE polarization) because the TE mode cannot couple with
the TEM mode [24].

2.2 Mode coupling and frequency
conversion efficiency at the temporal
boundary

The frequency conversion efficiency was evaluated by
examining the mode coupling at the temporal boundary.
For time t < 0, the electromagnetic wave was assumed to
propagate in the single-metalized waveguide as the TM
mode. At t = 0, the top surface of the semiconductor waveg-
uide was excited by an intense laser pulse, transforming it
into a double-metalized waveguide. This double-metalized
state persisted for ¢ > 0, and the electromagnetic waves in
the waveguide conformed to the dispersion relation of the
double-metalized configuration. Assuming that the refrac-
tive index inside the semiconductor (0 < y < d) where the
terahertz waves propagate does not change across the tem-
poral boundary, the electric and magnetic fields in the
waveguide were continuous at t = 0. The similar assumption
has been used in a theoretical analysis of the frequency
conversion of TE modes in a parallel-plate waveguide whose
plate spacing varies in time [28]. The electric fields in
the single-metalized waveguide at t = —0 were distributed
to each mode of the double-metalized waveguide at t =
+0. After the temporal boundary (¢t > 0), the x- and y-
components of the magnetic and electric fields propagat-
ing in the +z-directions were described, considering the
Fourier series of those in the double-metalized waveguide
(Equation (3)), as follows:
1

i = 1 (a9 exp[j(20t - k2)]

+ ZAi’ cos(k&”y) explj(za®t - k,z)], ©)
=

_  k 1,0 .
Ey = +a)(0);s£0 (QA;)) exp[j(+0®t - kyz)]

© K |
+ ZZ; (U(I)EZSEOAS—) COS(kgpy) exp [](iw(l)t _ kZZ)],

(6)
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where A(il) represents the complex amplitudes of H¥. Here,
k, was conserved before and after the temporal boundary,
and the amplitude of the electromagnetic waves with @
was distributed to those with w®. The frequency was then
converted from w to w® at the temporal boundary. Based on
the assumption of continuity of E, and H, att = 0,

Ay, cos(kyy) = %(A(f) +AQ))

+ i (A(f +Aﬂ)> cos(k;”y), 7

< 1 0 o 0}
+ ; m(AJr —A_)cos(ky y), €))
were obtained. The relationship between the complex
amplitudes of the incident wave and the Ith order mode was
reduced by multiplying both sides of Equations (7) and (8) by
cos(k;l) y) and integrating over y =0 — d as

AY O\ |

ZA%; = 2(1 + C0>smc(kyd), 9)
AE,I.) 1 CO(Z) . 0)
A—m = 2<1 + ;) [smc{ (ky + ky>d}

+ sine{ (KO —k, )d |, (10)
where sinc(x) = sin(x)/x. Equations (9) and (10) repre-
sent the amplitude coupling coefficients of TEM (I = 0)
and TM (I # 0) modes in the double-metalized waveguide,
respectively.

The frequency conversion efficiency can be calculated
using Equations (9) and (10). The energy of each mode
can be obtained by integrating the time-averaged electro-
magnetic wave energy density in the y-direction as w =
o B HH Ay + /7% (EYE; +E,E )dy. We considered the
energy of each mode after the temporal boundary w® and
that of the TM mode of the single-metalized waveguide
before the temporal boundary w;,. Consequently, the fre-
quency conversion (power transmission) coefficients T; =
w® /w,, of the TEM (I=0) and TM (I # 0) modes in the
double-metalized waveguide can be deduced as

w®

mn

, Ay

2
)
= (A+ ) ) 2 2
. i 112
24, | 1+ JEsinc(2k,d) + ik cos? (k,d)
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Win

2
_ (4 1
Ain ] 1+ %sinc(Zkyd) +

, (12)

2

é:—% cos?(k,d)
where k = \/e_sko. Figure 1(D) depicts the plots of T, and T,
for the aforementioned waveguide. At frequencies below
approximately 0.2 THz, the conversion efficiency was low
because most of the electromagnetic fields of the lowest
order mode in the single-metalized waveguide existed out-
side the waveguide (y > d). For the input in the TM modes
with frequencies of 0.35, 0.42, and 0.48 THz used in the
experiment, T, = 0.69, 0.73, and 0.75 of energy were con-
verted to the TEM (I = 0) mode and T, = 0.23, 0.21, and
0.21 were converted to the TM (I = 1) mode, respectively.
The residuals were converted to the higher modes (I >
2). Therefore, the primary scattering involved frequency
down-conversion for the incident TM mode. In this analysis,
the change occurs solely in the boundary condition at the
semiconductor waveguide surface at the temporal bound-
ary; the refractive index of the medium through which
the electromagnetic waves propagate remains unchanged.
Given the absence of a refractive index alteration, the elec-
tromagnetic fields are considered continuous across the
temporal boundary. This continuity suggests that the total
energy is conserved across the temporal boundary, a con-
cept further elaborated in the Supplementary Material.

3 Experiment

This section outlines the experimental methodology emp-
loyed for frequency down-conversion. Figure 2(A) presents
a schematic representation of the waveguide and the exper-
imental arrangement. The waveguide consisted of semi-
insulating GaAs, measuring 100 pm in thickness, 10 mm in
length, and 1 mm in width. The entire bottom surface of the
waveguide was coated with a metal film (GaAs/Pt 50 nm/Ti
30 nm/Au 120 nm) deposited by sputtering. Additionally, a
1-mm-long metal film (GaAs/Ti 10 nm/Au 100 nm) was sput-
tered onto the top surface starting from the entrance edge
of the waveguide. The end of the top surface was similarly
covered by a metal film (GaAs/Ti 10 nm/Au 100 nm) extend-
ing to the exit edge, leaving a 4 mm long bare region. This
bare area undergoes photoexcitation, altering the waveg-
uide structure as depicted in Figure 1(A) and (B). The appli-
cation of the metal film on the top surface aids in precisely
defining the region subjected to optical pumping. The metal
coating at the waveguide’s end serves to temporally sepa-
rate the terahertz waves not engaged with the waveguide
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Figure 2: Experimental setup and observed terahertz waves. (A) Schematic of the GaAs waveguide and the experimental setup. (B) Time-domain
waveforms of the terahertz wave packets passing through the waveguide with and without the pump pulses (solid lines). Each electric field waveform
is offset for varying pump timing Az. The waveforms without pump laser pulses are superimposed on each waveform with the dotted lines. The start
time of the waveform changes is indicated by the red arrows. (C) Fourier-transformed power spectra (open circles) of the waveforms in panel (B).
Solid lines indicate the curves fitted with the two Lorentzian functions of Equation (13). Dot-dashed and dashed lines indicate the spectral components
before and after the frequency conversion in the fitted curves, respectively. The areas of the frequency-converted components are shaded.

mode from those to be analyzed, thus minimizing unwanted
interference.

For the realization of frequency conversion, the waveg-
uide surface must be photoexcited while the terahertz wave
traverses the optical excitation region shown in Figure 2(A).
An optical-pump terahertz-probe spectroscopy system was
utilized to manage the timing between the terahertz wave
packet and the optical pulses. Laser pulses from a regen-
erative amplifier Ti:Sapphire femtosecond laser system
(Spectra-Physics, Spitfire™; center wavelength = 800 nm,
full-width-at-half-maximum (FWHM) = 18 nm, and pulse
width ~ 100 fs) were divided into three paths dedicated to
terahertz pulse generation, detection, and sample excita-
tion. The terahertz pulses were generated through a nonlin-
ear optical effect in a Mg-doped LiNbO3 prism employing the
tilted-pulse-front technique [29]. A double bandpass filter
was used to narrow the spectral bandwidth of the terahertz

pulses before reaching the waveguide sample, facilitating
a clearer observation of frequency changes. As depicted
in Figure 2(A), TM polarized (y-polarized) terahertz wave
packets were focused at the entrance of the waveguide to
initiate the TM modes.

A metal aperture, measuring 1.10 mm by 0.13 mm, was
positioned near the entrance to filter out terahertz waves
that did not enter the waveguide. The top surface of the
waveguide was then excited by the laser pulse with a time
delay Az relative to the terahertz wave packet. In GaAs,
the conduction electrons are excited by the laser pulse in
less than a picosecond [30] and remain for a carrier life-
time of several hundred picoseconds [31]; consequently, the
waveguide, post-optical excitation, was treated as double-
metalized for terahertz waves with frequencies below the
plasma frequency of the excited region. A hemispherical
silicon lens was affixed to the waveguide’s end to enhance
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the coupling efficiency between the waveguide and air. The
terahertz waves transmitted through the waveguide were
then refocused onto a 3-mm-thick electro-optic crystal (ZnTe
(110)) for electro-optic sampling. By varying the optical delay
of the probe pulse, the time-domain electric field oscillation
of the terahertz waves was observed.

4 Results and discussion

4.1 Conversion frequency

Figure 2(B) displays the time-domain waveforms of the ter-
ahertz wave packet as it passes through the waveguide at
different time delays Az of the pump pulses. Each wave-
form is superimposed on the waveform obtained without
pump pulse irradiation (dotted lines) for comparison. The
pump laser fluence was set at 0.186 mJ/cm? and the center
frequency of the terahertz wave packet input through the
bandpass filter into the waveguide was 0.42 THz. The wave-
form altered by the presence of pump pulses is distinguish-
able from the one without them. Notably, the onset of the
waveform, as highlighted by the red arrows in Figure 2(B),
is delayed as Az is adjusted. The pump timing Az = 0
corresponds to approximately ¢ = 5 ps in the time-domain
waveform.

As observed for Ar larger than 10 ps in Figure 2(B),
the forward portions of the terahertz wave packets that
exited the optical excitation region before the pump tim-
ing exhibited no waveform alterations. The open circles in
Figure 2(C) represent the Fourier-transformed power spec-
tra. The variation in the time-domain waveform, induced by
photoexcitation, manifests as a spectral peak at a frequency
below the input frequency of 0.42 THz, signifying frequency
down-conversion. To distinguish the frequency-converted
components from the non-converted ones, the spectra in
Figure 2(C) were modeled using two Lorentzian functions.
Given the incident terahertz waves’ passage through a dou-
ble bandpass filter, the square of the Lorentzian function
was employed for the fit:

2 2
— Aa Ab
8) <(f—12)2+33> +<(f—fb>2+Bﬁ>’ ®

where A, (4,), f, (fy), and B, (B,) represent the ampli-
tude, resonant frequency, and width, respectively. The sub-
scripts a and b indicate the components after and before
frequency conversion, respectively. The two spectral com-
ponents are assumed to overlap without interference. The
solid lines in Figure 2(C) represent fitting with f; fixed to
fin = 0.42 THz, and fit well with the experimental spectra.
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The spectral components before and after the frequency
conversion are separated into the dot-dashed and dashed
lines in Figure 2(C), respectively. For Az =5 and 10 ps, the
frequency was down-converted from the input frequency
(fin) of 0.42 THz to a converted frequency (f,,,) of 0.36 THz.
For At larger than 10 ps, the spectra contain components
from the input frequency (0.42 THz), and two prominent
peaks are observed at Az = 20 ps. At Az = 20 and 25 ps,
the frequency-converted components are slightly shifted
to higher frequencies. This may be due to interference
between the frequency-converted and non-converted com-
ponents. At At = 60 ps, no frequency conversion occurs
as the pump pulse arrives after the terahertz wave packet
has completely emerged from the optical excitation region.
The black square in Figure 1(C) denotes the input fre-
quency f;, = 0.42 THz plotted on the dispersion curve of the
single-metalized waveguide. The converted frequency f,
= (.36 THz is plotted as red square in Figure 1(C), assuming
the wavenumber k, is conserved during frequency con-
version. When the bandpass filter was changed and f;,
was set to 0.35 and 0.48 THz, f,, was 0.28 and 0.41 THz,
respectively. These are also plotted in Figure 1(C) as the
black circle and triangle (f,,), and the red circle and triangle
(four)- The measured converted frequencies concur with the
dispersion curve of the TEM mode (I = 0) in the double-
metalized waveguide, as was theoretically predicted. How-
ever, a frequency up-conversion to the TM mode from
0.42 THz to 0.56 THz (I = 1) was also predicted but was not
experimentally observed (Figure 2(C)), attributed to propa-
gation losses. This aspect will be further discussed in later
sections.

4.2 Power ratio of the frequency-converted
terahertz waves

The proportion of power from the incident terahertz wave
packet that underwent frequency conversion at the tem-
poral boundary is deduced from the fitting curves in
Figure 2(C). The power ratio of the frequency-converted
component relative to the terahertz waves impinging on
the temporal boundary was determined by the ratio of the
integrals of the frequency-converted spectral component
(indicated by the shaded area in Figure 2(C)) to that in
the absence of photoexcitation (OFF state in Figure 2(C)).
Figure 3 presents the power ratio of the frequency conver-
sion component as a function of the pump timing Az for
fin = 0.35 (red circles), 0.42 (blue squares), and 0.48 THz
(green triangles). The power ratio increases with Az and
reaches a maximum around Az = 15 ps. This suggests that
the optimal moment for optical excitation, coinciding with
the main portion of the terahertz wave packet reaching
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Figure 3: Power ratios of the frequency-converted components for input
frequencies of 0.35 THz (red circles), 0.42 THz (blue squares), and
0.48 THz (green triangles).

the edge of the optical excitation region, yields the highest
power ratio for the frequency-converted components. The
peak power ratios for the frequency-converted components
are 0.13, 0.23, and 0.27 for f;, = 0.35, 0.42, and 0.48 THz,
respectively.

4.3 Estimation of attenuation coefficient

After passing through the temporal boundary, the terahertz
waves were presumed to experience attenuation until they
emerged from the photoexcitation region. To substantiate
this hypothesis, we analyzed the power attenuation coeffi-
cient « for the frequency-converted terahertz waves based
on the following experimental observations. The pump tim-
ing Az was correlated with the propagation distance of the
terahertz wave packet in the waveguide subsequent to pho-
toexcitation. Assuming the waveguide was excited att = 7,
the frequency-converted terahertz wave packet propagated
beneath the photoexcited GaAs surface from ¢ = 7, until it
reached the end of the photoexcitation region (Figure 4(A)).

When the waveguide was excited at t=r7,
(Figure 4(B)), the propagation distance beneath the
photoexcited surface was reduced by Az = v,(7, — 73) =
vgAr compared to that at t =7,. Here, v, denotes the
group velocity in the single metalized waveguide before the
temporal boundary. Consequently, the power attenuation
coefficient « can be calculated by fitting the power ratio to
the form A exp[—a(—Az)]. Figure 4(C) illustrates the power
ratio plotted as a function of Az = v,Ar; group velocities
of vy = 7.0 X107, 7.4 X 107, and 7.6 X 107 m/s were applied
for f;, = 0.35, 0.42, and 0.48 THz, respectively. The solid
lines in Figure 4(C) depict the fitting in the region where
the power ratios of the frequency-converted components
demonstrate a linear increase on a logarithmic scale. The
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absorption coefficients were determined to be 1.0, 1.1, and
1.3mm™ for f;, = 0.35, 0.42, and 0.48 THz, respectively.
As the power ratio in the experiment was normalized to
the power without the pump pulse, attenuation effects
not affected by the photoexcitation were omitted from the
attenuation coefficient a. The attenuation coefficient in
the single-metalized waveguide without optical pumping
was considered negligible compared to the obtained
a because the conductivity of Au is as high as 3.1 X
107 S/m [32] in the terahertz frequency range and the
power absorption coefficient of GaAs is lower than
approximately 0.05 mm~" below 1 THz [33], as estimated in
the Supplementary Material.

4.4 Validating the theoretical prediction

The power ratios of the frequency-converted terahertz
waves, as estimated from Figure 3, were approximately
20 %-—40 % of the predicted frequency conversion efficiency
shown in Figure 1(D). This discrepancy between the power
ratio and the conversion efficiency can be attributed to
propagation loss, characterized by the attenuation coeffi-
cient «, thus corroborating the accuracy of the proposed
frequency conversion efficiency model. Given that the prop-
agation distance in the waveguide following frequency con-
version is contingent upon the timing of optical excitation,
the power ratio of the frequency-converted components is
influenced by the pump timing, as depicted in Figure 3.If the
waveguide surface is subjected to optical pumping at time
t. within the time-domain waveform of the terahertz wave
packet, the waves after ¢, undergo frequency conversion
and subsequently experience attenuation attributed to «
as they traverse the optical excitation region. Assuming a
theoretical conversion efficiency T, of 0.73 and an experi-
mentally derived attenuation coefficient & of 1.1 mm™! for
fin = 0.42 THz, the power ratio of the frequency-converted
component relative to the pump time ¢, can be calculated
from the time-domain waveform absent of optical pump-
ing, as demonstrated in Figure 5. The methodology for the
calculation presented in Figure 5 is elaborated upon in the
Supplementary Material. The dotted line in Figure 5 rep-
resents the time-domain waveform (without photoexcita-
tion) overlaid with the power ratio. The peak power ratio
of the frequency-converted component, achieved at ¢, =
20 ps, which corresponded to Az ~ 15 ps. The maximum
power ratio of the frequency-converted components of 0.29
in Figure 5 aligns with the value of 0.23 obtained from
Figure 3. This result indicates that the observed efficiency of
the frequency conversion process at the temporal boundary
is consistent with the theoretical prediction, thereby vali-
dating the formulation of the frequency conversion derived
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Figure 4: Schematics of the propagation of the terahertz wave packet when the pump pulse arrives at (A) t = 7, and (B) t = 7,. (C) Power ratios
of the frequency converted components for input frequencies of 0.35, 0.42, and 0.48 THz. The open circles and solid lines indicate the experimental

results and fitting curves in the form of A exp[—a(—AZ)], respectively.

from the continuity of the electric and magnetic fields at the
temporal boundary.

4.5 Dependence of power ratio on the pump
pulse fluence

The observed increase in the attenuation coefficient with
increasing frequency, as depicted in Figure 4(C), indica-
tive of heightened Ohmic loss, led to an investigation into
the photoconductivity at the waveguide surface to com-
prehend its influence. The absorption coefficients resulting
from photoconductivity were modeled using the physical
characteristics of GaAs and compared with the attenuation
coefficients derived from the experiment. Moreover, this
absorption explained the non-observation of frequency up-
conversion in the experimental results. The conductivity

can be modulated by adjusting the fluence of the pump
laser pulse. Figure 6(A) illustrates the power ratio for f;,
= 0.42THz as a function of Az for varying pump pulse
fluences; no frequency-converted wave was detected below
a fluence of 0.023 mJ/cm?. Additionally, the gradient of the
lines on a logarithmic scale sharpens with the reduction in
pump pulse fluence. The attenuation coefficients « obtained
by fitting exponential functions to the data from Figure 6(A),
are presented in Figure 6(B) as circles, exhibiting a con-
sistent decrease with increasing pump fluence. We calcu-
lated the electron density distribution n, and conductiv-
ity at the GaAs surface induced by the pump pulse, as
detailed in the Supplementary Material. Considering the
intense laser pulses’ excitation of the waveguide, the band-
filling effect, which limits the number of excited electrons
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Figure 5: Calculation of the power ratio (solid blue line) of the frequency-
converted component for f;, = 0.42 THz when photoexcited at time ¢,

on the time-domain waveform. The time-domain waveform for the
calculation is superimposed as the dotted black line.

[34], was taken into account. With the increase in pump
laser intensity, the density of excited electrons near the
GaAs surface reached a saturation point at a maximum
value of ng,, = 1.4 X 10" cm® constrained by the band-
filling effect (Figure S3(B) in the Supplementary Material).
The contribution of two-photon absorption to the electron
density was deemed negligible within the analyzed pump
fluence range. Based on the electron density, the distribu-
tion of the plasma frequency w, and complex electrical
conductivity oy, can be calculated using the Drude model

as:
2 2
w, =] T oy, = (14)
P~ > THz — PN
Mm€y&; v+ jo

where y =e/mgpip,,. M, = 0.063m, and ., =7.8X
103 cm?/Vs represent the effective mass and mobility of the
conduction electrons, respectively [35]. e and m, denote the
elementary charge and the electron mass, respectively.

The absorption coefficients of the propagation modes
in a two-dimensional waveguide were determined by apply-
ing the estimated oy, in a finite element electromagnetic
simulation (COMSOL Multiphysics® 5.4). A schematic of
the cross-section of the simulation model is shown in the
inset of Figure 6(B). In line with the experimental approach,
where the loss components unaffected by optical excitation
were excluded from the attenuation coefficient «, the bot-
tom of the waveguide was modeled as a PEC in the simu-
lation. The conductivity distribution oy, was applied to the
upper surface. Power transmittances for various waveguide
lengths and propagation modes were simulated, and the
power absorption coefficients for each mode were obtained
through exponential fitting. The absorption coefficients for
the TEM (I = 0 at 0.36 THz) and TM (I = 1 at 0.56 THz) modes
were calculated, as shown in Figure 6(B). The trend of the
absorption coefficient for the TEM mode, characterized by
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Figure 6: Impact of pump pulse fluence on power and attenuetion
coefficients of frequency-converted terahertz waves. (A) Power ratio

of the frequency-converted terahertz waves with and without the pump
pulse when its fluence is varied. The lines are fitted with exponential
functions. (B) Attenuation coefficients obtained from the experiment and
simulation. The experimental results are obtained from the fitting lines
in panel (A) and Figure 4(C). The inset represents the schematic cross-
section of the simulation model. A two-dimensional waveguide whose
bottom surface was defined as a perfect electric conductor (PEC) and
the upper surface was defined to exhibit the conductivity distribution
described in Figure S3(B) and Equation (14).

a rapid increase at low fluences and a decrease at higher
fluences, aligned with the experimental observations. For
example, the values of @ were 1.1 and 0.92 mm™" in the
experiment and simulation, respectively, for a fluence of
0.186 m]J/cm?. Despite the simplified approach to estimating
the absorption coefficients induced by photoconductivity,
the experimentally derived values of o were of the same
order of magnitude as those from the simulation, suggest-
ing that conduction loss in the photoexcited region of the
GaAs surface predominantly contributed to the attenuation
of the frequency-converted terahertz waves. Although the
scattering coefficient y was presumed constant for the sim-
ulation, y is known to increase with carrier density [36],
which in turn decreases oy,. The decrease in n,, caused



DE GRUYTER K. Takano et al.:

by the defects in the GaAs crystal may also increase a in
the experiment. Moreover, the absorption coefficient of the
TM mode (I = 1) was nearly twice that of the TEM mode
(I = 0), which is coupled with a low conversion efficiency (T,
= 0.21), accounts for the non-observation of frequency up-
conversion to the TM mode at 0.56 THz in the experiment.

5 Conclusions

In this study, we have demonstrated the frequency down-
conversion of TM mode terahertz waves by modifying the
structure of the GaAs waveguide through optical pulse exci-
tation. Unlike the frequency up-conversion observed with
TE modes [24], TM modes can couple with the TEM mode to
facilitate frequency down-conversion. The frequency con-
version process was analyzed from the continuity of the
electric and magnetic fields, based on the assumption that
only the boundary condition of the waveguide surface
varies in time. Our analysis of the experimental results
confirmed that the efficiency of the frequency conversion
at the temporal boundary aligns with predictions made
by subtracting the propagation loss subsequent to the fre-
quency conversion. The dominant factor in the attenua-
tion of the frequency-converted terahertz wave was the
conduction loss induced by the finite electrical conductiv-
ity of the photoexcited region. The increase in conductiv-
ity of the photoexcited region, induced by higher inten-
sity pump pulses, is constrained by the saturation of lin-
ear absorption in GaAs. Consequently, employing semicon-
ductor materials with narrower band gaps than GaAs and
utilizing higher energy pump pulses could enhance the
number of excited electrons and reduce Ohmic loss in the
frequency-converted waves. Moreover, if the propagation
loss is mitigated, frequency up-conversion, as indicated by
Equation (12), could be simultaneously observed with fre-
quency down-conversion for TM polarization. This would
allow information to be simultaneously transferred to both
the upper and lower frequency channels during frequency
division multiplexing.

The efficiency of frequency conversion at the tem-
poral boundary does not depend on the source intensity.
The advantage of temporal waveguide systems lies in the
capability to design the converted frequency based on the
modes used and structural parameters, such as thickness.
Given the frequency up-conversion for TE waves, the selec-
tion between frequency up- and down-conversion can be
achieved by manipulating the input polarization for the
waveguides. This suggests that the waveguide is capable of
realizing temporal frequency birefringence [37]. After the

Frequency down-conversion of terahertz waves at optically = 3087

temporal boundary, the effective refractive index becomes
anisotropic, and the conversion frequency varies depend-
ing on the incident polarization. Achieving such birefrin-
gence at the temporal boundary is challenging in homoge-
neous natural materials. Techniques for manipulating the
polarization of terahertz waves have been developed using
metamaterials that can dynamically alter phase responses
[38], [39]. Integrating these techniques with frequency con-
version at the temporal birefringence boundary in the
waveguide could lead to the development of essential active
devices, significantly contributing to high data transfer rates
in future integrated terahertz photonic circuits [23], [40].

Finally, it is important to recognize that the con-
cept of this study extends beyond the terahertz fre-
quency range and can be applied to the optical frequency
range as well. The ultrafast modulation of the plasma
frequency and the corresponding near-infrared refractive
index changes in indium tin oxide through photoexcitation
have been demonstrated [41], [42]. This indicates the poten-
tial for creating ultrafast frequency conversion devices com-
prising optically modulated waveguides with indium tin
oxide.
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