
Electrical control of terahertz frequency 
conversion from time-varying surfaces 

KANGHEE LEE,1 JAGANG PARK,2 JAEHYEON SON,2 BONG JOO KANG,1 
WON TAE KIM,1 SEONG CHEOL LEE,1 BUMKI MIN,2,3 AND FABIAN 
ROTERMUND

1,* 
1Department of Physics, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141, 
South Korea 
2Department of Mechanical Engineering, Korea Advanced Institute of Science and Technology (KAIST), 
Daejeon 34141, South Korea 
3bmin@kaist.ac.kr 
*rotermund@kaist.ac.kr 

Abstract: We investigate the electrical control of frequency conversion from a time-varying 
interdigitated photo-conductive antenna (IPCA) and time-varying metasurface in the terahertz 
(THz) frequency range. Ultrafast near-infrared (NIR) optical pulses rapidly modify the 
conductivities of the IPCA and metasurface; however, external voltages can retard this 
conductivity transition. Thus, external voltages can be used to control the frequency 
conversion process based on the interaction between the THz waves and the time-varying 
surfaces. In the IPCA, both frequency up- and down-conversion processes are suppressed by 
external voltages. However, in the metasurface, the down-conversion is dramatically 
suppressed by external voltages, whereas the suppression on the up-conversion is less 
effective. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Manipulating the frequency of light is one of the essential techniques in optics and photonics 
for diverse applications. In the visible and infrared (IR) frequency ranges, frequency 
conversion is primarily based on nonlinear processes such as harmonic generation or 
parametric processes [1]. Such nonlinear processes have been well-developed to mature levels 
and are easily applicable, offering sufficient conversion efficiencies and frequency shifts 
[2,3]. To induce nonlinear frequency conversion processes, the intensity of the input light 
must be sufficiently high and an appropriate nonlinear medium is required. However, 
especially in the THz frequency range, nonlinear frequency conversion remains in its infancy 
because of limited intense THz sources and nonlinear media. 

An alternative method, proposed instead of using material nonlinearities, is linear 
frequency conversion employing time-varying media. Based on the theoretical predictions of 
such frequency conversion [4–8], experiments have been demonstrated in rapidly growing 
plasmas [9,10] or temporally modulated waveguide structures [11,12]. This type of frequency 
conversion provides a constant conversion efficiency regarding the input power and therefore, 
is potentially applicable to achieve comparable or even higher conversion efficiencies 
compared to nonlinearity-based frequency conversion methods in the THz spectral range [13–
17]. A. Nishida et al. first demonstrated such frequency conversion in the THz frequency 
range from flash ionization in ZnSe [18], and recently, several experimental realizations have 
been demonstrated from rapid time-varying surfaces [19–21]. In particular, the rapid rate of 
the time-varying yields a remarkable amount of conversion in this kind of frequency 
conversion process [20], and it is both theoretically and experimentally proven that the 
frequency and phase of the converted wave can be controlled to a large degree by engineering 
the spectro-temporal behavior of the time-varying surface [21]. Furthermore, because a rapid 
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change in the surface conductivity is the key to this frequency conversion process, controlling 
the rate of such change can be used to control the frequency conversion process. 

In this work, we report the experimental results on the active electrical control of effective 
surface conductivities on an interdigitated photo-conductive antenna (IPCA) and metasurface. 
Subsequently, we demonstrate that the frequency conversion based on the change of 
conductivity is electrically controllable. The effective surface conductivity changes in our 
IPCA and metasurface fabricated on a gallium arsenide (GaAs) substrate are implemented by 
photo-carrier injection using ultrafast near-infrared (NIR) laser pulses. Without external 
voltage, the optical pumping changes the effective surface conductivities rapidly. When an 
external voltage is applied to the samples, the conductivity change in the region under the 
direct-current (DC) electric field is delayed by subsequent processes of inter-valley scattering 
and Coulomb screening. Through such electrical control over the rate of change in the surface 
conductivities, the frequency conversion process can be controlled. We determined that 
external voltages applied to the IPCA suppress both up- and down-conversion. However, for 
the metasurface, the suppression effect is dominant on the down-conversion whereas it is less 
effective on the up-conversion. 

2. Experimental procedure 

A conventional 8-F THz time-domain spectroscopy setup [22,23] based on a Ti:sapphire 
regenerative amplifier with a repetition rate of 1 kHz (Spitfire Ace, Spectra-physics) was used 
for the experiment. The center wavelength and pulse duration of the laser pulses were 800 nm 
and 100 fs, respectively. Figure 1(a) schematically illustrates our experimental setup. In this 
setup, a prism-cut LiNbO3 crystal was used to generate single-cycle THz waves with a tilted 
wavefront technique [24–27] as displayed in Fig. 1(b). These THz waves were used in our 
optical-pump/THz-probe (OPTP) measurements. For the frequency conversion experiments, 
we utilized multi-cycle THz waves modulated through five band-pass filters. Because the 
multi-cycle THz waves deliver a narrow bandwidth centered at 0.6 THz as indicated in Fig. 
1(c), the frequency conversion can be clearly observed. A 90° off-axis parabolic mirror pair 
with 150-mm and 50-mm focal lengths was used to focus the THz beam at the sample 
position. The THz beam diameter at the sample position was estimated to be 1 mm. To detect 
THz waves, we used the well-established electro-optic (EO) sampling technique in a <110>-
oriented 2-mm-thick ZnTe crystal. We also use a pair of polarizers to attenuate the amplitude 
of the THz waves to avoid the nonlinear effects in the samples [28–30] or in the THz 
detection part [31]. After the attenuation, the peak field amplitudes of the single- and multi-
cycle THz waves were approximately 1 kV/cm. To change the effective surface 
conductivities of the samples, we used the NIR pump pulses with a fluence of ~2 μJ/cm2 and 
a time delay, td, to the THz waves. Note that the beam diameter of the NIR pump pulses was 
approximately 4 mm, sufficiently large to envelop the THz beam at the sample position. 
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with the external voltage. Specifically, the rate of change in conductivity decreases as the 
voltage is increased. 

 

Fig. 2. IPCA and the related OPTP results. (a) Schematic illustration and (b) microscopic 
image of IPCA. Arrows in (a) indicate polarization of input THz wave. (c) Measured 
transmission spectra through IPCA without external voltage as function of time delay, td and 
(d) measured transmission spectra with external voltage of 21 V. (e) Selected transmission 
spectra at td = 2 ps and (f) 10 ps with (red) and without voltage (blue). Black line indicates 
transmission spectrum through IPCA without optical pumping. (g) Transmitted spectral 
amplitudes at 0.6 THz as function of time delay between single-cycle THz waves and NIR 
pump pulses with different external voltages and (h) their normalization for better comparison. 

Inter-valley scattering and Coulomb screening can explain such a delay in conductivity 
change with the external voltage. First, when the photo-excited carriers are formed under a 
strong DC electric field, the carriers are accelerated by the DC field, and some of the 
electrons immediately fall into the satellite valleys by the inter-valley scattering process [34–
36]. Because the effective mass of the electrons in the satellite valleys (X- or L-valley) is 
considerably greater than that in the main valley (Γ-valley), the electrons in the satellite 
valleys contribute minimally to the increase in the overall surface conductivity [28–30,34–
36]. However, the carriers accelerated by the DC field also move closer to the electrodes to 
establish Coulomb screening regions [33,37,38]. After the Coulomb screening regions are 
established, the majority of the electrons are no longer under the DC field and the electrons in 
the satellite valleys return to the Γ-valley within picoseconds. Consequently, the external 
voltage retards the temporal changing process of the surface conductivity as indicated in Fig. 
2(h). Note that the external voltages also cause the depletion of carriers and consequently 
increase the changed transmission amplitudes as displayed in Fig. 2(g). 

Because the frequency conversion from a time-varying surface is strongly related to the 
temporal changes of the surface conductivity [20,21], the frequency conversion method using 
time-varying IPCA is also electrically controllable. Experimental results of the frequency 
conversion from the IPCA with different external voltages are illustrated in Fig. 3. Figure 3(a) 
displays the measured waveforms through the time-varying IPCA and Fig. 3(b) indicates their 
subtracted waveforms from the waveform measured through the IPCA without pumping. 
Here, we used multi-cycle THz waves (Fig. 1(c)) for precise observation of the frequency 
conversion and chose the time delay placing the pump beam at the maximum envelope of the 
input THz wave. Note that this time delay ensures the maximum conversion efficiency [21]. 
As indicated in Fig. 3(b), the external voltage reduces both the rate and amount of the 
temporal variation, and subsequently, a reduction of the frequency conversion is observed 
from such electrical modulation in spectra as shown in Figs. 3(c) and 3(d). To verify the 
frequency conversion, we also plot the reference spectrum measured through a GaAs 
substrate as shown with the dashed line in Figs. 3(c) and 3(d). Here, we display both the 
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logarithmic and linear plot to indicate clearly the spectra in a full view and the up- and down-
converted frequency components in an extended view, respectively. As depicted in Figs. 3(c) 
and 3(d), frequency up- and down-conversion well occur without external voltages, and these 
converted spectral components reduce when applying the external voltage. The frequency 
conversion occurs continuously owing to the trade-off relation between the conversion 
efficiency and relative amount of frequency change [21]. Thus, we can evaluate the 
conversion efficiency by 2 2

0
| ( ) | / | ( ) |

t i
E Eω ω   where 

0
( )

i
E ω  is the spectral amplitude of the 

input wave at the input frequency, and ( )
t

E ω  is the spectral amplitude of the converted wave 

at a frequency, ω . For a frequency change of 0.3 THz, corresponding to half of the 
fundamental frequency, both to lower and higher frequencies, we achieved an up-conversion 
efficiency of 1.4× 10−4 at 0.9 THz and a down-conversion efficiency of 6× 10−5 at 0.3 THz 
without voltages. With a voltage of 21 V, the up- and down- conversion efficiencies are 
reduced to approximately 2× 10−5. 

 

Fig. 3. Experimental results of frequency conversion through IPCA. (a) Transmitted THz 
waveforms through time-varying IPCA with (red) and without voltage of 21 V (blue) under 
optical pumping. Black curve displays transmitted THz waveform without optical pumping. 
(b) Subtracted waveforms from waveforms measured through IPCA without optical pumping. 
Red and blue dashed lines indicate the field profiles with and without voltage, respectively; red 
and blue solid lines indicate their envelopes. (c) Logarithmic plot of experimental results of 
frequency conversion from IPCA with different external voltages. Dashed curve indicates 
reference spectrum measured through GaAs substrate. (d) Linear plot of experimental results 
of frequency conversion from IPCA with different electric voltages. 

The presence of the external voltage changes the amount and rate of the conductivity 
change, both of which contribute to the frequency conversion process. However, the change 
in the rate is the main origin of the change in the frequency conversion. To understand the 
relationship between the rate of change in conductivity and the frequency conversion, we 
established a simple model considering only the changing rate and calculated the frequency 
conversion. In this calculation, we assume that the surface of the IPCA was homogeneous and 

                                                                                        Vol. 27, No. 9 | 29 Apr 2019 | OPTICS EXPRESS 12766 



infinitesimally thin. With this assumption, we are able to set the transmitted field through the 
surface, ( )

t
E t , as a function of the input field, ( )

i
E t , and the surface current, ( )J t , as follows, 

 0
2

( ) [ ( ) ( )],
1 2

t i

Z
E t E t J t

n
= −

+
 (1) 

where n is the reflective index of GaAs and Z0 is the impedance of free space [21,23]. 
Because ( )

i
E t does not contain a frequency component at the converted frequency, the 

converted frequency component originates purely from ( )J t . For simplicity, we assume that 
the surface conductivity of the photo-excited layer, σ , is wholly non-dispersive yet time-
varying as 

0
( , ) ( )t tσ ω σ= . Note that the structure of the IPCA is similar to wire-grid structures, 

which are non-dispersive [39,40], and the measured dispersion as indicated in Figs. 2(e) and 
2(f) is not strong. With this assumption, ( )J t would have a linear relationship with ( )

t
E t  as 

follows: 

 
0 0

( ) ( ) ( ) ( ) ( ) ( )
t t

J t t t E d t E tσ δ τ τ τ σ
∞

−∞

= − =  (2) 

Here, ( )δ τ  is the Dirac delta function. From Eqs. (1) and (2), ( )
t

E t  becomes a function of 

( )
i

E t , as follows: 

 
0 0

2
( ) ( )

1 ( )
t i

E t E t
n Z tσ

=
+ +

 (3) 

To fit the OPTP measurements in Fig. 2, we assume that 
0
( )tσ  is zero for td < 0 and 

0
( )tσ  is

0
(1 ) / 4n Z+  for td >> 1 ps. Note that such values set the amplitude transmissions normalized by 

the reference to 1 and 0.8 for td < 0 and td >> 1 ps, respectively. The conductivity changing 
behavior with external voltages relates to the inter-valley scattering [34–36], and the 
conductivity increment may follow two routes. First, the optically doped carriers that remain 
in the Γ-valley immediately contribute to the increment of the surface conductivity. Secondly, 
the doped carriers that are scattered to the satellite valleys do not contribute on the surface 
conductivity increment for td ≈  0; however, these carriers relax into Γ-valley after the 
Coulomb screening region is established and then contribute to the increment of the surface 
conductivity [38]. Considering these two processes, we can set a model equation for 

0
( )tσ  as 

follows: 

 ( ) /

0

0 0

1 1
( ) (1 ) ( ) ( )[1 ]

4 4
d

t t

d d

r
n n

t x u t t x u t t e
Z Z

τσ − −+ +
= − − + − −  (4) 

where x , rτ , td and u(t) are the ratio of the inter-valley scattering, relaxation time from 

satellite valleys to Γ-valley, pump beam arrival time, and unit step function, respectively. 
Here, the establishment of the Coulomb screening region is assumed to be a rapid process for 
simplicity. In the expression of 

0
( )tσ , x  would conclusively determine the conductivity 

transition time, which increases with the external voltages in the experiments. For a small x , 
a rapid change from ( )

i
E t  is dominant in ( )

t
E t , and the Fourier transform of ( )

t
E t  has 

numerous converted frequency components in the frequency domain. For a large x , the slow 
change from ( )

i
E t  becomes dominant in ( )

t
E t , implying a reduction of the converted 

frequency components. 
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Figure 4(a) represents the calculated amplitude transmission based on the modeled 
0
( )tσ  

with different inter-valley scattering ratios. Here, we set rτ  as 2 ps from the previous study 

[29]. Note that the calculated amplitude transmission in Fig. 4(a) appears to be different from 
the corresponding experimental measurements in Fig. 2(h). This inconsistency could derive 
from the limited temporal resolution of the OPTP measurement considering that the 
conductivity change of GaAs with ultrafast laser pumping is considerably faster than a 
picosecond level [33,41]. With an assumption of the rapid conductivity change without 
voltages, the point spread function for the temporal measurement can be obtained by 
differentiating the OPTP result with 0 V, as indicated in Fig. 4(b), and we are able to 
reproduce the OPTP measurement by convoluting it to the calculated amplitude transmission. 
Such a reproduced amplitude transmission is displayed in Fig. 4(c), which indicates good 
agreement with the experimental result in Fig. 2(h). Figure 4(d) presents the calculated results 
of the frequency conversion based on the proposed model with different inter-valley 
scattering ratios. We used the measured reference waveform as 2 ( ) / (1 )

i
E t n+  for calculation. 

As shown in Fig. 4(d), weak frequency conversion is observed for longer transition times with 
a large x . As the calculation results clearly demonstrate, the decreased rate of change in the 
conductivity with an external voltage might be the main origin of the electrical modulation in 
the frequency conversion from the IPCA. 

 

Fig. 4. (a) Calculated amplitude transmission based on effective conductivity, 
0

( )tσ in Eq. (4) 

with different inter-valley scattering ratios. (b) Point spread function for OPTP measurement, 
achieved by differentiating OPTP result with 0 V in Fig. 2(h), with Gaussian fit curve. (c) 
Reproduced amplitude transmission of OPTP measurement by convoluting point spread 
function to model calculation. (d) Calculated frequency conversion with different inter-valley 
scattering ratios. 

4. OPTP measurement and frequency conversion of a metasurface with 
external voltages 

We also performed OPTP measurements and frequency conversion experiments with a 
metasurface with an external voltage. The metasurface structure was fabricated similar to the 
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IPCA case; however, the electrodes were designed to form split-ring resonators (SRR) as 
displayed in Fig. 5(a) (schematic illustration) and Fig. 5(b) (microscopic image). The lattice 
constant, electrode width, and gap width of the metasurface were 81 μm, 5 μm, and 4 μm, 
respectively, and the thickness of the metallic structure was identical to that of the IPCA. In 
this structure, the DC electric field was spatially concentrated in the gap area by an external 
voltage, whereas it was relatively weak in the remaining region. Thus, owing to the inter-
valley scattering and Coulomb screening, as in the IPCA case, the conductivity transition in 
the gap region could be delayed by external voltage, as indicated in Fig. 5(c). Conversely, the 
conductivity in the remaining region would undergo a sudden change due to optical pumping 
regardless of whether the external voltage is applied. 

 

Fig. 5. Metasurface and the related OPTP results. (a) Schematic illustration and (b) 
microscopic image of metasurface. Arrows in (a) indicate polarization of input THz wave. (c) 
Schematic diagram of temporal conductivity change on metasurface with and without external 
voltage. (d) Measured transmission spectra through metasurface without external voltage as 
function of time delay, td and (e) measured transmission spectra with external voltage of 32 V. 
(f) Selected transmission spectra at td = 2 ps with (red) and without voltage (blue). Black line 
indicates transmission spectrum through metasurface without optical pumping. (g) Selected 
transmission spectra at td = 10 ps with and without voltage. (h) Numerical simulation of 
transmission spectra through metasurface with conducting layer for entire exposed region 
(blue), conducting layer of region except for gap (red) and without conducting layer (black). 

This electrical modulation of the spatiotemporal conductivity distribution leads to 
dispersive changes in the time-varying behavior of the metasurface. The time-varying 
behavior of the metasurface and its electrical modulation were investigated with OPTP 
measurements as shown in Figs. 5(d)–5(g). Owing to the SRR structures, the metasurface 
originally exhibits deep resonance at 0.6 THz. Without external voltage, the resonance is 
suddenly dulled and red-shifted by optical pumping, and the dulled resonance is maintained 
for more than ten picoseconds as shown in Fig. 5(d). Conversely, the transmission spectra of 
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the metasurface with an external voltage of 32 V indicate blue-shifted resonance immediately 
after the optical pumping as presented in Figs. 5(e) and 5(f). This type of resonance blue-shift 
originates from the low conductivity of the gap region due to inter-valley scattering. 
However, the blue-shifted resonance gradually moves to a lower frequency as the time delay 
increases, eventually resembling the resonance measured without external voltage as shown 
in Fig. 5(g). We attribute this resonance shift to the conductivity recovery of the gap region 
due to Coulomb screening. 

To verify that the blue-shift in resonance originated from the low conductivity in the gap 
region, we also performed a finite difference time domain (FDTD) simulation as displayed in 
Fig. 5(h). In this plot, the black, blue, and red lines indicate the results without a photo-
conducting layer, with a photo-conducting layer on the entire photo-exposed region, and with 
a conducting layer everywhere apart from the gap region, respectively. In the FDTD 
simulation, we used a Drude model for the top 0.74 μm of the GaAs substrate, which 
corresponds to the penetration depth of the NIR pump beam [42], to incorporate the 
photoconductivity of the substrate. The plasma frequency and collision frequency of photo-
doped GaAs were set to be 6.2 × 1013 rad/s and 2.5 × 1015 rad/s, respectively. Because the 
calculation demonstrates results consistent with the transmission result for td = 2 ps in Fig. 
5(f), the resonance blue-shift caused by the external voltage must be a result of the 
conductivity reduction in the gap region due to inter-valley scattering. 

 

Fig. 6. Frequency conversion results through metasurface with external voltages. (a) Converted 
spectral amplitudes with an external voltage of 32 V (red) and without (blue) at (a) 0.3 THz 
and (b) 0.9 THz as function of time delay, td. Amplitudes are normalized by maximum 
amplitude of reference spectrum. (c) Logarithmic and (d) linear plots of frequency conversion 
from metasurface at td = −6 ps with different external voltages. Dashed line indicates reference 
spectrum as measured through GaAs substrate. 

The frequency conversion from the metasurface can also be electrically modulated by 
electrical controlling of the time-varying behavior. Figure 6 illustrates the experimental 
results of the frequency conversion from the metasurface with an external voltage. Figures 
6(a) and 6(b) illustrate the converted frequency components with and without an external 
voltage of 32 V as a function of the time delay at 0.3 THz and 0.9 THz, respectively. We used 
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the multi-cycle THz waves again, as indicated in Fig. 1(c), for these measurements, and we 
plotted the results with the time delay as defined in the OPTP measurement. In our measured 
data, both up- and down-conversion occurs when the multi-cycle THz waves and NIR pump 
beams overlap. The external voltage suppresses both the up- and down-conversion processes 
in general; however, the down-conversion components are suppressed more dominantly 
compared to the up-conversion components. We attribute this asymmetry of electrical 
modulation for up- and down-conversion to the blue-shifted resonance induced by the 
external voltage. Because the frequency conversion is related to the dispersion of the time-
varied surface [21], the blue-shifted resonance causes the re-radiation from the metasurface 
with higher frequencies. Note that that the theoretical model introduced above is not valid for 
this type of electrical modulation, as the metasurface is strongly dispersive. We also note that 
the fringes at the converted frequencies originate from the interference between two complex 
components of the frequency conversion for single-band inputs [21]. 

At a particular time delay position, the asymmetry of the electrical modulation for up- and 
down-conversion becomes more apparent. Figures 6(c) and 6(d) display the experimental 
results of the frequency conversion at td = −6 ps with different external voltages in a 
logarithmic and linear plot, respectively. At this time delay, the down-conversion is 
substantially reduced by the voltage, whereas the up-conversion indicates only a marginal 
reduction. Using the formula, 2 2

0
| ( ) | / | ( ) |

t i
E Eω ω  , for the shift amount of 0.3 THz, we obtain 

the up-conversion efficiency of 1.7× 10−4 and the down-conversion efficiency of 1.9 × 10−4 
without voltages. At a voltage level of 32 V, the up-conversion efficiency is reduced to 1.5×
10−4, whereas the voltage reduces the down-conversion efficiency to the level of the input 
spectrum. Consequently, the spectral broadening (up- and down-conversion)-type frequency 
conversion is altered to the up-conversion type by the external voltage. Without voltages, we 
obtain up-conversion efficiencies of 1.4× 10−4 for the IPCA and 1.7× 10−4 for the metasurface 
at 0.9 THz. Note that these values are less than the previously reported value of 6× 10−4 [21], 
because the time-varying surface used in the previous study was designed for the narrowband 
case and optimized for the frequency conversion from 0.6 to 0.9 THz, whereas the ICPA and 
metasurface used in the present work are designed for both up- and down-conversion 
processes. 

Although the frequency conversion demonstrated indicates a similar behavior comparable 
with the nonlinear spectral broadening induced by self-phase modulation, the physical origin 
of the frequency conversion process from the time-varying surfaces is completely different 
from the nonlinear effect. The temporal change of the media is independent of the input wave, 
and hence, the degree of frequency manipulation and the corresponding conversion efficiency 
are invariant to the input power. Furthermore, noticeable frequency manipulation is even 
possible despite an extremely short interaction length in the thin film geometry because the 
external control by optical pumping can change the property of the media dramatically. 
Finally, an abrupt change contributes primarily to the frequency conversion process, and thus 
the conversion is controllable electrically by changing the speed of the conductivity change as 
demonstrated in this work. 

5. Conclusion 

We experimentally investigated the electrical control of surface conductivity changing 
processes and the related frequency conversion processes on a time-varying IPCA and a 
metasurface in the THz frequency range. When we apply an external voltage to the GaAs-
based samples where photo-carriers are injected, the DC electric field induces inter-valley 
scattering for photo-induced electrons and prevents the increase in the surface conductivity. 
However, Coulomb screening subsequently occurs near the electrodes, and the scattered 
electrons return to the main conduction valley within a few picoseconds, resulting in a surface 
conductivity increment. Owing to this sequential process, the external voltage can delay the 
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change in the surface conductivity. Because frequency conversion based on the time-varying 
surface is strongly related to its rate of change, the external voltage can also control the 
frequency conversion process. In the case of an IPCA, the external voltage suppressed both 
up- and down-conversion, whereas the external voltage suppressed only the down-conversion 
substantially for metasurface. This asymmetrical suppression is mainly attributed to the 
temporally resonant blue-shift induced by the conductivity reduction in the gap of the SRR. 
As indicated in the two demonstrated examples, electrical control could be widely 
implemented in a frequency conversion scheme based on a time-varying surface platform. 
Such an implementation could diversify frequency conversion techniques in the THz 
frequency range. 

Funding 

National Research Foundation of Korea (2019R1A2C3003504, 2016R1A6A3A03009053, 
2017R1A4A1015426). 

References 

1. R. W. Boyd, Nonlinear Optics, 3rd ed. (Academic Press, 2010). 
2. D. F. Eaton, “Nonlinear optical materials,” Science 253(5017), 281–287 (1991). 
3. G. Cerullo and S. De Silvestri, “Ultrafast optical parametric amplifiers,” Rev. Sci. Instrum. 74(1), 1–18 (2003). 
4. F. R. Morgenthaler, “Velocity modulation of electromagnetic waves,” IRE Trans. Microwave Theor. Tech. 6(2), 

167–172 (1958). 
5. L. B. Felsen and G. M. Whitman, “Wave propagation in time-varying media,” IEEE Trans. Antennas Propag. 

18(2), 242–253 (1970). 
6. R. L. Fante, “Transmission of electromagnetic waves into time-varying media,” IEEE Trans. Antennas Propag. 

19(3), 417–424 (1971). 
7. M. Notomi and S. Mitsugi, “Wavelength conversion via dynamic refractive index tuning of a cavity,” Phys. Rev. 

A 73(5), 05180 (2006). 
8. D. K. Kalluri, Electromagnetics of Time Varying Complex Media, 2nd ed. (CRC Press, 2010). 
9. C.-L. Jiang, “Wave propagation and dipole radiation in a suddenly created plasma,” IEEE Trans. Antenn. 

Propag. 23(1), 83–90 (1975). 
10. S. C. Wilks, J. M. Dawson, and W. B. Mori, “Frequency up-conversion of electromagnetic radiation with use of 

an overdense plasma,” Phys. Rev. Lett. 61(3), 337–340 (1988). 
11. T. Tanabe, M. Notomi, H. Taniyama, and E. Kuramochi, “Dynamic release of trapped light from an ultrahigh-Q 

nanocavity via adiabatic frequency tuning,” Phys. Rev. Lett. 102(4), 043907 (2009). 
12. L. Fan, C.-L. Zou, M. Poot, R. Cheng, X. Guo, X. Han, and H. X. Tang, “Integrated optomechanical single-

photon frequency shifer,” Nat. Photonics 10(12), 766–770 (2016). 
13. A. Mayer and F. Keilmann, “Far-infrared nonlinear optics. I. χ (2) near ionic resonance,” Phys. Rev. B Condens. 

Matter 33(10), 6954–6961 (1986). 
14. A. Mayer and F. Keilmann, “Far-infrared nonlinear optics. II. χ (3) contributions from the dynamics of free 

carriers in semiconductors,” Phys. Rev. B Condens. Matter 33(10), 6962–6968 (1986). 
15. S. Winnerl, E. Schomburg, S. Brandl, O. Kus, K. F. Renk, M. C. Wanke, S. J. Allen, A. A. Ignatov, V. Ustinov, 

A. Zhukov, and P. S. Kop’ev, “Frequency doubling and tripling of terahertz radiation in a GaAs/AlAs 
superlattice due to frequency modulation of Bloch oscillations,” Appl. Phys. Lett. 77(9), 1259–1261 (2000). 

16. P. Bowlan, E. Martinez-Moreno, K. Reimann, T. Elsaesser, and M. Woerner, “Ultrafast terahertz response of 
multilayer graphene in the nonperturbative regime,” Phys. Rev. B Condens. Matter Mater. Phys. 89(4), 041408 
(2014). 

17. H. A. Hafez, S. Kovalev, J.-C. Deinert, Z. Mics, B. Green, N. Awari, M. Chen, S. Germanskiy, U. Lehnert, J. 
Teichert, Z. Wang, K.-J. Tielrooij, Z. Liu, Z. Chen, A. Narita, K. Müllen, M. Bonn, M. Gensch, and D. 
Turchinovich, “Extremely efficient terahertz high-harmonic generation in graphene by hot Dirac fermions,” 
Nature 561(7724), 507–511 (2018). 

18. A. Nishida, N. Yugami, T. Higashiguchi, T. Otsuka, F. Suzuki, M. Nakata, Y. Sentoku, and R. Kodama, 
“Experimental observation of frequency up-conversion by flash ionization,” Appl. Phys. Lett. 101(16), 161118 
(2012). 

19. B. Mayer, C. Schmidt, J. Bühler, D. V. Seletskiy, D. Brida, A. Pashkin, and A. Leitenstorfer, “Sub-cycle slicing 
of phase-locked and intense mid-infrared transients,” New J. Phys. 16(6), 063033 (2014). 

20. J. Bühler, J. Allerbeck, G. Fitzky, D. Brida, and A. Leitenstorfer, “Terahertz shockwaves generated by a precise 
subcycle cut of the electric field,” Optica 5(7), 821–824 (2018). 

21. K. Lee, J. Son, J. Park, B. Kang, W. Jeon, F. Rotermund, and B. Min, “Linear frequency conversion via sudden 
merging of meta-atoms in time-variant metasurfaces,” Nat. Photonics 12(12), 765–773 (2018). 

22. D. Grischkowsky, S. Keiding, M. van Exter, and Ch. Fattinger, “Far-infrared time-domain spectroscopy with 
terahertz beams of dielectrics and semiconductors,” J. Opt. Soc. Am. B 7(10), 2006–2015 (1990). 

                                                                                        Vol. 27, No. 9 | 29 Apr 2019 | OPTICS EXPRESS 12772 



23. M. C. Nuss and J. Orenstein, Millimeter and Submillimeter Wave Spectroscopy of Solids (Springer-Verlag, 
1998), Chap. 2 

24. J. Hebling, G. Almasi, I. Kozma, and J. Kuhl, “Velocity matching by pulse front tilting for large area THz-pulse 
generation,” Opt. Express 10(21), 1161–1166 (2002). 

25. J. Hebling, K. L. Yeh, M. C. Hoffmann, B. Bartal, and K. A. Nelson, “Generation of high-power terahertz pulses 
by tilted-pulse-front excitation and their application possibilities,” J. Opt. Soc. Am. B 25(7), B6–B19 (2008). 

26. M. C. Hoffmann, J. Hebling, H. Y. Hwang, K.-L. Yeh, and K. A. Nelson, “Impact ionization in InSb probed by 
terahertz pump—terahertz probe spectroscopy,” Phys. Rev. B Condens. Matter Mater. Phys. 79(16), 161201 
(2009). 

27. I. Al-Naib, G. Sharma, M. M. Dignam, H. Hafez, A. Ibrahim, D. G. Cooke, T. Ozaki, and R. Morandotti, “Effect 
of local field enhancement on the nonlinear terahertz response of a silicon-based metamaterial,” Phys. Rev. B 
Condens. Matter Mater. Phys. 88(19), 195203 (2013). 

28. F. H. Su, F. Blanchard, G. Sharma, L. Razzari, A. Ayesheshim, T. L. Cocker, L. V. Titova, T. Ozaki, J.-C. 
Kieffer, R. Morandotti, M. Reid, and F. A. Hegmann, “Terahertz pulse induced intervalley scattering in 
photoexcited GaAs,” Opt. Express 17(12), 9620–9629 (2009). 

29. J. Hebling, M. C. Hoffmann, H. Y. Hwang, K.-L. Yeh, and K. A. Nelson, “Observation of nonequilibrium carrier 
distribution in Ge, Si, and GaAs by terahertz pump–terahertz probe measurements,” Phys. Rev. B Condens. 
Matter Mater. Phys. 81(3), 035201 (2010). 

30. K. Fan, H. Y. Hwang, M. Liu, A. C. Strikwerda, A. Sternbach, J. Zhang, X. Zhao, X. Zhang, K. A. Nelson, and 
R. D. Averitt, “Nonlinear Terahertz Metamaterials via Field-Enhanced Carrier Dynamics in GaAs,” Phys. Rev. 
Lett. 110(21), 217404 (2013). 

31. X. Chen, S. He, Z. Shen, F. L. Zhao, K. Y. Xu, G. Wang, R. Wang, and N. Dai, “Influence of nonlinear effects in 
ZnTe on generation and detection of terahertz waves,” J. Appl. Phys. 105(2), 023106 (2009). 

32. A. Dreyhaupt, S. Winnerl, T. Dekorsy, and M. Helm, “High-intensity terahertz radiation from a microstructured 
large-area photoconductor,” Appl. Phys. Lett. 86(12), 121114 (2005). 

33. P. J. Hale, J. Madeo, C. Chin, S. S. Dhillon, J. Mangeney, J. Tignon, and K. M. Dani, “20 THz broadband 
generation using semi-insulating GaAs interdigitated photoconductive antennas,” Opt. Express 22(21), 26358–
26364 (2014). 

34. P. A. Houston and A. G. R. Evans, “Electron drift velocity in n-GaAs at high electric fields,” Solid-State 
Electron. 20(3), 197–204 (1977). 

35. R. Mickevicius and A. Reklaitis, “Electron intervalley scattering in gallium arsenide,” Semicond. Sci. Technol. 
5(8), 805–812 (1990). 

36. Q. Zhou, Y. Shia, B. Jin, and C. Zhang, “Ultrafast carrier dynamics and terahertz conductivity of photoexcited 
GaAs under electric field,” Appl. Phys. Lett. 93(10), 102103 (2008). 

37. K. J. Siebert, A. Lisauskas, T. Loffler, and H. G. Roskos, “Field screening in low-temperature-grown GaAs 
photoconductive antennas,” Jpn. J. Appl. Phys. 43(3 3R), 1038–1043 (2004). 

38. H. Murakami, S. Fujiwara, I. Kawayama, and M. Tonouchi, “Study of photoexcited-carrier dynamics in GaAs 
photoconductive switches using dynamic terahertz emission microscopy,” Photon. Res. 4(3), A9–A15 (2016). 

39. I. Yamada, K. Takano, M. Hangyo, M. Saito, and W. Watanabe, “Terahertz wire-grid polarizers with 
micrometer-pitch Al gratings,” Opt. Lett. 34(3), 274–276 (2009). 

40. L. Sun, Z.-H. Lv, W. Wu, W.-T. Liu, and J.-M. Yuan, “Double-grating polarizer for terahertz radiation with high 
extinction ratio,” Appl. Opt. 49(11), 2066–2071 (2010). 

41. W. Z. Lin, L. G. Fujimoto, E. P. Ippen, and R. A. Logan, “Femtosecond carrier dynamics in GaAs,” Appl. Phys. 
Lett. 50(3), 124–126 (1987). 

42. G. E. Jellison, Jr., “Optical functions of GaAs, GaP, and Ge determined by two-channel polarization modulation 
ellipsometry,” Opt. Mater. 1(3), 151–160 (1992). 

 

                                                                                        Vol. 27, No. 9 | 29 Apr 2019 | OPTICS EXPRESS 12773 




