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Abstract: Terahertz plasmonic resonances in semiconductor (indium 
antimonide, InSb) dimer antennas are investigated theoretically. The 
antennas are formed by two rods separated by a small gap. We demonstrate 
that, with an appropriate choice of the shape and dimension of the 
semiconductor antennas, it is possible to obtain large electromagnetic field 
enhancement inside the gap. Unlike metallic antennas, the enhancement 
around the semiconductor plasmonics antenna can be easily adjusted by 
varying the concentration of free carriers, which can be achieved by optical 
or thermal excitation of carriers or electrical carrier injection. Such active 
plasmonic antennas are interesting structures for THz applications such as 
modulators and sensors. 
©2010 Optical Society of America 
OCIS codes: (240.6680) Surface plasmons; (050.6624) Subwavelength structures; (250.5403) 
Plasmonics; (290.4210) Multiple scattering; (040.2235) Far infrared or terahertz; (300.6495) 
Spectroscopy, terahertz. 
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1. Introduction 

The development of compact sources of terahertz (THz) electromagnetic radiation is 
consolidating emerging applications in this frequency range [1–3]. Simultaneously, the 
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growing interest in the field of plasmonics is converging to the THz regime [4–9]. Typical 
wavelengths corresponding to THz frequencies are in the range 30 μm (10 THz) to 3000 μm 
(0.1 THz), hence impairing spatial resolution for most applications. Moreover, the power of 
the available table top THz sources is still rather low, thus limiting applications in which high 
intensities are needed. Therefore, the large field confinement and enhancement that plasmonic 
surfaces can offer may be critical for the development of novel application of THz radiation 
[8, 9]. THz plasmonics have the potential to find natural applications in spectroscopic 
techniques for low concentration sensing, analysis and imaging of biological tissue and for 
security applications such as sensitive detection of explosives, drugs, chemical and biological 
agents [3]. 

Surface plasmon polaritons (SPPs) are electromagnetic waves bound to the surface of a 
conductor. These waves arise from the coupling of light to collective oscillations of the 
electronic charge density [10]. This coupling or, in other words, the confinement of the wave 
to the surface is maximal for frequencies close to the plasma frequency of the conductor and 
decreases as the frequency is reduced [11]. The plasma frequency of metals is typically in the 
visible or ultraviolet part of the electromagnetic spectrum and the confinement of SPPs to the 
metal at low frequencies, i.e., at THz frequencies, is very weak, as the waves evolve from a 
confined SPP to a delocalized Sommerfeld-Zenneck wave. Two major approaches can be 
employed to increase the confinement of THz SPPs: either electromagnetic waves bound to 
metal surfaces that mimic surface plasmon polaritons (referred to as spoof SPPs) are obtained 
by perforating a flat metal surface periodically with holes and grooves [12–18]; or SPPs are 
excited in surfaces, wires or particles, made of semiconductor instead of metal [19-20]. 
Semiconductors have a much lower plasma frequency than metals, typically in the mid-
infrared, allowing the strong confinement of THz SPPs to their surface. Another crucial 
difference between metals and semiconductors is that semiconductors are much more 
versatile materials since their plasma frequency, hence the properties of SPPs, are remarkably 
tuneable. Switching of the SPP-assisted resonant terahertz transmission through hole arrays 
has been demonstrated using magnetic, electric, optical, and thermal techniques [21–26]. Also 
the propagation and scattering of THz SPPs on semiconductors [27–29] and the response of 
metamaterials [30, 31] have been actively modified. Consequently semiconductors are 
promising candidates for active plasmonic devices at THz frequencies. 

In this paper we investigate theoretically localized surface plasmon resonances (LSPRs) at 
THz frequencies in indium antimonide (InSb) gap antennas formed by two closely spaced 
particles. We have focused our study on InSb antennas due to its large carrier mobility, which 
favors the excitation of LSPRs. InSb is a direct semiconductor with a small bandgap and a 
relatively high density of thermally excited free carriers at room temperature. LSPRs are 
identified in the far-field as resonances in the scattering cross section and in the near-field as 
maxima in the local enhancement factor of the electric field [32, 33]. In this study we have 
optimized the dimensions of dimer antennas to provide large enhancements around 1 THz in 
the antenna gap between the two particles. In analogy to optical metal nanoantennas, the 
resonances shift to lower energy for smaller gaps and for longer antennas. Using 
semiconductor antennas the resonances can be tuned in frequency by two means: passively by 
acting on the geometry, or actively by controlling the free carrier concentration. The tuneable 
character of semiconductors translates directly into the tuneability of the near-field 
enhancement. 

2. Theoretical model 

We have used the full electromagnetic (EM) Green’s integral equation formulation, modified 
to deal with surface profiles in parametric form to investigate THz dimer antennas. This 
method is very powerful to solve electromagnetic scattering problems of objects with 
arbitrary shape [34]. We consider the following scattering configuration (see Fig. 1): two 
infinitely long wires, i.e., translational invariant along the y-direction are placed close to each 
other at a distance Δ. 
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Fig. 1. Schematic representation of the scattering geometry. A monochromatic, linearly p-
polarized incident beam impinges at an angle Ө on scatterers with frequency-dependent 
homogeneous permittivity ε. The distance between the scatters is Δ. r represents a generic 
point in the (x, z) plane and (R)(s) is a generic point on the parametric curve that delimitates 
each scatter. 

This distance Δ is called the dimer gap. The incident electromagnetic field at THz 
frequency impinges at an angle θ with respect to the z axis, its electric field being in the (x, z) 
plane (p-polarization). The wires are defined by an isotropic and homogeneous frequency-
dependent permittivity ε(ω). The restriction to wires with translational symmetry has the 
advantage that it notably simplifies the formulation; in fact, we can reduce the initial three-
dimensional vectorial problem to a two-dimensional scalar one, where the EM field is entirely 
described in the case of p-polarization by the y component of the magnetic field. Applying 
Green's integral theorem, and proceeding as in Ref [34], we obtain the following system of 
coupled integral equations 

 
( ) ( )

( ) ( ) ( ) ( )[ , ( )] ( ( ))1( ) [ ( )] [ , ( )] ( ),
4
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out out
j j ji out out out

j j
j j j
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r R r R r
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⎧ ⎫∂ ∂⎪ ⎪+ − =⎨ ⎬
∂ ∂⎪ ⎪⎩ ⎭

∑ ∫
r R R

r R r R

 (2) 

if r is inside Γj. 
The subscript j can take the values 1 or 2 and indicates the j-th wire, Γj represents the 

parametric curve that describes the j-th wire and Rj(s) is a point on the parametric curve that 
delimitates wire. The superscripts (out) denotes that the magnetic field H(out)(r) is evaluated 
outside the wires. H(i)(r) is the incident field and G(out)(r, R) is the Green function of the 
system, and ∂/∂N is the normal derivative along the parametric curve. The function G(out)(r, 
R) is the Green function of free space and it is obtained from Helmholtz equations describing 
the magnetic field outside the scatterers. If translational symmetry is considered, the Green 
function is given by the zeroth-order Hankel function of the first kind. Similar expressions are 
obtained employing the Green’s integral theorem inside the wires [34]. In this formulation, 
the electromagnetic field in the entire space is written as surface integrals of the EM fields at 
the interfaces separating domains with different permittivities. Such surface EM fields have to 
be determined by solving the system of surface integral equations obtained upon evaluating 
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the above integral equations at the interface for the corresponding incident field, exploiting, in 
turn, the continuity conditions.. Sampling each surface profile, we convert the systems of 
integral equations (Eqs. (1) and (2)) into a solvable linear numerical system. This formulation 
is rigorous from the standpoint of classical electrodynamics and has been successfully applied 
to study a variety of problems with reasonable approximations of the 3D case for particular 
geometries [35]. 

In order to describe the system fully, one needs to define the permittivity of the different 
domains. Time resolved THz studies of carrier dynamics (electrons and holes) in 
semiconductors [36] have shown that the permittivity function ε(ω) of semiconductors at THz 
frequencies is well described by the Drude model for free carriers 

 
2

2( ) ( ) ,p

i
ω

ε ω ε
ω ωγ

= ∞ −
+

 (3) 

where ε(∞) is the high-frequency permittivity, γ=1/τ is the carrier momentum relaxation rate 
and τ is the average collision time of the charge carriers. The momentum relaxation rate γ is 
related to the carrier mobility μ by 

 *m eγ μ= , (4) 

where m* the effective mass of the charge carriers and e the elementary charge. The plasma 
frequency ωp is defined as 

 2 2 *
0( ) ,p e N mω ε=  (5) 

where N is the free carrier concentration and ε0 the vacuum permittivity. From the above 
expressions of the plasma frequency and momentum relaxation rate, it follows that the 
permittivity depends on the carrier concentration and the carrier mobility. Since these 
parameters can be varied in semiconductors in several ways, for example with chemical 
doping, by changing the temperature, by optical excitation of carriers to the conduction band 
or by electrical injection of carriers, the permittivity can be tuned. More details on the tuning 
properties of semiconductor THz antennas are given in section 3.3. 

The complex permittivity of undoped InSb at 300K (N = 2⋅1016cm−3) in the THz regime is  
displayed in Fig. 2(a), in which the real component is represented by the black squares and 
the imaginary component with the red circles [37]. Indium antimonide is a good candidate for 
THz plasmonic devices owing to its small energy band gap and large electronic mobility [20, 
26–29]. The plasma frequency of InSb is in the THz range (ωp/2π ≈ 2.8 THz). Therefore, the 
values of the permittivity of InSb at THz frequencies are similar to those of metals in the 
visible and near infrared, i.e., the permittivity has a real negative part with a small absolute 
value and a small imaginary component related to material losses. In contrast, the permittivity 
of gold (see Fig. 2(b)) at THz frequencies has very large negative real values and a large 
imaginary component. These values, several orders of magnitude larger than those of InSb, 
are due to the higher plasma frequency of gold compared to InSb (ωp/2π ≈2000 THz) and to 
the ω−2 dependence of Eq. (3) [38]. 
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Fig. 2. Complex permittivity of InSb (a) at room temperature and of gold (b) at THz 
frequencies calculated using the Drude model. The black squares correspond to the real 
component of the permittivity (absolute value in (b)), while the red circles are the imaginary 
component. 

The difference in plasma frequency between InSb and Au is mainly determined by the 
much higher free carrier density of metals (NAu = 5.9⋅1022 cm−3). Due to the similar 
permittivities of InSb at THz frequencies and gold in the visible, it is reasonable to expect 
localized plasmon resonances at THz frequencies on InSb antennas with scaled dimensions. 
In the next section we have investigated the scattering cross section and the THz near-field 
distribution of InSb dimer plasmonic antennas. 

3. Plasmonics resonances in InSb antennas 

3.1 Scattering cross sections 

We have focused our study on the THz scattering properties of dimer plasmonics antennas as 
the one represented in Fig. 1. Dimer antennas are formed by two similar arms of length L and 
height h separated by a subwavelength gap Δ. We consider the interaction of a plane wave at 
THz frequencies impinging on the antenna at θ=0°. The incident field is p-polarized, i.e., the 
electric field is in the plane of the figure along the x-direction, i.e., parallel to the long axis of 
the antenna. From the far field scattered by the antennas we have calculated the scattering 
cross section (SCS) [34]. We have normalized the SCS to the geometrical cross section of the 
antenna, i.e., the antenna length L. This normalization provides an intuitive characterization 
of the strength of the interaction of the incident THz wave with the antennas.. For scattering 
cross sections bigger than the geometrical cross section, the energy of the incident field 
around the antenna is concentrated on the antenna, leading to a local enhancement of the 
electromagnetic field. In Fig. 3(a) the scattering cross section normalized to the antenna 
length L, i.e., the scattering efficiency (Qeff), is shown for different lengths ranging from 30 
µm to 70 µm. The gap width is 2 µm and the height of each dimer is 5 µm. As expected, the 
SCSs exhibit a resonance when the real part of the permittivity of InSb is negative and the 
imaginary part is relatively small, i.e., around 1.5 THz. These resonances are the lowest order 
plasmonic resonances, i.e., the semiconductor structure acts as half wavelength (λ/2) antenna. 
As in the case of metal nanoantennas [34, 35], the localized plasmon resonance shifts to lower 
frequencies as the antenna length is increased. The longest antenna with L=70µm (green 
triangles in Fig. 3(a)) exhibits a small shoulder around 2.2 THz due to a weak excitation of a 
higher order resonance, i.e., the 3λ/2 resonance.. Narrower resonance widths are found for 
shorter lengths due to a reduced radiative damping. 

For comparison we have calculated the scattering efficiency of a gold antenna (Fig. 3 (b)) 
with identical geometrical parameters as the InSb antenna. Due to the huge values of the 
permittivity of gold at THz frequencies, the skin depth of gold is much smaller (some 10s of 
nm) than the antenna dimensions. Therefore, gold antennas can be approximated as perfect 
linear conductor antennas, which are resonant when the length of the antenna matches with 
multiples of half of the wavelength. In case of dimer antennas with a total length equal to 
2L+Δ and Δ << L, this resonant condition can be written as L≈mλ/4n, with n the refractive 
index of the surrounding medium and m a positive integer which indicates the resonance 
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order. Taking into account the symmetry of the antenna, when the light impinges on the top 
(see Fig. 1) only odd order resonances can be excited [34]. Thus, it is possible to approximate 
resonances in Fig. 3(b) with the odd m order given by the classical antenna theory. 

 

Fig. 3. Scattering efficiency of rectangular dimers (see Fig. 1) with different lengths L, 
illuminated with THz radiation polarized along L, the permittiviy of the background is one. 
The height h of the dimers is 5 µm and the gap Δ is 2 µm. The lengths are indicated in the 
figure legends. Figure (a) corresponds to calculations of InSb dimer antennas, while the 
calculation of (b) corresponds to gold antennas. 

An important difference between InSb and gold antenna resonances is their shape. In the 
case of gold, the first order and higher order resonances overlap resulting in a smoothed 
spectrum. Furthermore, it is possible to excite resonances at frequencies higher than 3 THz in 
gold antennas (not show in Fig. 3), whereas in InSb at room temperature there are resonances 
only below ~3 THz, i.e., below the semiconductor plasma frequency where InSb has a 
metallic character. 

3.2 Near-fields 

In order to further elucidate the differences between plasmonic resonances in InSb antennas 
and resonances in gold antennas, we have calculated the corresponding near-field patterns. 
Figure 4 displays the near-electric-field intensity distribution for a resonant antenna of InSb 
(Fig. 4(a)) and of Au (Figs. 4(b)) with the same dimensions, L=50µm, Δ=2µm and h=5µm. 
The near-fields have been calculated at their respective resonance frequencies, i.e., 1.62 THz 
for the InSb antenna and at 1.73 THz for the Au antenna. The near-field intensities of Fig. 4 
have been normalized to the incident field and plotted in logarithmic scale to distinguish the 
highest enhancements in the gap. Figures 4(c) and (d) represent the near-field enhancement 
along a line through the middle of the InSb (Fig. 4(c)) and Au (Fig. 4(d)) antenna parallel to 
its long axis. The near-fields present several similarities: there are maxima in the 
enhancement at the edges of the antenna and in the antenna gap. These maxima are caused by 
the coexistence of two effects: the lightning rod effect at the sharp corners and by the 
localized plasmon resonance. The gap enhancements are almost uniformly distributed inside 
the gap. This can be better appreciated in the zooms around the gap displayed in Figs. 4(e) for 
InSb and Fig. 4(f) Au. Quantitatively, the enhancement factors at the center of the gap are 
larger for InSb (~95) than those for Au (~75), highlighting the relevance of LSPRs in 
semiconductor antennas. For a gap size of 2 μm as displayed on Fig. 4, the field enhancement 
is increased by a factor of 1.25 when choosing semiconductors. The main difference in the 
near-field is found inside the antennas themselves. Due to the large value of the permittivity 
of gold, the electric field does not penetrate inside the antenna and the field vanishes in 
contrast to the finite field in the InSb antenna. The enhancements in Fig. 4 and 5 
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Fig. 4. Near-field intensity distribution in logarithmic scale at the main resonance. (a) InSb 
(N=2⋅1016 cm−3) antenna with a gap Δ=2 µm, length L=50 µm, height h=5 µm and ν=1.62 THz. 
(b) Au antenna with same dimension as (a) but at ν=1.73 THz. (c) Horizontal cut of (a) at z=0. 
(d) Horizontal cut of (b) at z=0. (e) Zoom around the gap of (a). (f) Closed view of the gap of 
(b). The amplitude of the incident plane wave is one and impinges from the top at θ=0° (see of 
Fig. 1), the permittivity of the background is one. 

are calculated at the resonant frequency obtained from the SCS spectrum. It should be pointed 
out that when retardation effects are important the largest near-field enhancement is at a 
frequency slightly shifted with respect to the far field resonance [39–41]. 

It is interesting to determine the field enhancement in the gap as a function of the 
geometrical parameters of the antenna at a given frequency. These calculations serve as 
guideline to design plasmonic THz antennas with optimized enhancements for, e.g., sensing 
applications. Figure 5 shows the result of this calculation at 1.5 THz varying the gap and 
length of the dimer. Similarly to what is found for metal nanoantennas, larger enhancements 
are found for smaller gaps due to the capacitive coupling of the arms of the dimer. From Fig. 
5, the largest enhancement factors are obtained for an antenna of length 40 μm. However, Fig. 
3 (a) indicates that the resonance peak in the SCS is around 1.5 THz for an antenna length 
larger than 50 μm. This difference highlights the aforementioned frequency shift between the 
near-field plasmonic resonance and the far-field resonance in the SCS. 

 

 
Fig. 5. Near-field intensity enhancement at the central point of the gap of a rectangular dimer 
InSb antenna with an electron concentration N=2⋅1016cm−3 as a function of the antenna length 
L and gap Δ. The height of the antenna is 5 µm. The electric field (p-polarized plane wave) 
impinges on the top at ν = 1.5 THz. The permittivity of the background is one. 
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Rectangular gap dimers are probably the simplest structures with large enhancement 
factors that can be understood from classical antenna theory. However, more complex 
structures can yield larger enhancements. An example of these structures is the bowtie 
antenna, which has been recently investigated in the optical regime [42]. An example of an 
InSb bowtie antenna is displayed in Fig. 6. A bowtie antenna is formed by two triangular 
particles symmetrically placed and oriented so that the triangle base is perpendicular to the 
dimer axis and with the apex pointing towards the gap. The bowtie antenna of Fig. 6 has a 
height of 20 µm, a base of 20 µm and a gap width of 1 µm. The electric field impinges on the 
top at the resonant frequency 2.1 THz. The near-field intensity distribution is displayed in 
Fig. 5(a) and the enhancements along the main axis at z=0 are shown in Fig. 5(b). For this 
particular antenna we can achieve enhancements factors larger than 103 in the gap. 

 
Fig. 6. (a) Near-field intensity distribution in logarithmic scale at the plasmonic resonance (ν = 
2.1 THz) of an InSb bowtie antenna, the permittivity of the background is one. Each triangle of 
the bowtie has the base and height with a length of 20 µm and the gap is Δ=1 µm. The incident 
field, with an amplitude equal to one and a frequency of 2.1 THz, impinges from the top as 
illustrated by the white arrow. The perpendicular double arrow indicates the polarization. (b) 
Near-field intensity at z=0. 

3.3 Tuneability of semiconductor THz antennas 

An important advantage of semiconductors over metals for THz plasmonics is the possibility 
to tune their permittivity by controlling the concentration of free carriers. This control can be 
achieved passively by changing the semiconductor dopant density or actively by injecting 
carriers, e.g., thermally, optically or electrically, from the valence band or from impurity 
levels to the conduction band.. 

Considering the optimized dimensions within the calculated range for an InSb rectangular 
antenna to support a LSPRs at 1.5 THz, i.e., L=40µm and h=5µm (see Fig. 5), we have 
explored the tuneable properties of this resonance upon variation of the carrier concentration. 
Figure 7(a) shows the near-field enhancement at the central point of dimer gap as a function 
of the free-electron concentration. The calculations are done at room temperature, using a 
carrier and temperature dependent mobility [37], and for different dimensions of the gap Δ = 
0.1 μm (down blue triangles), 0.2 μm (up green triangles), 0.5 μm (red circles), and 1.0 μm 
(black squares). A minimum in the intensity enhancement appears for N = 6⋅1015 cm−3. Below 
this value modest enhancements are obtained. A rapid increase in the enhancement is 
observed for values of the carrier concentration above 6⋅1015 cm−3, with a local maximum 
around N = 2⋅1016 cm−3 and a decrease of the enhancement for larger N. This behavior can be 
understood by looking to the value of the permittivity of InSb at 1.5 THz as a function of the 
carrier concentration. This value is represented in Fig. 7(b), where the blue triangles are –
Re(ε) and the red circle are Im(ε). The real component of the permittivity is negative, i.e., 
InSb behaves as a conductor, only above N ~6⋅1015 cm−3. For this carrier concentration the 
plasma frequency is 1.5 THz. The permittivity of InSb has positive real component and a 
small imaginary component for N < 6⋅1015 cm−3, i.e., InSb behaves as a dielectric and no large 
enhancements are expected. Above N ~ 6⋅1015 cm−3, as the imaginary component of the 
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permittivity increases, the excitation of surface plasmon resonances is less efficient due to 
larger Ohmic losses. Therefore, the most favorable carrier concentrations are below N ~ 1017 
cm−3. If the free carrier concentration is further increased, InSb approaches the perfect 
conductor limit behaving as a metal at THz frequencies. In this limit, the enhancements are 
lower and due to the lightning rod effect at the corners of the antenna. The dependence of the 
enhancement with carrier concentration does not change qualitatively when the dimension of 
the gap is varied (see Fig. 7 (a)). Only the enhancement increases inversely proportional the 
size of the gap. Note that the strong dependence of the field enhancement with carrier 
concentration, which in turn can be easily controlled in semiconductors, represents an 
important step towards active plasmonics functionalities. 

 

 
Fig. 7. (a) Near-field intensity enhancement at middle position of the gap, of an InSb dimer 
antenna as a function of the electron concentration. The antenna dimensions are h=5 µm, and 
L=40 µm with different gap widths dimensions Δ. A plane wave of frequency ν = 1.5 THz and 
polarized along L impinges on the top of the antenna (θ=0°).,The permittivity of the 
background is one. (b) Minus the real component (blue triangles) and the imaginary 
component of the complex permittivity of InSb at ν = 1.5 THz as a function of the electron 
concentration. 

Let us now turn our attention to the far field resonances and discuss their behavior as a 
function of the free-carrier concentration. The calculation of the scattering efficiencies as a 
function of frequency for different carrier concentrations is displayed in Fig. 8. These 
efficiencies are computed for a dimer InSb antenna with dimensions L = 40 µm, h = 5 µm, 
and gap width Δ = 1 µm. The dimensions of the antenna are chosen to optimize the field 
enhancement in the gap at 1.5 THz. A p-polarized electromagnetic wave field impinges on 
top. The LSPRs for a low carrier concentration evolves into a broader resonance as the carrier 
concentration is increased. Also the resonant frequency shifts to higher frequencies, from ~1 
THz to ~2 THz, as the carrier concentration increases from 1016 to 1017 cm−3. We can 
understand this behavior by considering the dependence of the permittivity and the plasma 
frequency on the carrier concentration. By increasing the carrier concentration the plasma 
frequency shifts to higher values. This, in turn, increases the frequency of the LSPR [43]. 
Moreover, a higher plasma frequency gives rise to a larger imaginary component of the 
permittivity at the resonance frequency, hence an increase of losses which broadens the 
resonance. 
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Fig. 8. Scattering efficiency of an InSb dimer antenna for various electron concentrations, The 
dimer has a gap Δ=1 µm, a length L=40 µm and a height h=5 µm, and it is illuminated from 
the top (θ=0°) with a plane wave polarized along L. The permittivity of the background is one. 

4. Conclusion 

We have theoretically investigated localized surface plasmon resonances in semiconductor 
antennas in the terahertz regime. It was shown that InSb dimer antennas with appropriate 
dimensions exhibit plasmonic resonances with large enhancement factors (102-103 times the 
incident field). The achieved field enhancement is larger than that obtained with gold dimer 
antennas with identical dimensions due to the enhanced plasmonics character of 
semiconductors at THz frequencies. These antennas are the analogue at THz frequencies of 
metal plasmonic nanoantennas in the visible. Moreover, semiconductor based THz antennas 
are more versatile than their metallic counterparts since the dielectric properties of 
semiconductors depend on the free-carrier concentration and mobility. These parameters can 
be controlled in several ways, e.g., by changing temperature, doping concentration, applying 
an electric potential or by optical pumping. The control of the permittivity allows active 
tuning of plasmonic resonances and enhancement factors. Therefore, semiconductor dimer 
antennas are excellent candidates for applications in which large THz field enhancement and 
active control of these enhancements are required. These applications can be found in THz 
spectroscopy and sensing of low concentrations and in THz modulators. 
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