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Abstract. Using a global optimization algorithm, Differential Evolution, we
show that optically actuated THz modulators can be designed using multilayers
of InAs and GaSb semiconductors. The optical pump is actually able to generate
photocarriers which diffuse into the structure and drastically modify its response
at THz frequencies. A modulation depth between 63 % to 85 % is reached in
the range of 1-3 THz for a low pump irradiance of 10 W.cm ™2 in the continuous
regime, whether the modulators operate at one or up to four arbitrary chosen
frequencies.
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1. Introduction

Terahertz (THz) electromagnetic waves are expected to
play a crucial role in several domains such as security,
wireless communication, imaging, sensing [1, 2, 3, 4, 5].
Even if important milestones have been reached when
it comes to THz sources and detectors [6, 7, 8], there
is a pressing demand for versatile devices able to
manipulate the amplitude or the phase of THz signals.
Several approaches have been proposed to address the
lack of adapted materials and of a clear path towards
compact, cheap and efficient devices [9, 10, 11]. While
the modulation speed and depth constitute the first
performance indicators, it is highly desirable for a
modulator to operate at room temperature, consume
little energy and to be manufactured at low cost[12].
Metamaterial-based modulators have for example
been used to enhance the interaction with the
electromagnetic wave, achieving a large modulation
and fast response in a narrow band of frequency.
The resonant behavior of the metasurface can be
modulated by applying different external stimuli such
as a temperature change, an illumination or an electric
field, thereby realizing the modulation of the THz
waves [13, 14, 15, 16, 17, 18, 19, 20, 21]. Comparative
studies of these approaches can be found in the latest
references.  However, such an approach relies on
costly top-down fabrication processes. Recently, high
electronics mobility transistors (HEMT) combined
with metasurfaces have been proposed to increase the
modulation speed [22, 23, 24, 25]. A 400 kHz 3 dB
cut-off frequency has for instance been realized with
a relative modulation depth of 90% over a spectrum
bandwidth of 83 GHz (435.6-518.4 GHz) [26]. However,
the performance of such devices is severely degraded
at room temperature, reaching only a 30% modulation
and thus preventing any easy on-chip integration.
Bulk semiconductors have also been investigated,
because they offer the possibility to literally photo-
generate metasurfaces. In this approach an optical
pump creates carriers inside the semi-conductor, which
will locally change its permittivity and thus its optical
response. Well chosen illumination patterns allow
to tailor the metasurface response. The modulation
band can be largely broadened for these devices,
allowing for the device to operate over a wide range
of frequencies[27, 28, 29, 30, 31, 32]. A transient
metasurface presenting a wide modulation band from
0.5 to 2 THz has been demonstrated with GaAs

[33]. The main limitations of this approach come first
from the optical pump power required to efficiently
induces the refractive index change and then from the
recombination time of the photocarriers which limits
the modulation speed.

A review of the literature thus shows that for now,
THz modulators rely on complex physical concepts
making them difficult to design, because of a lot of
nonlinear feedback. Furthermore, they are rather
costly to fabricate. Recent results however suggest
that InAs is an interesting candidate to realize an
efficient modulation with a very low pump power
[34]. An ultrathin epsilon-near-zero (ENZ) slab photo-
generated in InAs semiconductor has presented a
relative modulation depth of 90% at 1 THz with a
continuous laser for an irradiation typically lower than
10 W.em™2 and a 3dB cut-off frequency of 2 MHz in
the dynamic regime [35].

In this work, efficient optically actuated THz
modulators based on multilayers alternating InAs and
GaSb slabs are designed by the use of a Differential
Evolution (DE) algorithm [36]. Single and multi-
frequency modulators are demonstrated in the range of
0.5-5 THz with a low pump irradiance of 10 W.cm ™2
in the continuous regime. High modulation depth
between 63 % to 85 % is reached in this range of
frequency. The structures are simple to fabricate since
they present only few layers (6 to 12 layers) and provide
a versatile and cost effective platform.

In section II, we detail the physics of the
modulator and how the response of the modulator
in the THz range can be simulated. We extend
the previous photogeneration theory detailed in [34]
to the case of a more realistic nonlinear transport
equation. We then detail our methodology regarding
the design and introduce the optimization algorithm
on which we rely on. In the last section, we
present modulators working for a single or multiple
wavelengths and discuss how these solutions can be
physically understood, a key point to strengthen our
confidence in the optimization results.

2. Physical principles and optimization
methodology

2.1. Photogeneration in semiconductor multilayers

We consider a multilayered structure consisting of
GaSb and InAs layers illuminated by a plane wave in
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Figure 1. Scheme of the multilayered structure consisting of
N InAs-GaSb pair of slabs. The infrared and THz plane waves
progress toward the positive y-axis. The layers’ thicknesses are
denoted hiI"AS and hiGaAs.

normal incidence at an infrared wavelength of 815 nm
corresponding to the emission of a titanium-sapphire
laser (see Fig. 1). This structure is surrounded with
air. The permittivity of the GaSb semiconductor is
described by a Lorentz model [37, 38] :

QQ _ QQ
+ LO TO )7 (1)
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where the GaSh material parameters are eG*5* = 14.4
Qro = 43.9 x 1012 rad/s Qro = 42.2 x 102 rad/s
' = 056 x 102 rad/s. At the infrared frequency,
the GaSb layers can be considered a lossless dielectrics
with a permittivity eoGoaS b and consequently the pump
field is only absorbed in the InAs layers which
permittivity ef%As = 13.64 + 3.3¢ at the 815 nm pump
wavelength. Using a scattering matrix method for
numerical reliability [39], we compute the electric field
FErr inside the structure for a pump irradiance denoted
(I)()Z

Err(y) = vV2Zo®oE(y), (2)

where Zj is the vacuum impedance and E(y) the
normalized electric field at the coordinate y.

This infrared pump irradiation generates carriers
within the InAs layers whose density dn is governed by
the ambipolar transport equation. In the steady state
regime, this equation can be written

d25n_ on - Gy) 3)
dy2  L2(on) D,

The source term G°P(y) of photogenerated electron-
hole pairs is directly proportional to the absorption
and can thus be written

GP(y) = m/(hcZo)S(e1r) | Errly) I, (4)

where h the Planck’s constant and ¢ the speed of
light in vacuum. This expression shows that the
photocarriers are only generated inside the InAs
layers since the imaginary part of GaSb permittivity
is considered negligible. =~ The photocarriers then
diffuse within each InAs layers at a distance which
depends on the ambipolar diffusion length defined
by Lo = \/DaTers, where the ambipolar diffusion

coefficient for InAs is D, = 23.5em?s™! at room
temperature [40]. As often, surface recombination
is neglected in the present study. Conversely to
[34], the ambipolar diffusion length depends here on
the effective recombination time of the photocarriers
Teff, which takes into account three recombination
processes:  the Shockley-Read-Hall recombination
(SRH), the radiative recombination and the Auger
recombination [40]. The effective recombination rate
can be expressed as a polynomial expansion:

1 1
= + Bén + Coén?, (5)
Teff

TSRH

where Tgpy = 1.15 x 1076 s is the SRH recombination
time, B is the radiative bimolecular recombination
coefficient equal to 107'%cm.s™! and C = 1.3 x
10728 em3.57! being the Auger coefficient [40]. From
this equation, we plot the effective recombination time
and the associated ambipolar diffusion length as a
function of the carrier density, Fig. 2.

Teff X 1076 (s)
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Figure 2. Effective recombination time and ambipolar diffusion
lenght as functions of the photocarrier density.

Any increase in the density of photogenerated
carriers results in a decrease of both 7.y; and L,.
Given the dependency of L, on the carrier density, the
ambipolar equation Equation (3) is highly non-linear.
The pump irradiance monitors the carrier density
which has an impact on the ambipolar diffusion length,
which in turn has an impact on the carrier density,
and so on. To solve this self-consistent problem, we
assume that the carrier density is homogeneous inside
each InAs layer. This approximation holds as long
as the thicknesses of the InAs slabs are much smaller
than the ambipolar diffusion length. Therefore, in this
study, the maximum thickness for the InAs layers is set
to 10 wm, 2 times smaller than L, for the irradiance
considered in this work. We then use an iterative
algorithm to solve the ambipolar equation Equation
(3). The procedure is initialized with an effective
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recombination time TFE% = TsrH. At iterative step

(k), the ambipolar diffusion length is determined from

L = \/Dar(}).
calculated by solving the ambipolar equation thanks
to a finite difference scheme. For iteration (k+1), a
new value of the effective recombination time Tél;}rl) is

derived from Equation (5). This step is repeated until

the condition \Te(;f}rl) — Te(l;}| < 10719 is satisfied. The
method converges in less than ten iterations.

The variations of the electronics density induced
by the pump modify the electromagnetic response of
the InAs layers at THz frequencies. In the THz
range, the InAs relative permittivity is modeled by
combining a Lorentz model for the phonon resonances
and a Drude model to describe the contribution of the

photocarriers [37, 38]:

The carrier density 57(lk) is then

e = oo (1 ()’ “io ~“io ). (©)
wlw+1iy(n))  wiy—w? —iwl
where e, = 12.32, wpo = 45 x 102 rad/s wro =

40 x 1012 rad/s T' = 0.56 x 10'2 rad/s.

The plasma angular pulsation wy(n) for the Drude
model is a function of the carrier density n which can
be written

wp(n) = \/ne?/(meyréoeco)- (7)

The damping coefficient is v = e/(umcsr) where
mesr = 0.024m,. is the electron’s effective mass
(with m. the electron mass in vacuum) and pu =
24000 cm?.V~1.s7! the electronics mobility. Here, we
have considered that the InAs layers are slightly doped
with silicon, which introduces an intrinsic density
no = 2 x 10%em™3. The total carrier density is thus
n = dn+ng. As a consequence, the plasma frequency is
close to 0.5 THz without any optical pumping. When
the pump is turned on, the electronics density increases
which shifts the plasma frequency to larger values
according to Equation (7).

The optically induced modification of the InAs
permittivity is then able to yield a modulation of the
transmission of a THz plane wave interacting with the
structure. We define the modulation depth as the
difference between the THz transmission coefficients
when the optical pump is either turned on or off:
M = T,, — Topr. These transmission coefficients
are computed by actualizing the InAs permittivity
inside the structure thanks to Equation (6) and by
using again the S-matrix formalism, but in the THz
range this time. For example, we consider a single
10 pm thick InAs layer. The transmission spectra
obtained when the pump irradiance ®q is null or
equal to 10 W.cm ™2 are shown in Fig. 3a. Without
the laser pump, we observe several transmission
peaks corresponding to Fabry-Perot resonances. The

transmission vanishes between 6 and 7 THz in the
Reststrahlen phonon band.

When the pump is turned on, the incoming light
is completely absorbed within the InAs layer since the
typical penetration length is only about 200 nm. Even
though the photocarriers are efficiently photogenerated
close to the surface, they diffuse into the whole slab,
since the ambipolar diffusion length is much larger than
its actual thickness. The photocarrier density being
homogeneous, the permittivity at the THz frequency
can be considered homogeneous inside the InAs layer.
This modification of the permittivity leads to a strong
attenuation of the transmission for frequencies lower
than 2 THz. The transmission peak around 3.6 THz is
smaller and slightly shifted. The optical modification
of the InAs permittivity allows one to modulate the
THz signal whose maximal modulation depth reaches
-0.44 at 0.8 THz, which represents here a 93% relative
variation, as shown Fig. 3b. The second modulation
peak with M = —0.37 is observed at 3.6 THz.
The drastic modulation around 1 THz is attributed
to an epsilon near-zero absorption mechanism which
has already been theoretically and experimentally
demonstrated [35]. However, this response, for a single
layer, is restricted to a narrow frequency band around
1 THz. In the following, we show that a multilayered
structure allows to select the target THz frequency on
a wider range or to modulate several well identified
frequencies.

2.2. Design of THz modulators with a differential
evolution algorithm

The design of efficient and at demand THz modulators
based on a multilayered structure as described above
is very challenging. There are no rules which can guide
the design, as the modulators have a complex response.
Obviously, in order to reach the maximum modulation
for a set of given THz frequencies, there must be a very
large difference between the response of the structure
with and without the optical pump. However, the
THz response of the structure is controlled by the way
the pump is able to penetrate inside the structure, a
phenomenon which is controlled by the interferential
patterns which appear and are dependent on the
geometry. The pump intensity gives the source term
in the highly nonlinear transport equation governing
the photogeneration process. Finally the electronics
density varies strongly with any change in the thickness
of the InAs layers. While multi-physics problem can
be simulated, as shown above, it is difficult to suggest
any design rule. We thus use a global optimization
algorithm remotely inspired by sexual evolution, which
is particularly suited for photonics problems which are
clearly modular, in the sense that the different parts of
the structure play often a specific role [41]. We follow



Inverse-designed terahertz modulators based on semiconductor multilayers 5

Transmission

Modulation depth
Reststrahlen phonon band

2 4 6 8 10

frequency (THz)

Figure 3. (a) Transmission spectra for a 10 um thick InAs layer.
The solid and dashed lines correspond to the transmission when
®g = 10 W.em™2 and when the pump is turn off respectively.
(b) Modulation depth M as a function of the frequency.

the same methodology as in [42]. After comparing
the most common variants (DE/rand/1, DE/best/1,
DE/randToBest/1, DE/currToBest/1, DE/rand/2,
and DE/best/2, identified according to the usual
classification [36, 43]), we use DE in its current-
to-best DE2 version to minimize a cost function
which quantifies the targeted functionality. In this
framework, each generation is constituted of IV, vectors
x. The components of a vector x are the thicknesses
of the GaSb and InAs layers denoted h§*5® and him4s.
From this set of vectors x, (n = 1,2,...,Np) an
offspring v is generated. It combines the difference
between two randomly chosen individuals (x,; and
xr2) and the difference between the best individual x;
for this generation and the vector x,,:

v =X, + a(Xp — Xp) + F(xp1 — Xp2). (8)

To increase the diversity of the population, a mutation
process with variable-wise mutation rate C'R mixes the

genes of the parent and of the offspring. Finally the
parent x,, is replaced by the mutant offspring if the
latter lowers the cost function. Our optimizations are
performed with a population N, = 30, a mutation
probability CR = 0.8 and the parameters a = 0.6
and F = 1. The algorithm is initialized with a
random set of x, lying in our parameter space (see
section 3) and these calculation are made 10 times to
be sure that the structure is optimal. Our strategy
aims at finding the simplest structure that matches
our objective. For this purpose, we consider N pairs
of GaSb-InAs layers, Fig. 1. The optimization is
performed for an increasing number of N= {1,2,...}
which leads to determine 2N thicknesses. The number
of pair of layers is incremented until the cost function
of the (N+41)-structure does not outperform that of
the (N)-structure. DE systematically converges to the
optimal solution since the following structures consist
of a number of layers smaller than 20 [42]. We estimate
that the accuracy on the thicknesses less than 0.1 pm.

3. Results

In this section we present THz modulators based on
GaSb and InAs multilayers designed by DE and which
can be deemed interesting. We consider the frequency
range 0.5-5 THz and we calculate the modulation depth
for a pump irradiance ®y = 10W.cm~2. This low
value is similar than that utilized in an experimental
demonstration of a THz modulator based on an
epsilon-near-zero slab [35]. In the following, the
maximal thickness for each layer is limited to 10 um.
The structure is illuminated in normal incidence by a
plane wave for both infrared and THz radiations.

3.1. Single-frequency THz modulators

3.1.1. 8 THz modulator For many application it
is essential to modulate the THz signal at a target
frequency. Here, we look for the simplest structure
that presents a maximal modulation at a frequency fo.
We choose to optimize the absolute modulation depth
rather than the relative modulation depth to get the
largest possible variation of the transmission.

The cost function minimized by DE is simply
cost = 1 — |M(fo)| where M(fy) is the modulation
depth calculated at the frequency fo.

We start with fy = 3 THz. The modulation depth
spectra are calculated for an increasing number of layer
pairs, and the results are shown Fig. 4(a-c). The
corresponding structures are represented on Fig. 4(d-
f) where the real part of the permittivity is calculated
at fo when the pump is turned on. The incident
THz wave progresses from left to right. The optimal
2-layers structure found with DE is made of GaSb
and InAs layers of respective thicknesses h{'@® = 9.7
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pm and hi"4s = 3 pm, as shown Fig. 4(d). At 3
THz, an irradiance ®, = 10 W.em™2 is not intense
enough to obtain a metallic behavior for the InAs
layers (i.e. a negative permittivity). The modulation
depth spectrum shows a peak around 3 THz with
M(fo) = —0.45 for N = 1. The 4-layers and 6-layers
structures (N = 2 and N = 3) are more resonant since
the modulation peak at 3 THz presents a smaller full
width at half maximum (FWHM) (see Fig. 4(b,c)).

0.2 T
£ 9 (a’) ! d
Q.
)
c-0.2
o
£-04
8 I
=06 1 N = 1
0.8 L
1 2 3 4 5 0 5 10
frequency (THz) position (um)
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< b |
52 0
3
c-0.2
S
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Figure 4. (a-c) Modulation depth as a function of the frequency
for a number of GaSb-InAs layer pairs N = {1,2,3}. The target
frequency is fo = 3 THz. (d-f) Real part of the permittivity
within the multilayers with N = {1,2,3} calculated at 3 THz
and for ®g = 10 W.cm~2. The red and blue bars correspond to
the InAs and GaSb layers.

The efficiency of the modulator increases as the
number of layers increases, as summarized Fig. 5.
The modulation depth M(fy) reaches -0.59 for a 3 and
4 layer pairs. A maximal relative modulation depth
|1 — Torp/Ton| of 63 % is reached. The simplest and
efficient THz modulator operating at 3 THz is obtained
for N=3 since an additional structuring does not bring
any further improvement.

The analysis of the structures obtained for one to
three pairs of layers reveals that the two first GaSb
and InAs slabs present similar thicknesses about 10
wm and 3 pum respectively, Fig. 4(d,e,f). This pair of
slabs is the fundamental building block responsible for
the modulation at 3 THz. The additional structuring
for larger structures mostly sharpens the resonance and
increases the efficiency of the modulator. This behavior
proves that our photonics structures are modular.

Furthermore, the transmission spectra calculated
for the simplest N=1 structure shows that the
transmission is optimized at the resonant frequency
when the pump is off Fig. 6. We conclude that
DE algorithm first looks for structures that boost
the transmission by tailoring a Fabry-Perot resonance
at the targeted frequency. Next, when the pump is
turned on, the modification of the material properties
shifts and lowers the transmission which allows one to
get an optimal modulation. The DE algorithm thus
indicates that a strategy based on the optimization
of the transmission rather than of the absorption, as
developed with metamaterials [17, 10, 12, 35], may
actually be an efficient strategy.
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Figure 5. Modulation depth (solid line) and relative

modulation depth (dashed line) calculated at 3 THz for an
increasing number of GaSb-InAs layer pairs.
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Figure 6. Transmission spectra for the optimal 3 THz

modulation presenting N=1 pair of slabs (see Fig. 4 (d)). The
solid and dashed lines correspond respectively to the on and off
states.

8.1.2. 1 THz modulator The optimized multilayer
obtained above is not a general structure that is able
to operate at another frequency. For lower frequencies,
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a 10 W.em™?2 irradiance induces a metallic behavior
for the InAs layers which drastically modifies the
optimization strategy. For example, let us consider
a target frequency fy = 1 THz. Following the same
principle, the optimal modulation depth is plotted as
the number of the layer pairs increases in Fig. 7.
The modulation is about -0.69 for less than 3 pairs
and reaches -0.75 for 5 and 6 pairs. The modulation
spectra shows a wide resonant peak around 1 THz for a
single pair of GaSb and InAs layers whose thicknesses
are respectively 0.02 pm and 1.9 pm, Fig. 8(a). The
InAs layer becomes metallic in the THz range when the
pump is turned on, with a real part for the permittivity
about -45, Fig. 8(c). This metallic slab is placed in
front of a multilayer consisting of 5 pairs of layers,
Fig. 8(d). We underline that the final structure comes
down to a simple bi-layer structure consisting in an
InAs layer of 3 pum, followed by a 36 pm GaSb layer.
In that case, the 1 THz peak is sharpened and the
optimal modulation depth reaches -0.75 (i.e. 85 %),
as shown Fig. 8(b). Again the first InAs layer is the
fundamental building block present in all the optimized
1 THz modulators, another sign that the problem,
despite its overall complexity, is still modular.

-0.66 0.86 5o
o
- —+— - <
fo=1THz F~7F==7% =
5 068 {084 @
-8 / )
a) / 3
~ 07 ) 0825
2 S
) ©
= -0.72 08 O
B >
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= o 0785
2
-0.76 : 0.76
1 2 3 4 5 6
N
Figure 7. Modulation depth (solid line) and relative

modulation depth (dashed line) calculated at 1 THz for an
increasing number of GaSb-InAs pair of layers.

One could wonder if that modulator still works
whatever the pump irradiance since the photogenera-
tion process directly drives the permittivity profile of
the structure. As seen on figure 9, the modulation
peaks, and particularly the 1 THz peak, do not shift
notably when the pump irradiance changes. The mod-
ulation depth varies from -0.36 to -0.78 for an irradi-
ance ranging between 1 and 15 W.cm 2. We conclude
that the optimized THz modulator is efficient at any
pump power with a modulation depth at 1 THz that
depends nonlinearly on the irradiance, according to the
results shown in Fig. 10.
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Figure 8. (a-b) Modulation depth as a function of the frequency
for a number of GaSb-InAs pair N=1 and N=5. The target
frequency is fo = 1 THz. (C-d) Permittivity maps for the
multilayers with N=1 and N=5 calculated at 1 THz and for
®p = 10 W.cm 2. The red and blue bars correspond to the InAs
and GaSb layers.
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Figure 9. Modulation depth spectra for several pump

irradiances for the optimized multilayer with N=5 operating at
1 THz.

3.2. Multi-frequency THz modulators

As seen previously, complex structures actually present
several THz modulation peaks. This behavior opens
the possibility to design efficient multi-frequency THz
modulators. We consider now a set of ny target
frequencies f; with ¢ = {1,...,ny}. The cost function is
defined by cost = 1— % S IM(fi)| where the M(f:)
is the modulation depth calculated at the frequency f;.
Here, we look multi-frequency modulators operating
at the target frequencies {1,2,3,4} THz. The DE
algorithm found an optimal structure for N=4 whose
modulation spectrum corresponds to the objective Fig.
11 (a). The respective modulation depth are -0.62, -
0.56, -0.53, -0.27 from 1 to 4 THz. The thicknesses



Inverse-designed terahertz modulators based on semiconductor multilayers 8

Modulation depth

5 10 15
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Figure 10. Modulation depth for the optimized multilayer with
N=5 operating at 1 THz as a function of the pump irradiance.

of the layers are h¢*5® = {8.3,7.2,3.3,8.1} um and
hinAs = £10,0,0.01,0} pm. Here, we represent the
refractive indices of the materials calculated at the
infrared frequency since the InAs permittivity changes
in the range of 1-4 THz, Fig. 11 (b). By eliminating the
layers with a vanishing thickness, the optimal structure
simplifies in a 10 pwm InAs layer sandwiches between
two GaSb layers of thicknesses 8.3 and 18.6 um.
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Figure 11. (a) Modulation depth for the optimized multilayer
with N=4 operating for the set of target frequencies {1,2,3,4}
THz. (b) Refractive index at the infrared frequency. The red
and blue bars correspond to the InAs and GaSb layers.

Such a multi-frequency THz modulator is not easy
to design since both InAs and GaSb are dispersive
materials.

To illustrate the efficiency of the DE optimization
method, we now chose a set of resonant frequencies
{1,3,4} THz and we impose a minimal modulation
at 2 THz. Again DE algorithm found an efficient
solution for N=4, Fig. 12 (a). The modulation depths
calculated at 1, 3 and 4 THz are respectively -0.57,
-0.33, -0.39 while the modulation depth at 2 THz
is almost null (-0.04). This novel modulator is now
quite different than the previous one, Fig. 12 (b).
The thicknesses are h“*%% = {7.3,3.8,19.1} um and
hinAs = {3529} um. To achieve this non trivial

modulator, a GaSb layer of 3.8 pm in now inserts
into the InAs layer. These results demonstrate that
complex modulation operations can be obtained with
a reduced number of layers.
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Figure 12. (a) Modulation depth for the optimized multilayer
with N=4 presenting a high modulation for the frequencies
{1,3,4} THz and a minimal modulation at 2 THz. The dashed
lines correspond to the target frequencies. (b) Refractive index
at the infrared frequency. The red and blue bars correspond to
the InAs and GaSb layers.

4. Conclusion

We have shown that multilayers alternating GaSb and
InAs materials are simple structures which nonetheless
allow to conceive optically actuated THz modulators
presenting a high efficiency. As the physics of these
device is rich and highly nonlinear, we have used a
global optimization algorithm, Differential Evolution,
to compensate for the lack of design rules in the present
case. This algorithm has been able to tackle such a
complex multiphysics optimization problem, involving
a simultaneous optimization of the spatial extension
of optical pump within the structure, of the nonlinear
photogeneration process and the management of the
THz signal in both on and off states.

This approach has allowed us to design THz
modulators operating at single or arbitrary multiple
frequencies in the range of 0.5-5 THz. Our results
show that the design strongly depends on the desired
functionality. However, all the designs are optically
understandable. A physical analysis indicates that the
DE algorithm targets the transmission rather than the
absorption, which is the approach commonly taken in
the case of metamaterial modulators. The approach
suggested by our analysis could inspire design rules in
the future, as this strategy has allowed the algorithm
to reach particularly important modulation depths.
Feasible multilayers of GaSb and InAs actually present
modulation depths up to -0.75 and -0.59, obtained at
1 and 3 THz respectively for a low pump irradiance of
10 W.em™2 in the continuous regime. The proposed
structures might be realized using epitaxy techniques
such as hydride vapour phase epitaxy. These results
clearly open up a route for the realization of cheap,
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easy to fabricate and efficient THz modulators with a
MHz frequency rate.
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