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ABSTRACT

We propose an efficient optically actuated THz modulator based on an ultrathin epsilon-near-zero (ENZ) slab photogenerated in an InAs
semiconductor. We experimentally demonstrate a modulation depth of 90% at 1 THz obtained with a continuous laser at irradiation lower
than 10 W cm 2. Beyond the strong attenuation of the THz transmission provided by the ENZ absorption effect, we also report a broadband
modulation of the THz waves from 1 to 10 THz. In addition, our experimental results show that the cut-off frequency of 3 dB attains 2 MHz

in the dynamic modulation regime.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012206

The development of the technology based on terahertz (THz)
electromagnetic radiation is crucial for many application domains
such as security, medicine, and wireless communication. ® The
demand for versatile THz components operating in the THz gap
(0.1-10 THz) is high. Artificial structures such as metasurfaces have
been recently investigated to dynamically control THz waves.
Thermal, mechanical, electrical, and optical actuations have been
explored to reach an efficient and high speed modulation of THz sig-
nals. Comparison between these approaches can be found in several
reviews, see, for example, Table I of Refs. 10 and 11. Among those
approaches, all-optical devices have attracted great interest since they
provide a high modulation depth. Photocarriers are generated within a
semiconductor, such as silicon, GaAs, and Ge, when it is illuminated
by a pump beam. This excess of carriers modifies the mobility and/or
the conductivity of the material, which is probed by the THz signal.
To improve the modulation depth and lower the pump power, 2D
materials such as graphene have been deposited on such semiconduc-
tors."” In that case, a modulation depth up to 94% has been reached
but for a low modulation speed of 200 kHz and in a broadband range
lower than 1 THz."” Comparison of these optically actuated THz mod-
ulators is reviewed in Refs. 11 and 14. Usually, the resonant behavior
of metasurfaces limits the modulation of the THz signal over a wide
broadband of frequency. Photo-generated metasurfaces have been
developed to overcome this limitation. In that case, a pump laser indu-
ces a local refractive index modification into a semiconductor layer,
leading to optically printed metasurfaces.'” ' The design is scaled
according to the targeted THz frequency, which provides an optimal

modulation. The main issue that prevents the implementation of all-
optical THz modulators in the application domain concerns the high
pump power required to modulate efficiently the THz signal.
However, recent theoretical results suggest that Indium Arsenide
(InAs) is a promising semiconductor to realize high THz modulation
using a low pump power in the continuous-wave (CW) regime.””*’
Recent studies demonstrate that perfect absorption also occurs within
a slab when the real part of the permittivity approaches zero. It has
been demonstrated that epsilon-near zero (ENZ) modes efficiently
absorb the incoming radiation in an ultrathin slab, presenting very
small optical losses.”* >’ An additional coupling device is needed to
excite such ENZ guided modes by using resonators or a prism in the
Kretschmann-Raether configuration.””*’ Moreover, several works
have demonstrated that the ENZ frequency can be dynamically varied
with transparent conductive oxides (for example, indium tin oxide,
ITO) or with doped semiconductors.” " In that case, an applied volt-
age modifies the electronic density, which, in turn, shifts the ENZ fre-
quency. The maximum frequency shift of the absorption peak
experimentally observed attains 20% for a modulation depth of about
20% and a 125kHz modulation rate.”” No matter how these
approaches are implemented, the modulation of the THz signal
depends on the strength of the coupling between the THz waves and
the active material. This condition is usually reached by properly
designing the metasurface (such as the size and the shape of the reso-
nators).”"** Finally, efficient THz modulators are generally complex
systems, not always CMOS compatible and operates in a narrow fre-
quency range and sometime at very low temperature. In this work, we
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propose a very simple all-optical THz modulator based on an InAs
slab. We demonstrate a modulation depth up to 90% at 1 THz for a
low pump irradiance of 8.1 W cm ™2 in the continuous-wave regime.
The optically induced modification of the refractive index produces a
broadband modulation of the THz transmission from 1THz to
10 THz. In addition, a modulation speed up to 2 MHz is experimen-
tally demonstrated in the pulse regime. The InAs semiconductor is an
attractive material, compatible with the CMOS technology and operat-
ing at room temperature.”’ In addition, the modulator is very compact
since the thickness of the InAs slab is about A/50. This efficient
absorption within an ultrathin slab is explained by the photogenera-
tion of an ENZ material.

The sample used in this work is a free-standing InAs slab of 6 um
thickness. Its preparation needs the following steps: a 15 um thick
layer of an undoped InAs and a thin layer of 300 nm of AlAsSb (etch-
stop) are deposited by solid-source molecular beam epitaxy on a
doped InAs substrate. After a partial polishing of the InAs substrate,
the undoped InAs layer is stuck using an epoxy adhesive
(ECCOBOND 144A) to a sample holder of copper covered by a thin
gold layer. Then, the rest of the InAs substrate is chemically etched by
a solution of citric acid diluted in hydrogen peroxide [CsHsO; : H>O,
(2:1)]. The etching process stops on the AlAsSb layer thanks to the
selective etching between AlAsSb and InAs.”* Finally, the AlAsSb layer
is removed with a HF buffer and the InAs slab is progressively thinned
by using a solution of phosphoric acid diluted in hydrogen peroxide
and water [H3POy : H,O; : H,O (2:1:1)] up to 6 um. The InAs slab
covers a 2mm hole of the sample holder. The slab thickness is con-
trolled by transmission experiments from 1 to 10 THz (Fig. 1) using a
Bruker Vertex 70 Fourier transform infrared (FTIR) spectrometer
equipped with a water-cooled far-infrared light-source, a Si-beam
splitter, and a cooled Si bolometer. The FTIR experiments are done
under N, flux. All the spectra are numerically smoothed to remove
absorption lines from residual gases other than N, in the FTIR spec-
trometer. We used an 808 nm laser with a collimated beam, with a
diameter larger than the hole of the sample holder and a tunable irra-
diance to photogenerate free carriers in the InAs slab. The transmis-
sion spectrum with null irradiance in Fig. 1 shows interference fringes
allowing us to adjust our model using only the thickness as a
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FIG. 1. Experimental transmission spectra for various pump irradiance values
@ : {0,0.7,2.7,4.7,6.6,8.1}Wcm~2. The inset represents a zoom of the spectra.
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parameter. Without the laser pump, the transmission peaks originat-
ing from Fabry-Pérot (FP) resonances arise around 1, 5.5, 7.25, and
8.3 THz. The THz wave is reflected in the Reststrahlen phonon band
in the range of 6-7 THz. Several modifications appear in the transmis-
sion spectrum as the laser pump irradiance denoted as @, increases
from 0 to 8.1 W cm 2. In the range of 1-4 THz, we observe a shift and
a broadening of the main transmission peak. Besides, the transmission
is substantially modulated (up to 30%) at the FP resonances (5.5, 7.25,
and 8.3 THz) since the dielectric function is significantly modified.

The optical modulation of the THz signal for a very low pump
irradiance is clearly demonstrated by representing the relative transmis-
sion modulation defined as (To — Ton)/ Tof where Topand T, are the
transmission spectra when the pump is turned off (@, = 0) and on,
respectively (Fig. 2). The maximal modulation depth attains 90% at
1 THz for ®y = 8.1 W cm 2. This very low pump irradiance produces
a drastic change for the THz transmission that decreases from 69% to
7%. This high modulation occurs for a wavelength fifty times larger
than the InAs layer thickness. The modulation attains 42%, 32%, and
27% at the respective FP resonances 5.5, 7.25, and 8.3 THz. The modu-
lation is not considered in the Reststrahlen phonon band since the trans-
mission is close to zero in this range independently of the pump power.

To understand these results, the permittivity of the InAs slab is
modeled by combining a Lorentz model for the phonon resonances
and a Drude model for the free-carrier effect,

_ _ wp(")z
8’"8“’(1 oo+ i7)

2 2
Wro — P70 1
2 2 . 1—\ b ( )
(,()TO — W — 1

where &, = 12.32, w1 = 45 x 10" rads 'w7o = 40 x 10" rads™!
I' = 0.56 x 10" rad s™". The angular plasma frequency () for the
Drude model is a function of the carrier density 1,

wp(n) = (/ne?/(megeness ). (2)

The damping coefficient is y = e/(umey), where mqg = 0.024m,
is the electron’s effective mass (with m, being the electron mass) and
W= 24000 cm? V! 5! the electronic mobility.

The laser pump photogenerates electron-hole pairs that diffuse
together within the InAs slab. This carrier density n obeys to an
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FIG. 2. Relative transmission modulation of an undoped 6 m thick InAs slab irradi-
ated with a pump irradiance of 8.1 W cm~2 at room temperature.
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ambipolar transport equation that is solved following the calculations
presented in Ref. 22. We consider an intrinsic doping
nyg =2 x 10® cm ™.

With this model, the permittivity derived from Eq. (1) is calcu-
lated when the pump switches from off to on (Fig. 3). Without the
optical pumping, the real part of the permittivity vanishes for two
ENZ frequencies: around the plasma frequency of f, = w,/2n at
048THz and at the longitudinal optical phonon frequency of
fro="7.2THz. When the pump is turned on (®y = 8.1 W cm~2), the
plasma frequency shifts to f, = 1.75THz. According to Eq. (2), the
increase in the photogenerated carrier density causes the increase in
the plasma frequency. Beyond the control over the plasma frequency
allowed by the optical pump, the permittivity is globally modified at
higher frequencies. Indeed, the Drude term in Eq. (1) introduces
changes in both the real and imaginary parts that affect the overall per-
mittivity. These modifications are directly responsible for the modula-
tion of the THz signal in the range of 2-10THz. From this
permittivity model, we are able to calculate the THz transmission as a
function of the pump irradiance (Fig. 4). These calculations fairly
reproduce the experimental data with, in particular, the shift of the
first transmission peak from 1 THz to 2.5 THz. We calculate the THz
absorption for varying pump irradiance to understand the evolution of
the THz transmission (Fig. 5). In the range of 1-2 THz, both absorp-
tion and transmission (solid line) peaks follow the shift experienced by
the ENZ frequency (dashed line). According to Eq. (2), the increase in
the carrier density is responsible for the plasma frequency shift and
consequently the shift of the ENZ frequency. The slab acts like a
Fabry-Pérot cavity that supports resonances, which can be either sym-
metric or anti-symmetric with respect to the middle of the slab. When
the wavelength is large compared to the slab thickness, the fundamen-
tal symmetric resonance is predominant. In this case, the amplitude of
the reflected wave can be written as

Qikonh _
R= A e 3)
where A is the incident amplitude, r = (1 —7)/(1 + 7)) andt =1+ r
are the Fresnel coefficients, and 7 = n + ix is the complex refractive
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FIG. 3. Real part of the InAs permittivity for ®y = 0 Wcm~2 (dashed curve) and
@) = 8.1Wcm—2 (solid curve). The inset shows the real and imaginary parts of
the permittivity around the plasma frequency for @) = 8.1 W cm—2
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index of InAs. The absorption of the THz wave is maximal when the
reflection is null, which leads to a reflection coefficient of zero. After
some analytical derivations, the thickness of the slab that satisfies this
criterion is

A 2K
h= E arctan (m) . (4)

At the ENZ frequency, the refractive index and absorption coefficients
are equal and only determined by the imaginary part of the permittiv-
ity, no = ko = /S(&m)/2 (see the inset of Fig. 3). In our case, Ky is
larger than one, which allows us to evaluate the optimal InAs thickness
hy = 7./ (73 (&m)). From Eq. (1), we estimate that the optimal thick-
ness is about 5 to 10 um for a carrier density between 10> cm 2 and
10" cm 3. The photogenerated ENZ material enhances the THz
absorption around 1 THz within a 1/50 thick InAs slab. In agreement
with the result of Fig. 5, the frequency shift of the THz transmission
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Transmission
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FIG. 5. Theoretical absorption as a function of the THz frequency and the irradi-
ance. The dashed line represents the position of the plasma frequency, and the
solid line corresponds to the transmission peak.
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originates, hence, from this ENZ absorption mechanism that occurs
close to the plasma frequency, which is optically tuned.

To evaluate the dynamic performances of the InAs slab for THz
amplitude modulation, we used the experimental setup shown in Fig. 6
and described in the figure caption. The principle of the measurements
consists of the observation of the transmitted THz spectrum through
the InAs slab illuminated by a laser beam sinusoidally modulated at
increasing frequencies f,,,. The laser beam irradiance is modulated by an
acousto-optic modulator that attains a maximal value of 2.5 W cm™2.
This optical excitation leads to a dynamic behavior of the permittivity
that can be written as &(t) = & + A&(f,,) cos (27 fy, t). The amplitude
of the perturbation A¢ depends on the efficiency of the photogeneration
process, which is limited by the recombination time t,. The transfer
function of the photogenerated carrier density corresponds to a first-

order low-pass filter 1/4/1 4 (27f,, 7,)’. The oscillating behavior of

the permittivity value leads to an amplitude modulation of the THz sig-
nal, and therefore, sidebands at f, %, appear in the THz spectrum as
shown in the inset of Fig. 7 for f,, = 5kHz and for an incident THz

Power of 18 dBm

Synthesizer at 11.419753 GHz

Frequency multiplication (x81)
& Amplification

10 pW at

_—0.925 THz

Sine-wave

Horn ——
antenna

10-cm focal
Teflon lenses ¢ )

InAs Sample
~500 pm from_,
the horn antenna

Active frequency
down-converter
x96)

IFy &LO

Spectrum | Observation at
analyzer [0.925 THz +f

FIG. 6. Experimental setup implemented to study the dynamic THz transmission at
0.925 THz through a 6 um-thick InAs slab photo-excited by a 808 nm laser pump.
This 500 mW laser has an amplitude modulated by a 80 MHz acousto-optic modu-
lator (AOM). The THz source consists of a frequency-multiplied chain (from VDI
Inc.) driven by a synthesizer. The waveguide output permits the propagation of fre-
quencies from 0.75 to 1.10 THz with an output power close to 10 uW. A horn
antenna is used at the waveguide output to reduce diffraction, and a couple of 10-
cm-focal-length Teflon lenses is used to focus the THz signal into a THz heterodyne
detector. This detector consists of an active frequency down-converter chain (from
RPI Inc.) driven by the local oscillator of an electrical spectrum analyzer. Thanks to
a multiplication factor of 96, the local oscillator mixes with the incoming THz sig-
nal at the front-end Schottky diode of the down-converter chain, thus producing a
low-intermediate frequency that is detected by the spectrum analyzer. The input
THz power is collected with a horn antenna. The InAs slab is located as close as
possible (about 500 um) in front of the receiver horn antenna.
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signal of frequency fy = 0.925 THz. Remark that high frequency modu-
lation of the permittivity is responsible for non-reciprocal behavior of
light in current photonic devices.”” The cut-off frequency is measured
by monitoring the amplitude of the satellite THz signal at the frequency
fo + fm as the modulation frequency of the pump f,, is increased (see
the inset of Fig. 7). The accuracy of the spectrum measurement observed
using a frequency-swept analyzer is strongly degraded by the frequency
noise related to the extreme frequency multiplication factors that are
involved at both the source (x81) and detection (x 96) sides. Therefore,
for each modulation frequency, we acquired 20 spectra centered at
fo + fm with a span of 1 kHz and only retained the maximum amplitude
in a post-processing analysis.

The transfer function of the InAs slab is extracted from these
measurements, after being corrected by the AOM transfer function
that was preliminarily measured (Fig. 7). According to the photogen-
eration dynamics, the THz response of the InAs film can be fitted (red
curve) by a first-order low-pass filter whose experimental cut-off fre-
quency is 2 MHz. We remark that the transfer function drops below
the fit at high modulation frequencies (above few MHz) since the aver-
age pump irradiance reduces as the modulation frequency increases.

In conclusion, we have demonstrated that an ENZ absorption
effect achieved in a sub-wavelength InAs slab leads to a high modula-
tion of the THz signal. In the continuous regime, the modulation
depth attains 90% at 1 THz. Beyond this resonant ENZ modulation,
the THz signal is also modulated in a broadband of frequency from 2
to 10 THz at the Fabry-Pérot resonances. This THz modulator is opti-
cally actuated by a laser pump of irradiance lower than 10 W cm 2
and works at room temperature. In the dynamic regime, the optical
actuation is demonstrated to be efficient until a frequency of 2 MHz.
These theoretical and experimental results open up possibilities for a
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FIG. 7. The transfer function of the InAs slab: the dots correspond to the experi-
mental data and the solid line to their fit with a first-order low pass filter. The inset
of the figure shows the THz spectrum measured using a 10 Hz resolution bandwidth
for a laser amplitude modulation frequency of f,, = 5 kHz.
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new concept of pure phase/amplitude THz spatial modulator for
single-pixel THz imaging.
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