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Abstract—We present an integrated amplitude modulator
operating in the 0.750-1.1-THz frequency range. This component
offers typically a modulation depth of 10 dB, a modulation
bandwidth of 40 MHz and insertion losses of 6 dB. The modulator
is based on the optical pumping of an InAs layer deposited on a
semiconductor substrate, using moderate pumping optical power
of less than 600 mW at a wavelength of 1 pm. Such performances
are possible thanks to its integration within a WR1.0 waveguide.

I. INTRODUCTION

Hz waves are attractive for many applications [1] involving

imaging and/or spectroscopy (industrial process controls,

security, biology, medicine, etc.) and in high-date-rate
communications. However, there is still active research on
components at these frequencies, mainly on THz sources,
detectors, but also on key components such as THz modulators.
Metamaterials are good candidates to efficiently manipulate
THz waves, and have been demonstrated to modulate THz
using electrical [2,3], mechanical [2,4] or optical [5,6,7]
stimuli. We recently proposed an original THz modulator based
on the photo-excitation of an InAs semiconductor [8] that was
an interesting compromise in terms of required optical pump
power and modulation bandwidth in comparison to reported
optically-pumped modulators using materials such as GaAs [6]
or Si [7]. Additionally, we conducted Comsol simulations of a
modulator based on a InAs slab grown on a GaAs substrate, that
is integrated within a standard WR1.0 waveguide [9].
Integration presents an obvious practical interest for end-user,
but it also allows to increase the optical pump intensity (for
constant power) thus improving the performance of the
modulator, since the modulation depth depends on the photo-
generated free-carrier density that scales with optical intensity.
Here, we will present the experimental characterization of the
integrated modulator.

II. AMPLITUDE MODULATOR INTEGRATION

A photo of the modulator is presented in Fig. 1. An incoming
THz signal, generated using a frequency-multiplier chain (VDI
Inc.) was focused thanks to Teflon lenses on the modulator. The
signal was collected using a standard diagonal horn antenna
whose WRI1.0 output waveguide could be connected to our
integrated modulator. The semiconductor was placed in
sandwich between the horn antenna and a commercial
waveguide. This commercial waveguide was mechanically
processed to bring an optical fiber close the semiconductor, the
InAs layer facing the optical fiber output at the optical Brewster
angle to improve the optical pumping efficiency. We used a
home-made integrated micro-lensed fibre [10] to optimize the

Fig. 1. Photo of the integrated modulator at receiver side. The incoming THz
signal is collected thanks to a standard diagonal horn antenna with a WR1.0
output waveguide. The semiconductor structure is placed between this output
and a standard WR1.0 waveguide (silver component). Mechanical process on
this waveguide allows to bring an optical fiber close to the semiconductor for
optical pumping. The modulator was then connected to a THz receiver for
measurements (right gold component on the photo).

overlap between the optical beam and the THz transverse mode
within the waveguide. In fine, the incoming THz signal was
transmitted through an optically-excited semiconductor, thus
allowing for optically-driven amplitude modulation. The output
signal was measured thanks to a calibrated heterodyne receiver
allowing for spectrum measurements.

Previous work showed that 1.55-pm optical excitation was
possible [9], and attractive as it corresponds to
telecommunication wavelengths thus offering a large variety of
on-shelf low-cost fiber-optic components. Here, we used a
1 pm excitation wavelength for practical reasons, namely to
take advantage of an available polarization-maintaining fiber-
optic amplifier. Therefore, since the photon flux scales with
wavelength, the optical pumping efficiency is reduced by about
30% but this drop of efficiency can be easily compensated by
an increased optical power thanks to the optical amplifier.

III. EXPERIMENTAL CHARACTERIZATION

We conducted static and dynamic THz characterizations of
the amplitude modulator, to evaluate the insertion losses, the
modulation depth and the modulation bandwidth.

As static characterizations are concerned, we measured
insertion losses of about 6 dB. These insertion losses are mainly
due to the residual absorption of the 5-um-thick InAs layer, a
thinner layer would offer lower insertion losses, but a reduced
modulation depth. We evaluated by simulations the losses due
to the spacing of about 500 um (semiconductor thickness)
between the two waveguides, and the losses due to the hole
within the waveguide to place the optical fiber, but these are
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Fig. 2. Experimental characterization of the THz modulator.

The top figure shows the modulation depth as a function of the optical pump
power at 1 pm. Additional insertion losses of about 6 dB have to be considered
to evaluate overall transmission.

The bottom figure shows how the modulation depth degrades with modulation
frequency for a sinusoidal excitation, showing a transfer function close to a
single-order low-pass filter. The inset shows the typical spectrum of the
modulated signal at detection, the amplitude of the modulation peak (here for a
modulation at a frequency of 10 MHz) is then reported on the transfer function
for each modulation frequency.

negligeable. Figure 2 (top) shows how transmission drops with
optical power, we observe a modulation depth close to 10 dB
for an optical power of 600 mW. Again, such a modulation
depth could be increased using either a thicker InAs layer, an
increased optical power, or an increased optical wavelength (as
long as it remains below the bandgap wavelength).

In terms of dynamic characterizations, we modulated the
optical amplitude thanks to a Mach-Zehnder amplitude
modulator. A sinusoidal signal was used for modulation,
therefore, as shown in the inset of Fig 2 (bottom), two
modulation lines appear in the THz spectrum at the output of
the modulator, at frequencies symmetrically offsetted from the
carrier frequency by the modulation frequency. We measured
the amplitude of one of these modulation lines as a function of
modulation frequency, to evaluate the dynamic transfer

function of the THz amplitude modulator. As shown in Fig. 2
(bottom), this transfer function corresponds to a first-order low-
pass filter whose cut-off frequency mainly depends on the
lifetime of photo-generated carriers in the InAs layer. This
lifetime presents different contributions related to the material
(Shockley—Read—Hall lifetime, Radiative lifetime, Auger
lifetime) and the possible recombination at interface with the
substrate. In comparison to the InAs slab that offered a 2-MHz
cut-off frequency [8], this configuration of a InAs layer grown
on a GaAs substrate offers an increased bandwidth of 8.5 MHz.

IV. SUMMARY

We presented a functional amplitude modulator with
attractive performances that could be directly integrated in
WRI1.0 waveguided THz systems, operating at frequencies of
0.75-1.1 GHz. The modulation bandwidth of this modulator
offers possible application that requires lock-in detection, e.g.
for imaging or spectroscopy measurements. Further work
consists in the study of alternative materials to propose
functional modulators at any other THz frequency.
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