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Abstract: Mid-infrared spectroscopy is a powerful technique for identifying chemical and
biological substances, increasing the demand for compact and cost-effective integrated systems. In
this context, integrated electro-optic modulators are essential to implement advanced techniques
such as synchronous detection or dual-comb spectroscopy. In this paper, we present a waveguide-
integrated electro-optic modulator operating in a broad spectral range from 5 to 9 µm wavelength,
based on a Schottky diode embedded in a graded silicon germanium waveguide. By using the
free-carrier plasma absorption effect, the device achieves an extinction ratio of up to 1.9 dB at a
wavelength of 9 µm. Two different methods have been used to evaluate the device speed. In both
cases, high-speed operation up to 7 GHz is obtained, while the optical bandwidth is estimated to
be around 3 GHz. These results represent a significant step forward in both the development of
characterization techniques and in the performance of mid-IR integrated modulators, paving the
way for high-performance on-chip spectroscopic systems.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Mid-infrared (mid-IR) spectroscopy is a precise technique for identifying chemical and biological
substances due to the presence of strong vibrational and rotational absorption bands that
correspond to fundamental molecular resonances. This makes this technique extremely useful
in many fields such as environmental monitoring, food safety, materials analysis or medical
diagnosis [1–5]. Mid-IR spectroscopy has traditionally been limited by the dependence on bulky
and expensive benchtop systems based on free-space optics. While these systems offer high
performance, they are not suitable for field deployment. However, the recent development of
mid-IR photonic circuits has opened up new opportunities to miniaturize spectroscopic systems,
resulting in lower costs and reduced power consumption [6]. While silicon (Si) exhibits strong
absorption beyond 8 µm, limiting its use at long mid-IR wavelengths [7–9], broad transparency
windows in the mid-IR can be obtained using III-V materials [10], chalcogenide glasses [11],
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or germanium (Ge) and silicon-germanium (SiGe) [12–18]. Interestingly, Ge and SiGe alloys
combine the benefits of silicon process compatibility with the wide transparency window of Ge
(up to 15 µm wavelength). Integrated photonic components, such as electro-optic modulators
(EOMs), play an important role as they allow dynamic control of the optical signal, enabling
amplitude or phase modulation and sensitivity enhancement via synchronous detection [19,20].
Additionally, the mid-IR range (from 2 to 20 µm wavelength) encompasses two atmospheric
transparency windows (from 3 to 5 µm and from 8 to 14 µm), which are crucial for applications
such as free-space communication [21,22]. This makes the development of high-speed EOMs
especially important in these areas. While EOMs have achieved notable success in the near-
infrared (near-IR) range, developing high-performance modulators for the mid-IR is still at its
infancy. However, it can be noted that by using a InGaAs/AlInAs semiconductor heterostructure,
modulation up to 20 GHz was demonstrated at 9.6 µm wavelength in a free-space amplitude
modulator [23]. As an alternative approach and to obtain broadband modulation it is possible to
use free carrier plasma dispersion (FCPD) or free-carriers absorption (FCA) effects which have
been successfully implemented in the near-IR and short-wave mid-IR region [24,25]. Recently,
FCA has been extended in the long-wave part of the mid-IR region, where a broadband integrated
electro-absorption modulator has been demonstrated relying on a Schottky diode embedded in a
SiGe waveguide [26]. The device modulates light over a broad wavelength range (5 to 9 µm),
with demonstrated operation up to 1 GHz. However, this measurement was limited by the speed
of the commercially available detector used in the experiment.

In this work, high-speed characterization of the Schottky based mid-IR integrated modulators
is tackled, with the use of two different methods based on (i) the measurement of the modulated
signal using a high-speed quantum well infrared photodetector (QWIP), and (ii) the development
of a heterodyne technique, in which a beatnote, obtained by the combination of two modulator
sidebands is measured at a low RF frequency. In both cases, high-speed operation up to 7 GHz is
demonstrated, showing a significant improvement over previously reported integrated modulators
in the same wavelength range.

2. Modulator design

The modulator is based on a waveguide fabricated in a 6-µm-thick graded SiGe layer, in which
the material concentration increases linearly from pure Si at the bottom to pure Ge at the top.
The graded layer is epitaxially grown on a 500-µm-thick heavily n-type doped Si substrate with a
doping concentration of 2× 1019 cm−3, while the graded SiGe layer exhibits a residual n-type
doping concentration estimated to be in the order of 1015-1016 cm−3. This linear increase in Ge
concentration results in a linear increase in refractive index, from that of Si (≈ 3.4) to that of Ge
(≈ 4), as illustrated in Fig. 1. The waveguide geometry is defined by etching the SiGe layer with
a width and etching depth of 6 µm. This waveguide geometry provides good mode confinement
at the top of the waveguide, where the refractive index is higher. Modulation via the FCPD
and FCA effects is enabled via the use of a vertical Schottky diode in the waveguide core [26].
To achieve this, a metal layer is deposited on top of the waveguide core, creating a Schottky
contact, while an ohmic contact is formed on the backside of the heavily doped Si substrate. High
speed operation is thus ensured by the proper design of grounded coplanar waveguide (CPWG)
electrodes, as shown in Fig. 1.

Simulations of the optical mode profiles are shown in Fig. 2(a) at different wavelengths (5.5, 6.4,
7.8, and 8.5 µm), considering transverse electric (TE) polarization, while electrical simulations of
free carrier concentrations as a function of the voltage applied to the top contact are reported in
Fig. 2(b). The simulations focus on the waveguide core, where light propagates and modulation
occurs. First it can be seen that the optical modes are strongly confined near the top of the
waveguide. This confinement arises from the gradual increase in the refractive index within
the waveguide structure, which leads to a significant overlap between the optical modes and the
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Fig. 1. Schematic cross-section of the integrated modulator showing mode confinement in
the waveguide core as well as the CPWG electrode. Right: illustration of the linear variation
of the refractive index as a function of the z-position.

depletion region located beneath the top Schottky contact. The depleted region can be seen in
Fig. 2(b) as the dark blue area, where the electron density is below 1014 cm−3. Interestingly, by
increasing the reverse voltage applied to the top signal electrode, the depletion region is enlarged,
inducing free-carrier concentration variations within the waveguide. These carrier variations
modify both the refractive index and the absorption coefficient of the material. However, at long
wavelengths such as those considered here, it can be shown that the refractive index variation
is negligible in comparison with the absorption variation, and thus only electro-absorption
modulation of the optical signal propagating in the waveguide is considered in the following.

Fig. 2. a) Simulated optical mode profiles of the fundamental TE mode at different
wavelengths (5.5, 6.4, 7.8 and 8.5 µm). Scale bar: normalized electric field intensity. b)
Simulated electron density of the EOM at different voltages (0, −6 and −12 V), considering
an n + -type Si substrate with a doping concentration of 2x1019cm−3, and a residual doping
concentration for the graded SiGe layer of 5x1015cm−3.
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To achieve high speed operation, CPWG electrodes with a ground-signal-ground (GSG)
configuration were used [26]. They have been designed to simultaneously achieve (i) impedance
matching with the characterization equipment (50 Ohms) to obtain minimum reflection of the RF
signal and optimal power transfer between the modulator and the external circuitry, (ii) speed
matching between the electrical and optical signals propagating through the modulator to avoid
reducing its performance, (iii) low RF losses along the CPWG electrodes. The equivalent circuit
of the Schottky diode which is an RC low pass filter has been included in the CPWG electrode
numerical simulations, as will be shown in the discussion section.

The complete schematic of the SiGe-integrated EOM platform based on a Schottky diode is
presented in Fig. 3. At both the input and output facets, the waveguide width is set to 15 µm to
facilitate efficient edge coupling with the optical beam. An adiabatic taper of 200 µm in length is
then used to gradually reduce the waveguide width to 6 µm, minimizing mode mismatch and
insertion loss. To interface the optical waveguide with the CPWG electrodes, additional tapers
are used to expand the waveguide width to 50 µm, matching the dimensions required to contact
the CPWG electrodes with external RF electrical probes. The modulator length is 1.55 mm,
which appears as a compromise to achieve good modulation efficiency without increasing the
loss of the device too much, as will be shown in the experimental results.

Fig. 3. Top-view schematic (not to scale) of the integrated EOM platform, illustrating
both the optical waveguide and the electrical contact pads. Legend: G=Ground electrode;
S=Signal electrode.

3. Fabrication

The fabrication process begins with the epitaxial growth of a 6-µm-thick graded SiGe layer, with
a residual n-doped concentration estimated to be in the range of 1015-1016 cm−3, on top of a
highly n-doped Si substrate (with doping concentration of 2x1019cm−3) by using low-energy
plasma-enhanced chemical vapor deposition (LEPECVD) at a growth rate of 5-10 nm/s [27], a
plasma-based variant of standard chemical vapor deposition (CVD) where the decomposition
of the precursors is induced by a low energy high density argon plasma rather than thermally
activated [28]. The growth rate is nearly independent of substrate temperature and is instead
controlled by plasma energy and density, while the composition of the deposited layer is only
determined by the precursors gas mixture introduce into the chamber. The growth process employs
an argon (Ar) plasma and four different precursor molecules: germane (GeH4), diborane (B2H6),
phosphine (PH3) and silane (SiH4). GeH4 and SiH4 provide Ge and Si atoms, respectively,
necessary for forming the SiGe, while B2H6 and PH3 act as doping agents, introducing boron or
phosphorus into the SiGe layer.

For the modulator fabrication, the first lithography step defines the pattern of the top electrical
contacts, followed by a deposition of 10 nm of titanium (Ti) and 300 nm of gold (Au) using
electron-beam evaporation. A lift-off process is then used to remove excess metal. The optical
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waveguides are patterned in a second lithography step using a positive photoresist. The pattern is
transferred into the SiGe layer using inductively coupled plasma reactive ion etching (ICP-RIE),
achieving a 6-µm-deep etch with a vertical profile. Finally, to form the bottom electrical contact,
the backside of the wafer is polished and cleaned before depositing the same Ti/Au metal stack
(10-nm of Ti and 300-nm of Au) used for the top contacts. A schematic representation of the
fabrication sequence is provided in Fig. 4.

Fig. 4. Fabrication process for the electro-optical modulator based on a Schottky diode
embedded in a graded-index SiGe waveguide.

4. Characterization

First, Fig. 5(a) shows the I-V characteristics of the modulator, exhibiting a rectifying behavior
consistent with Schottky junction operation. This confirms the presence of a depletion region
at the top of the waveguide. Analysis of the forward bias regime allows for the determination
of the series resistance, which is found to be around 15 W. Additionally, no breakdown was
observed under reverse bias up to the tested voltage range, i.e., −12 V, demonstrating good
junction stability.

To evaluate the static (DC) modulation efficiency of the modulator, light from a mid-infrared
quantum cascade laser (MIRcat-1400, Daylight solutions) was coupled into the waveguide. The
laser was operated at a pulse repetition rate of 100 kHz with a 5% duty cycle and covered a
broad spectral range from 5.5 µm to 11 µm. A DC voltage was applied to the modulator using
a Keithley 2400 source-meter via GSG probes applied on the top contacts while the bottom
contact is also grounded. The modulation efficiency was studied in the depletion regime. In
this regime, increasing the reverse bias voltage expands the depletion region, which in turn
reduces the overlap between the optical mode and the region with free carriers responsible for the
absorption. This leads to a decrease in the absorption coefficient of the guided optical mode.
For the DC measurement, the transmitted optical signal was detected using an external mercury
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Fig. 5. a) Measured current-voltage (I-V) characteristics of the Schottky modulator. b)
Relative optical transmission in the depletion regime as a function of voltage for a 1.55 mm-
long modulator for different values of the input wavelength. c) Experimentally estimated
optical losses of the 1.55 mm long modulator, due to the metal layer on the top of the
waveguide, as a function of wavelength. The solid red line is an eye guiding.

cadmium telluride (MCT) photodetector (DSS-MCT-020, Horiba), cooled with liquid nitrogen to
suppress thermal noise. The resulting electrical signal is then transferred to a lock-in amplifier for
synchronous detection. Figure 5(b) shows the relative optical transmission, i.e., the ratio between
the optical transmission at a given voltage and the transmission at zero volts, as a function of
the reverse bias voltage for wavelengths ranging from 5.5 to 9 µm. As the reverse bias voltage
increases, the transmission also increases, reaching an extinction ratio (ER) of approximately 1.9
dB at −12 V for a wavelength of 9 µm in a 1.55-mm-long modulator. Additionally, transmission
increases with the wavelength, which is consistent with the expected behavior based on the FCPD
effect. The maximum ER occurs at 9 µm because free-carrier absorption becomes stronger
with increasing wavelength in the mid-infrared range, as predicted by the Drude model, where
absorption scales approximately with λ2.

The insertion loss of the modulator was estimated experimentally by comparing the optical
transmission of two devices that differ only by the presence or absence of the top metallic layer
(along the 1.55 mm long modulator). This approach is valid because the top metal layer is the
main source of optical loss in the modulator, as will be shown by the measured values presented
hereafter. Indeed, as a comparison, typical losses of passive graded SiGe waveguides without any
metal layer range from 0.5 to 1.2 dB/cm between 5.5 to 8 µm wavelength, and remain below 2.5
dB/cm up to 9 µm wavelength [15]. The modulator insertion loss is obtained by subtracting the
attenuation of the reference waveguide (without the metal contact) from that of the waveguide
with the metal on top. The results are shown in Fig. 5(c). Modulator insertion losses range from
2.5 to 7.2 dB for wavelengths varying from 5.5 to 7.8 µm. The increase with the wavelength is
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explained by a larger mode area, which results in a larger overlap between the optical mode and
the top metal layer.

Finally, the high-speed performance of the modulator was characterized using two different
characterization techniques. The first experiment relies on the experimental setup shown in
Fig. 6. Light from a distributed feedback quantum cascade laser (DFB-QCL) operating at 8.5 µm
wavelength is coupled to the photonic circuit. A combination of DC and RF electrical signals
is applied to the modulator through a bias tee. The DC bias was supplied by a Keithley 2400
source meter, while the RF signal, at frequency fRF, is generated using an AnaPico APULN RF
generator. To ensure proper termination, a second RF probe is placed at the output end of the
modulator traveling wave electrode and connected to a 50 W load through another bias tee. The
modulated optical output is then focused on a packaged QWIP [29], which provides both DC and
RF access. The QWIP converts the optical signal into an electrical signal, which is analyzed
using an electrical spectrum analyzer (ESA) (MS2830, Anritsu).

Fig. 6. Experimental setup for dynamic characterization.

While direct measurements of the modulated optical signal at fRF generally suffer from RF
antenna effects and radiation coming from the cables, the measurement is instead performed on a
lateral sideband. To do so, an optical chopper is placed before the input lens to modulate the
incident laser beam at fc (fc = 1164 Hz in our experiment). This modulation creates a beatnote at
fRF − fc. Measuring the signal at this beatnote frequency improves the measurement sensitivity,
as there is less parasitic radiation at fRF − fc than at fRF. The signal measured on the ESA as a
function of fRF, normalized with the response measured at 100 MHz, is reported in Fig. 7(a).
For comparison, the measurement floor level, obtained when turning off the input laser, can be
seen in blue in Fig. 7(a). Interestingly, the modulated signal is clearly seen, more than 10 dB
above the floor level, up to 7 GHz. Beyond this value, the increase in the floor level, which is
explained by both the phase noise of the RF generator and by the ESA properties, prevents the
measurement of the modulated signal.

To deduce the modulator bandwidth, it should be reminded that the measurement gives the
total system response, including the QWIP response as a function of the frequency, which can be
seen on Fig. 7(b), but also the RF path response (signal generator and connecting cables) that
can be seen on Fig. 7(c). To isolate the dynamic behavior of the electro-optical modulator, the
signal measured at the ESA is then normalized by the frequency responses of the QWIP and the
RF path, and later divided by a factor of two to take into account the quadratic relation between
the optical power at the modulator output and the measured electrical power at the output of
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Fig. 7. a) Dynamic characterization of the electro-optical modulator in the depletion regime.
b) Dynamic response of the QWIP. c) Dynamic response of the signal generator and the
cables used to drive the modulator. d) Normalized optical power output after normalization
by the QWIP and signal generator+ cable responses, isolating the dynamic behavior of the
modulator. e) Normalized optical power output obtained via heterodyne detection.
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the photodetector. The evolution of the modulated optical power at the modulator output as a
function of the frequency is then obtained, and shown in Fig. 7(d). Based on this analysis, a 3 dB
optical bandwidth of more than 3 GHz is obtained. Interestingly, similar results are observed
across devices with lengths ranging from 1.55 mm to 2.3 mm.

Interestingly, a second method has been proposed to analyze the modulator frequency response,
based on a heterodyne measurement. To do so, a photonic circuit has been characterized, in
which the incident beam is split on-chip using a 1× 2 MMI, and each of the resulting beams
is modulated by a different modulator. Each modulator consists, similarly to the previously
described one shown in Fig. 3, of a 1.5 mm-long device. The modulators outputs are then
recombined using a 2× 1 MMI. The incident light comes from a CW quantum cascade laser
(MIRcat-QT, Daylight Solutions), and both modulators are subjected to a reverse bias of 4 V. Two
different RF synthesizers (Anapico APULN and Anritsu MG369xC), sharing the same clock,
are outputting 20 dBm sinusoidal signals at frequencies f and f + ∆f , respectively, where ∆f is
set to 100 MHz. The resulting output is sent to a commercially available MCT detector (Vigo
UHSM-I-10.6), connected to the electrical spectrum analyzer, and the power of the beatnote at
frequency ∆f is recorded as a function of the modulating frequency f. The resulting beatnote is
normalized by the dynamic response of electrical circuits including the sources, and the result is
shown in Fig. 7(e), where the data points are shown in red and a trend curve following a first
order Butterworth filter response is shown in grey, in order to help the reader assessing the trend
followed by the data points. It is of great importance to note that since this is the result of the
product of two modulation beatnotes, the actual optical bandwidth of the modulator could be
estimated at the −6 dB cut-off frequency of this measurement, resulting from the −3 dB cut-off
frequency of both modulators. From this measurement, a modulator optical bandwidth of 3 GHz
is extracted, exhibiting a good consistency with the direct measurement shown in Fig. 7(d).

5. Discussion

While the demonstration of high speed operation up to 7 GHz, together with a bandwidth of 3
GHz is already a significant improvement in comparison with previous results, it is interesting
to analyze the theoretical limitation of the device. Numerical simulations are then reported
to evaluate the theoretical electro-optical (EO) response of the modulator. For this purpose,
Advanced Design System (ADS) software has been used to model the equivalent transmission
line of the modulator. To properly model the propagation of the electrical and optical signals
along the modulator, the device was divided into 60 elementary cells, as shown in Fig. 8(a). The
signal line width (W) is 4 µm, and the signal-to-ground gap (G) is 30 µm, as in the fabricated
device. In each section, the equivalent circuit of the Schottky diode (series resistance, junction
resistance and junction capacitance) is integrated into the transmission line model using a scaling
factor to consider the length of the elementary cells. The diode series resistance RS has been
experimentally determined to be 15 W through current-voltage (I-V) characterization in the
injection regime. The junction capacitance Cd has also been experimentally determined to be
4.6× 10−13 F from capacitance-voltage (C-V) measurements. Finally, the junction resistance, in
parallel of Cd, is obtained by fitting the current-voltage characteristic of the diode. A value of
7.3× 106 W was obtained, but it can be noted that Rj does not play a strong role in the results
presented below. Interestingly, it can be noted that the RSCd product is approximately 7 ps,
which implies high-speed capability of the diode itself. This RC time constant corresponds to a
RC-limited 3 dB cutoff frequency of approximately 23 GHz.

Numerical simulations of the transmission line are then presented in Fig. 8(b) to 8(d). It can
be seen from Fig. 8(b) that the CPWG achieves impedance matching close to 50 W, ensuring
compatibility with standard RF characterization equipment. Figure 8(c) shows the S21 parameter
as a function of RF frequency, demonstrating low-loss RF transmission. Finally, Fig. 8(d)
represents the dynamic response, which corresponds to the modulated optical power at the
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Fig. 8. a) Schematic representation of the device segmented into Li sections used to
calculate the RF properties of the modulator and to monitor the voltage evolution along
the propagation. Inset: Cross-sectional view of the CPWG electrodes and the equivalent
circuit model of the Schottky diode-based SiGe optical modulator. b-c) Impedance and S21
parameter of the device as a function of the RF frequency for the 1.55 mm long modulator.
d) Electro-optical (EO) response as a function of the RF frequency, normalized with the
value at 10 MHz.

device output as a function of the applied RF frequency. This response is calculated considering
the actual dynamic voltage applied to the different sections of the Schottky diode along the
device. Interestingly, a −3 dB bandwidth of 26 GHz is obtained from the numerical simulation,
which aligns well with the RC-limited bandwidth, and indicates that in this modeling, the
charging/discharging time of the Schottky diode is the main limiting factor of the modulator
speed.

However, a discrepancy is observed with experiments, where the −3 dB bandwidth is limited
to 3 GHz. While the origin of this difference is not fully understood for the moment, the main
hypothesis relies on a limitation due to the taper sections used to enlarge the waveguide to apply
the external RF electrical probes. Future work should focus in an optimization of these sections
to reach bandwidth beyond 20 GHz.

6. Conclusion

In conclusion, this study represents a significant advance in the development of high-performance
integrated modulators operating in the long-wavelength range of the mid-IR spectrum. We have
experimentally demonstrated efficient modulation with an extinction ratio of up to 1.9 dB at a
wavelength of 9 µm, and high-speed operation up to 7 GHz using two different characterization
methods. While an optical bandwidth of 3 GHz has been deduced, numerical simulations indicate
that it is expected to be greater than 20 GHz. Optimization of the device taper sections will
then be pursued in the future. Furthermore, it should be noted that although the high speed
measurement was performed at a wavelength of 8.5 µm, the modulation speed of the device
is expected to be independent of the operating wavelength. These results pave the way for
future progress in areas such as on-chip photonic signal processing, environmental sensing and
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free-space optical communication within the atmospheric transparency windows (3-5 µm and
8-14 µm).
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