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1 GHz electro-optical silicon-germanium
modulator in the 5-9 um wavelength range
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Abstract: Spectroscopy in the mid-infrared (mid-IR) wavelength range is a key technique to
detect and identify chemical and biological substances. In this context, the development of
integrated optics systems paves the way for the realization of compact and cost-effective sensing
systems. Among the required devices, an integrated electro-optical modulator (EOM) is a key
element for advanced sensing circuits exploiting dual comb spectroscopy. In this paper, we have
experimentally demonstrated an integrated EOM operating in a wide wavelength range, i.e. from
5 to 9 pum at radio frequency (RF) as high as 1 GHz. The modulator exploits the variation of free
carrier absorption in a Schottky diode embedded in a graded silicon germanium (SiGe) photonic
waveguide.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Mid-infrared spectroscopy is a universal tool to identify and detect small traces of hazardous and
toxic substances due to the different vibrational and rotational resonances of molecules, leading to
light absorption at specific wavelengths in the mid-IR. Numerous applications are thus foreseen in
environmental detection, medical diagnosis, security and defenses [1—4]. Until now, most of the
commercially available mid-IR equipment systems are bulky and expensive, meanwhile a variety
of studies are focused to scale them down exploiting on-chip integration. Mid-IR integrated
optical circuits is expected to be a key solution to develop compact, efficient, and portable
sensing systems. Furthermore, silicon (Si) photonics is a solution of choice to take advantage
of reliable and high-volume fabrication. Among the different integrated optical functions, a
high-performance integrated EOM is expected to have a huge impact on spectroscopic systems.
Indeed, dual comb spectroscopy has been demonstrated to be a unique tool enabling the scan
of the optical spectrum with high frequency resolution, obviating step-by-step measurement in
the frequency domain. It relies on optical frequency combs, which consists of regularly spaced,
coherent lines in the frequency domain. In the mid-IR wavelength range, frequency combs
have been successfully generated using different techniques including mode-locked lasers [5]
frequency-modulated quantum cascade lasers [6], and optical nonlinear effects [7]. In parallel,
electro-optic frequency comb based on optical modulators driven by a RF oscillator is also a
promising alternative approach. With this technique, a frequency comb is generated around
the wavelength of the laser source, with a line spacing given by the RF signal [8]. As a main
advantage, the line spacing is thus fully tunable within the modulator bandwidth allowing a
fine scanning of the optical spectrum. The electro-optical bandwidth of the modulator is then
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a critical parameter to ensure a large tunability of the generated comb. Different studies have
been reported in the literature towards high performance EOMs in the mid-IR. For instance,
exploiting a GaAs/AlGaAs heterostructure, modulation up to 1.5 GHz has been obtained at 10 pm
wavelength [9]. Alternatively, free-carrier plasma dispersion (FCPD) has been largely exploited
in the near-infrared (NIR) and in the short-wave part of the mid-IR spectral range (below 4
um wavelength) [10—13]. Recently, this effect has been extended in the long-wave part of the
mid-IR. Indeed, a broadband integrated electro-absorption modulator has been demonstrated
relying on a Schottky diode embedded in a SiGe waveguide. Absorption variation was obtained
by modulation of the depleted region at the Schottky contact. Modulation has been demonstrated
for wavelengths from 6.4 to 10.7 um, operating at frequency up to 225 MHz [14,15]. The main
challenges are now related with the improvement of the modulator performances in terms of
efficiency and electro-optical bandwidth.

In this work, numerical simulations and experimental demonstrations are reported. First, the
design and the optimization of coplanar waveguide electrodes were performed. Then, SiGe
integrated EOM was fabricated and characterized. Experimental results show that the device
operates from 5 to 9 um wavelength, with an extinction ratio up to 1 dB. High speed operation is
reported up to 1 GHz.

2. Results and discussion
2.1.  Modulator design

The schematic cross-section of the integrated modulator is depicted in Fig. 1(a).
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Fig. 1. Device design. a) Schematic cross-section view of the active region of the SiGe
mid-IR integrated EOM. b) Simulated band diagram of the EOM structure with the valence
band (red) and conduction band (blue) are plotted along the vertical direction of the SiGe
epitaxial growth at different bias voltages of 0 V and -8 V. The change of the energy bandgap
in the SiGe graded layer due to the evolution of the Ge concentration is clearly seen. The
depleted region is highlighted in purple, its enlargement when reverse voltage increases is
shown. ¢) Equivalent circuit of the device. The depletion region is located at the interface
between the top contact metal and the semiconductor, thus the diode is formed vertically.
The total series resistance Ry consists of contact and substrate resistances.
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First, a 6-um-thick graded SiGe layer is grown on a highly n-doped (Si) substrate with doping
concentration of 2 x 10'°cm™3. This Si layer is used as the bottom electrode with an electrical
access from the backside of the sample. The graded SiGe layer is grown by linearly increasing
the concentration of germanium (Ge) from 0 to 100%, inducing a linear increase of the refractive
index in the waveguide. The graded epitaxial layer has a residual n-doped concentration estimated
to be in the order of 10'°-10'®cm™. The waveguide width and etching depth are 6 um and 5.5
um, respectively. This waveguide geometry ensures a good mode confinement. At the top of the
waveguide, a grounded coplanar waveguide (CPWG) electrodes based on a 300-nm-thick gold
(Au) layer is deposited. The top contact on the lightly n-doped Ge layer is expected to feature a
Schottky behaviour, while the bottom contact on highly n-doped Si is supposed to be an ohmic
contact [15]. Figure 1(b) shows the calculated band diagram of the structure at bias voltages
of 0V and -8 V. It should be noted that the band gap energy in the SiGe layer varies along the
vertical direction due to the Ge concentration gradient. When applying a negative voltage on
the Signal electrical pad, the depth of the depleted region below the Schottky contact increases.
The overlap between the optical mode and the free carriers region responsible for free carrier
absorption decreases and so the absorption coefficient of the guided mode decreases, which
corresponds to a modulation of the optical transmission of the guided mode. The transverse
electric (TE) mode profiles are reported in Fig. 2 at different wavelengths (5.5, 7.8, and 9.0 um).
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Fig. 2. Optical mode profiles in waveguide. TE optical modes at different wavelengths of
5.5,7.8, and 9.0 um. Scale bar: Normalized electric intensity.

To achieve high speed operation, a careful design of the electrical access and of the RF
electrodes are performed, in order to (i) ensure an equivalent RC product compatible with high-
speed operation, (ii) achieve impedance matching with the equipment used for the electro-optical
characterization (50 ohms) avoiding high RF signal reflection and (iii) reduce the speed difference
between electrical and optical signals propagating along the modulator. The use of grounded
coplanar waveguide (CPWGQG) electrodes is investigated to that end. Numerical simulations are
first performed to determine the impedance of the line and its transmission (S»;), considering
the active region of the modulator integrated in the RF line. The equivalent electrical circuit
of the Schottky diode, as shown in Fig. 1(c) is evaluated and added in the RF line modelling.
The equivalent capacitance is extracted from capacitance-voltage characterizations, while the
access resistance Ry is determined by current-voltage measurements, following the method in
Ref. [16,17].

The main parameters for the CPWG electrode optimization are the width of the signal line path
(W) and the gap between the metallic contacting pads (G). Considering fabrication tolerances,
and knowing that the width of the photonic waveguide is 6 pm, the maximum value of W is fixed
to 4 um. First, the line impedance as a function of G is reported in Fig. 3(a), for a frequency of
5 GHz, and for 2 values of W (2 and 4 um). It can be seen that W has a stronger influence than G
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on the impedance parameter. Interestingly, 50 ohms matching can be obtained for W =4 um and
G =10 um. S;; and line impedance are reported as a function of the frequency in Fig. 3(b) and
Fig. 3(c), for G = 10 um and two values of W (2 and 4 um). It can be noticed that using W =4 pm
and G = 10 pm, low loss RF transmission is obtained up to 10 GHz, and the total characteristic
impedance of the device is close to 50 ohms. Finally, the modulated optical power as a function
of the frequency of the applied RF signal, normalized by the value at 10 MHz is evaluated
(Fig. 3(d)). A distributed model, in which the device length is divided in 30 consecutive cells, is
considered to take into account the propagation of the electrical and optical signals. The RF line
parameters are W =4 pm and G = 10 pm, and the equivalent electrical circuit of each portion
of the modulator is considered within each cell. The bias applied on the diode capacitance is
calculated all along the propagation which is used to determine the total modulated optical power.
A 3 dB electro-optical bandwidth as high as 30 GHz is theoretically achievable.
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Fig. 3. Simulated electro-optical transmission responses in EOM. a) Dependence of the
impedance on the gap between electrodes at frequency of 5 GHz. Inset, CPWG transmission
line configuration with W-G dimension pairs. b-c) Electrical S-parameter S21 and impedance
Zp of the device as a function of RF frequency with different values of signal line widths of
metallic contacting pads along 1.7-mm-long EOM, respectively. d) Electro-optical (EO)
response with respect to RF frequency, normalized with the value at 10 MHz when W-G
dimensions are optimized with 4 um and 10 pum, respectively.

The schematic view of the waveguide-integrated device is reported in Fig. 4(a). The core
of the integrated modulator is 500 um long. The input light beam coming from an external
laser is first butt-coupled to the photonic circuit via a 15-um-wide input waveguide. Then, the
waveguide width is narrowed down to 6 um by a 200-pm-long adiabatic taper. To be able to
contact the CPW electrodes with external RF probes, the waveguide must be enlarged, as can be
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seen in Fig. 4. Multimode interferometer couplers (MMI) have been used to that end. Indeed,
broadband 1 x 2 MMI have been reported before in the mid-IR range, using SiGe graded index
photonics circuits [18]. From that preliminary work, 1 x 1 MMI has been designed as a solution
to reach 50-um-wide waveguide. Large bandwidth is expected from the simulation, with loss
lower than 1.5 dB from 5 um up to 9 um wavelength. The total length of the modulator between
both Ground-Signal-Ground (GSG) contact pads is 1.7 mm.

Fig. 4. Mid-IR integrated EOM circuit. a) Schematic view of the modulator. Both the
optical and electrical paths can be seen. b) Microscope image of the fabricated device.

2.2. Fabrication and characterization of the modulator

The epitaxial growth of the SiGe graded layer on Si substrate is performed by low-energy plasma
enhanced chemical vapour deposition (LEPECVD) [19]. Then, the modulator fabrication begins
by a first lithography step to define the pattern of the top contacts. Metal is deposited (10-nm-thick
titanium (Ti) followed by 300-nm-thick gold (Au)) followed by a lift off process. A second
lithography step is carried out to pattern the photonic waveguides. ICP-RIE etching is then used
to etch the 5.5-um-deep waveguide. Finally, after a wafer backside polishing, the same metallic
stack layers is deposited on the whole backside surface to form the bottom ohmic contact. An
optical microscope picture of the final fabricated device can be seen in Fig. 4(b).

Current-voltage (I-V) characterization of the modulator is reported in Fig. 5(a). A good
rectifying behavior is obtained, which confirms that a depletion region is formed at the top of the
waveguide. From this measurement, a Schottky barrier of 0.58 eV can be extracted, with a diode
ideality factor of 1.44, which is consistent with the similar device reported in Ref. [15]. On the
other hand, the I-V characterization in the injection (forward) regime can be used to estimate the
series resistance of the device, which is approximately 2.5 Q.

Capacitance-voltage (C-V) characterization is used to characterize the depletion region below
the top contact. The C-V measurement has been performed on different specific square-shaped
mesa fabricated on the same chip. The variation of the diode capacitance per unit area with
respect to the voltage is reported in Fig. 5(b). As expected, the capacitance decreases with the
increase of the reverse voltage demonstrating the enlargement of the depleted region.

The EOM is then characterized, and different figure of merits are deduced. First, the mode
loss due to the influence of the top metal is experimentally estimated comparing the optical
transmission of two devices which differs only for the presence or not of the top metallic
layer. Interestingly a good agreement between this measurement and the results from numerical
simulation are obtained (see Fig. S1). Then the waveguide propagation loss has been determined
using the cut-back method. Finally, the total insertion loss (IL) of the 1.7-mm-long modulator is
evaluated to be about 2.5 dB, 4.5 dB and 10.5 dB for wavelengths of 5.5 um, 7.8 um, and 9 um,
respectively.
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Fig. 5. Electrical characterization. A) Dark I-V characterization of the device. B) Variation
of the diode capacitance as a function of the applied voltage, extracted from square mesa
fabricated on the same sample.

The modulation efficiency is then characterized in the depletion regime. The relative optical
transmission (normalized with the optical transmission at zero bias) is reported in Fig. 6 as a
function of the reverse bias voltage and for wavelengths from 5.5 to 9 um. It can be noticed that
the optical transmission increases when the amplitude of the reverse voltage increases. This
behavior is explained by the expansion of the space charge region, thus the overlap between the
optical mode and the free carrier region decreases leading to a decrease of the total absorption
coefficient of the optical mode. It can be noticed that the modulation efficiency increases for
higher wavelengths, which is in good agreement with the FCPD effect [20]. An extinction ratio
higher than 1 dB is obtained at the wavelength of 9 um with -8 V applied to the device.
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Fig. 6. EOM static characteristics. Relative optical transmission as a function of the reverse
bias voltages for different wavelengths.

Finally, high-speed characterizations have also been performed. An RF electrical signal is
added to the reverse DC bias using a bias tee. The electrical signal is applied to the modulator by
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Fig. 7. EOM frequency characterization. Variation of the modulated optical power with
the applied RF frequency (red curve) in depletion region with 5 Vpp and -4 V bias applied
on the device. The measurement is reported at 7.8 um wavelength and is normalized with
the response at 10 MHz. The amplitude of the detected signal due to the noise level of the
detection scheme is also reported (black curve).

the external probes. The light coming out of the device is sent to a fast mid-IR detector and an
electrical spectrum analyzer is used to acquire the corresponding beat notes. The peak amplitudes
are recorded to characterize the evolution of the modulated optical power as a function of the
applied RF frequency (Fig. 7). The electrical signal applied on the modulator is composed of a
5V peak to peak (5 V) modulated RF signal added to the -4 V bias DC voltage, in order to
stay within the depletion regime. The modulated optical power as a function of the RF signal
frequency is normalized with the response at 10 MHz. The measured signal coming from the
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Flip Mirror
2\
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Fig. 8. Experimental dynamic EOM characterization.
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EOM is also compared with the noise level measured in the same configuration, by turning off
the input laser. As it can be seen in Fig. 7, measurements between 500 MHz and 700 MHz are
limited by the high noise level of the detector at this frequency range. Nevertheless, a slow
decrease of the modulated optical signal is observed as a function of the RF frequency. The time
constant of the photodetector itself (specified to be below 25 ns) is expected to explain, at least
partially, this evolution. However, optical modulation is measured up to 1 GHz where a signal to
noise ratio larger than 10 dB is still obtained. No sharp drop is seen even at this frequency which
indicates that the modulator can probably operate at higher frequencies. Unfortunately, due to
the limitation of the experimental set-up in terms of noise and cut-off frequency of the detector,
the measurements at higher frequencies are not achievable.

3. Discussion

While this work reports the first integrated and wideband mid-IR electro-optical modulator
operating up to 1 GHz frequency, different routes of improvement can be discussed.

First, the reported high-speed measurements are for the moment limited by the cut-off frequency
of the detector, and the contribution of the detector bandwidth and cables have not been removed
from the measurement. Further investigation of this device at higher frequencies will then require
optimizing the experimental set-up.

In a second step, improving the modulator performances in terms of losses and extinction ratio
can be considered. Different routes can be pursued, by optimizing either the dopant distribution
in the waveguide or even to optimize the SiGe gradient profile to engineer the mode profile in the
diode.

4. Conclusion

In conclusion, this work is a step forward the realization of high performance integrated electro-
optical devices operating in long-wavelength range in the mid-IR range. A specific care has been
paid on the modelling and optimization of coplanar waveguide electrodes to drive a SiGe EOM
based on the FCPD effect. Efficient modulation has been experimentally demonstrated from
5.5 to 9 um wavelength. Furthermore, high speed operation has been investigated and 1 GHz
electro- optical modulation is experimentally demonstrated. This measurement was done at a
fixed wavelength of 7.8 um, but it can be noticed that the device speed does not depend on the
input wavelength. Such results pave the way towards the use of EOM in fully integrated systems
in the mid-IR spectral ranges. Moreover, the realization of high-speed EOMs also paves the way
for free-space communications, especially for satellite communications within the atmospheric
transparent windows (3-5 um and 8-14 pm wavelengths).

5. Methods
5.1. Static and dynamic EOM setup

Static EOM setup: A mid-IR quantum-cascaded laser (MIRCAT, Daylight solution) with a pulse
rate of 100 kHz and a duty cycle of 5% is used to cover a wide spectral range from 5.2 um up to
11 um. The light emitted from the QCL is butt-coupled to the photonic chip by ZnSe aspherical
lens. 5 dB/ facet coupling loss is expected from this coupling scheme. The light at the output
of the device is collected and detected by an MCT detector (DSS-MCT-020, Horiba) which is
connected with lock-in detection system to amplify the signal. In order to provide the DC voltage
to the modulator, a source-meter equipment (Keithley 2400) is used and connected with RF
probes.

Dynamic EOM setup: High-speed measurements are performed using a continuous-wave QCL
at the wavelength of 7.8 um (MIRcat, Daylight Solutions), depicted in Fig. 8. The output beam
light is detected by a MCT detector (PVI-4TE-10.6, Vigo System). After being pre-amplified (FIP
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series, Vigo System), the signal is detected by a signal analyzer equipment (MS2830A, Anritsu).
The DC and AC signals are applied to the RF probes through a bias tee with a source-meter
equipment (Keithley 2400) and signal generator (MG3694C, Anritsu), respectively.

5.2. Simulation

Numerical simulations of the optical profile are performed using finite different eigenmode
(FDE) in Lumerical Software (2021). The equivalent transmission line of optical modulator is
simulated by automation software system Advanced Design System (ADS), thus S-parameter
S»1, impedance Zp and EO response are extracted from the simulations.
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