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ABSTRACT 

The mid-infrared (mid-IR) wavelength range host unique vibrational and rotational resonances of a large 

number of molecules. The spectrum fingerprint can be used to detect the molecular compositions in a non-intrusive 

way. To analyse simultaneously as many molecules as possible in the same device, wide operational bandwidth is 

a must. This work reports the first demonstration of optical modulation in mid-IR photonic circuit reaching 

wavelengths larger than 8 µm, showing wide optical modulation from 5.5 to 11 µm wavelength range. This 

experimental demonstration confirms current free-carrier absorption theoretical models, paving the way towards 

efficient, high-performance, electrically-driven integrated optical modulators. Those devices are expected to have 

a strong impact in many applications, as they can be used to greatly enhance the detection sensitivity by 

synchronous detection. 

Keywords: mid-infrared, modulation, Silicon, Germanium, photonic integrated circuits 

1. INTRODUCTION 

A large variety of molecules, such as alkanes or greenhouse gasses, presents vibrational and rotational 

resonances in the mid-infrared (mid-IR) wavelength range, i.e. from 2 to 20 µm. The fingerprint brings the 

possibility to detect in a non-intrusive way the molecular composition, which has a substantial interest for a broad 

variety of high impact applications [1-3]. Photonic integrated circuits (PICs) operating in such wavelength range 

are thus expected to have a major impact, as they provide great advantages in terms of compactness, robustness, 

reliability and cost.  

Among the different proposed solutions to develop a mid-IR platform [4-9], Germanium (Ge)-based circuits 

are a promising candidate, as it performs a wide transparency window (up to 15 µm wavelength) and is compatible 

with large-scale, high-performance CMOS fabrication processes [10-15]. The operational bandwidth of the 

developed platform determines the amount of substances that can be simultaneously detected in a single device. 

In that regard, a Ge-rich graded SiGe platform operating in a wide mid-IR range has been proposed. Even though 

a whole set of passive devices have already been developed [16-19], active devices still must be achieved. As a 

first step, all-optical modulation is reported from 5 to 11 µm wavelength. This experimental result confirms current 

theoretical models [20], which is essential for the design of electrically-driven integrated optical modulators. 

2. RESULTS 

2.1 Fabrication  

The Ge-rich graded SiGe platform under study has been previously reported in [15]. It relies on a 11 µm-thick 

graded SiGe layer epitaxially grown on Si substrate, in which the Ge concentration linearly increases from 0 up to 

79%, followed by a 2 µm-thick Si0.2Ge0.8 layer (Fig. 1). Low-energy plasma-enhanced chemical vapor deposition 

is used to grow the Si1-xGex material. This structure allows a smooth transition from pure Si to Ge-rich material 

while minimizing the threading dislocation density due to lattice mismatch. Since the refractive index increases 

linearly with the Ge content in the SiGe alloy, the mode is confined in the upper part of the epitaxial layer. A 1.5 

cm-long rib waveguide has been fabricated with an etching depth of 3.8 µm and a width of 7 µm. To ensure low-

loss butt-coupling in and out of the PIC, a 50 µm wide and 1 mm long waveguide is placed at the input/output 

sample facets, followed by 2 mm long linear transition to the 7µm wide waveguide. 

 

 

mailto:miguel.montesinos@u-psud.fr


 
Figure 1. a) Graded-index platform scheme and representation of the refractive index (n) linear-increase as a function 

of the platform depth. b) SEM pictures of the sample facet in where the 50-µm-wide input (output) waveguide is 
shown  

2.2 Optical modulation 

To evaluate the effect of the free-carriers in the mid-IR beam absorption, a beam at 1.33 µm wavelength is 

coupled into the waveguide and modulated by a manual-actuating shutter. A mid-IR beam is also coupled into the 

sample at the same time, and collected in an external Mercury Cadmium Telluride detector. As the pump signal is 

absorbed in the waveguide, it generates free-carriers that are responsible for absorption of the mid-IR propagating 

mode, thus transferring the modulation from 1.33 µm to longer wavelengths in the mid-IR. This plasma dispersion 

effect is clearly seen in Fig. 2(a) at 11 µm wavelength. A modeling of the free carrier absorption for 3 different 

pump powers is carried out. A good agreement between experimental modulation depth (MD) and the theoretical 

modelling is shown in Fig. 2(b). This first experimental demonstration of optical modulation in a mid-IR PIC, 

carried out in long wave infrared (LWIR) regime (up to 11 µm), confirms theoretical free-carrier electro-absorption 

predictions [24]. 

 
Figure 1. a) All-optical modulation at 11 µm wavelength is reported using a 12 mW-pump beam at 1.33 µm wavelength. The voltage at the 
lock-in amplifier, that is proportional to the mid-IR beam power is reported as a function of time, while the NIR pump is mechanically switched 

on or off using an external shutter. b) Modulation Depth (MD) as a function of the signal wavelength, for different NIR pump powers 

(wavelength of 1.33 µm). Experimental data (dots) show a good agreement with the modelling (solid lines). The error bars in the experimental 
data correspond to the variation of the measured modulation depth, when repeating the measurement 10 times. 

3. CONCLUSIONS 

We report the first experimental demonstration of optical modulation by plasma dispersion effect in the LWIR 

regime, up to 11 µm using Ge-rich SiGe waveguides. This results experimentally confirms current free-carrier 

absorption theoretical models, which is an important step towards the implementation of electrically-driven, high-

efficient integrated mid-IR modulators. The development of such devices will have a high impact in many 

applications, as they can be used, for example, in synchronous detection systems, greatly enhancing the detection 

sensitivity. These results confirm the huge potential of Ge-based photonic circuits as a promising platform for the 

integration of mid-IR photonics functions, as it could benefit from low loss waveguides, compact photonics 

structures, together with the integration of active devices. The realization of complete functional systems in the 

MIR and LWIR paves the way for a plethora of applications, from mid-IR spectroscopy, sensing, to free-space 

telecommunications.  
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