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ABSTRACT

The extension of silicon photonics towards the mid infrared (mid-IR) spectral range has recently attracted a lot of
attention. The development of photonic devices operating at these wavelengths is crucial for many applications including
environmental and chemical sensing, astronomy and medicine. Recent works regarding the development of Ge-rich SiGe
waveguides on graded buffer layers will be presented. It will be shown that these waveguides demonstrate low loss and
strong mode confinement for a large range of wavelengths and that they have a good potential for being a major building
block of mid-infrared photonic integrated circuits.
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1. INTRODUCTION

The demonstration of integrated photonic circuits in the mid-IR wavelength range (2-20 um) is a major issue for the
realization of sensors for many applications requiring portable spectroscopic detection schemes. In this context silicon
photonics integrated circuits present strong interest to offer compact, low cost, lightweight and low power consumption
systems. Among the different materials available in silicon photonics, Germanium (Ge) and Silicon-Germanium (SiGe)
alloys with a strong Ge concentration are particularly interesting because of the wide transparency window of Ge from 1
to 15 um [1]. A large variety of passive structures based on Ge strip waveguides on a Si substrate have been
demonstrated in the mid-IR range, such as low-loss waveguides, wavelength (de)multiplexer, grating couplers or MMI
[2-5]. Graded SiGe/Si waveguides have also been investigated by ramping the Ge concentration in the Si,Ge, core up to
~ 40 % [6].

In parallel Ge-rich SiGe waveguides on graded SiGe substrates were used in the near-IR wavelength range, to integrate
active devices (modulator and photodetector) based on Ge-rich active region on Si substrate [7]. Interestingly such new
photonic platform presents also strong advantages for the development of mid-IR photonics integrated circuits, thanks to
the large transparency window of Ge-rich Si;,Ge, in the mid-IR range, which allows an extension of the maximum
operating wavelength beyond 8 um (absorption of the silicon). Indeed the use of a graded buffer can be used to confine
the light in the Ge-rich region, far away from the Si-rich area in the waveguide core, which reduces the optical loss of the
guided mode. The first consequence is the possibility to extend the wavelength range beyond Si absorption limit. As a
second advantage, germanium has a much higher third order nonlinearity coefficient than silicon, with a y* coefficient
predicted to be up to 10 times higher [8]. The implementation of Ge-rich material using graded SiGe waveguides
provides thus good prospects to develop nonlinear mid-IR optical devices, such as broadband optical sources.

As a first step towards the development of such new photonic integrated circuit platform for mid-IR operation passive
waveguides have been designed, fabricated and characterized, to demonstrate the possibility to guide light with low



optical losses. Then waveguides have been designed to optimize nonlinear operation, i.e. to ensure simultaneously small
nonlinear effective area as well as flat and small anomalous dispersion.

2. EXPERIMENTAL DEMONSTRATION OF LOW LOSS OPTICAL WAVEGUIDE IN
THE MID IR

2.1 Ge-rich SiGe waveguide design and fabrication.

The Ge-rich SiGe waveguides are based on the epilayer reported in Fig 1(a). The 2-um thick Si0.2Ge0.8 waveguide core
is grown on a 11 um graded SiGe buffer from Si to Si0.21Ge0.79, using Low Energy Plasma Enhanced Chemical Vapor
Deposition (LEPECVD). This approach allows an efficient reduction of the number of threading dislocations (TDD) to
3x10° cm? by gradual accommodation of the Si-Ge lattice mismatch in the layer stack [9]. In addition the linear
refractive index increase (as shown in fig. 1(b) due to the gradual increase of the Ge content in SiGe alloy allows the
confinement of light at the top of the Sip,Gegg layer. Rib waveguides of different widths were defined by etching the
Ge-rich Siy,Gepg layer down to 1.5 um using Inductively Coupled Plasma (ICP) technique (Fig 1.c). The good
confinement of light at 4.6um is illustrated by the optical mode calculation for two waveguides widths (3.5 and 8.5 um)
(Fig 1.d).
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Figure 1. Cut-view of the Ge-rich SiGe waveguides (a): epilayer grown by LEPECVD in standard Si substrate. (b) :
refractive index profile along the growth direction (c) : schematic view of the fabricated rib waveguides (d) : optical mode
calculation at the wavelength of 4.6um illustrating the good confinement of light.

2.2 Characterization

A cut-back technique was used to characterize optical loss of the waveguides. The sample design is seen in the SEM
picture of Fig. 2a, showing the deep-etch step to obtain the different straight waveguide lengths from 3 to 6 mm long.
Waveguide characterization was performed using the set-up reported in Fig 2.b. Light at 4.6 um from a quantum cascade
laser (QCL) laser is coupled to a mid-IR single mode micro-structured optical fiber for waveguide butt-coupling. A free-
space mid-IR collection system using a plano-convex lens is used to collect the output light, which goes through a
polarizer and is sent to a mid-IR camera.

As an example of measurement, the transmission of 7 pm-width waveguide is reported in Fig 3, as a function of
waveguide length from 3 to 6 mm. Propagation losses of 1.5dB/cm (resp. 2 dB/cm) can be deduced for TE polarization
(resp. TM polarization). Similar losses have been obtained for waveguide widths from 4 to 8um. Coupling losses have



also been investigated. Low coupling losses around 5 dB/facet are obtained for waveguide widths of 7um and larger.
They increase smoothly up to 6-7 dB when the width is reduced down to 4um. This result indicates that when waveguide
width lower than 7 um are required, the light coupling could be improved using a taper with larger width at the facet of
the waveguide.
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Figure 2. (a) SEM view of the fabricated devices, showing straight waveguides with different lengths for cut-back technique.
(b)Experimental set-up used to characterize the optical losses
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Figure 3. Characterization of the 7pum-width waveguide using the cut-back technique: transmission as a function of
waveguide length at the wavelength of 4.6um. Propagation losses of 1.5dB/cm (resp. 2 dB/cm) can be deduced for TE
polarization (resp. TM polarization)



3. DESIGN OF GRADED SIGE WAVEGUIDES FOR OPTIMAL NON-LINEAR
OPERATION

Following the successful demonstration of good mode confinement and low optical loss in Ge-rich SiGe waveguides, the
waveguide design can be optimized for non-linear operation. Indeed the strong Kerr effect of Ge and Ge-rich SiGe alloys
open a new route towards the implementation of efficient mid-IR non-linear devices based on these structures [8].

The requirement to enhance non-linear effects in waveguides is to achieve simultaneously a good optical mode
confinement and a flat anomalous dispersion over the considered wavelength range. Those conditions have thus been
studied in Ge-rich SiGe materials.

From the waveguide reported in Fig 1, several changes have been made. First to optimize the mode confinement in a
large spectral range and to optimize the overlap of the mode with Ge-rich region, it has been chosen to remove the 2um-
thick constant composition layer and to use only the graded-index Si;Ge, layer as the core of the waveguide, as
illustrated in Fig 4. The thickness of this layer has been optimized in order to obtain a good confinement while
maintaining a low threading dislocation density (TDD) due to the lattice mismatch between Si and Ge. This thickness is
thus fixed to 6 um. Then a rib waveguide can be defined by etching. D is the etching depth and W the waveguide
thickness. Interestingly the use of a graded SiGe layer to confine the light vertically allows a unique “resizing” effect that
optimize the mode size for each wavelength, as shown in fig 4.b. In addition W and D can be chosen in order to optimize
the dispersion of the optical mode over the considered wavelength range. This allows us to define W=D=4 um as an
interesting design, combining both flat anomalous dispersion as reported in Fig 4.d as well as a tight mode confinement.
Indeed very competitive values of the effective area of the optical mode lower than 10 um? are obtained up to 8 um-
wavelength, and this value is even reduced to around 4.5um? at 3 um — wavelength, as illustrated in Fig 4.c.
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Figure 4. Design of Ge-rich SiGe waveguides for non-linear operation (a): cut-view of the epilayer (b) : optical mode
calculation for W=D=4 um, and for wavelengths from 3 to 8 um (TE mode) (c) : effective area as a function of the
wavelength for TE and TM optical modes. (W=D=4 um)

Finally the effective nonlinear parameter (y.) of the graded-index Si; ,Ge, waveguide has been calculated and is reported
in Fig 5 [10]. As expected, the graded-index Si;Ge, waveguide with W = 4 pm and D = 4 pm provides a maximum



value of ye = 10 Wm™ for both polarizations at 4 = 3 um, followed by a gradual decrease for larger wavelengths down
toy ~ 0.6 W'm™ for 1= 8 pm. Such values combined with the dispersion characteristics (flat anomalous dispersion)
reported in Fig 4.d are very promising for achieving supercontinuum generation in a wide spectral bandwidth [11].
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Figure 5. Calculated nonlinear parameter v Of the quasi-TE (squares) and quasi-TM (circles) optical modes as a function of
the wavelength.

CONCLUSION.

As a conclusion, Ge-rich SiGe waveguides on graded SiGe buffer layer have been studied as a fundamental
building block for mid-IR integrated photonic integrated circuits. First it has been shown that these
waveguides demonstrate low loss in mid-IR. 1.5dB/cm (resp. 2dB/cm) propagation losses have been
demonstrated at 4.6 um wavelength. Then a new design, based on light confinement in the graded SiGe layer
has been proposed for non-linear operation, as it allows simultaneously a tight mode confinement as well as
interesting dispersion properties for wideband supercontinuum generation. Interestingly, the effective
nonlinear parameter has been estimated between 1 and 10 W™*m™. Such structures have thus a unique potential
for being a major building block of mid-infrared photonic integrated circuits.
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