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Abstract: The integration of germanium (Ge)-rich active devices in 
photonic integrated circuits is challenging due to the lattice mismatch 
between silicon (Si) and Ge. A new Ge-rich silicon-germanium (SiGe) 
waveguide on graded buffer was investigated as a platform for integrated 
photonic circuits. At a wavelength of 1550 nm, low loss bends with radii as 
low as 12 µm and Multimode Interferometer beam splitter based on Ge-rich 
SiGe waveguide on graded buffer were designed, fabricated and 
characterized. A Mach Zehnder interferometer exhibiting a contrast of more 
than 10 dB has been demonstrated. 
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1. Introduction 

On-Chip optical interconnects are a promising option to overcome the limitations of electrical 
interconnects such as the high power consumption and limited bandwidth. Germanium (Ge) is 
considered as a material of choice for the development of efficient and reliable photonic 
circuits integrated on silicon (Si), due to its pseudo-direct gap properties and its compatibility 
with mature Si technology. Ge has been investigated for many photonic devices such as light 
sources [1,2], modulators [3–5] and photodetectors [6,7]. Specific techniques have been 
reported to accommodate the lattice mismatch between Si and Ge or silicon-germanium 
(SiGe) such as the use of high temperature thermal annealing (typically more than 800°C) to 
reduce threading dislocations [1,5,6], or the use of relaxed buffers including (i) linearly 
graded buffer [8], (ii) thin SiGe layers [9,10] and (iii) reverse graded structures [11]. It can be 
noted that other techniques have been explored recently, based on the growth of crystalline Ge 
on amorphous Si [12] or silicon-germanium on insulator using a rapid melt growth technique 
[13]. From the photonic integration's point of view, the combination of active devices with 
efficient and low loss waveguides and passive structures is also of major importance. The 
integration of active Ge optoelectronics with the silicon-on-insulator (SOI) waveguides has 
been the most common approach so far [1–3,5–7]. Alternatively it was shown in [8] that 
virtual substrates (VS) on linearly graded buffer can act as an optical waveguide, on which 
low temperature (< 450°C) and high quality epitaxial growth of Ge rich layers can be carried 
out. An optical interconnect link including an electro-absorption modulator and a photodector 
based on Ge/SiGe quantum wells (QW) heterostructures connected by a passive Ge-rich SiGe 
waveguide grown on bulk Si wafer was shown. 

Low-loss Si1-xGex waveguides have also been reported previously with a low Ge content x 
between 0.01 and 0.3 [14–16] in order to avoid high dislocation defects density between Si 
substrate and Si1-xGex waveguide. However in these cases, the large lattice mismatch that 
would occur between the SiGe waveguide and Ge-rich active devices makes unlikely a 
straightforward integration between waveguides and active devices, from the epitaxy 
viewpoint. In comparison, the Ge content of Si1-xGex waveguide on graded buffer used in [8] 
was larger than 0.8, allowing the integration with Ge photonic devices; however, only straight 
waveguides were demonstrated as a first proof of concept, and compact optical guiding 
structures remained questionable owning to the low refractive index contrast between the 
waveguide core and the graded buffer. 

Moreover, a strong electro-refraction [17] has been recently demonstrated in Ge/SiGe 
QW. This effect could be used to achieve optical modulation but requires the embedding of 
the QWs in a Mach-Zehnder interferometer. 
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In this context, this paper experimentally demonstrates the possibility to use the new Ge-
rich SiGe on graded buffer waveguide as a promising platform for photonic integration: sharp 
bends and an integrated Mach-Zehnder interferometer including SiGe waveguides and a 
compact beam splitter were demonstrated from Ge-rich SiGe waveguide on graded buffer. 
These results pave the way toward the monolithic integration of Ge-based active devices with 
efficient and compact passive Ge-rich SiGe optical circuitry on bulk silicon wafers. 

 

Fig. 1. (a) Schematic cross section of the slightly-etched Si0.2Ge0.8 waveguide on graded buffer, 
(b) corresponding optical mode (TE-polarization), (c) schematic cross section of the deeply-
etched Si0.2Ge0.8 waveguide, (d) corresponding optical mode (TE-polarization), (e) optical 
microscope view of the transition between a slightly-etched and a deeply-etched waveguide to 
increase the light confinement at the bends (deeply-etched regions appear darker), (f) 
numerical simulation of light propagation (TE polarization) along the transition, calculated by 
eigenmode expansion solver. 
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2. Experimental results and discussion 

The SiGe waveguide on graded buffer used as the preliminary building block in this work is 
shown in Fig. 1(a). This waveguide led to a single mode propagation in TE-polarization 
according to optical mode calculation (Fig. 1(b)), and confirmed by infrared camera 
inspection at the output waveguide. Light is vertically confined in a 2µm-thick relaxed 
Si0.2Ge0.8 layer on top of a Si1-xGex graded buffer. The Ge concentration x of the graded buffer 
is linearly increased from 0 to 0.79 over a thickness of 11µm. The refractive index variation is 
then varied from 3.477 to 4.112 at a wavelength of 1.55 µm as obtained by linearly 
interpolating the refractive index of Si and Ge. 

Low energy plasma enhanced chemical vapor deposition (LEPECVD) was used for the 
growth of the SiGe stack. Rib waveguides were then defined for lateral confinement. A 
200nm-thick SiO2 layer was deposited on Si0.2Ge0.8 to act as a hard mask. SiO2 was first 
patterned using deep UV lithography followed by reactive ion etching (RIE). Waveguides 
were then etched using Inductively Coupled Plasma (ICP) etching. The etching depth was 
only 1µm in the straight portions of the waveguide to limit the influence of sidewall 
roughness. To reduce the curvature radius of bent waveguides, a deeper etch of of the 
waveguides was performed to increase the mode confinement and then define sharper bends 
(Figs. 1(c) and 1(d)) [18, 19]. The hard mask was used to self-align the second etching step 
with the patterned waveguides. The total etching depth of the deeply-etched waveguide was 
2.5 µm. The transition between both straight and bent waveguides is shown in Fig. 1(e). The 
deeply-etched regions appear darker, on both sides of the waveguide. The 20-µm-long taper 
section was used to avoid an abrupt change in the effective index between the slightly- and 
deeply-etched sections, and maintains a compact footprint of the overall bending section 
(including the taper region). A numerical simulation of light propagation along the transition 
calculated by an eigenmode expansion solver is reported in Fig. 1(f). A slice located 1µm 
below the top of the waveguide is considered for the top view calculation while a slice in the 
middle of the waveguide is used for the side view calculation. From this calculation no 
radiation losses is seen which indicates a good design of the transition between both 
waveguides. 

Optical losses were evaluated comparing the transmission of the straight waveguides and a 
set of waveguides including 32 consecutive bends to obtain reliable bending loss data. 12, 25, 
50 and 100 µm bend radii have been compared. A view of the bending test structure is shown 
in Figs. 2(a) and 2(b). 

The measurements were performed at 1.55µm, i.e. above the indirect optical absorption 
band-edge of Si0.2Ge0.8. TE-polarized light was butt-coupled into the waveguides using a 
lensed fiber. An objective was used at the output to inject the light in a photodetector. Optical 
losses of straight waveguides (cut section of Fig. 1(a)) were estimated to be 1 dB/mm. These 
losses can be further reduced, by decreasing the sidewall roughness by etching process 
optimization and /or by improving surface passivation, down to typically 2dB/cm which has 
been measured previously [8]. 

The losses of the 90° bends are reported in Fig. 2(c). Optical losses increase for sharper 
bend radii. 0.5 dB/90° bend was obtained for a 50µm radius. Numerical simulations indicate 
that the main contribution of the losses is the modal mismatch between the straight and the 
bent waveguide. Bending loss could thus be further reduced to typically 0.1dB/90° using an 
offset technique [20] or using bend shapes with continuously varying curvature [21] to 
decrease the modal mismatch. 

Mach Zehnder interferometers based on SiGe waveguides have also been investigated. In 
most photonics circuit applications, the ability to measure and manipulate the phase of one 
wave with respect to another is essential; therefore, an interferometer can be considered 
fundamental in proving the validity of a new photonic platform. First, Multi-Mode 
interferometer (MMI) splitters based on the waveguide reported in Fig. 1(a) have been 
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designed. Figure 3 presents the geometry of the optimized structure as well as the simulation. 
A 187µm-long MMI splitter was used, with 3.5 µm-wide output waveguides, separated by 
2.3µm. 

 

Fig. 2. (a) Optical microscope view of the bending test structure (b), zoom of the 90° bend and 
its deeply-etched region, (c) Measured losses of the 90° bends as function of bend radius 

 

Fig. 3. MMI Beam splitter: (a) Schematic view of the device, (b) Propagation simulation of the 
electric field component (waveguide cross section is in Fig. 1(b)) 

Asymmetric Mach-Zehnder interferometers have thus been fabricated and characterized. 
The general view of the Mach-Zehnder interferometer is shown in Fig. 4(a), including the 
designed MMI splitter (Fig. 4(b)). The bending region of the interferometer have been deeply 
etched as can be seen in Fig. 4(c). The transmission of the Mach Zehdner is reported in Fig. 
4(d). A free spectral range of 24.4 nm is obtained which is in good agreement with a length 
difference of 24 µm between both arms of the interferometer. 12 dB losses are estimated 
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between the input and output of the chip including 2 dB waveguide loss in the 2 mm-long 
Mach Zehnder arms, 1 dB loss for each coupler, and 8 dB waveguide loss in the 8 mm-long 
input and output access waveguide which could be dramatically reduced by decreasing the 
length of access waveguides. Significantly, the extinction higher than 10 dB indicated the 
good balance of the couplers. 

 

Fig. 4. Asymmetric Mach Zehnder: (a) general schematic view, (b) optical microscope view of 
the MMI, (c) optical microscope view of the waveguide separation after the MMI, (d) Optical 
transmission as a function of the wavelength. The free spectral range of 24.4 nm is related to 
the length difference of 24 µm between both arms of the Mach-Zehnder 

3. Conclusion 

In conclusion, Ge-rich SiGe waveguides on graded buffer open a new possibility to integrate 
Ge-based active and passive photonics components through innovative band-gap (refractive 
index) engineering, while the use of such a graded buffer allows a high quality Ge-rich Si1-

xGex layer on Si. This material platform allows the fabrication of the main building blocks for 
passive waveguide devices. Low propagation loss, compact 90° turns and good extinction 
ratio Mach Zehnder interferometer have been experimentally validated. Different light 
confinements have been used to ensure an appropriate mode confinement in Ge-rich SiGe 
structures. The fabrication was based on a self-aligned two etching process to achieve a 
perfect alignment and then reduce the loss in the slightly/deeply-etched waveguides transition. 
This work paves the way for the demonstration of wavelength division multiplexing devices 
and their integration with active devices (sources, modulators and photodectectors) and in 
consequence to go towards SiGe-based photonic integrated transceivers on bulk silicon 
substrate. 
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