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Abstract: We present a systematic experimental study of the linear and 
nonlinear optical properties of silicon-germanium (SiGe) waveguides, 
conducted on samples of varying cross-sectional dimensions and Ge 
concentrations. The evolution of the various optical properties for 
waveguide widths in the range 0.3 to 2 µm and Ge concentrations varying 
between 10 and 30% is considered. Finally, we comment on the 
comparative performance of the waveguides, when they are considered for 
nonlinear applications at telecommunications wavelengths. 
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1. Introduction 

Silicon photonics has attracted considerable attention as an emerging technology for all-
optical processing in recent years, owing mainly to the attraction of silicon as a nonlinear 
material [1]. The large Kerr nonlinear coefficient (n2 = 4.5 x 10−18 m2

·W
−1) and strongly 

confined modes have allowed the demonstration of self-phase modulation [2–4], four wave 
mixing [5] and associated parametric amplification [6], as well as stimulated Raman 
scattering [7] and its application for the implementation of Raman lasers [8, 9]. Although 
such great results are possible thanks to the good optical properties of silicon waveguides 
[10], a mix of silicon (Si) with other elements, and in particular germanium (Ge), can strongly 
enhance the nonlinear response. 

The silicon-germanium (SiGe) alloy has emerged as an attractive material for both micro- 
and opto-electronic devices thanks to the potential for band gap and lattice parameter 
engineering that it offers [11]. For instance, SiGe modulators [12], light emitters [13] and 
photodetectors [14] have already been demonstrated. Very recently, SiGe alloys have also 
been identified as promising candidates for nonlinear applications in the midwave and 
longwave infrared exhibiting stronger nonlinearities, as compared to pure Si [15]. Of course, 
the nonlinear properties of SiGe waveguides could also be interesting in the near-infrared and 
particularly at optical communication wavelengths. However, though germanium enhances 
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the nonlinear response, this comes at the expense of an increase in the propagation loss due to 
the absorptive properties of Ge. 

In this paper, we investigate the potential use of Si1-xGex waveguides for nonlinear 
applications at telecommunication wavelengths. Waveguides of various widths and with a 
varying concentration in Ge have been fabricated in order to carry out a systematic study of 
their linear and nonlinear optical properties. The experimental analysis shows that the 
waveguide losses vary from 0.5 dB/cm to more than 5 dB/cm as the fractional Ge 
concentration increases from 0.1 to 0.3. On the other hand, the nonlinearity is also enhanced, 
increasing from less than 10 W−1·m−1 to almost 40 W−1·m−1. The impact of two-photon 
absorption (TPA) is discussed as well as the evolution of the four-wave mixing (FWM) 
bandwidth. Finally, we compare the overall performance of the different waveguides and 
perform a tradeoff analysis. Our experimental results are supported by numerical modeling 
showing satisfactory agreement. 

2. Fabrication and structure of waveguides 

The devices consisted of epi-layers of SiGe grown on a Si substrate. First, 1.4 µm thick SiGe 
layers with different germanium concentrations were grown by reduced pressure chemical 
vapor deposition (RP-CVD) to control the Ge concentration in great precision and thus 
preserve uniformity. Standard photolithography and deep reactive ion etching techniques 
were used to form the strips. Finally, the waveguides were encapsulated with a 12 µm Si 
cladding layer epitaxially grown with the same RP-CVD technique. Epitaxial growth allows 
the realization of low-loss fully crystalline structures while preserving IC processing 
compatibility. 

Figure 1(a) shows a typical SEM cross-sectional image of the waveguide before and after 
encapsulation. The strip waveguides were 2.5-cm long [Fig. 1(b)] with widths W that varied 
from 0.3 µm to 2.0 µm, and Ge concentrations x that varied from 0.1 to 0.3. 

 

Fig. 1. (a) Scanning Electron Microscopy (SEM) image of a SiGe waveguide, before and after 
(inset) encapsulation. (b) Sketch of SiGe waveguides before encapsulation. 

3. Waveguide design and numerical model 

In order to investigate the nonlinear properties of the SiGe structures, a numerical model was 
developed. The model described the propagation of pump, signal and idler signals which obey 
the following equations [16]: 
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where Aj, αj, βj are the electric field, linear loss and propagation constants, with j = {p,s,i} 
denoting the pump, signal and idler waves respectively. The nonlinear parameter γijkl can be 
calculated provided that Kerr coefficient n2, two photon absorption βTPA, effective mode area, 
modal refractive index [17] and mode overlap factors are known for all possible combinations 
appearing in Eqs. (1)-(3) [16]. 

The parameters n2 and βTPA characterize the material. According to [15], Garcia’s model 
[18] fitted to available experimental measurements, can be utilized to predict the βTPA 
evolution of Si, Ge and Si1-xGex alloys for all of the wavelengths of interest. The n2 parameter 
can be then extracted using the nonlinear Kramers Kronig relation which links TPA values to 
the real part of the third order susceptibility [15]. We found that n2 equals to 9.62 x 10−14, 
10.48 x 10−14 and 11.19 x10−14 cm2/W respectively for 10, 20 and 30% of germanium. 

Some of the aforementioned quantities must be calculated for the given structure through 
a waveguiding analysis. By means of a Finite Elements Method (FEM) solver, the effective 
refractive index, the effective mode area, the confinement factor and the modal overlaps can 
be calculated [19]. More precisely, the effective mode area is given by: 
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where E governs the mode profile in the plane transverse to the propagation direction. The 
confinement factor is estimated from: 
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The field profile of the fundamental TM mode at 1550 nm is depicted in Fig. 2 for a 
waveguide with a width of 1 μm, whereas the effective mode area, the effective mode index 
and the confinement factor of each waveguide sample, are tabulated in Table 1. 
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Fig. 2. Field of the TM fundamental mode for a waveguide with width 1μm and height 1.4μm 

From the data shown in Table 1, the following can be concluded: the waveguide is 
predominantly quasi-TM for widths up to 1.0 μm, quasi-TE for widths above 1.5 μm and 
polarization insensitive at 1.5 μm (as expected due to the rectangular shape and symmetry 
which occurs for a 1.4 × 1.4 μm2 profile). This can also be observed by noticing for which 
polarization state the effective mode area is smaller. The effective index increases with x 
which is natural because of the increased Ge concentration. A very interesting observation is 
that the effective area dramatically decreases with increasing Ge concentration which has a 
twofold effect. On one hand, nonlinearities are rapidly enhanced due to the smaller effective 
area and subsequent high energy density in the waveguide. On the other hand, as the 
waveguide width decreases substantially (to below 0.8 μm) the Ge core size cannot confine 
light effectively yielding effective areas as high as 34.24 μm2. By increasing the Ge 
concentration, even structures of this size can have a reasonably small effective mode area, 
thus allowing their usage in nonlinear processes. 

Table 1. Effective mode area, effective mode index and confinement factor for all 
waveguides studied. 

 Effective mode area (μm2) 

 0.3 µm 0.6 µm 0.8 µm 1.0 µm 1.5 µm 2.0 µm 

 TE TM TE TM TE TM TE TM TE TM TE TM 

x = 0.1 34,24 32,09 5,49 5,31 3,95 3,87 3,45 3,41 3,33 3,34 3,65 3,68 

x = 0.2 4,21 3,80 1,96 1,86 1,82 1,77 1,85 1,82 2,14 2,15 2,54 2,56 

x = 0.3 2,09 1,83 1,36 1,28 1,38 1,33 1,46 1,44 1,80 1,81 2,20 2,21 

 Effective mode index 

x = 0.1 3,477 3,477 3,481 3,481 3,485 3,485 3,489 3,489 3,496 3,496 3,500 3,500 

x = 0.2 3,483 3,484 3,504 3,505 3,515 3,516 3,524 3,524 3,536 3,536 3,543 3,543 

x = 0.3 3,496 3,499 3,536 3,538 3,553 3,555 3,565 3,566 3,581 3,581 3,589 3,589 

 Confinement Factor 

x = 0.1 0.065 0.069 0.297 0.306 0.448 0.456 0.559 0.563 0.712 0.711 0.778 0.775 

x = 0.2 0.199 0.22 0.558 0.57 0.692 0.7 0.772 0.78 0.863 0.86 0.897 0.894 

x = 0.3 0.317 0.3611 0.681 0.706 0.792 0.804 0.852 0.857 0.915 0.914 0.936 0.934 

The attenuation parameter (dB/cm) was extracted experimentally as it will be shown in 
Section 4 below, and can be safely considered to be the same for all of the pump, signal and 
idler waves. The parameter βj

f which is included in Eqs. (1)-(3), represents the free-carrier 
induced perturbations to the propagation constant and was included in our calculations relying 
on Drude’s model [16]. Note that, in our simulations, the free-carrier absorption (FCA) 
parameter was also taken into account based on Drude’s model. The simulations show that its 
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impact on the losses experienced by the propagating waves is less important compared to the 
linear loss and could be comparable to that provided that the input pump exceeds 10 W of 
power at waveguides with x = 0.2. Finally, the Raman effect can be safely ignored due to its 
narrow bandwidth nature in silicon based waveguides [16]. 

The calculation of the dispersion curve is a very useful tool for the evaluation of the 
nonlinear properties of these waveguides. Our analysis showed that within the wavelength 
band under investigation, the group velocity dispersion is always normal (i.e. takes negative 
values) and is quite far from any zero crossing. 

An interesting concept ascends when varying the Ge concentration, x. As x decreases the 
waveguide tends to resemble a bulk Si waveguide. Overlap between the modes at different 
wavelengths does not vary notably and can be safely considered to be equal to unit, since all 
the waves are located around 1.55 μm. However, the Ge concentration modifies the nonlinear 
susceptibility of the alloy and its transparency in the near-IR region. Concerning the latter, it 
is well known that the Si band-gap corresponds to a wavelength of 1.1 μm. 

The dispersion curves for waveguide configurations with x = 0.2 Ge concentration and W 
= 0.3, 0.6, 1.0 and 1.5 μm width are shown in Fig. 3(a), whereas Fig. 3(b) depicts the 
corresponding curves for waveguides with a width W = 1 μm for three Ge concentrations x = 
0.1, 0.2 and 0.3. 

 

Fig. 3. Dispersion curves for (a) Ge concentration x = 0.2 and different waveguide width 
values and, (b) for width (W) equal to 1 μm and different Ge concentrations. 

4. Linear loss measurement 

To measure the propagation loss of the waveguides, one of the most reliable methods is based 
on the assessment of Fabry-Pérot (FP) resonances. If the end-faces are parallel to each other 
and perpendicular to the waveguide, then this waveguide acts like a FP cavity. Therefore, the 
transmitted power varies periodically with the optical phase difference incurred when tuning 
the wavelength. This method allows a measurement of the waveguide attenuation without 
requiring a prior knowledge of the coupling efficiency. Thus, the losses can be calculated by 
measuring the extinction ratio [20]: 

 min max

min max

1 /
ln ,

1 /

P P
L R

P P
α

 +
=   − 

 (6) 

where α is the attenuation parameter, namely the propagation loss, L is the waveguide length, 
Pmin and Pmax are respectively the minimum and maximum transmitted power and R is the 
facet reflectivity. 

The experimental setup is shown in Fig. 4(a). As required by the method, the output of a 
continuous-wave (CW) tunable laser was coupled to the waveguide under test. The input 
polarization was aligned to the axes of the waveguide using a polarization controller. Then, at 
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the waveguide output, the light was collected by a microscope objective and directed to a 
power meter. A beam splitter could be placed on the optical path to direct the light to an IR 
camera for guided mode observation and optimization of the launching alignment. A 
computer-controlled routine was used to gradually sweep the laser wavelength and collect the 
power meter readings. 

Figure 4(b) shows the measured power as a function of the wavelength for a width W = 1 
µm and for two different Ge concentrations. As expected for a FP cavity, typical fringes are 
observed, relating to interferences between the multiple reflections of light in the waveguide. 
From Eq. (6) and in agreement with the fittings, the absorption parameter α was calculated to 
be 0.32 cm−1 (1.4 dB/cm) and 1.20 cm−1 (5.2 dB/cm) respectively for x = 0.2 [Fig. 4(b1)] and 
x = 0.3 [Fig. 4(b2)]. 

 

Fig. 4. (a) Experimental setup for loss measurement. PC = polarization controller, LF = Lensed 
Fiber, MO = Microscope Objective, BS = Beam Splitter, IRC = Infrared Camera, PM = Power 
meter. (b) Spectral fringes and associated FP fit for W = 1 µm at x = 0.2 (b1), and at x = 0.3 
(b2). 

We carried out systematic measurements of the losses for the whole set of the available 
waveguides. The results are reported in Table 2 as a function of the width and the Ge 
concentration. When these results are compared with the confinement factor [Eq. (5)] and 
effective mode area [Eq. (4)] calculations of Table 1, a clear correlation is drawn. With 
decreasing waveguide width losses increase due to poor confinement. On the other hand, with 
increasing width the confinement factor rapidly increases which results in higher overlap of 
the mode and the lossier SiGe core. This can also be confirmed by the fact that for the same 
Ge concentration losses increase as the confinement factor increases. This means that there is 
an optimal value for low losses at each concentration although this is not clearly shown in the 
x = 0.3 case probably due to uncertainty in the measurements estimated to be close to 10%. 

Moreover, as expected, for a fixed waveguide width, the Germanium strongly increases 
the absorption loss. For instance, at W = 1.5 µm, the losses evolve from 0.43 to 4.77 dB/cm 
when Ge concentration increases from 0.1 to 0.3. Note that low concentration (x = 0.1) leads 
to high loss when the width is too small (≤ 1.0 µm) because of the poor confinement of light 
into the small-dimension waveguide, as was also reported in Section 3. We believe that the 
poor confinement together with the high coupling losses have likely led to larger 
experimental errors in our measurements for the x = 0.1 concentration samples relative to the 
higher Ge concentrations, as will also be seen below (section 5.2). Note also that the 
propagation losses are very similar for the TE and TM modes. 
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Table 2. Loss in dB/cm for the SiGe waveguides depending on width and concentration in 
Ge. 

 x = 0.1 x = 0.2 x = 0.3 

0.3 µm 
High loss 

(> 5 dB/cm) 

3.90 3.47 

0.6 µm 2.38 4.56 

0.8 µm 2.38 4.77 

1.0 µm 4.75 1.40 5.21 

1.5 µm 0.43 1.52 4.77 

2.0 µm 0.65 2.60 4.34 

5. Nonlinearity 

5.1 Two-photon absorption 

Two-Photon Absorption (TPA) refers to a transition from the ground state of a system to a 
higher energy state through the absorption of two photons. This nonlinear absorption is 
detrimental by limiting the maximum transmitted power. The TPA coefficient, noted here 
βTPA, is related to the ratio of input power Pin to output power Pout as follows [21, 22]: 

 ( ) ( )1
exp exp .in TPA

eff in
out eff

P
L L P L

P T A

βα α= = +  (7) 

 

Fig. 5. (a) Experimental setup for the TPA measurement. VOA = variable optical attenuator (b) 
Inverse transmission versus coupled input peak power for x = 0.1 (red circles), x = 0.2 (green 
triangle) and x = 0.3 (blue square). The solid lines correspond to a linear fit. 

Figure 5(a) shows the experimental setup for the TPA coefficient measurement. A pulsed 
source centered at 1550 nm producing 0.5 ps optical pulses with a 20-MHz repetition rate was 
used. A variable attenuator with an integrated power monitor controlled the input power. Note 
that the effects of free-carrier absorption were neglected. Figure 5(b) presents the inverse 
transmission corresponding to the ratio of input power to output power as a function of the 
input peak power for the three different concentrations in Germanium (here W = 2.0 µm). As 
expected from Eq. (7), the TPA value can be extracted by applying a linear fit to this 
measurement, and making use of the previously measured values of loss and nonlinearity. 
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Note that from the y-intersect we recover the linear loss. The TPA values are reported in 
Table 3 and compared to the theoretical values. A clear increase in the TPA is observed when 
the germanium concentration increases [15]. Even though the trend predicted from both the 
experimental and theoretical values is similar, a discrepancy is observed. We consider the 
main reason for this discrepancy to be an overestimation of the theoretical value for the 
silicon TPA. In our theoretical model, this was calculated following Garcia’s model, fitting on 
the measurements of Bristow et al. in [23]. It is noted that even in the same reference, a 
comparison of the model with experimental results also suggests an overestimation of the 
TPA value. Although there is a discrepancy between measured and theoretically calculated 
TPA values, the numerically predicted n2 values estimated using the Kramers-Kronig 
nonlinear relation are pretty close to the real ones as proven by the experimental 
characterization of the FWM efficiency of the devices shown in section 6. This can be 
understood since the power levels used in all of our characterization experiments (apart from 
those presented in Fig. 5) were too low for TPA to have any significant impact. 

Table 3. TPA values in cm/GW for the SiGe waveguides depending on concentration in 
Ge. 

Ge concentration 
Experimental 

βTPA 
(cm/GW) 

Theoretical 
βTPA 

(cm/GW) 

x = 0.1 1.16 1.73 

x = 0.2 1.24 2.15 

x = 0.3 1.5 2.58 

5.2 Nonlinear parameter γ 

To measure the nonlinearity, a method based on the measurement of the nonlinear phase shift 
of a dual-frequency beat signal was utilized [24]. Indeed, a beat signal undergoes a nonlinear 
phase shift given by: 

 2 ,SPM effL Pϕ γ=  (8) 

where γ and Leff are respectively the nonlinear coefficient, defined as γ = 2π n2 /(λ Aeff), and 
the effective length of the waveguide under test and P is the average power of the signal. The 
nonlinear phase shift is related to the conversion efficiency (CE) as: 
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where Ji is the Bessel function of the i-th order. 
For this measurement, we used the setup shown in Fig. 6(a), where two CW signals were 

coupled into the waveguide under test after amplification and polarization control. The two 
wavelengths were chosen sufficiently close to avoid the onset of dispersive effects [25]. The 
polarization was adjusted such that the nonlinear response was maximized when analyzed 
using an OSA at the output. 

By measuring spectrally the conversion efficiency [Fig. 6(b)] and using Eq. (9), we 
plotted the nonlinear phase shift as a function of the average power as shown in Fig. 6(c) for 
two different Ge concentrations of the 1 µm-width waveguide. The nonlinear parameter γ was 
then obtained from the slope of the linear function [Eq. (8)] which fitted the experimental 
data. 
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Fig. 6. (a) Experimental setup for nonlinearity measurement. EDFA = Erbium Doped Fiber 
Amplifier, OSA = Optical Spectrum Analyzer. (b) Typical spectrum where the conversion 
efficiency can be read (c) Typical plots of the Nonlinear Phase shift vs. the signal power for W 
= 1 µm and either x = 0.1 (red circles) or x = 0.2 (green triangles). The dotted-dashed lines 
correspond to linear fits. 

All results are summarized in Fig. 7. As expected from the literature [15], the nonlinearity 
increases with the Ge concentration. Smaller waveguide widths also result in higher values of 
γ, up to a value where the mode can no longer be confined in a small area, and the trend is 
reversed. Typically, the maximum value is reached for widths between 0.8 µm and 1.0 µm. 
These results were also compared with simulations and the results are contrasted in Fig. 7. 

 

Fig. 7. Nonlinear parameter γ as a function of the waveguide width for x = 0.1 (red circles), 0.2 
(green triangles) and 0.3 (blue squares). The experimental results (symbols) are compared with 
numerical simulations in dotted (x = 0.1), dotted-dashed (x = 0.2) and dashed (x = 0.3) lines. 

6. Dispersion and conversion efficiency 

Although it would be possible to measure the dispersion curve experimentally using a Mach-
Zehnder interferometer [4, 26, 27], we have focused our attention on the impact of dispersive 
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effects on the FWM-induced conversion efficiency. The calculations of Section 3 have 
suggested that the telecommunications C-band is far from the zero-dispersion wavelength of 
the SiGe waveguides included in our study, and it is well known that the dispersion could 
drastically impact on the four-wave mixing bandwidth [28, 29]. In order to assess the impact 
of the dispersion and also to validate the previous simulations on dispersion (as presented in 
Fig. 3), we have experimentally measured the conversion efficiency as a function of 
wavelength. 

The experimental setup is similar to Fig. 6(a) where “laser 1” is the pump having a fixed 
wavelength centered at 1550 nm and “laser 2” is a tunable continuous wave signal with low 
power compared to the pump. We report in Fig. 8 the wavelength dependence of the FWM 
conversion efficiency for the best of the waveguides (see the following Section and Fig. 9) for 
each Ge concentration. The simulations, which were derived by solving the three coupled 
nonlinear equations for the pump, signal and idler, are in relatively good agreement with the 
experimental data, thus confirming the validity of the dispersion curves of Fig. 3. 

 

Fig. 8. Conversion efficiency as a function of wavelength detuning from 1550 nm for (a) W = 
1.5 µm and x = 0.1 (red circles) (b) W = 1.0 µm and x = 0.2 (green triangles) and (c) W = 0.6 
µm and x = 0.3 (blue squares). The solid lines correspond to numerical simulations. The input 
power was close to 295 mW. 

Moreover, for a total power of ~295mW at the input of the waveguide, the Fig. 8 shows a 
3dB bandwidth of ~19 nm [Fig. 8(a)], ~21 nm [Fig. 8(b)] and ~26 nm [Fig. 8(c)] respectively 
for x = 0.1, x = 0.2 and x = 0.3. Note also that from our full set of measurements (not shown 
here), it was observed that, for a given waveguide width, a higher Germanium concentration 
results in a broader FWM bandwidth. The results emphasize that the inclusion of Ge in the 
alloys allows an additional degree of freedom in the design of the optical properties of 
nonlinear waveguides. 

7. Discussion on performance 

Even though these SiGe waveguides were not specifically designed and optimized for 
nonlinear applications, the previous section has shown that their performance as broadband 
FWM-based devices operating in the C-band is noteworthy. 

A common way to assess the performance of waveguides is the two-photon absorption 
figure of merit defined as FOMTPA = n2 / (βTPA λ) [30]. For the SiGe waveguides we 
considered in this study, this figure of merit takes values ranging from 0.55 to 0.48 as the Ge 
concentration increases from 10% to 30%. These values are close to the silicon FOMTPA 
(typically 0.38 ± 0.17 [30]) indicating that SiGe has the potential to be a competitive 
waveguide technology. This TPA figure of merit is mainly used to assess whether TPA is a 
limiting factor when a material is considered for use in all-optical switching [31, 32]. 
However, for the amounts of coupled power considered in these experiments (≤ 300 mW), the 
impact of TPA was not strongly significant (see Fig. 5). Therefore, for a fairer assessment of 
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the relative performance of the waveguides with respect to their linear loss and nonlinearity, 
one can use a simpler figure of merit, defined here as FOM = γ Leff. Figure 9 is a plot of the 
FOM for each of the waveguides we characterised. Clearly, the best performance is reached 
for x = 0.2 and W = 1.0 µm. 

 

Fig. 9. Figure of Merit as a function of the waveguide width for x = 0.1 (red circles), 0.2 (green 
triangles) and 0.3 (blue squares). The solid lines, corresponding to cubic polynomial fits, are 
only to guide the eye. 

Due to the fact that the losses are not significantly dependent on the polarization and that 
the effective area is also very similar for TE and TM modes, the performance is not strongly 
affected by the polarization. 

Note that one could anticipate attaining much higher FOMs through adopting a more 
complex waveguide design. Indeed, as for the silicon [6, 30], both the waveguide nonlinearity 
and dispersion properties at 1550 nm can be significantly improved after appropriate 
engineering, thus making this waveguide technology a potential competitor to other state-of-
art nonlinear waveguides with a new degree of freedom, namely, the germanium 
concentration profile. 

8. Conclusion 

We have reported a systematic study on the linear and nonlinear optical properties of SiGe 
waveguides at telecommunication wavelengths. We have confirmed that Germanium 
increases the nonlinearity but also the linear and nonlinear loss compared to pure silicon. 
Depending on the width, the nonlinear parameter γ may exceed 30 W−1·m−1. Efficient FWM 
can be produced while retaining pump power levels well below the onset of TPA. We have 
explored the tradeoffs between loss and nonlinearity for different waveguide designs and Ge 
concentrations. 

This study confirms that Si1-xGex is a promising candidate not just for the mid-infrared but 
also for all-optical processing at telecommunication wavelengths [33, 34]. The findings of 
this paper can inform the design of optimized nonlinear waveguides, allowing the 
manipulation of not just the waveguide dimensions but also the material composition. 
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