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Abstract—A slot waveguide structure made of a 
SiGe/Si/SiGe heterojunction is proposed to enhance 
Pockels effect in strained silicon. The strain is applied via 
lattice mismatch between layers, while the slot 
configuration optimizes the overlap between the optical 
and electric field inside the strained silicon. 
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I. INTRODUCTION 
Strained silicon emerged as a new field of research in 

photonics more than a decade ago, when a low frequency 
electro-optic effect was observed in a silicon waveguide 
covered by a silicon nitride layer with high intrinsic stress [1]. 
Such results were attributed to the presence of Pockels effect 
enabled by the strain induced symmetry breaking of the silicon 
lattice. Although subsequent experimental and theoretical 
studies revealed that such presence must be weaker than 
initially thought [2-6], more encouraging results such as the 
demonstration of second harmonic generation [7] and high 
frequency modulation [8] in strained silicon waveguides have 
been also reported since then.  In our last work, the effective 
index change resulting from strain induced Pockels effect was 
significantly enhanced by using a p-i-n junction [9]. However, 
the way of applying such strain (mainly using a stressing 
silicon nitride cover), has not barely changed since the concept 
was proposed in 2008 [1-9]. This situation contrasts when 
compared to the microelectronic industry, where a much 
diverse variety of methods for applying strain can be found, 
from bridge like structures [10] to lattice mismatched layers 
[11]. More specifically, the use of epitaxially grown silicon-
germanium alloys (Si1-xGex) to apply strain via lattice 
mismatch is a mature technique employed to tune the 
electrical and optical properties of silicon and other materials 
by changing their crystallographic structure. It is 
commercially and widely employed to enhance, among 
others, the carrier mobilities in MOSFET and FinFet devices 
[11] and broadly used to engineer structures such as light-
emitting diodes [12] or single-electron quantum devices [13]. 
Very recently, efficient direct-bandgap emission has been 
achieved in SiGe alloys [14] marking a milestone in the 
photonics field and making this material system an ideal 
platform for combining electronic and photonic devices in the 
same chip.  

In this work, a slot configuration made of a SiGe-Si-SiGe 
heterojunction is proposed to increase the strain applied to the 
silicon layer as well as its interaction with the optical mode 
and electric field. The expected effective index change due to 
the strain induced Pockels effect exceed those reported to date 
and approximately double the ones published in our last work 
[9]. The design of the SiGe-Si-SiGe structure will be 
described in the next section. Main results are then presented 
followed by a conclusion. 

II. PROPOSED SIGE-SI-SIGE SLOT STRUCTURE 
The proposed device consists on a three-layer structure 

epitaxially grown from a 50 nm thick (100) silicon SOI wafer. 
The bottom and top Si1-xGex layers have been chosen to be 200 
nm thick, thus, being fully relaxed. Several variables need to 
be considered when selecting the Ge composition of the SiGe 
alloy and the thickness of the silicon layer. In fact, a trade-off 
between both parameters must be met because, on one side, 
the lattice mismatch (which rises with a larger Ge 
concentration) increases the strain applied to the silicon but, 
on the other, it limits the silicon thickness free of dislocations 
which can be epitaxially grown on top of the SiGe layer. A 
final Ge concentration of x=0.6 has been chosen, which equals 
to a lattice mismatch of 2.4%, so that a fully strained silicon 
layer of around 10 nm can be epitaxially grown on top of the 
Si0.4Ge0.6 alloy [18]. The resulting waveguide structure is 
depicted in Fig. 1. 

III. PERFORMANCE RESULTS 
Once the structure has been proposed, the results for the 

strain, electric field strength and optical mode confinement 
have been calculated and are presented in the following 
sections.   

A. Strain applied to the silicon layer  
The strain due to the misfit lattices has been simulated with 

Silvaco Athena software package [19]. Values around 10-2 for 
horizontal (a) and vertical (b) strain components are obtained 
inside the silicon layer, as can be observed in Fig. 2, which are 
around one order of magnitude more intense than those of the 
silicon-silicon nitride waveguide configuration. Moreover, the 
strain gradients reach values around 105 1/m, as depicted in 
Fig. 2 for the (c) 𝜕𝜕εxx

𝜕𝜕𝜕𝜕
 and (d) 𝜕𝜕εxx

𝜕𝜕𝜕𝜕
.  

 
Figure 1. Proposed SiGe-Si-SiGe slot configuration. 
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Figure 2. Contour plot of the (a) εxx and (b) εyy strain components 
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 and (d) vertical 𝜕𝜕εxx
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B. Electric field strength inside the strained silicon layer 
To simulate the electrical behavior of the device, the 

correct values for the Si1-xGex alloy must be considered. Most 
of optical and electrical parameters follow a linear relationship 
with concentration, which is the case of the band gap and 
dielectric constant [17]. Therefore, they have been obtained 
by interpolating from pure Si and Ge values. Table 1 
summarizes the parameters used in the simulations.  

TABLE I.  SI AND SI1-XGEX MATERIAL PARAMETER VALUES 

 parameter units value 

Silicon 

Refractive index   3.477 
Band Gap eV 1.1 

Electron affinity  eV 4.05 
Dielectric constant  11.7 

Si0.4Ge0.6 

Refractive index   3.858 
Band Gap eV 0.84 

Electron affinity  eV 4 
Dielectric constant  14.4 

 

To obtain the results, the voltage (Vg) has been applied to 
the top SiGe layer while the bottom one has been grounded. 
The resulting electric field in the whole structure for an 
applied voltage of -5V is shown in Fig. 3 (a) with the (b) 
horizontal and (c) vertical components inside the silicon 
nitride layer. As it can be observed in the images, the 
heterojunction acts by concentrating the electric field inside 
the silicon, which contributes to enhance Pockels effect due to 
its linear relationship with this variable. 

C. Strain induced effective index change. 
As a result of the low silicon thickness and the small index 

contrast between Si and SiGe (see values of refractive indexes 
at 1.55 um in Table 1), the guided optical mode is a hybrid 
between that of a SiGe strip waveguide and the optical mode 
of the slot structure. Figure 4 (a) shows a contour plot of the 
optical mode, where it is possible to observe the higher field 
confinement inside the strained silicon area, also shown in the 
inset. Using the bond orbital model [5] with the experimental 
parameters reported in [6], the effective index change has been 
calculated for the designed structure. Figure 4 (b) shows the 
results as a function of the applied voltage, where a maximum 
value of ~2·10-5 is achieved for a voltage sweep between ±5V. 
This result improves by around a factor of two the expected 
effective index change values for Pockels effect compared to 
our last work [9] and, by a factor of around 400 those expected 
for the usual silicon-silicon nitride waveguide configuration.  

IV. CONCLUSIONS 
The use of a Si/SiGe slot-based structure to enhance the 

silicon strain and mode overlap is proposed. Thanks to the 
designed SiGe-Si-SiGe structure, a strong electric field is 
achieved inside the silicon, highly strained due to the lattice 
mismatch between both materials. Furthermore, thanks to the 
hybrid slot optical mode, the overlap between strain, electric 
field and optical field is significantly enhanced, leading to an 
effective index change with values exceeding those reported 
to date in the literature. The Si/SiGe material system offers a 
mature technique for applying strain to break the symmetry of 
silicon. In fact, by engineering the waveguide structure either 
by growing several Si/SiGe layers in its core or by using a 
graded Si1-xGex as the guiding material, strong stress gradients 
with high optical overlap could be obtained, offering a path to 
achieve practical values for strain induced Pockels effect.   
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Figure 3. (a) Electric field norm for the whole structure and (b) Ex 
and (c) Ey components in the strained silicon layer at -5V. 
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Figure 4. (a) Hybrid optical mode and (b) Δneff as a function of Vg. 
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