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induced Pockels effect in the mid-IR range
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Abstract—Strained silicon was proposed more than a decade
ago promising to revolutionize the silicon photonics field by
allowing efficient modulation in this platform. Despite all the
efforts, still rather low 𝜒(2) values have been measured in
strained silicon devices. In addition, the way of applying strain
has not barely changed since the concept was proposed, usually
consisting on a silicon waveguide covered by a stressor material
such as silicon nitride. In this letter, a SiGe slot approach is
explored as a different route to enhance the strain induced
Pockels effect in the mid-IR range. Such approach would allow
effective index change values which are near to 10−4 and improve
the values expected for the most common silicon - silicon nitride
structure by more than three orders of magnitude.

Index Terms—strained silicon, Pockels effect, SiGe

I. INTRODUCTION

THE strained silicon field was born in 2006 when low-
frequency electro-optic modulation was measured in a

strained silicon photonic crystal Mach-Zehnder interferometer
[1]. Due to the observed linear relationship between the
applied voltage and the effective index change, the modulation
was attributed to Pockels effect, estimating a induced strain
𝜒 (2) of ∼15 pm/V. In view of the results, it was proposed
that the silicon nitride deposited on top of the waveguide
was straining the silicon and, in this manner, was breaking
the centrosymmetry of its lattice. The possibility of enabling
Pockels effect in silicon opened the door to a new route
for achieving efficient and fully CMOS compatible modu-
lation in a simple and cost-effective way. Following studies
improved even more the obtained results, reaching second
order non-linearities as large as ∼ 340 pm/V in 2014 [2].
They were mostly focused on enhancing the Pockels effect
by optimizing strain and waveguide geometry [3], [4], [5].
Despite the encouraging initial findings, subsequent studies
started to question if Pockels effect was really the underlying
mechanism behind the measured responses. In fact, published
works studying second harmonic generation in strained silicon
waveguides pointed to much lower values of 𝜒 (2) in the order
of several pm/V [6].Moreover, the strong influence of plasma
dispersion effect in the obtained results was later demonstrated
by Azadeh et. al. in 2015[7] and corroborated as well by many
other experimental works [8], [9], [10]. The influence of the
trapping properties of the silicon nitride cover layer was also
demonstrated [11] and, regarding the second harmonic experi-
ments, it was proposed that the measured non-linear responses
could have arisen not from the silicon material itself but rather
from the cover layer [12] or due to the trapped charges inside it
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[13]. Therefore, all the experimental evidence suggested that
the Pockels effect was much weaker than initially thought.
From a thoretical perspective, a new model based on the
bond orbital description of the silicon covalent bond was
published [14], predicting values of 𝜒 (2) around several pm/V.
More recently, high frequency modulation was demonstrated
in a strained Mach-Zehnder interferometer showing a coherent
response with the bond orbital model [15]. Nevertheless, the
extracted value for the strain induced 𝜒 (2) was of 1.8 pm/V,
still pointing to a rather weak Pockels effect.

It is clear, therefore, that Pockels effect should be enhanced
to achieve efficient modulation in strained silicon. With this
aim, a p-i-n junction was proposed in our previous work
[16] to tackle the main problems hindering Pockels effect,
improving the effective index change values in a factor of
200 compared to the most common silicon-silicon nitride
waveguide structure. Furthermore, the way of applying strain,
mainly using a stressing silicon nitride cover, has not barely
changed since the concept of strained silicon was proposed
[17], [2], [7], [8], [11], [18], [15]. This situation contrasts
when compared to the microelectronic industry, where a much
diverse variety of methods for applying strain can be found,
[19], [20]. More specifically, the use of silicon-germanium
alloys (𝑆𝑖1−𝑥𝐺𝑒𝑥) to apply strain is a mature technique em-
ployed to tune the electrical and optical properties of silicon
and other materials. For example, in reverse embedded-SiGe
MOSFETs the elastic relaxation of a buried compressive SiGe
layer is used to induce tensile strain in the silicon. In this
manner, it is possible to enhance, among others, the carrier
mobilities in the channel [21]. In this line, our last work
explored a SiGe-Si-SiGe structure [22] to increase the strain
gradients inside the silicon layer, improving at the same time
their overlap with the optical mode. In this letter, we follow
the same approach but replacing the silicon layer by a three
layer stack consisting in two SiGe layers (Si0.35Ge0.65 and
Si0.65Ge0.35) plus the silicon film, all of them sandwiched
between two thick germanium layer. The resulting effective
index change of the guided mode is improved in more than
three orders of magnitude compared to the one obtained in
conventional silicon waveguides covered with a highly stressed
silicon nitride layer. However, the operation regime is located
at mid-IR wavelengths due to the use of Germanium.

II. THE SIGE SLOT STRUCTURE

The proposed device consists on a layered structure grown
on a (100) silicon SOI wafer. The bottom and top Germanium
layers have been chosen to be 200 nm thick. Sandwiched
between them, a three layer stack will be epitaxially grown.
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Fig. 1. The proposed Ge-SiGe-Si-Ge slot structure

The main goal is to have a highly stressed silicon film but,
in order to do that, a smooth transition is needed between the
germanium and silicon because, if the lattice mismatch is too
large, dislocations in the interface will appear and no stress
will be transferred to the silicon film. Therefore, two SiGe
films are epitaxially grown from the Ge bottom layer with
x=0.65 and x=0.35 germanium concentrations, respectively.
The silicon layer is then grown on top of them. A thickness
of 10 nm has been chosen for the three layers taking into
account the critical thickness to avoid the formation of misfit
dislocations [23]. A fully relaxed 200 nm thick Ge top layer is
finally grown on top of the silicon with the aim of having an
inhomogenous strain. Moreover, there is no need for the Ge
top layer to be in its crystalline state because it is not intended
to apply strain to the silicon film, thefore, the growth of an
amorphous Ge layer could be explored, if needed, to ease the
fabrication process. The design has been carried out in the 2
𝜇m region for low loss operation. A sketch of the designed
structure is shown in Fig. 1.

III. STRAIN APPLIED TO THE SI-SIGE STACK

The strain due to the SiGe layers has been simulated with
SILVACO Athena and Atlas software packages [24] and it
is dependent on the Ge concentration of each layer. Values
near to 10−2 for the strain are found inside the three layer
stack, as it can be observed in Fig. 2 (a), and even higher
in the edges due to the effect of the etching process. Such
values are around one order of magnitude more intense than
those of the silicon-silicon nitride waveguide configuration.
Moreover, the strain gradients reach values about 105 m−1, as
depicted in Fig. 2 for the (b) 𝜕𝜀𝑥𝑥

𝜕𝑥
and (c) 𝜕𝜀𝑥𝑥

𝜕𝑦
components.

But even more interesting is the fact that the vertical 𝜕𝜀𝑥𝑥
𝜕𝑦

strain gradients in Fig. 2 (c) are mainly negative, as opposed to
what happens for 𝜕𝜀𝑥𝑥

𝜕𝑥
in Fig. 2 (b). In this case, the horizontal

strain gradient shows a completely anti-symmetric distribution,
with areas of opposite sign canceling each other out. In fact,
this was one of the main issues observed in the silicon-silicon
nitride waveguides, as also discussed in other published studies
[22]. The three-layer SiGe stack, therefore, aids to avoid the
appearing of counteracting strained areas.

IV. ELECTRIC FIELD STRENGTH INSIDE THE STRAINED
SILICON LAYER

To simulate the electrical behavior of the device, the correct
values for the 𝑆𝑖1−𝑥𝐺𝑒𝑥 alloys 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 [25].

Fig. 2. Contour plot of the (a) 𝜀𝑥𝑥 strain component and the (b) horizontal
𝜕𝜀𝑥𝑥
𝜕𝑥

and (c) vertical 𝜕𝜀𝑥𝑥
𝜕𝑦

strain gradients for 𝜀𝑥𝑥 in the strained Si-SiGe
stack.

TABLE I
SI AND SI1-X GEX MATERIAL PARAMETERS AT 2 𝜇M

parameter units value

Silicon

Refractive index 3.451
Band Gap eV 1.12
Electron affinity eV 4.05
Dielectric constant 11.9

Si0.65Ge0.35

Refractive index 3.680
Band Gap eV 0.959
Electron affinity eV 4.032
Dielectric constant 13.34

Si0.35Ge0.65

Refractive index 3.875
Band Gap eV 0.851
Electron affinity eV 4.018
Dielectric constant 14.57

Ge

Refractive index 4.104
Band Gap eV 0.66
Electron affinity eV 4.0
Dielectric constant 16.0

Therefore, they have been obtained by interpolating from
pure Si and Ge values. Table I summarizes the parameters
used in the simulations.
To obtain the results, the voltage (Vg) has been applied to
the top Ge layer while the bottom has been grounded. The
resulting electric field in the whole structure for an applied
voltage of 12V is shown in Fig. 3(a) together with the (b)
horizontal and (c) vertical components inside the three layer
stack. Moreover, Fig. 3(d) shows also 𝐸𝑦 along the vertical
line marked in Fig. 3(a) to show the electric field values
inside the structure. In fact, the maximum voltage that can be
applied to the device is limited at 12 V and -5 V at positive
and negative voltages, respectively, by the breakdown field
of germanium (12.5 V/𝜇m [26]). The breakdown field for
Ge is also marked in Fig. 3(d) as indication. It is possible
to observe in the images of Fig. 3 how the heterojunction
helps to concentrate the electric field inside the silicon. While
a gradual rise on the electric field values can be observed
in Ge, a steep increase happens at the Si and SiGe layers,
reaching maximum electric fields of around ±17 V/𝜇m in the
silicon film. Hence, the higher electric field intensity located
in the strained silicon layer will further contribute to enhance
Pockels effect. In addition, it is important to highlight the
asymmetric behavior between positive and negative voltages,
obtaining higher electric fields for negative applied biases and,
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therefore, reaching the limit due to the germanium breakdown
field at lower values. This behavior will also be reflected in
the relationship between refractive index change and applied
voltage, as we will see in the following.

Fig. 3. (a) Electric field norm for the whole structure and (b) 𝐸𝑥 and (c)
𝐸𝑦 components in the strained Si-Ge stack at 12V. (d) Values of the 𝐸𝑦

component along the vertical line depicted in (a).

V. THE STRAIN INDUCED EFFECTIVE INDEX CHANGE

Thanks to the smaller refractive index of Si and SiGe films
compared to that of germanium, the guided optical mode is
mainly concentrated in the strained stack, as it is shown in Fig.
4 (a). The propagation losses of the optical mode are below
1 dB/cm at the considered 2 𝜇m wavelength. The refractive
index change of silicon has been calculated for an applied
voltage of 12 V, taking into account the bond orbital model
[14], where the same values for the experimental parameters
𝛼 and 𝛽 determined in [18] at 1.55 𝜇m have been considered
as an approximation. The results for the Δ𝑛𝑦𝑦 are depicted
in Figure 4 (b), where values even larger than 10−4 can
be observed. However, germanium is also a centrosymmetric
material which lacks 𝜒 (2) non-linearities due to the inversion
symmetry of its lattice. The highly strained SiGe layers,
therefore, could also contribute in a similar way as silicon
to the final effective index change. Furthermore, the effect of
those layers should be analyzed in order to know how they
can affect the device performance. Hence, the refractive index
for the SiGe films has also been calculated, approximating
the same 𝛼 and 𝛽 values as those for silicon. In addition, a
value of 0.5 has been used for the S parameter, related to
the overlap between hybrid orbitals. The values for the bond
length and 𝛾 have been interpolated considering those of pure
silicon (d=0.235 nm, 𝛾=1.4 [14]) and germanium (d=0.245
nm, 𝛾=1.6 [27]). The Δ𝑛𝑦𝑦 for the three layers is depicted in
Fig. 4 (c).

Fig. 4. (a) Optical mode and 𝑛𝑦𝑦 refractive index change for (b) silicon
and (c) the three Si-SiGe stack.

Then, the effective index change of the optical mode has
been calculated considering two scenarios: one in which only

the silicon film contributes to the final effective index change
and another in which the three layers are considered. The
results are shown in Fig. 5, where it is possible to see that
the best outcomes are obtained when the Si plus the two SiGe
layers are taken into account. A smaller effective index change
is obtained when only silicon is considered, in which a total
value of ∼ 3·10−5 is obtained when a sweep between -5 V
and 12 V is performed. Again, an asymmetric behavior for
positive and negative voltages is observed for the effective
index change as a consequence of the asymmetry in the electric
field already described in the precious section. On the other
hand, more encouraging outcomes are obtained when the three
layers are considered. In this case, a total index change of ∼
7·10−5 is achieved. This result improves in more than three
ordes of magnitude the expected results for the usual silicon-
silicon nitride structure and by around 12 times the results
obtained using a p-i-n junction with an asymmetric stress
cladding as proposed in our previous work [22].

Fig. 5. Effective index change as a function of the applied voltage considering
the contribution of silicon (blue) and silicon plus both SiGe layers (red).

VI. CONCLUSION

The values of the effective index change obtained with the
Si-SiGe structure suppose a clear step forward in the progress
towards efficient modulation based of strain induced Pockels
effect. On one hand, they would hugely facilitate the experi-
mental demonstration of Pockels effect in strained silicon and,
if proven, could mark a milestone in the silicon photonics
field. Hence, the Pockels effect could be exploited with the
discussed structure, reaching an effective index change near
to 10−4. The proposed device has been designed to work at
the beginning of the mid-IR range, at around 2 𝜇m, however,
whenever experimental values for the 𝛼 and 𝛽 parameters of
the bond orbital model are available at higher wavelengths,
the same design could be extended at higher wavelengths in
the mid-IR range. Therefore, the silicon-germanium system
allows to efficiently strain the silicon layer possibiliting, at
the same time, a high electric and optical field overlap. In
addition, the SiGe system is a mature technique employed
both, in electronic and photonics, broadly used to engineer
structures such as MOSFETs [21], light-emitting diodes [28]
or single-electron quantum devices [29]. Moreover, very re-
cently efficient direct-bandgap emission has been achieved in
SiGe alloys [30] making this material system an ideal platform
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for combining electronic and photonic devices in the same
chip.
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