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Comprehensive description of the electro-optic effects in strained silicon

waveguides
Pedro Damas,1 Mathias Berciano,1, a) Guillaume Marcaud,1 Carlos Alonso Ramos,1 Delphine Marris-Morini,1 Eric

Cassan,1 and Laurent Vivien1, b)

Centre for Nanoscience and Nanotechnology (C2N), Université Paris Sud, CNRS, UMR 9001,
Université Paris-Saclay, Bât. 220, 91405 Orsay Cedex, France

We present a novel and comprehensive analysis method that considers both plasma-dispersion effect and the
strain-induced Pockels effect to faithfully describe the electro-optic effects taking place in a strained silicon
waveguide under an applied voltage. The change of carrier distribution arising from the application of a
voltage, leads to a redistribution of the electrostatic field which deeply affects the strain-induced Pockels
effect. By simulating the strain gradients distribution inside the waveguide together with the free carrier
concentration in silicon, we were able to describe that the effective index change due to Pockels effect in
strained silicon waveguides and the applied voltage have a nonlinear relationship.

I. INTRODUCTION

In recent years, silicon-based photonics has received
much attention for its promising application in commu-
nications and optical interconnects developed in a CMOS
platform1. The major driver for silicon photonics is the
possible development of electronics and photonics circuits
in the same platform at reduced cost, while reducing
the power consumption and increasing the speed of data
transmission2.
The Pockels effect, an ultra fast electro-optic (E-O) ef-

fect (with temporal response as fast as femtosecond3) is
commonly used in high speed and low-power optical mod-
ulators. But because of the inversion symmetry present
in its crystal structure, silicon cannot exhibit any sec-
ond order nonlinear effect such as Pockels effect. For
that reason, optical modulation in silicon photonics is
usually achieved using the free-carriers plasma disper-
sion effect17. However modulators based on this effect
demonstrate high power consumption (∼ 1 pJ/bit) and
their speed is limited by carriers mobility and recombi-
nation time.
One possible way to allow the realization of high per-

formance Pockels-based modulators in silicon is to locally
break its crystal symmetry by applying strain (typically
through the use of a stress-overlayer made of SiN). This
has been suggested and demonstrated in previous works
on strained-silicon waveguides for Pockels effect4–8 and
Second Harmonic Generation (SHG)9,10.

However, recently, it has been also demonstrated that
free carriers inside silicon strongly contribute to the E-O
effects in the strained silicon waveguides and the reason
for the detected linear behavior between applied volt-
age and change in refractive index was the existence of
charged centers in the SiN stress-layer11–13. This demon-
stration not only showed that the previous experimental
results that did not take into account any free-carrier ef-
fects had been erroneously interpreted, but also that the
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description of the E-O effects in strained silicon was being
drastically over simplified. In fact, previous studies that
considered silicon to be a regular dielectric whose free-
carriers did not play a role led oversimplified descriptions
of the strain induced E-O effect, giving rise to incomplete
designing methodologies14 and experimental over estima-
tions of χ(2) 6,7.
In this paper we present a description of the E-O effects

occurring in strained silicon waveguides including both
Pockels and plasma dispersion effects. We put together
the strain, optical and carrier effects in a single model for
its complete analysis. First, we start by describing the
physics taking place when a strained silicon waveguide is
subjected to a voltage change and how it affects both its
refractive index and electric-field. Then, we proceed to
the quantitative analysis of all the possible E-O effects,
using recent advancements in the theoretical description
of strain-induced χ(2) using strain gradients and merging
it with the carrier distribution in the waveguide under a
voltage. Finally, we put all the effects together to give
estimations and trends of the overall E-O response of a
strained silicon waveguide as a function of an applied
voltage.

II. THE PHYSICAL ORIGINS OF THE

ELECTRO-OPTIC EFFECTS

There are different E-O effects that can take place in-
side a strained silicon waveguide and contribute for a
variation of the dielectric permittivity (∆ǫ) of silicon,
when an electrostatic field (F ) is present in the waveg-
uide. Those include the plasma-dispersion effect (∆nc

eff,
c standing for carriers), the Kerr effect (∆nK

eff) and the
Pockels effect (∆nP

eff), this one being possible only in
strained waveguides, where the centro-symmetry is bro-
ken. The final E-O effect is thus given by the sum of all
the mentioned contributions, so that

∆neff = ∆nc
eff +∆nP

eff +∆nK
eff . (1)

For our analysis on the E-O effects in a strained sil-
icon waveguide, we concentrated on the structure typi-
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FIG. 1: Cross-section of the strained waveguide
structure. The stress SiN layer (internal stress

σ0 = 1GPa) strains the waveguide underneath. The
electrodes generate an electric field (F ) in the

waveguide.

cally used in strained silicon for Pockels modulation5–7,
depicted in Fig. 1: a p-doped silicon waveguide (acceptor
density NA ∼ 1× 1015 cm−3), 250nm-high and 400nm-
wide, is covered by a 700nm-thick stressed SiN overlayer
(with internal stress of 1GPa), which strains the waveg-
uide underneath, breaking its centro-symmetry.
The concentration of electrons and holes, n and p,

respectively, inside the strained silicon waveguide may
change due to a variation of the electrical potential
(V (r)) in the structure. The physical process that leads
to this variation of carriers concentration has the same
physical roots as that occurring in the widely studied
Metal-Oxide-Semiconductor (MOS) devices and can be
explained as follows15: when a voltage Vs 6= 0 is ap-
plied to the signal electrode in Fig. 1, V (r) is changed
inside the structure, leading to a shift of the Fermi level
(EF ) and to the bending of the energy bands (valence
and conduction) in silicon. The final free-carrier concen-
tration is the result of the interplay between the band
bending and the EF shift induced by the applied voltage
Vs. An extensive description of these processes can be
found elsewhere15.
In order to study the described phenomena, we de-

veloped a simulation model of the structure depicted in
Fig. 1. The simulations have been performed using three
modules, namely:

❼ A modal analysis module to compute the optical TE
mode propagating through the silicon waveguide.

❼ A solid mechanics module to compute the strain gra-
dient fields induced by the silicon nitride stressed over-
layer on the silicon waveguide.

❼ A semiconductor module solving the Poisson’s equa-
tion, the drift-diffusion equations and the continuity
equations to compute the concentration of carriers in-
side the waveguide and the electrostatic field F .

For each modules used, a finite element method has been
employed to perform the calculations. In the simula-

tions, we varied the voltage applied to the signal electrode
(Vs) and explored how it affects the free-carrier distribu-
tion inside the waveguide. Fig. 2 reports on the total
number of electrons and holes inside the waveguide as
a function of Vs, together with the corresponding cross-
sectional plots of the holes (majority carriers) concentra-
tions for three different voltages levels: Vs =−10V, 2V
and 10V. These three voltages correspond respectively,
to some degree, to three well known regimes in MOS
devices: accumulation, where the majority carrier con-
centration dominates (the conduction band is very close
to EF ); depletion, where the concentration of any of the
free-carriers is very low (EF is far from both the con-
duction and valence bands) and centered at Vs = VD;
and inversion, where the minority carrier concentration
(electrons) overcomes that of the majority carriers (EF is
closer to the valence band). It must be emphasised that
the depletion voltage is different from the flatband for
which both conduction and valence bands are flat nearby
the waveguide interfaces, leading to a higher concentra-
tion of holes than electrons in the waveguide.

The previous simulations did not take into account any
charging process of the cladding. In fact, it has been
reported11–13 that the SiN cladding is responsible for the
creation of a positive surface fixed charge density Qf at
the semiconductor-SiN interface. Indeed during the de-
position of This charge density results in an effective volt-
age shift ∆V in the p(Vs) and n(Vs) behaviours. This is
shown in Fig 2, obtained from simulations where we in-
cluded Qf = 3× 1012 cm−2 at the Si/SiN interface, as
measured by Sharma et al. in12. Due to the Maxwell-
Boltzmann statistics approach used in the simulations,
the total number of carriers in the waveguide increases
indefinitely because of the bending of the energy bands
(the number of carriers depends exponentially on the en-
ergy level value). Those fixed charges then modified both
free-carriers plasma dispersion effect and Pockels effect.
In the following, we performed a comparison between the
uncharged (Qf = 0) and charged (Qf ∼ 3× 1012 cm−2)
states.

The carrier concentration has direct influence on the
refractive index of the structure through the plasma-
dispersion effect16,17. However, it also indirectly affects
the Pockels and Kerr effects because the electrostatic field
distribution (F ) inside the waveguide is dependent on
the carrier distribution. In Fig. 3 we present the cross-
sectional contour plot of Fy together with the vectorial
field of F in the waveguide region for the three regimes
described above. We clearly see that it is highly inhomo-
geneous in the waveguide and extremely dependent on
the applied voltage. The free-carrier distribution has a
strong influence on the distribution of the electrostatic
field inside the waveguide, which is in the origin of the
electro-optic effects.

As a result, the application of a voltage Vs in the sys-
tem modifies the free-carrier density in the silicon waveg-
uide (affecting the ∆nc

eff), which in turn changes the ele-
strostatic field distribution in the waveguide (affecting
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(a) Vs = −10V

(b) Vs = 2V

(c) Vs = 10V

FIG. 2: The total number of carriers in the waveguide
as a function of the applied voltage for uncharged
(Qf = 0, solid) and charged (Qf ∼ 3× 1012 cm−2,

dashed) cases of the cladding, with the identification of
the three regimes and depletion voltage VD. The

corresponding cross-section distribution (in logarithmic
scale) of the hole concentration p (in cm−3) for the

three different regimes a), b) and c).

(a) Vs = −10V

(b) Vs = 2V

(c) Vs = 10V

FIG. 3: The distribution of the Fy field (color), together
with the vector field F (arrow surface) in the uncharged
waveguide (Qf = 0) in the region of the waveguide, for

the three different regimes: a) accumulation, b)
depletion and c) inversion.
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both ∆nP
eff and ∆nK

eff). This redistribution is highly non-
linear inside the waveguide, as it can be seen in Fig. 3 and
results in a nonlinear relation between Fy and Vs. This
nonlinear phenomenon is the main reason for the dif-
ferences between the E-O description including the free-
carrier effects and the simplified analysis considering the
waveguide as a dielectric material5–7,14.

III. QUANTITATIVE DESCRIPTION OF THE

ELECTRO-OPTIC EFFECTS

In every electro-optic effect the dielectric permittivity
tensor (ǫ) of a material undergoes a variation

ǫ = ǫ0 +∆ǫ , (2)

where ǫ0 is the original permittivity tensor of the material
and ∆ǫ is the E-O effect induced by the applied electric
field and generally we may assume that ∆ǫ ≪ ǫ0.

The change in dielectric permittivity of the material
induces a variation of the effective index neff of the op-
tical mode propagating in the waveguide. If the electric
and magnetic profiles of the mode propagating in the z
direction are given by E(x, y) and H(x, y), respectively,
it can be shown that ∆neff can be generally given by14:

∆neff =
1

N

∫
E ·∆ǫ ·E∗ dxdy , (3)

where the integration is carried over the entire space.
The parameter N corresponds to the active power of the
mode and it is given by

N =
1

cǫ0

∫
(E ×H∗ +E∗ ×H) · ẑ dS . (4)

Equation 3 allows calculating ∆neff for given mode and
∆ǫ profiles. In this analysis we only concentrated on the
TE-fundamental mode of the waveguide structure pre-
sented in Fig. 1. Thus, what is left to evaluate is the
specific ∆ǫ resulting from each one of the three E-O ef-
fects discussed in the previous section.
First, Kerr-effect, which is a quadratic E-O mediated

by the third order nonlinear susceptibility tensor χ
(3)

of
the material, so that the change of dielectric permittivity
ǫK(r) is given by

∆ǫK = 3χ
(3)

: F F . (5)

In silicon, χ(3) ∼ 1× 10−19 m2/V218 at λ = 1.55µm
and from Fig 3, the electric field inside the waveguide
takes values Fy ∼ 1× 106 V/m. Inserting these values
in eq. 3 leads to ∆nK

eff from 1× 10−7 to 1× 10−6, in the
voltage range we considered. This confirms the widely
known statement that Kerr effect is very weak in silicon
and plays a negligible role in the E-O effects, even consid-
ering the fixed charges at the interface of the waveguide.
Consequently, it may be neglected when compared with
stronger contributions like plasma-dispersion and strain-
induced Pockels effects, which is the focus of the following
analysis.

A. Plasma-Dispersion effect

The change in refractive index of silicon due to the
change in free-carrier concentration (plasma-dispersion
effect) is given by the so-called Soref-Bennet equations
which, at λ = 1.55µm are given by17:

∆nc = −
(
8.8× 10−22∆n+ 8.5× 10−18∆p0.8

)
. (6)

where ∆n and ∆p are respectively the electron and hole
concentration change expressed in cm−3.

The corresponding change in permittivity is then given
by

∆ǫc = 2nSi∆nc (7)

which can be inserted in eq. 3 to give

∆nc
eff =

2nSi

N

∫

wg

E2 ·∆nc dS . (8)

The value of ∆nc
eff as a function of Vs was calculated

using the simulations described in the previous section
together with eq. 6. The results, for both uncharged and
charged cases are shown in Fig. 4. The curve is negative
because of the minus sign in eq. 6 and the maximum volt-
age, occurring at Vs = VD, corresponds to the depletion
regime of the system, where both electrons and holes con-
centrations are low. Away from this point, the ∆nc

eff de-
creases because of the increasing number of free-carriers
in both accumulation and inversion regimes. The posi-
tion of the depletion regime is, as expected, dependent on
Qf , corresponding to VD ∼ 2V and VD ∼ −24V for the
uncharged (Qf = 0) and charged (Qf = 3× 1012 cm−2)
situations, respectively. These results are in line with
those reported in other publications on this subject11,12.
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FIG. 4: The resulting ∆nc
eff as a function of the applied

voltage (Vs) for the structure represented in Fig. 1 for
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5

B. Pockels-effect in strained silicon

Pockels effect arises from the interaction between the
electrostatic electric field F and the second order nonlin-
ear susceptibility tensor χ

(2)
of the material. The change

of dielectric permittivity ǫP (r) is given by:

∆ǫP = 2χ
(2)

· F . (9)

Inserting the previous equation into eq. 3, allows calcu-
lating the Pockels effective index change as:

∆nP
eff =

2

N

∫

wg

χ
(2)
ijkEiEjFk dS . (10)

The difficulty with the evaluation of the previous equa-
tion is in the value of χ(2) to use, which must depend
on the deformation of the crystal. It has been demon-
strated that strain gradients are behind the generation
of χ(2) in centro-symmetric crystals14,19. By defining the
strain gradient tensor (η) components by

ηijk =
∂εij
∂xk

, (11)

χ(2) can be generally written as14,19

χ
(2)
ijk = Γijk,lmnηlmn . (12)

The coefficients Γ are dependent on the crystal prop-
erties. Despite the values of these parameters are not
known, recently, we have demonstrated that these coef-
ficients are dependent only on two parameters α and β,
to be determined experimentally19.

Inserting eq. 12 into eq. 10, leads to the following re-
lation:

∆nP
eff = Γijk,mnl

̂
ηijkmnl . (13)

The quantities
̂
ηijkmnl are named effective strain gradients

and are defined by:

̂
ηijkmnl =

2

N

∫

wg

ηmnlEiEjFk dS , (14)

corresponding to the overlap integral between the opti-
cal mode (E), strain gradients (η) and electrostatic field
(F ) spatial distributions inside the waveguide. The pre-
vious equation shows how Pockels effect depends on the
interaction between the strain effects, optical mode and
applied electrostatic field, which can be simulated inde-
pendently.
In principle, all the components of the η and

χ(2) tensors contribute to the Pockels effective index
change, each contribution being weighted by the cor-
responding Γijk,mnl coefficient, which in this paper we
consider to be unknown. However, the symmetries of
the problem lead to a drastic simplification of the sum
in eq. 14 because most of the terms vanish or are very

small. For the TE-mode propagating in the structure of
Fig. 1 the only relevant effective strain gradient compo-

nents are η̂xxyxxy and η̂xxyyyy
14–19. Indeed while Fx and Fy

components of the electrostatic field F are at equivalent

magnitude, simulation results shown that η̂xxxxxy ≪ η̂xxyxxy

and η̂xxxyyy ≪ η̂xxyyyy .Therefore, ∆nP
eff is reduced to the sum

of only two terms, resulting in:

∆nP
eff = Γxxy,xxy η̂

xxy
xxy + Γxxy,yyy η̂

xxy
yyy (15)

= Γxxy,xxy

(
η̂xxyxxy + ζη̂xxyyyy

)
, (16)

where we have defined

ζ ≡
Γxxy,yyy

Γxxy,xxy

. (17)

In the previous equation, Γxxy,xxy contains the infor-
mation about the intensity of the Pockels effect, affect-
ing the numerical value of ∆nP

eff, whereas the parameter
ζ defines the change of the voltage dependent curve, be-

cause it sets the relative weight of η̂xxyxxy and η̂xxyyyy effective
gradients in the strain-induced Pockels effect.
The calculation of the strain gradients inside the

waveguide was performed by simulating the deforma-
tion state of the structure when its strain is due to the
SiN layer, with internal stress σ0 = 1GPa. The cross-
sectional profiles of the strain gradient components ηxxy
and ηyyy are shown in Fig. 5.
The results for the ηxxy and ηyyy can be used together

with the field profiles of Fig. 3 as a function of Vs in or-

der to calculate η̂xxyxxy(Vs) and η̂xxyyyy (Vs). The result are

presented in Fig. 6 and shows that η̂xxyxxy and η̂xxyyyy have
opposite signs, which comes from the difference in the
sign of the distribution of the respective strain gradients,
as shown in Fig. 5. Furthermore, it is clear that the ef-
fective strain gradients undergo a sign shift around VD,
where the sign of the electric field inside the waveguide
change. In the region close to the VD (in the depletion
regime), η̂ are very sensitive to voltage changes, stabiliz-
ing away from this point where the curve is considerably
flat.
The final Pockels effective index change is a combina-

tion of the referred two effective gradients (see eq. 16) and
the Γ coefficients, which are unknown parameters that
should be determined experimentally. Nonetheless, it or-
der to provide information about the possible trends of
the strain-induced Pockels effect, in Fig. 7 we present the
∆nP

eff(Vs) for different ζ values in the uncharged config-
uration. It clearly shows that the strain-induced Pockels
effect curve shape enormously varied depending on the
relative value of the Γ coefficients.

IV. FINAL ELECTRO-OPTIC EFFECT

The effects discussed in the previous sections can be
now put together to calculate the final ∆neff, as given in
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(a) ηxxy

(b) ηyyy

FIG. 5: The distribution (in m−1) of the most relevant
strain gradients components in the waveguide,
represented by the rectangle in the center.
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eq. 1. As discussed previously, we neglect the contribu-
tion from Kerr effect and the E-O effect is thus reduced
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to the plasma-dispersion and Pockels terms, leading to

∆neff = ∆nc
eff +∆nP

eff = (18)

= ∆nc
eff + Γxxy,xxy

(
η̂xxyxxy + ζη̂xxyyyy

)
. (19)

As mentioned before, without the knowledge of the
Γ coefficients, the analysis of the final electro-optic ef-
fect must be done as a function of both ζ and Γxxy,xxy

coefficients. The effects of a wide range of ζ values in
the strain-induced χ(2) , is shown in Fig. 7 while for the
analysis of the total E-O effect in the waveguide we only
focused on two different values: ζ = ±1. In this way, we
explicitly calculate how two symmetric values of ζ affect
the final E-O effect while keeping the analysis as simple
as possible.
With ζ value fixed, the average χ(2) inside the waveg-

uide is given by

< χ(2)
xxy >= Γxxy,xxy (< ηxxy > ± < ηyyy >) , (20)

where < > stands for averaging inside the waveguide.

From the previous equation, the value of < χ
(2)
xxy >

uniquely determines Γxxy,xxy (and vice-versa), because
the strain gradients average can be calculated from the
simulations shown in Fig. 5 which give:

< ηxxy > + < ηyyy > = 2737m−1 , for ζ = 1 , (21)

< ηxxy > − < ηyyy > = 8922m−1 , for ζ = −1 . (22)

Therefore, the rest of our analysis is carried out in

terms of < χ
(2)
xxy > because it provides a better under-

standing on the strength of the strain-induced Pockels ef-
fect and eases the comparison with previous experiments
and materials. Therefore, in this analysis we consid-

ered < χ
(2)
xxy >=1pm/V, 10 pm/V and 50 pm/V, values

chosen based on previous publications. The first corre-
sponds to the lowest values reported from Pockels effect
in strained silicon20. The other two values, 10 pm/V and
50 pm/V, correspond to higher values reported from pre-
vious works on the field4,9.
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Figs. 8 shows the results for ζ = 1 and ζ = −1, and
for the uncharged (solid) and charged (dashed) situa-
tions. From the different changes undergone by the two
curves, it is noticeable the effects of the increasing strain-
induced χ(2) values on the overall E-O effect and their
strong dependence on the ζ parameter. When consid-
ering 1 pm/V, the ∆nc

eff curve is not perturbed by the

strain induced Pockels effect. Thus, if χ(2) has indeed
this order of magnitude, it is impossible to dissociate it
from any DC experiments, as its effect is overtaken by
the plasma-dispersion effect and ∆neff ≃ ∆nc

eff.

However, if we consider the average χ(2) in the waveg-
uide to be 10 pm/V, even though ∆nc

eff is still the most
relevant effect, we can detect a change in the curve be-
haviour which could possibly be detected experimentally.

Finally, for < χ
(2)
xxy >= 50pm/V, both plasma-dispersion

effect and the strain-induced χ(2) have almost identical
importance in the curve behaviour, leading to reasonable
changes in the E-O curves presented in Figs. 8a and 8b.
In this situation, we cannot consider ∆nc

eff to be the dom-
inant effect and only a joint analysis of both carriers and
strain effects can lead to correct interpretations.

V. CONCLUSION

In this paper we thoroughly presented a comprehensive
method that includes carrier effects to faithfully describe
strain-induced Pockels effects in silicon waveguides. The
underlying physical phenomena relating the carrier and
Pockels effects arises from the carrier distribution modi-
fication in presence of an applied voltage, which in turn
affects the electrostatic field in the strained silicon waveg-
uide, thereby influencing the Pockels effect.

Under these considerations, and relying on the latest
studies on the origin of Pockels effects in strained silicon,
we developed a model which puts together the strain ef-
fects, the carriers and the optical modes together, to fully
describe the electro-optic effect as a combination of both
plasma-dispersion and Pockels effects. The final electro-
optic effect depends on the strength of the strain-induced
χ(2) . These estimated values of ∆neff have shown that
only average χ(2) values in the waveguide higher than
10 pm/V can have any relevance on the measured E-O
effect.

The method proposed in this work, represent the
backbone of any complete analysis of Pockels effects in
strained-silicon waveguides, which must include the free-
carriers in the waveguide and the charging effects of the
cladding. We strongly believe that the analysis method
we developed in this paper sets the basis for a deep under-
standing of strain-induced Pockels effect in silicon waveg-
uide, opening a new route for the design and optimization
of fast and low-power consumption Pockels-based silicon
electro-optic modulators.
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