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Abstract: The magnitude and origin of the electro-optic measurements in strained silicon
devices has been lately the object of a great controversy. Furthermore, recent works underline
the importance of the masking effect of free carriers in strained waveguides and the low
interaction between the mode and the highly strained areas. In the present work, the use of a
p-i-n junction and an asymmetric cladding is proposed to eliminate the unwanted carrier
influence and improve the electro-optical modulation response. The proposed configuration
enhances the effective refractive index due to the strain-induced Pockels effect in more than
two orders of magnitude with respect to the usual configuration.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The silicon platform offers an enormous potential for integrated photonics due to the
possibility of combining photonic and electronics on the same chip. Moreover, photonics can
benefit from the mature fabrication processes, capabilities and know-how of the
microelectronic industry, enabling a low cost and high-volume CMOS compatible production
of photonic integrated circuits (PICs). However, although the variety of functionalities is
continuously expanding, one of the main limiting factors is the material itself. The lack of
electro-optical activity in silicon due to its crystal centrosymmetry prevents the development
of key components in this platform. Applications such as nonlinear phenomena or high-speed
efficient modulation are currently addressed either by integrating III-V compounds [1],
ferroelectric materials, such as LiNbO; [2] or BaTiO; [3], and organic compounds [4] or by
relying in the plasma dispersion effect for optical modulation [5]. In this context, strained
silicon was proposed more than ten years ago as a disruptive approach to tackle this problem
[6]. Due to the broken symmetry induced by the applied strain, the second order susceptibility
is no longer inhibited and high speed and low power electro-optical modulation is allowed
based on the Pockels effect [7]. Some phenomenological models have been reported [8,9]
and, by studying stress, the lattice symmetry and waveguide geometry [10—12] electro-optical
modulation has been shown and optimized on this technology and used to extract large
second-order susceptibility values [12—14]. However, the origin of the measured data has
been questioned in recent studies and the important role played by free and trapped carriers in
masking the underlying Pockels effect has been emphasized [15-20]. It has also been
suggested that the observed nonlinearities could arise not from the strained silicon but from
the silicon nitride layer covering the structures [21]. Furthermore, theoretical models [22,23]
and second-harmonic generation experiments predict much lower values for the second order
susceptibility [24-27]. Recently, high frequency modulation has been demonstrated in a
strained Mach-Zehnder interferometer but with an effective susceptibility value of a few
pm/V [28]. On the other hand, almost a year ago, strong high frequency modulation was
demonstrated via third-order susceptibility in a silicon waveguide. A p-i-n junction was used
to extract the free carriers from the waveguide core and enhance the weak Kerr effect present
in silicon [29]. In this letter the use of a similar p-i-n structure in a strained silicon waveguide
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is proposed to overcome the masking effect of carriers and, thus, enhance the strain induced
Pockels effect. In addition, an asymmetric cladding is also used to improve the overlap
between the strain and the optical modes. As a result, effective index change values of more
than two orders of magnitude higher than those obtained for the undoped structure have been
predicted.

2. The index ellipsoid in strained silicon

Figure 1(a) shows the initial considered structure, consisting on a silicon rib waveguide of
400 x 220 nm* with an etching depth of 140 nm and a background acceptor doping of 10"
cm™ covered by a silicon nitride layer that acts as a stressor. The cladding thickness has been
chosen to be 700 nm with a compressive intrinsic stress of 2 GPa. As depicted in Fig. 1(b),
the waveguide is rotated around its vertical axis to study the effect of the crystal orientation
on the second order susceptibility tensor. The rotation angle, ¢, is defined with respect to the
initial coordinate system, which is aligned with the principal axes of a cubic crystal, i.e. X’ =
[100], y* = [001], z’ = [0-10]. Thus, the four bond vectors of the primitive cell, shown in the
inset of Fig. 1(b), must be written as a function of ¢:

&= %(cosqﬁrsin ¢.1,sing—cos )
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being d = 0.235 nm the length of the unstrained Si-Si bonds. In addition, the silicon has been
considered as an anisotropic material and the variation of the strain with the rotation of the
waveguide has also been taken into account [30,31].

y'=y [001]

80 nm
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Fig. 1. (a) Sketch of the strained silicon waveguide covered with a silicon nitride layer of 700

nm and a compressive stress of 2 GPa, and (b) representation of the rotated waveguide

showing the reference and waveguide coordinate systems. The reference system is aligned

with the crystalline directions of a cubic crystal x> = [100], y’ = [001], z’ = [0-10]. The four

bond vectors of the silicon primitive cell are displayed in the inset.

Using Eq. (1) and the bond orbital model described in [22], it is possible to obtain the

second order susceptibility tensor as a function of ¢ and the strain gradients inside the
waveguide core:
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where contracted notation has been used for j (1—11, 2—22, 3533, 4523, 5513, 6—12).
The explicit expressions for the susceptibility coefficients have been omitted for clarity and
can be found in the Appendix A along with a more exhaustive analysis of their dependency
on ¢. It is important to highlight, however, that all of them are in the same order of magnitude
and vary between negligible values at the waveguide center up to several pm/V near the
waveguide walls, where the strain is higher. Once we know the susceptibility tensor, the
index ellipsoid can be calculated by using its general formula [32]:

(m, +An,)xx, =1 A3)

being x; = x, y or z for i = 1,2 or 3, respectively, and analogously for x,,7, =80" the
impermeability tensor of unstrained silicon and A7), the perturbation induced by the Pockels

effect, which is given by
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The applied electric field along the propagation direction E, has been assumed to be zero and
the Pockels coefficients r;; have been obtained from the susceptibility tensor by using the

relationship r, =—— x? [32], with no = 3.454 the index of unstrained silicon. The resultant
; P

o

index ellipsoid has, in general, non-negligible values for all terms:
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Although we cannot diagonalize the index ellipsoid without disregarding any term, it is
possible to extract the explicit form of the refractive index matrix by knowing that [32]

(m,+An,)=¢" =(nn)", (6)

where n is the refractive index matrix in the waveguide coordinate system. Furthermore, we
can define the index change due to Pockels effect for a given applied voltage as

Anl = dny (V £0)—An, (V' =0)
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As it is possible to see from Eq. (7), the effective index change is directly proportional to
the Pockels coefficients and the applied electric field, therefore, it should be possible to find
an optimum waveguide orientation and electrode configuration that maximize the index
change.
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Fig. 2. (a) Sketch of the electrode configuration used to study the strain induced electro-optic
effect and the corresponding effective index change for (b) TE (blue) and TM (red) modes as a
function of ¢ for an applied voltage of —15 V.

We will start first by studying the electrode configuration used in most experimental
works on strained silicon [8-10,14-17,22], which is depicted in Fig. 2(a). The voltage is
applied in the central electrode while the laterals are electrically grounded. The space and
width of the electrodes have been optimized to 3 um and 2 um, respectively, to reach
maximum effective index variation. By using Eq. (7), the effective index change as a function
of ¢ has been obtained at the working wavelength (A = 1.55 um) by using a FEM (finite
element method) based software (COMSOL). The result is depicted in Fig. 2(b) for TE and
TM modes and an applied voltage of —15 V. All refractive index elements have been
considered in this calculation, however, crossed terms play in general a secondary role in the
determination of the mode effective index change, as it is more extensively shown in the
Appendix B. A remarkable variation with ¢ is predicted specially for the TM mode, varying
between negative and positive values. In fact, a null effective index change is predicted for
25° and 65° and reaches a highest negative value of —9 x 107 at 45°. This variation with ¢ is
related not only to the change in the refractive index but also due to the variation of its
distribution inside the waveguide core and, therefore, in the overlap with the optical mode. To

show this more clearly, the index change of the An;/y element (which is specially influent in
the TM mode) is depicted in Fig. 3(a) at ¢ = 0° (top) and ¢ = 45° (bottom) for an applied
voltage of —15 V. A quite strong change from positive to negative values can be observed

near the waveguide walls between both situations, change that is then reflected in the
variation of the effective index when the waveguide is rotated.
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& AN

N
S)
!
N
=]

—15V and (b) contour plot of the E, (top) and E, (bottom) DC electric field components
(V/pm).

On the other hand, both TE and TM modes reach the highest positive values of 3 x 107
and 4 x 107%, respectively, at 0°, which is still very low in comparison with that obtained by
the plasma dispersion effect. The explanation of these low results can be attributed to
different origins. First, there is an intrinsic limitation due to the small Pockels coefficients we
are considering, which are derived using the theoretical model reported in [22] and described
more exhaustively in Appendix A. The values of the modelling parameters have been taken
from [28], where experimental results were used to extract such values. In addition, there is

an attenuation of the Ang due to the location of both, the electric field and the strain gradients

at the waveguide borders, areas with little interaction with the optical mode. The first effect is
well captured in Fig. 3(b), where the electric field inside the waveguide core is depicted. The
electric field is quite strong at the waveguide borders. However, it is screened due to the
carrier accumulation at the Si-SiN interface and rapidly decreases to almost negligible values
at the waveguide center. We can observe the same trend in Fig. 3(a), where the change in the
refractive index elements is strong near the Si-SiN interfaces but decreases several orders of
magnitude when approaching the waveguide core. Finally, the effective index change due to
plasma dispersion effect has also been simulated, obtaining values around 7.4 x 107> for an
applied voltage of —15V, i.e. three orders of magnitude higher than those predicted for the
strain induced Pockels effect and, thus, completely masking it in static measurements.

3. The effect of a p-i-n junction

As it has been briefly discussed before, the screening of the electric field is one of the main
factors limiting the strength of Pockels effect. In this second section, the use of a p-i-n
junction is going to be studied to overcome this problem. To do so, highly doped regions are
placed at both sides of the waveguide core with an opposite dopant concentration of 10*°
em™. The distance from the waveguide center is chosen to be 400 nm to avoid high
absorption losses due to the interaction between the optical field and the highly doped areas.
We will begin by studying the behavior of the p-i-n junction with the same electrode
configuration as that used in the undoped case, depicted in the top image of Fig. 4(a). In this
case, for low values of the applied reverse bias, the junction keeps the free carriers outside the
waveguide core and avoids their masking effect. However, for higher applied voltages, the
external electric field becomes stronger than the built-in electric field of the junction. In this
situation, the external field easily moves the carriers from the highly doped regions to the
waveguide core, therefore, cancelling the beneficial effect of the p-i-n structure. In order to
avoid this scenario, lateral electrodes have been designed to be in contact with the p" and n""
areas, as depicted in the top image of Fig. 4(b). Therefore, the external voltage will be applied
not only on the central but also on the lateral electrode contacting the p*" region. In this way,
the horizontal field created by the p-i-n junction will be strengthened with the applied voltage
and will keep the free carriers away from the core. On the other hand, the central electrode
will be mainly in charge of enhancing the vertical electric field.
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Fig. 4. (a) Sketch of the configuration 1 (top) and contour plot of the E. (middle) and E,
(bottom) components of the electric field inside the waveguide core (V/um). (b) Sketch of the
configuration 2 (top) and contour plot of the E, (middle) and E, (bottom) electric fields inside
the waveguide core for this configuration.

Figures 4(a) and 4(b) show the E, (middle images) and E, (bottom images) components of
the electric field inside the waveguide core for the p-i-n junction with top and top plus lateral
electrodes, respectively, which will be referred to in the following as “configuration 1” and
“configuration 2”. A strong improvement is clearly observed for the latter configuration, in
which both E, and E, components of the electric field reach values of several and even tens
Volts per micron at the waveguide center, while in the first situation the field does not reach 1
V/pum.
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Fig. 5. (a) Contour plot of An;/_ for the configuration 1 (bottom) and configuration 2 (top) at ¢
= 0° for an applied voltage of —15 V and (b) corresponding effective index change for TE and
TM modes.

Thanks to the electric field enhancement, the refractive index change values are improved
by around two orders of magnitude with respect to those obtained with the standard
configuration. This can be observed in Fig. 5(a), which shows the index change of the An)';
element for the configuration 1 (bottom) and configuration 2 (top) at ¢ = 0° for an applied
voltage of —15 V. However, the resulting effective index change is a complex combination of
the overlap between optical fields and An)V), which results in a lower effective index change.
As observed in Fig. 5(b), the best results are obtained at ¢ = 0° for TM and at 45° for TE with
values of =2.3 x 107 and —3.9 x 107", respectively. This implies an improvement of a factor
of 7.6 and 4.3 for TE and TM modes with respect to the best cases of the initial structure. At

the same time, the effective index change due to plasma dispersion effect decreases to around
107, which is 7.4 times smaller with respect to the initial case.
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4. The effect of an asymmetric cladding

Although high values around 107 are observed in some areas of Fig. 5(a) for the
configuration 2, the low interaction with the optical mode and the overlapping with areas of

opposite An;y gives a resulting effective index change of around 107, i.e. two orders of

magnitude weaker. In order to improve this situation, the use of an asymmetric cladding is
analyzed in this section. A scheme of the structure is depicted in Fig. 6(a). Half of the
waveguide is covered by a silicon nitride cladding with a high compressive stress of 2 GPa
while the other half is covered by a silicon nitride with a tensile stress of 1.25 GPa. Both
chosen values are feasible and already experimentally demonstrated in different published
works [19,26]. Figure 6(b) shows the contour plot of the An)Vy element of the refractive index

matrix. Thanks to the asymmetry in the applied deformation, a high strain is located at the
waveguide center. In addition, most of the waveguide core has an index change of the same
sign, which results in a remarkable improvement of the overlap with the optical mode.
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Fig. 6. (a) Sketch of the proposed structure with the left half of the cladding with a
compressive stress of 2 GPa (light blue) and the right half with a tensile stress of 1.25 GPa

. 4 . 5 .
(violet) and (b) contour plot of the Al’l)/y refractive index element for ¢ = 0° and an applied

voltage of =15 V.

In this case, the maximum effective index change increased up to —6 x 107 for TE at a
rotation angle of ¢ = 0°, as shown in Fig. 7. Such result represents an increase of more than
two orders of magnitude with respect to the initial configuration. Furthermore, a noticeable
result is also obtained for the TM mode, with a maximum effective index change of —3-107°
also for ¢ = 0°.
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Fig. 7. Effective index change for TE and TM modes as a function of ¢ for an applied voltage

of—15 V.
5. Conclusions

The ability of enabling a practical Pockels effect in the silicon platform is currently the
subject of a high interest. Strained silicon is clearly the simplest way to achieve that goal.
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However, there are two main limiting factors hindering the effect of strain induced Pockels
coefficients: the localization of strain and electric field outside the waveguide core. In this
work, two methods are proposed to improve each of these problems. First, the use of a p-i-n
junction with top and lateral electrodes is proposed to keep the carriers away from the
waveguide core and enhance, at the same time, the vertical and horizontal electric fields.
Secondly, an asymmetric cladding is used to induce strain in the waveguide core center,
which strongly improves the overlap with the optical mode. the proposed methods offer a
significant improvement of the effective index change by a factor of 200 with respect to the
conventional structure considered until now. It is also important to highlight that such
improvement is independent of the modelling parameters used to calculate the Pockels
coefficients. The obtained results represent a significant advance in the performance of
strained silicon devices and, in addition, it could help to unambiguously demonstrate Pockels
effect as the cause of the measured electro-optic response.

Appendix A: explicit form of the second order susceptibility tensor

As explained in the main text, the second order susceptibility tensor is obtained as a function
of the waveguide rotation angle, however, the explicit expressions have not been given there
for clarity. These expressions have been obtained using the bond orbital model described in
[22]. Concretely, the tensor coefficients that have been used to obtain the results presented in
this work are the following:
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0.235 nm the length of the unstrained Si-Si bonds and &, = 8.85 x 107> F-m™' the vacuum
permittivity. The modelling parameters o =-5.110"" Kgc; —and f=-24.610"° gc(z}“" have

been taken from [28], where experimental results were used to extract such values. The effect
of both types of gradients are completely decouple, that is, the coefficients are either

dependent on the horizontal (7, x5, 75, 12, %' ) or on the vertical strain gradients
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Fig. 8. Rotational dependency of the susceptibility coefficients dependent on (a) the horizontal

and (b) vertical strain gradients taken at p; and p,, respectively. The insets show the7},;, and

17, strain gradients as well as the chosen points p; and p,, respectively.

To have an idea about the magnitude of the obtained coefficients and how they vary with
the rotation of the waveguide, they have been represented in Figs. 8(a) and 8(b). The
coefficients shown in Fig. 8(a) depend only in 77, . Their values have been taken at a point
where 77, are maximum. The chosen point, p;(—0.16,0.14) um, and the 77,, strain gradient
are shown in the inset of Fig. 8(a). Analogously, the coefficients shown in Fig. 8(b) depend
only on 77;, and their values have been taken at point p, (=0.16,0.07) um, where the vertical
strain gradients are highest. This can be confirmed in the inset of Fig. 8(b), where 7,,, and p,

are depicted.
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Appendix B: contribution of the refractive index crossed terms
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3(°) #(°)
Fig. 9. Effective index change for TE and TM modes for (a) the initial and (b) the optimized

structures with an applied voltage of —15V. The depicted results are obtained either by
considering all refractive index elements (solid lines) or only diagonal elements (dashed lines).

20

Figure 9 shows the effective index change for TE and TM modes for Fig. 9(a) the initial and
9(b) optimized structure. In addition to the total effective index change (solid lines) already

shown in the main text, the An ; obtained by only considering the diagonal An}f terms has also

been included (dashed lines). The plotted data shows the weaker contribution of the crossed
terms played in the obtained results.
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