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In this paper, a new design for ferroelectric BaTiO3 cladded silicon photonic phase shifter with very small switching 
length for compact Photonic Integrated Circuits (PICs) is proposed. The proposed design is based on the choice of a 
waveguide core with suitably slanted side walls in order to favour the desired polarization of ferroelectric cladding 
and to make guided modes spread towards the ferroelectric cladding with the consequence of further reduction in 
switching length compared to conventional (rectangular core) structure. The proposed design also gives additional 
benefit of having identical switching length for both TE and TM modes with the same configuration. These results 
offer a viable strategy to realize compact non-volatile phase shifters for reconfigurable and programmable PICs. 
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1. INTRODUCTION 
 
In recent years, programmable PICs have drawn wide research 

interest for applications in many fields, like microwave photonics 
(MWP), classical and quantum information processing, machine 
learning etc. [1-3]. Like their electronic field-programmable gate arrays 
(FPGAs) counterpart, programmable PICs enable post fabrication 
manipulation and on-demand reconfiguration, with additional 
advantages in terms of speed, efficiency, immunity to EM interference 
etc. [4-6]. However, miniaturization of programmable PICs is essential 
for its useful implementation.  Programmable PICs can be made of two 
dimensional photonic meshes of Mach-Zehnder (MZ) couplers 
arranged in square, triangular and hexagonal configurations [1, 3]. The 
unit cell area is responsible for footprint of the whole PIC, which is 
proportional to the length of the MZ couplers and of the phase shifters 
employed in between. So, reduction of the size of photonic phase 
shifters is essential to increase the integration density for use in 
reconfigurable and programmable PICs. 

A phase shifter or a phase modulator is one of the most crucial 
components for programmable PICs. Several methods like, thermo-
optic effect [7-12] and carrier injection/depletion effect in doped 
waveguides have been successfully used for realization of phase shifters 
[3, 13-17].  Phase shifters realized using such techniques, need 
continuous power supply for holding the changed phase of the light for 
a desirable period. Conventional thermo-optic effect based phase 
shifters are slow and additionally induce severe thermal crosstalk in 
densely integrated PICs. To overcome the limitations of above 
mentioned phase shifters, ferroelectric materials are currently being 

employed for the design of efficient photonic components [18-22]. The 
non-volatile nature of refractive index change of ferroelectric materials 
on application of electric field, helps the photonic components to be 
quite energy efficient, which is another important requirement for the 
PICs. BaTiO3 (BTO) is an important ferroelectric material to serve this 
purpose. Being a uniaxial material, BTO changes its refractive index 
from ordinary axis no = 2.41 to extraordinary axis ne = 2.36 by tracing 
the orientation of its domains from in-plane (a-axis) to out-of-plane (c-
axis) on application of a suitable electric field (both in magnitude and 
orientation) [23].  This huge change in refractive index i.e. Δn = 0.05 is 
fast (occurs within few 10s of µs) and non-volatile (until more than one 
week), and hence providing a great opportunity for BTO to be used as 
cladding material to the waveguide core and helps in realization of fast, 
non-volatile and energy efficient optical phase shifters [24,25]. Fast 
domain switching nature of BaTiO3 has also been successfully utilized 
to develop high speed light modulators (40-65 GHz) [26-28]. A model 
for the analysis of ferroelectric switching in BTO cladded silicon 
waveguides has been reported by the authors in [29]. 

In the present study, the method described in [29] is employed to 
optimize the design of extremely compact non-volatile phase shifters 
integrated in silicon waveguides. In Section 2, the design rules followed 
for the minimization of the switching length are described with the 
support of an extensive numerical analysis. In Section 3, the switching 
behavior of the waveguide structure as a function of applied voltage is 
discussed in details. A concluding section summarizes the main 
achievements of this work. 

2. WAVEGUIDE STRUCTURE 
 

mailto:nrd@ieee.


Section 2 is divided into two parts, the first one anticipating the main 
features of the of the proposed waveguide structure, the second one 
discussing the design rules followed to identify the optimized design. 

A. Concept 

 
The schematic of the proposed structure for a non-volatile phase 

shifter integrated in silicon waveguide is shown in Fig. 1. The phase 
shifter is a simple ridge waveguide structure, consisting of a Si core on 
SiO2 substrate covered by BTO cladding on three sides and having three 
independent thin electrodes. Device parameters such as core width (w), 
cladding thickness (t) and electrode positions (core-side electrode gap 
(del)) are varied over a practical range of values to obtain the optimum 
value for each of them. The direction of propagation of light is taken 
along x-axis, while the width and height of the waveguide are 
considered as y and z-axes respectively.  

Since two values of the silicon core heights (220 nm and 300 nm) are 
conventionally employed in silicon photonics platforms, two waveguide 
designs are here optimized. We designate the waveguide with 220 nm 
of core height as structure S220, and that with 300 nm of core height as 
structure S300. According to the study reported in the next section, 
slanted sidewalls contribute to higher mode overlap with the BTO 
cladding and so to smaller switching length of the phase shifter. 
However, considering the feasibility of fabrication, the minimum slant 
angle is set to 700 throughout the study [30]. 

The native orientation of domains in the BTO cladding is assumed 
along a-axis (y-axis). To reduce the optical loss due to the electrodes, thin 
(100 nm) indium-tin-oxide (ITO) electrodes are considered. The basis 
of selection of other parameters are discussed in the next section. 

 
Fig. 1.  Schematic of device structure. Inset shows zoomed view of Si 
core. 

Throughout the present study the proposed device undergoes two 
different sets of biasing configurations named as “biasing-1” and 
“biasing-2”. In case of biasing-1, the top electrode is taken as positive and 
both the bottom side electrodes are grounded. In case of biasing-2, the 
right bottom electrode is taken as positive and the left one as grounded, 
leaving the top electrode floating. Biasing-1 is used to change the 
refractive index of BTO cladding from no (polarization along y-axis) to ne 
(polarization along z-axis) when a π phase shift in the propagating light 
is needed. Similarly, biasing-2 is used to take the BTO cladding to its 
initial refractive index value (from ne to no) when no phase shift is 
required. These biasing arrangements are suitable for switching 
polarization by 900. 

B. Design rules 

 

The performance of the designed structure was studied through 
numerical simulations based on finite element method. Since the phase 
shifter is based on the electro-optic effect, it is important to get a 
favourable orientation of applied electric field within the cladding 
region to get the cladding refractive index changed from no to ne. This 
could be done by tracing the local electric field of the cladding region as 
shown in our previous work [29]. However, close to the waveguide core 
(where the evanescent tail of the guided mode is stronger) the 
orientation of electric field is not optimum, thus lowering the electro-
optic efficiency and resulting in an increase of the switching length of the 
phase shifter [29]. To obtain the desired orientation of electric field 
around the core, the structure parameters are tailored to favour the 
polarization of the ferroelectric domains and hence the reduction of 
switching length of the phase shifter. The choice of core shape, core 
width (w), cladding thickness (t) and core-side electrode gap (del) is 
described in the following subsections. 

1. Shape optimization of the waveguide core  

 
Figure 2 shows a comparative study for the mode distributions and 

switching length of the phase shifter for π phase shift with respect to 
different cladding thickness for the structure S220 (with a width w = 
300 nm and t = 1200 nm ) and the corresponding its conventional 
(rectangular core) structure without slanting the side walls. 

As it can be seen from Fig 2(a), the shape of both TE and TM modes 
are more prominently pushed upwards to the ferroelectric BTO 
cladding in the proposed structure than in the conventional rectangular 
structure shown in Fig 2(b). This gives rise to a phase shifter with 
smaller length and low operating voltage. Qualitatively, the same 
behaviour holds for structure S300 also. The switching lengths for both 
structures (with their corresponding rectangular counterparts) are 
shown in Fig 2 (c) and (d) respectively for an applied voltage of 30V. The 
detailed study of the voltage required to achieve the desired switching 
length is given in Sec. 3. Results show that the slanted waveguide shape 
provides better performance for both core heights than the rectangular 
core shape. The main benefit in terms of switching length reduction is 
observed in waveguide S300, where TE and TM modes are both tightly 
confined in the waveguide core when the waveguide core is rectangular, 
but they both increase the mode overlap with the BTO cladding when 
the sidewalls are slanted. In the waveguide S220, where the TE and TM 
modes have a much different overlap with the upper cladding when the 
waveguide core is rectangular, slanting the sidewalls makes the 
switching length become almost polarization independent for a BTO 
thickness higher than 400 nm.  



 
Fig. 2.  (a) Mode distributions for waveguide S220 and (b) 
corresponding rectangular core structure, (c) Switching length vs 
cladding thickness (t) for both TE mode (blue line) and TM mode (Red 
line) for S220 and (d) S300, with corresponding rectangular structures 
(TE-green dashed line and TM-magenta dashed line). The width of WG 
is 300 nm for both the cases. 

 Besides increasing the overlap of the guided mode with the upper 
cladding material, an additional benefit of a waveguide core with slanted 
sidewalls is shown in Fig. 3. This figure shows a comparative plot of the 
electric field distribution around the core of S220 (with w = 300 nm and 
del =800 nm) and its corresponding rectangular core structure when a 
voltage of 1 V is applied between the electrodes for both biasing 
configurations. Figures 3(a) and (b) show the field orientation in the 
conventional structure and the proposed structure (S220) respectively 
for biasing-1. As mentioned earlier, this case of biasing is aimed to get 
the domains of ferroelectric BTO cladding oriented along z-axis (vertical 
direction) to change the refractive index of cladding from no to ne. 
However, a close look towards the rectangular core structure in Fig. 3(a) 
shows that, local electric field orientation in the cladding region close to 
the core top is mainly along y-axis (red circled). This forces the domains 
of respective area remain oriented along y-axis and, hence, the refractive 
index of that particular area remains unchanged [29]. This leads to no 
phase change of light in that region. On the other hand, that particular 
area plays a crucial role in phase modulation of light, as the evanescent 
mode has more presence there (see Fig. 2(b)). This leads to requirement 
of long length for π phase shift to occur.  

This problem can be solved by tilting the sidewalls and smoothing the 
waveguide top according to a curved shape as shown in Fig. 3(b). 
Figures 3(c) and (d) show field orientation for the same waveguide 
structures for biasing-2. In this case, the ferroelectric domains of the 
BTO cladding are aimed to get oriented along y-axis (horizontal 
direction) to retrieve the change of refractive index in ferroelectric 
cladding. However, the rectangular core structure (Fig. 3(c)) shows that 
local electric field orientation in the cladding regions adjacent to both 
side walls of the core are mainly along z-axis (red circled regions). As a 
result, the domains of these regions remain oriented along z-axis and 
accordingly refractive index there remains unchanged. This effectively 
increases the switching length of the phase shifter, since the amplitude 
of evanescent mode is more in these regions. But, looking towards the 
field orientation in the proposed structure in Fig. 3(d), it can be seen that, 
this field orientation problem is resolved to a great extent because of its 
curved top surface and tilted side walls. This helps the phase modulation 

to occur in a much shorter length. This feature is inherently related to 
the tilted profile of the proposed waveguide geometry and cannot be 
achieved by simply narrowing the core of a rectangular waveguide, 
which would only provide an increase of the mode overlap with the 
upper cladding. 

 
Fig. 3.  Electric field orientation in the cladding adjacent to the core for 
biasing-1 in (a) rectangular, and (b) proposed core shape, and for 
biasing-2, in (c) rectangular, and (d) proposed core shape. The 
magnitude of the field (colored background) correspond to biasing of 
1V in both the cases. Since the electric field orientation does not change 
with the applied voltage, these profiles apply also to higher voltages 
considered in the following of the paper . ) 

 The choice of core width is important to reduce the switching length 
for both TE and TM modes. Figure Fig. 4(a) and (b) show that the 
switching length reduces as the core width is lowered. This result is 
expected because of the lower confinement of the guided modes in 
narrower waveguides. Interestingly, at a width w = 300 nm the 
switching lengths for TE and TM modes are identical for both structures 
provided that the BTO cladding is sufficiently thick. This is because, in 
the  proposed design the evanescent tail of the TE and TM modes exhibit 
the same overlap with the BTO cladding unlike the conventional 
(rectangular) core shape. More in detail, for a 220 nm silicon core 
waveguide the meeting point comes at a thinner BTO layer (t = ~ 500 
nm in Fig. 4 (a)), whereas for a 300 nm silicon core a thicker BTO layer 
is required (t = ~ 900 nm in Fig. 4 (b)).  In wider waveguides,  for 
instance when w = 400 and 500 nm, the cross over of the two modes 
requires a lower BTO thickness but occurs at a higher switching length . 
All these considerations make 300 nm as the preferred width for the 
proposed design. It should be noted that for this waveguide width the 
switching length for both structures is very similar. Figure 4(a) also 
shows that for the 220 nm thick waveguide the TM switching length is 
almost independent of the waveguide width because the mode 
confinement does not change significantly (see also inset of Fig.  5). 

 

 



 
Fig. 4.  Figure shows the required switching length (for π phase shift) for 
TE (blue) and TM (red) fundamental modes as a function of cladding 
thickness for (a) 220 nm and (b) 300 nm core heights and three 
different values of core  widths for 70° bending of core side walls. The 
solid line, circled line and dashed lines represent results for w=300 nm, 
400 nm and 500 nm respectively 

1. Electrode Loss  

 
The optimization of the BTO cladding thickness (t) and spacing (del) 

between core sidewall and bottom electrodes requires also 
considerations on the excess insertion loss induced by the electrode 
absorption. To keep loss negligible, a minimum value of del and t should 
be used. On the other hand, a larger electrode spacing implies a higher 
voltage for obtaining the desired switching effect. Table-1 reports the 
loss induced by the ITO electrodes when the waveguide width is 300 nm 
and the phase shifter has a length equal to the optimized switching 
length (see Fig. 4), that is 16 µm for waveguide S220 and 18 µm for S300. 
Results show that, in order to have about 0.1 dB loss for TE polarization, 
t > 1000 nm and del about 800 nm should be used for S220 waveguide 
(5th row of the table). For waveguide S300, del can be reduced to about 
600 nm (2nd row of the table). As the electrode spacing (between side 
electrodes) is changed, the width of the top electrode should also be 
changed in a way to maintain the same orientation of the field between 
top electrode and ground electrodes. It is seen for this case that, for del = 
800 nm it is taken as 1500 nm, and for del = 600 nm, it is taken as 1100 
nm. 

The structure has been finalized based on the above discussions with 
the optimum values of the parameters and the parameters are 
summarized in Table 2. The performance of the optimized structures 
based on the variation of switching length with core width is shown in 
Fig. 5.  In this analysis, we limited the narrowest core width to 300 nm, 
because below this size fabrication issue arise [1] as well as an increase 
of scattering loss and backscattering phenomena is observed [2]. Figure 
shows the  switching length achieved for S220 and S300 as 16 µm and 
18 µm respectively for both TE and TM modes. This can be explained 
based on the mode-cladding overlapping as shown in inset of Fig. 5. The 
overlapping increases with decrease in core width for both the 
structures. It is also more for short height core. These two effects 
together result in achieving the highest mode-cladding overlapping for 
the given structure (S220). 

 
Fig. 5.  Required switching length of both TE and TM modes for both core 
heights with fixed core shape as a function of core width in a decreasing 
order. Inset shows the mode-cladding overlapping as a function of core 
width. with tables and equations, figures should be set as one column 
wide 

 

 

  

Table 2. Design values of S220 and S300 with w = 300 nm and 
slant angle = 700 for both the cases. 

Parameters 

Design 
Values of 
Structure-
S220 

Design 
Values of 
Structure-
S300 

Thickness of Cladding (t) in 
nm 

1200 1000 

Core to Side electrode 
Spacing (del) in nm 

800 600 

Top Electrode Width in nm 1500 1100 

Minimum Switching Length 
(TE and TM) in µm 

16 18 

3. SIMULATION STUDY FOR BIAS DEPENDENCE OF 
SWITCHING LENGTH 

 

 

Table 1. Excess loss induced by the ITO electrodes for TE 
and TM modes for both S220 and S300 as a function of 
cladding thickness and side electrode spacing. 
  



In this section we study the dependence of the switching length of the 
proposed structure on the bias voltage by using the model reported in 
[29].  The electric field (normalized to the coercive field Ec) distribution 
across the waveguide cross section is plotted in Fig. 6. Fig. 6(a) shows 
the strength and orientation of the electric field for polarizing bias 
(biasing-1) used to switch the ferroelectric domains along the z-
direction to change the refractive index of BTO cladding from no to ne. It 
may be seen that, the local electric field components adjacent to the core 
have prominent z component along with magnitude that is higher than 
the coercive field, even at an applied voltage of 20 V. Fig. 6(b) shows the 
field orientation and magnitude for biasing-2 to get the polarization 
along y-direction, hence changing the refractive index of BTO from ne to 
no. Here the field orientation is mainly along y-axis, which favours the 
desired y polarization of the domains in the cladding. This helps the BTO 
cladding getting its polarization switched easily. In this case, the field 
strength is higher on top of the core than in case of biasing-1. This is the 
indication for the fact that, polarization switching will also initiate at 
adjacent to core top along with the adjacent area of side electrodes. 

 
Fig. 6.  Electric field magnitude (normalized to coercive field Ec = 25.2 
kV/cm) with orientation for (a) biasing-1 and (b) biasing-2. 

Figure 7 shows the plot for z-component of refractive index profile 
(nz) for different applied voltages under both the biasing conditions. 
Figure 7(a) shows that the refractive index change occurs over a wide 
region of the cladding with voltage. When the applied electric field 
exceeds the coercive field (which is assumed to be Ec = 25.2 kV/cm) 
polarization switch (blue area) starts at the top of the BTO cladding and 
gradually becomes wider by covering the whole cladding upon 
application of an appropriate voltage. This changes the refractive index 
of cladding from no (red) to ne (blue) and hence causes a phase shift in 
the light propagating through the phase shifter. Similarly, to get the 
phase shifter back to its initial polarization state, biasing-2 is applied, as 
shown in Fig. 7(b). The refractive index change (ne to no) is nucleated 
(red area) mainly in the region adjacent to the core top after application 
of a suitable amount of voltage. A gradual increase in voltage, results in 
rapid increment of the red patch covering most of the BTO cladding 
except two small regions at the bottom corners. Similarly, the plot for y-
component of refractive index profile (ny) for different applied voltages 
under both the biasing conditions can be shown with indices values 
(2.41, 2.36) swapped. In both the cases of biasing, major part of the 
cladding region gets polarized for around 20 V and  after 30V, there is 
no significant change in the plots, because all the domains have 
undergone a switch (saturation condition) and no significant change is 
observed.  

 
 

 
Fig. 7.  Plot for  refractive index (nz) change of BaTiO3 cladding with 
respect to different values of applied voltages for (a) biasing-1, and (b) 
biasing-2. 

 The plots for switching length (for π phase shift) versus applied bias 
for both biasing conditions are shown in Fig. 8. Figure 8(a) shows results 
for S220 with biasing-1. Up to 10 V of applied bias, the switching length 
reduces rapidly. Beyond 10 V, the reduction rate decreases and 
becomes extremely small after 20 V. In agreement with results shown 
in Fig. 4, the switching length for TE and TM modes are almost identical. 
Figure 8(b) shows the switching length for compensating the obtained 
π shift in the propagating light for S220 with biasing-2. In this case, since 
the polarization (refractive index) change initiates adjacent to the core, 
the switching length variation is sharp below 10 V and after that the 
variation is very small. The switching lengths for both the modes are 
similar to that obtained in case of biasing-1. It implies that, the initial 
polarization can be retrieved almost completely. 

Similarly, Fig.8(c) and (d) shows the results for S300 for biasing-1 and 
biasing-2 respectively. In this case, the core has larger height and 
sharper top than that of S220 (since tilted angle is identical). Hence, the 
polarization (along z-axis) is expected to be more favourable in S300 
than S220. In Fig. 8(c), the switching lengths for both the modes are 
same and unchanged after 20 V. Similar effects also take place for 
biasing-2 except the fact that, below 15 V, the switching lengths show a 
little mismatch. However, both the structures succeed to obtain the 
desired switching length within 30 V of applied bias.  

Results in Figs. 7 and 8 suggest that it is not necessary that all the  BTO 
domains of the waveguide cladding need to be switched in order to 
achieve the desired amount of phase shift. This means that the proposed 
device can be used also to introduced a continuous phase shift between 
0 and π by suitably control the bias voltage from 5V to 20V. 

 

 



 
Fig. 8.  Switching length vs. applied voltage for S220 with (a) biasing-1 
and (b) biasing-2, and for S300 with (c) biasing-1 and (d) biasing-2. 

4. CONCLUSION 
 
A new design has been proposed for the realization of compact non-

volatile phase shifter integrated in silicon waveguides which exploit 
domain switching in ferroelectric cladding material. The proposed 
device has a core shape with slanted sidewalls that increases the mode 
overlap with the BTO cladding and favours the desired polarization 
adjacent to the core. A systematic numerical investigation has been 
carried out to identify design rules for the waveguide core and the 
electrode configurations in order to achieve the best performance. As a 
result, a significant increases of the phase shift along the phase shifter is 
demonstrated, resulting in a >40% reduction of the switching length 
(e.g. 16 µm for S220 and 18 µm for S300 structures) compared to their 
respective conventional rectangular structures. 

The proposed waveguide design can also be used in other type of 
phase shifter, modulators, sensors, and other photonic devices, where 
the overlap of the evanescent tail of the guided mode with the cladding 
material needs to be maximized. With such type of advantages, the 
proposed design can lead PIC technology far forward in the direction of 
energy efficiency and miniaturization. 
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