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Optimization of carrier-depletion silicon optical phase shifter
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optic phase shifter, based on the depletion of free carriers in a silicon waveguide, has been performed using the
gradient descent method. The configuration obtained through numerical simulation achieves a balance between
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1. Introduction
The amount of information transmitted via the Internet
has been growing steadily since the time when the Internet
appeared, thus, necessitating an increase in the capacity of
communication links [1]. This problem may be solved by si-
licon photonic devices that surpass electrical systems both in
energy efficiency and data rate [2]. These devices are com-
patible with the complementary metal-oxide-semiconductor
(CMOS) manufacturing processes [3,4], have low energy
consumption, good scalability and potential for monolithic
photonic-electronic integration. These advantages con-
tributed to the explosive development of electro-optic (EO)
modulators using the Mach—Zehnder interferometer (MZI)
architecture [4-7], with phase shifters playing a key role in
their design to ensure carrier signal modulation [8]. Silicon
features weakly manifested traditional EO mechanisms
such as the Pockels and Franz—Keldysh effects [9]. An
alternative approach involves employment of the EO effect
of free-carrier plasma dispersion [10,11]. To implement
this approach, a heavily-doped p—n junction is created
in the phase shifter and integrated in the partially etched
waveguide [12]. The applied electric field changes the
density of free carriers (electrons and holes), affecting
the complex refractive index of the material and leading
to a phase shift of the optical signal propagating in the
waveguide. However, this method is accompanied by an
increase in optical loss at high concentrations of free carriers.
There are currently three main mechanisms for imple-
menting the free-carrier plasma dispersion phase shifter [8]:
injection of carriers in the p—i—n junction at direct bias
voltage [13,14], carrier depletion of the p—n junction with
reverse bias voltage [15] and charge accumulation in the
metal—dielectric—semiconductor structure [12,16].  The
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first of the above-mentioned approaches has the highest
efficiency [17], compact size and low free carrier absorption
loss owing to the presence of an intrinsic region in the
waveguide, which, however, reduces the bandwidth to
hundreds of MHz due to slow recombination of holes and
electrons [18,19]. The third approach is technologically
difficult and requires using lithographic processes with a
resolution of a few nanometers [20,21]. As a result,
one of the widely used approaches in silicon photonics
involves phase shifters based on free-carrier depletion of
an optical waveguide due to the ease of fabrication [22,23]
and high operating speed with a bandwidth up to tens
of GHz. This makes them suitable for devices requiring
quick response such as Mach—Zehnder interferometers [5].
However, depletion phase shifters also have some restric-
tions, which limit their performance compared to the carrier
injection/accumulation designs [1]. The main restriction is
associated with small variations of refractive index that may
result from the decrease in carrier density, which limits the
phase shift efficiency [10].

To date, various free-carrier-depletion-based phase shifter
designs have been developed [23]. Special attention is
given to the p—n junctions shifted off the center of the
optical waveguide [24-28] to improve phase shift efficiency
and reduce free-carrier absorption loss [10].  Configu-
rations with PIPIN junctions [29,30], L- and U-shaped
junctions [31,32] and alternating p—n junctions throughout
the waveguide [33-36] are also proposed. The search for
an optimum P—n junction configuration for depletion phase
shifters to minimize the loss, to provide a wide bandwidth,
and to achieve relatively high phase shift efficiency is still a
critical task in silicon photonics [37].

This work makes an effort to find the optimum balance
between the phase shift efficiency and free-carrier absorp-
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Figure 1. a — cross-section layout of the free-carrier-depletion-based EO phase shifter (not to scale). b — enlarged view of the partially
etched waveguide, where w, h, A, X, p, n indicate waveguide dimensions and dopant concentrations used in the optimization process.

tion loss in phase shifters. A mathematical method for
optimizing dimensions and concentrations of phase shifter
dopants is proposed. Optimization is performed by finding
a local minimum of a function taking into account the
phase shift efficiency and optical loss. The optimum
configuration of the studied structure was found during
numerical simulation. In addition, single-mode condition
criteria for partially etched waveguides are discussed to
determine the permissible dimension range for keeping the
single-mode condition.

2. Silicon electro-optic phase
shifter model

Configuration of an EO phase shifter cross-section as
shown in Figure 1, a, is studied. The structure is simulated
on the silicon-on-insulator platform with the active silicon
layer thickness of 0.22um and a 2um SiO, insulator,
which meets the standard requirements for silicon photonic
integrated circuits [4]. The active region of the phase shifter

includes a partially etched waveguide with the free-carrier-
depletion-based p—n junction. Heavily doped regions
(pt*/n**) with a concentration of 2 - 10%° cm~ located at
a distance of 1.2um from the center of the waveguide are
connected to aluminum electrodes to form ohmic contacts
and apply reverse bias. This arrangement minimizes the
overlap between the optical mode and heavily doped regions
to reduce propagation loss. Intermediate regions (p*™/n*)
with a dopant concentration of 2 - 10'® cm~3 are placed at
04um from the center of the waveguide to increase the
bandwidth [38]. The simulation employed uniform doping
throughout the cross-section of the doped waveguide regions
with sharp boundaries between them.

Figure 1, b schematically shows an enlarged view of the
cross-section of the active phase shifter region. Parameters
to be optimized are shown here: rib width (w), partial
etching depth (h), distance from the pt/n* regions to the
waveguide rib (A), shift of the p—n junction off the center
of the waveguide (X), and dopant concentrations in the p/n
regions (p, N). The rib width (w) and partial etching depth
(h) define the single-mode condition of the waveguide, free-
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carrier absorption loss and sidewall roughness loss. A, X, p
and n affect the phase shifter efficiency device compactness,
and optical loss. Lumerical CHARGE and MODE software
modules were used for the numerical simulation. CHARGE
solver was used to calculate the free carrier concentration
profiles in the phase shifter cross-section with w, h, A X,
p, n and bias voltages varied from 0 to —4 V. The resulting
distributions were exported to the MODE solver to estimate
the phase shift and propagation loss.

3. Method for optimizing the main
parameters of a phase shifter

Gradient descent is one of the main numerical opti-
mization methods widely used for finding local minima of
differentiable functions. This iterative algorithm is based
on consecutive motion in direction opposite to the target
function gradient to ensure the motion along the fastest
decrease path [39].

To achieve the balance between optical losses and varia-
tion of the waveguide’s refractive index during depletion,
a target function defined as the product of optical loss
and phase shifter efficiency F = (apn + ao)VsL,. Here,
apn denotes free-carrier absorption loss, ag defines passive
sidewall roughness loss during dry etching of the waveguide
that is assumed equal to 1dB/cm [40]. L, is a length
required to provide a phase shift by = between a carrier
wave going through the phase shifter at zero voltage and
the same wave when the voltage V, is applied. V,L,
characterizes the phase shifter efficiency and is calculated
as follows: L, = A¢/2An.g, where A9 = 1.55um is the
carrier signal wavelength, Aneg is the variation of the
effective refractive index of doped silicon during free-carrier
depletion.

The local minimum of the target function F is found using
the iterative equation:

Xj1 = Xj — dsVF(Xj), (1)

where Xj.1j is the vector of optimization parameters
at step j +1 or j, respectively, including the geometric
dimensions of the waveguide rib and dopant concentration
of the p—n junction {w, h, A /X, p,n}; ds is the step
size used to update the parameter vector at every ite-
ration, VF(Xj) is the gradient of F with respect to X.
Equation (1) forms a decreasing sequence of function
values F(Xo) > F(X;) > ... > F(Xn41), which gradually
converges to a local minimum. ds defines convergence of
the algorithm: too high values may lead to skipping over the
local minimum and too low values may lead to deceleration
of the optimization process. The gradient descent method
is used to find such values of X that minimize F, which
reflects the optimum balance between the loss and phase
shift efficiency.
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4. Optimal phase shifter model
and single-mode condition

Minimization of (apn+ o) VsL, by the gradient de-
scent method using equation (1) provided the opti-
mum phase shifter dimensions and dopant concentrations:
w=05um, h=0.15um, A=0.04um, X =0.03um,
p=1-107cm™3, n=1-10" cm3. Figure 2, a shows the
optimized waveguide cross-section. The resulting structure
has the p—n junction shifted off the center of the waveguide,
where the p type region takes the largest area in the rib
cross-section. This agrees with the known results [10],
according to which holes change the refractive index more
effectively than electrons, thus, requiring an increased area
of the p region to increase the phase shift efficiency.

As shown in Figure 2, b, when the reverse bias voltage
of 4V is applied, the depletion region induced by the shift
of the p—n junction is localized within the waveguide rib
overlapping the fundamental mode significantly. Thus, the
maximum value of An.y can be reached at the optimum
concentrations of free carriers in the p/n regions minimizing
the free-carrier absorption loss and preserving the high
efficiency. Fundamental mode localization is shown in
Figure 2, c.

For this configuration, the expected free-carrier absorp-
tion loss of the main mode is 2.5 dB/cm. When the reverse
voltage of 4V is applied, variation of the effective refractive
index reaches 1.07-107*, and the phase shifter length
required for the phase shift by a7 is equal to 0.725 cm.

Single-mode condition is one of the prerequisites for
proper operation of phase shifters [41-44]. To meet
this condition, only one mode with the highest effective
refractive index must be able to propagate and should be
well localized in the waveguide rib region. Quantitative
estimate of mode localization uses the filling factor [43]:

JP(S)dS

filling factor = R — 2
ing factor PSS (2)

where P(S) is the mode power distribution density, and R is
the waveguide rib region. The mode is considered to be
propagating, if its filling factor exceeds 5% [43,44].

For heavily-doped phase shifters, including the structure
with the p—n junction as shown in Figure 1, a, additional
criterion associated with the free-carrier absorption loss
may be defined for the propagating mode. The mode
amplitude of the electromagnetic field propagated along
the waveguide in direction y in a medium with the
complex effective refractive index Neg + i ke is proportional
to ~ exp(—27Kery/A0). Waveguide mode propagation loss
is calculated as follows

2
a =20 =" log(e), 3)
0

where 19 = 1.55um. The mode is considered to be non-
propagating, if its power decays by a factor of ~ 100
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Figure 2. ¢ — enlarged cross-section view of the rib waveguide
with the specified dimensions achieved from the gradient descent
optimization. The dopant concentration in the p/n regions is
1- 10" cm~3 providing moderate optical loss and sufficient width
of the depletion region. The free-carrier concentration distribution
at zero bias is shown in color. b — free-carrier concentration
distribution (on a logarithmic scale) under a reverse bias of 4V,
showing depletion across the p—n junction. ¢ — distribution of
the waveguide fundamental mode energy at 1.55 um.

during propagation at the length L. Then the threshold loss
from (3) will be written as

« . 20dB
o~ 4)
Thus, for the typical phase shifter length L = 0.5 cm, optical
modes are considered to be fully evanescent when the loss
is > 40 dB/cm.

The presented calculations considered only those modes,
for which the effective refractive index n.g¢ exceeded the
ambient refractive index N¢, in our case N = Ngio, = 1.44
(at 29 = 1.55um), which is a necessary condition for full

Optical characteristics of modes in the phase shifter with the
optimum configuration as shown in Figure 2,a

Filling
Mode Nefr apn, dB/cm factor, %
1 256 25 74
2 2.0 63 24
3 1.89 1132 10
4 1.76 414 32

internal reflection. In Figure 3, the single-mode region
for both doped and undoped waveguides is shown in
grey, the multimode region is shown in black, and the
hatched region corresponds to single-mode operation in the
doped waveguide and multimode behavior in the undoped
one. This feature is caused by the fact that, for particular
dimensions, some modes in the doped waveguide localized
in the rib undergo considerable free-carrier absorption loss.

Sometimes equality of the effective refractive index and
ambient refractive index is assumed as a cutoff condition.
However, in terms of operation of a certain device, modes
that are formally propagating, but have high loss, don’t affect
the operation and can be neglected. While improvement in
the mode localization under the rib, when, for example, the
etching depth increases, may lead to an increase in higher-
order mode loss in doped waveguides, because the largest
part of the mode starts propagating in the heavily-doped
region.
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Figure 3. Parameter plane of rib width (w) and depth (h) of the
partially etched waveguide. The region corresponding to single-
mode operation for both doped and undoped waveguides is shown
in grey, the multimode region is shown in black, and the hatched
area in between represents a single-mode regime for the doped
waveguide and a multimode regime for an undoped waveguide
at 1.55 um.
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Comparison of Figure 3 with previous studies [41-43]
on the single-mode regime in undoped partially etched
silicon waveguides reveals considerable differences in the
behavior of the single-mode condition boundary. This is
associated, on the one hand, with the difference in cladding
materials and, on the other hand, with the proximity of
the studied dimensions to the limit defined by the effective
wavelength in silicon Ag/ng; ~ 0.447 um, where ng; = 3.47
at o = 1.55um.

For the phase shifter with the optimum configuration
obtained by the gradient descent method and shown in
Figure 2,a, the table shows optical characteristics of the
first four modes with the highest n.s and filling factors
exceeding 5%.

It follows from the table that the phase shifter with the
optimum configuration operates in a single-mode regime:
other modes are either weakly localized in the rib or have
free-carrier absorption losses higher than 40 dB/cm, which
agrees well with the single-mode criterion as shown in
Figure 3.

5. Conclusion

This work proposes an approach to optimization of EO
silicon phase shifters based on free-carrier-depletion effect.
Gradient descent was applied for selecting the optimum
cross-section dimensions of the partially etched waveguide
and dopant concentrations made it possible to achieve the
balance between the phase shift efficiency and free-carrier
absorption loss.

The developed structure satisfies the single-mode condi-
tions, as confirmed by the filling factor calculations and ad-
ditional free-carrier absorption loss criterion (> 40 dB/cm)
ensuring the effective propagation of the fundamental mode.
The optimized configuration demonstrates the free-carrier
absorption loss of 2.5dB/cm and variation of the effective
refractive index by 1.07 - 10~% when the reverse bias voltage
of V;, =4V is applied, while the phase shifter length is
Ly =0.725cm.

The proposed phase shifter is a promising candidate for
integrated photonics due to the combination of low loss and
relatively high efficiency, which makes it suitable for high-
speed modulators such as Mach—Zehnder interferometers.
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