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High performance of core type phase shifter in silicon
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A novel design of a core-based rib waveguide PN junction phase shifter of length 2 mm is proposed in this paper. Two PN
junctions are formed on top and bottom of the core, and improved modulation efficiency is achieved. The unbalanced MZM
with this proposed phase shifter is analysed for a wavelength of 1553.5 nm with the simulation results. The permissible loss
of 7.8 dB occurred in this design. At 100 Gbps, an extinction ratio of 8.15 dB and bit error rate of 3.51 x 10° is obtained at
V1L of 1V.cm. This device can be a better choice for high-speed data rate communication applications.
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1. Introduction

World’s hunger for data is expanding at an alarming
rate [1] with the dawn of technologies such as Cloud
computing, Artificial Intelligence, Internet of Things, 5G,
etc. Data centres are increasing their capacity to meet the
growing demands. International Telecommunication
Union (ITU) has provided the regulations (ITU-T G.671)
on Dense Wavelength Division Multiplexing (DWDM)
and flexible DWDM grid applications with variety and
wider channel spacing, to maximum utilise the optical
bandwidth. With the flexible DWDM grid policy, a mixed
bit rate or mixed modulation format transmission system is
possible. Silicon photonics (SiPh) uses the advanced
CMOS fabrication technology to provide a cost-efficient
method to transfer optical data on and off-chip. SiPh
allows the integration of electronic and photonic devices
on a monolithic platform [2, 3].

Electro-optic modulators play a significant role in
high-speed data transmission between electronic and
photonic components [4-6]. The optical modulator embeds
the electrical message signal on to the carrier optical
signal. The essential criteria when designing a SiPh optical
modulator is that it should be of small footprint, low
power consuming CMQOS fabrication capable device for
utilisation in a photonic integrated circuit. Micro ring
resonator-based modulators provide high modulation
efficiency and small footprint. They are plagued with
thermal instability and require a high voltage just to
maintain phase shift [7]. As a result of thermal instability,
fabrication complexity and narrow bandwidth operations,
micro ring resonator-based modulator’s usage in on-chip
applications are limited. Thermal stability, ease of
fabrication and high performance make Mach Zehnder
modulators (MZM) preferred among other modulators.
The drawbacks in an MZM are the large footprint and
power consumption [8].

Optical modulators with materials such as Indium Tin
Oxide, graphene, etc. provide high modulation efficiency

but are not compatible with CMQOS fabrication technology
as silicon [9 - 15]. Optical modulators with doped silicon
are preferred as they are CMOS fabrication compatible.
The modulation in silicon follows the plasma dispersion
effect, where external bias voltage produces a carrier
density variation which leads to index variation [16]. Two
standard techniques based on the bias voltage applied are
carrier injection by forward bias voltage and carrier
depletion by the reverse bias voltage. High modulation
efficiency (low V=zL) is obtained in carrier injection
technique, but it suffers from low 3dB bandwidth due to
long free-carrier lifetime and high diffusion junction
capacitance [4]. The carrier depletion technique
overcomes this drawback, and it also supports high-speed
data transmission [17, 18]. The carrier depletion technique
has a disadvantage of low modulation efficiency (high
VL) due to the requirement of high reverse bias voltage
(V=) or long transmission length (L) to obtain the required
© phase shift.

The phase shifter plays a significant role in
determining the performance of the optical modulator
based on the doping concentration and pattern used. The
phase shifters based on the doping pattern are classified
into interleaved, horizontal and vertical type [19-33].
Interleaved type phase shifter provides high modulation
efficiency due to multiple PN junctions along the length of
the phase shifter at the cost of fabrication complexity.
Vertical type phase shifters used vertical doped slabs with
high carrier doping concentration. With high carrier
concentration, the loss in the phase shifter increases due to
free carrier absorption. The horizontal type phase shifter
uses low doping concentration. Thus, the loss is less at the
expense of length of the phase shifter. U shaped PN
junction was designed, which provided higher optical
overlap with the carrier depletion region in [27]. Higher
light-matter interaction and low loss were obtained in the
slot like structures in [30, 31]. Demonstrated that Silicon
modulators are suited for high-speed data transmission
[29]. Modulation bandwidth also influences the
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modulator’s efficiency. The RC time constant restricts the
modulation bandwidth in lumped design, thus travelling
wave (TW) electrodes are preferred. TW electrodes
support carrier depletion-mode operation but have a large
footprint [31-35].

A novel design of core-based rib waveguide is
proposed in this paper to provide better light-matter
interaction and low loss. The PN junctions are formed at
the top and bottom of the core, which is driven by external
reverse bias. Section Il explains the device structure. The
wavelength of 1553.5 nm that supports DWDM operation
is selected for simulation analysis, and the results are
analysed in section Ill. High-speed performance with a
low VaL of 1V c¢cm makes the proposed design an ideal
candidate to meet the demands of the high-speed data
transmission for data centre applications.

2. Device structure

Fig. 1 shows the 3D cross-sectional view of the
proposed phase shifter. The phase shifter is designed over
a 2 um silicon dioxide (SiO,) layer (Buried Oxide - BOX)
on a silicon substrate of CMOS fabrication foundry
standard thickness of 220 nm. The BOX reduces the
coupling of the optical mode transmitted into the silicon
substrate at the bottom. The rib width and the slab
thickness are 500 nm and 90 nm, respectively. The
thickness of the rib (t,) is 220 nm. The core width (W,)
and thickness (T,) are 100 nm each. Fig. 2 shows the light
propagation through the waveguide. By splitting the PN
junctions, the capacitance and resistance of the individual
junction are reduced, thus reducing the RC time constant.
The optical mode interacts with the two PN junctions
formed on top and bottom of the core, thus improving the
light-matter interaction. The maximum mesh step is set to
50 nm and minimum to 1 pm with 1.414 as the mesh
grading factor. The charge behaviour at the interface
between materials where electrons and holes interact at the
surface and recombine is also considered in the simulation
analysis. The ion implantation doping behaviour is
impersonated using a Gaussian distribution profile. The P
(Boron) and N (Phosphorous) doping concentration are
9x10" cm® and 7x10Y cm™ respectively. The
concentration of holes is selected higher than the
concentration of electrons, as holes provide large index
shift and have low absorption than electrons [16]. The P+
and N+ region are doped with concentration of 1x10* cm™
to reduce the excess slab resistance. Aluminium (Al)
electrodes are used for electrical contacts. The carriers in
the two PN junctions are depleted with the application of a
voltage (reverse bias) in the cathode and the other contact
is grounded. A surface oxide layer (SOX) of SiO, is
formed at the top of the device to protect the device from
external impurities.
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Fig. 1. Cross-sectional view of the proposed phase shifter
design (The y-axis denotes the light propagation and
z-axis the thickness) (color online)
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Fig. 2. Optical mode (TE;) transmission through the
waveguide (color online)

3. Result analysis

The proposed phase shifter’s performance is analysed
using a commercially available analytical tool [36]. The
electro-optic and the RF characteristics of the phase shifter
(PS) was performed using the Finite difference eigenmode
(FDE) analysis in the device level simulation (Fig. 3.a).
The designed phase shifter was imported into an MZM
(PS-MZM), and the system-level analysis was performed
in Lumerical Interconnect (Fig. 3.b). High-speed data rate
and long-distance transmission analysis were also
performed to analyse the PS-MZM’s performance for
DWDM and data centre on and off-chip transmission
application.
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Fig. 3. Simulation flow for the analysis of the proposed
phase shifter (a) Device-level simulation and (b) system-level
simulation

3.1. Device-level analysis

The PS was analysed by varying the external reverse
bias voltage up to a maximum of 5 V. With the increase in
external reverse bias voltage, the carriers are depleted from
the centre of the waveguide, as shown in Fig. 4 (a) and (b).
The decrease in free carrier density causes the capacitance
along the junction to reduce, as illustrated in Fig. 4.c. The
capacitance of the junction is calculated (1) based on the
electron (N,) and hole (N,) density,

C = trﬂ:l * '\"r':l] Eg Er]
CVEN T N x (v - V) 1)

where q denotes the electric charge, ¢y the dielectric
constant, ¢, the relative permittivity and V, the diffusion
potential.
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Fig. 4. (a) Electron depletion with respect to voltage at V = -

0.5V and (b) V = -3.5V. (c) Capacitance measured in the PN

junctions with respect to reverse bias voltage (color online)

The depletion of carriers in the PS influences the
refractive index (An) and the absorption coefficient (Aa) of
the PS. Soref and Bennett derived the mathematical
relationship of (2) and Aa. (3) on free carrier density based
on experiments [16]. In the proposed design, the core splits
the PN junction into two junctions. This increases the
interaction of the optical mode with the depletion region
and further adds to the refractive index change with respect
to voltage.

An= —8.8 x 10722N, — 8.5 x 10718N,%%  (2)
Aa= 85 x 107*8N, + 6 x 1071EN, 3)

The effective index change with voltage (An, :¢(V))
alters the optical property of the PS. This causes a phase
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shift (p) on the propagating optical wave along the PS
length (L), which is calculated by (6).

Ners(V) = Mg + [ AR(V)AV (4)

where, ne; denotes the effective index of the waveguide
without doping.

Anesr(V) = Mepr (V) — Mess (0) )
QO(V) _ Znﬂni{f{i’}l (6)

The absorption coefficient « along the PS (z-axis) is
obtained from (7).

_ I/ Aa(W) [E(xy.2)? |dxdy
(@) = IT |E(x.y.2)2|dxdy (M

where, X, y denotes the waveguide dimension coordinates,
and z denotes the length coordinate of the PS, and E(x,y,z)
the optical intensity distribution of the waveguide mode.

The carrier depletion with voltage reduces the
interaction of the carriers with the propagating optical
wave. Photons get absorbed by the carriers (free carrier
absorption loss), and thus the core with width W, = 100 nm
and thickness T, = 100 nm is preferred. The core provides
optical confinement, reduces the absorption of photons by
carriers and also helps to obtain the required = phase shift
for optical modulation. The phase shift required is obtained
at a reverse bias voltage of 5 V (V=) in the proposed design
for 2 mm PS length with a loss of 2.33 dB. The variation of
V= along with the loss as a function of the PS length in
shown in Fig. 5. It is observed that as L increases the Vx
reduces as the propagating optical wave is exposed to the
phase shift change throughout the phase shifter length. But
as the interaction of the carriers with optical mode is
increased with length, the loss increases with L. The
absorption loss is the dominant loss in the PS and can be
further reduced by increasing the core dimension at the
expense of Vm. Fabrication imperfectness or roughness
along the waveguide side walls also add to the losses in the
PS which can be reduced by optimizing the etching
process.
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Fig. 5. V& and Loss variation with respect to phase shifter
length for the proposed design (W, = T,= 100 nm)
(color online)

At ideal conditions, the 3dB intrinsic bandwidth
(faag = ﬁ) of the proposed phase shifter is calculated.

The intrinsic bandwidth of the PS is inversely proportional
to the length. In order to overcome the RC time constant
and to tightly couple the RF microwave wave with the
optical wave, a travelling wave electrode is used. For
strong coupling between the RF and optical wave at higher
microwave frequencies, the optical group index (OGI) has
to be minimum. The OGI variation with the design
parameters is shown in Fig. 6. It is observed that the
minimum OGI value of 3.43 is obtained and reducing the
core dimensions will reduce OGI value at the cost of Vx.
Thus, core with width W,= 100 nm and thickness T, = 100
nm is preferred. At 52 GHz, the RF effective index is
matched to the OGI value, and strong coupling occurs
(Fig. 7). At 52 GHz, 6 dB loss is acquired as shown in Fig.
7, and it is witnessed that loss is directly proportional to
microwave frequency. 6 dB bandwidth of 32 GHz is
attained for the designed structure of length 2 mm (Fig. 8)
and ensures that the device can be utilized for high-speed
data rate communication applications.
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3.2. System-level analysis

The dynamic performance of an unbalanced MZM
incorporated with the designed PS (PS-MZM) is studied.
The PS-MZM has an intentional length variation of 100
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pum with longer arm provided a fixed bias voltage of 1V
and an alternating voltage swing (V) with DC bias (V)
is applied to the other arm. The message data is generated
from a pseudo-random bit sequence (PRBS) generator at
100 Gbps. The message data is then converted to a
message signal by an NRZ line coder electrical signal
generator. The message signal is modulated on an optical
carrier signal of 1553.5 nm generated by CW Laser. The
optical signal is demodulated by the PIN photodetector
with a responsivity of 1 A/W. An eye diagram analyser
and a bit error rate (BER) tester are used for analysing the
obtained signal. At 5 V, and 1 Vg, an eye dlagram (Fig.
9) with ER of 8.15 dB and BER of 3.51x10°® was obtained
for a VoL of 1V.cm. The eye-crossing at around 50% and
wide eye opening leads to minimum duty cycle distortion
and low inter-symbol interference. This ensures that PS-
MZM is suitable for high speed data rate appllcatlons The

energy per bit utilization (Em——) for the data

transmission is calculated to be 4.7 pJ/bit. The
performance of the PS-MZM is compared with the results
of published articles with depletion type MZM in Table 1.
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Fig. 9. Eye diagram for PS-MZM with VzL = 1V.cm (color online)

Table 1. Parameter comparison with published results

L valL | ER
Ref (mm) | ©PPS | (v.em) | (@B)
20] 075 |40 |15 | 701
21] 8 - 31 |18
22] 3 10 108 |1t
23] 2 24 046 |22
[26] 15 112 |23 |-
28] 2 20 |18 |8
[29] 5 100 |25 |5
[31] 12 100 074 |24
[32] 18 40 | 054 | 145
Thiswork | 2 100 1 8.15

In [20], high voltage was used in a short phase shifter
to obtain the same ER. Higher ER was obtained in [21] by
increasing the length of the phase shifter. In [29], the phase
shifter of length 5 mm is used to obtain the 7 phase shift
with an ER of 5.5 dB. The length was reduced to 1.2 mm
[31], but a reverse bias voltage of around 6V is required,
and 2.4 dB of ER was obtained. Higher ER was obtained in
[32] but was restricted to 40 Gbps. From Table 1, it is clear
that designed phase shifter in MZM performs better when
compared with other published results.

Intra data centre communication range till 10 km by
optical fibre cables. The performance of PS-MZM for off-
chip communication is analysed by placing an optical fibre
cable with attenuation of 0.2 dB/km before the PIN
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photodetector. At 100 Gbps, long-distance transmission
performance is analysed for PS-MZM. 1t is observed from
Fig. 10 that BER is proportional to length. It is inferred
that the forward error correction (FEC) threshold of BER
rate 1x10 (between chips) is reached at 18 Km. This
ensures the PS-MZM can be utilised for guided wave
transmission  (optical fibre) and unguided wave
transmission (free space optics) in intra data centre
application. The transmission length can be increased with
a filter or amplifier.

The bit rate analysis for PS-MZM is studied by
varying the bit rate, and BER is calculated. With the
increase in bit rate, BER increases as inferred from Fig. 11.
It is observed that PS-MZM supports up to 125 Gbps. The
bit rate support can be improved by increasing the PIN
photodetector’s responsivity or introducing an amplifier.
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Fig. 10. PS-MZM’s performance for distance transmission
without amplifier a¢ VzL of 1 V.cm
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Fig. 11. PS-MZM'’s performance for bit rate at
VL of 1V.cm

4. Conclusion

A core-based rib waveguide PN junction phase shifter
of length 2 mm designed for high data rate data centre
applications is discussed in this paper. This novel design
has two PN junctions on the top and bottom of the core (W,
= T, = 100 nm). The carriers are depleted by applying
reverse bias voltage, and better modulation efficiency was
achieved. It also improved the coupling between the optical
mode and RF mode with the TW electrode. The
confinement within the core region allowed the velocity
matching between the RF and optical mode. At a low VzL
of 1 V.cm, an intrinsic bandwidth of 42.6 GHz was
obtained (without TW electrode). The designed phase
shifter with an unbalanced MZM (PS-MZM), and the
simulation analysis was performed. As per ITU-T G.671
recommendation for DWDM application, the carrier signal
wavelength was set to 1553.5 nm. At 100 Gbps, an ER of
8.15 dB and BER of 3.51x10® was obtained at VzL of 1
V.cm with energy per bit of 4.7pJ/bit. The FEC threshold
reached at 125 Gbps when analysing the speed
performance of PS-MZM for on-chip and 18 Km at 100
Gbps for off-chip transmission. This ensures that PS-MZM
is an ideal candidate for intra and inter-data centre DWDM
application. The proposed device also finds other
applications such as optical switches, delay lines, free
space optics etc.
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