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Abstract: A Silicon Photonics modulator is a high-speed photonic integrated circuit for optical data
transmission in high-capacity optical networks. Silicon Photonics modulators in the configuration
of a Mach–Zehnder interferometer, in which a PN-junction rib-waveguide phase shifter is inserted
in each arm of the interferometer, are studied in this paper because of their superior performance
of high-quality optical data generation in a wide range of spectral bands and their simplicity in
fabrication processes suitable to production in foundries. Design, fabrication, and fundamental
characteristics of Silicon Photonics Mach–Zehnder modulators are reviewed as an introduction
to these high-speed PICs on the Silicon Photonics platform. Modulation speed, or modulation
bandwidth, is a key performance item, as well as optical loss, in the application to high-speed
optical transmitters. Limiting factors on modulation speed are addressed in equations. Electrical
resistance–capacitance coupling, which causes optical modulation bandwidth–optical loss trade-off,
is the most challenging limiting factor that limits high-speed modulation. Expansion of modulation
bandwidth is not possible without increasing optical loss in the conventional approaches. A new idea
including quantum-mechanical effect in the design of Silicon Photonics modulators is proposed and
proved in computational analysis to resolve the bandwidth loss trade-off. By adding high-mobility
quantum-well overlayers to the side slab wings of the rib-waveguide phase shifter, the modulation
bandwidth is doubled without increasing optical loss to achieve a 200 Gbaud modulation rate.

Keywords: photonic integrated circuit; silicon photonics; optical modulator; Mach–Zehnder interferometer;
quantum well; TCAD; Feynman–Hibbs effective potential

1. Introduction

High-speed carrier-depletion optical modulators designed and fabricated on comple-
mentary metal–oxide–semiconductor (CMOS)-based integrated-photonics platforms are
photonic integrated circuits that have small footprints and are fabricated in low-cost pro-
cesses [1–4]. Silicon Photonics modulators have now been available from commercialized
Silicon Photonics foundries and extensively applied to modern optical networks of high
transmission capacity [5–8]. Further enhancement of modulation speed, namely the expan-
sion of modulation bandwidth, is required for the Silicon Photonics modulators to realize
higher transmission capacity without a significant increase in optical loss. Reverse-biased
PN-junction phase shifters are the key parts of high-speed Silicon Photonics modulators;
therefore, an increase in modulation bandwidth in the PN-junction phase shifters is crucial
in the advances in modern optical networks [9].

In this paper, an idea is proposed and verified in numerical analysis to realize the
significant expansion of modulation bandwidth of the Silicon Photonics modulators with-
out increasing optical loss. Before elaborating on the idea, the current carrier-depletion
Silicon Photonics modulators are first reviewed in the aspects of design, fabrication, and
performance. Physical factors limiting the modulation bandwidth of reverse-biased PN-
junction phase shifter are clarified based on electronic–photonic simulation characteristics
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on phase-shifter responses and experimental characteristics on optical modulation band-
width and transient waveform. It is shown that the resistance–capacitance (RC) coupling
in the phase shifters is the most dominant factor, with which the optical bandwidth–loss
trade-off arises [10,11]. For bandwidth enhancement, a reduction in electrical series resis-
tance without decreasing the electrical capacitance of the PN junction is required because
the lower junction capacitance leads to poorer modulation efficiency. The conventional
way to reduce the series resistance is to increase the carrier concentration with P- and
N-type doping. Optical loss due to free-carrier absorption is higher, however, if the doping
concentration is increased [11]. The higher optical loss implies that higher optical power
input to the optical networks is necessary to maintain high transmission performance. The
increase in optical power is not suitable for modern optical networks as ecosystems.

An approach to the reduction in the series resistance without causing the increase in
optical loss is proposed in this paper to resolve the optical bandwidth–loss trade-off. The
essential part of the approach is to introduce high-mobility two-dimensional (2D) carriers
to the side slabs of the rib-waveguide phase shifter on the Silicon Photonics platform.
Heterojunction consisting of undoped SiGe thin film on Si, that forms a quantum well
(QW), allows high-mobility transport of 2D carriers confined in the QW. The carriers, which
are confined in the QW by selective doping in the Si slab layer, do not suffer from mobility
reduction due to scattering at ionized impurity centers because the carriers in the QW are
separated from the ionized impurities in the Si slab layer. Such a mobility-enhancement
mechanism was applied to the high-mobility heterojunction transistors [12–16]. Based
on this mechanism, resistance reduction without increasing dopant concentration can be
achieved in the phase shifter.

Reverse-biased PN-junction rib-waveguide phase-shifter integrated with high-mobility
SiGe/Si QW slab wings is modeled and analyzed in electronic–photonic simulation. The
simulation method includes solving carrier profiles using classical technology computer-
aided design (TCAD) plus the numerical solution of the one-dimensional (1D) Schrödinger
equation and simultaneously obtaining the mode profiles from an optical guided-mode
solver. Numerical results on optical modulation bandwidth and optical loss of the phase
shifter integrated with the QWs are presented and compared with those of the current
Silicon Photonics phase shifter without the QWs. Low-loss optical modulation beyond
100 Gbaud is predicted for the phase shifter, which can be accommodated in CMOS design
and fabrication platforms in Silicon Photonics foundries.

2. Review of Carrier-Depletion Silicon Photonics Modulators

Carrier-depletion Silicon Photonics modulators are photonic integrated circuits (PICs)
designed and fabricated on a CMOS-based platform. Basic design, modulator performance,
and limiting factors on modulation speed are presented in this section.

2.1. Design Considerations

The waveguide geometry of the Mach–Zehnder (MZ) interferometer has been used
extensively as the basic layout of integrated Silicon Photonics modulators, which generate
high-speed optical data in a variety of modulation formats in broad spectral ranges extend-
ing over C and O bands. An integrated Silicon Photonics modulator chip for operation in
advanced modulation formats such as 256 Gb/s 32 Gbaud 16 QAM (Quadrature Ampli-
tude Modulation) is shown in Figure 1 [9,17]. The integrated Silicon Photonics modulator
consists of dual in-phase–quadrature (IQ) modulator blocks for the generation of optical
data in two-orthogonal polarization modes, X and Y. Each of the dual IQ modulator blocks
is constructed in the layout of nested MZ interferometer, in which a sub-MZ modulator
interferometer is inserted to each phase-shifter arm of the main nested MZ interferome-
ter. A sub-MZ modulator block is driven in push–pull mode for zero frequency chirp to
avoid optical data distortion [18–20]. In the push–pull mode, electrical data in opposite
signs are complementarily applied to dual phase-shifter arms in the sub-MZ modulator
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block, respectively. The integrated high-speed modulator was designed and fabricated in
collaboration with the Institute of Microelectronics, Singapore [20].
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Figure 1. (a) Optical-microscope top-view photograph of PDM IQ integrated Silicon Photonics
modulator chip; (b) schematic waveguide layout of the PDM IQ modulator in the photograph;
(c) illustrated single Silicon Photonics MZ modulator; (d) configuration of an IQ MZ modulator.

In 256 Gb/s 16 QAM, 128 Gb/s 16 QAM optical data are generated in each IQ modula-
tor block in the fundamental mode of transverse-electric (TE) polarization. The polarization
of the waveguide mode from one of the IQ modulator blocks, for instance, YIQ, is then
converted to transverse-magnetic (TM) mode, in which the electric field of the mode is
rotated 90 deg from the TE mode in a polarization-division multiplexer (PDM) and multi-
plexed with the optical data in the TE mode from the other IQ modulator part, XIQ. All
the waveguide blocks for the PDM IQ modulator were integrated into a PIC chip with a
footprint as small as 6 × 5 mm2.

The optical waveguides constituting Silicon Photonics MZ modulators are rib and
channel waveguides. Cross-sections of the optical waveguides are illustrated in Figure 1c.
A rib waveguide of 500 nm rib width and 220 nm height is inserted in each arm of the
MZ interferometer as a phase shifter. In the rib waveguide, a PN junction is formed and
reverse bias is applied to the PN junction to modulate the optical phase based on free-carrier
plasma refraction. The optical waveguides connected to the rib-waveguide phase shifters
are channel waveguides of 500 nm width and 220 nm height. Typically, the width is chosen
between 450 and 500 nm for the rib and channel waveguides. To form a beam splitter and
beam combiner of an MZ interferometer, a 1 × 2 multi-mode interferometer has been used
for Silicon Photonics modulators [9].

The phase shifter is the most crucial part of the MZ modulator. A type of PN-junction
rib-waveguide phase shifter in the Silicon Photonics modulators is visualized in its cross-
section in Figure 2. An “L”-shaped PN junction was formed in the phase shifter to achieve
high modulation efficiency, namely low π-shift voltage, Vπ. The designed PN-junction
profile was transferred well in the fabricated phase shifters, as confirmed in the scanning
capacitance microscopy (SCM) profile [17]. The dimension of the fabricated rib waveguide
of the phase shifter coincides almost perfectly with the designed specifications of 220 nm
height at the center and 100 nm height at the side slabs, as evidenced in the cross-section
image of the phase shifter in the transmission electron microscopy (TEM) photograph.
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raphy and dry-etching processes. (4) Shallow etching with precise time control in dry etch-
ing to obtain rib optical waveguides with side slabs. (5) Ion implantation of boron atoms 
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Figure 2. PN-junction rib-waveguide phase shifter. The illustrated cross-section with schematic
depletion region (gray) and mode field (yellow) in the middle.

2.2. Fabrication Processes

The wafers of the Silicon Photonics modulators have been fabricated in CMOS-based
fabrication lines using silicon-on-insulator (SOI) wafers in 200 or 300 mm diameter. A thin
SOI layer of 220 nm thickness has been used extensively to form a single-mode optical
waveguide core made of crystalline silicon for passive and active blocks of the modulators
with the cross-sections, as illustrated in Figure 3 [9]. The active blocks are the rib-waveguide
phase shifters and Ge photodetectors (PDs) in the case of the Silicon Photonics modulator
integrated with Ge PDs for monitoring and conditioning of modulation performance. The
buried oxide (BOX) layer of the SOI wafer is used as the bottom clad of the waveguides.
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The flow of fabrication processes is summarized in Figure 4, taking the rib-waveguide
phase shifter as an example [9]. (1) Optical-lithography and dry-etching processes. (2) Slab
pattern formation. (3) Formation of rib parts in the slab patterns in optical-lithography and
dry-etching processes. (4) Shallow etching with precise time control in dry etching to obtain
rib optical waveguides with side slabs. (5) Ion implantation of boron atoms after optical
lithography to dope specified areas in the rib optical waveguides with the P-type dopants.
(6) P-type regions of positive conductivity formed in the rib optical waveguides after
dopant activation and defect elimination in rapid thermal annealing. (7) N-type doping
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processes are performed similarly. (8) PN junction formed in the rib optical waveguide
after rapid thermal annealing. The order of the doping processes can be inverted between
P-type and N-type dopants. Further doping steps will be included to reduce contact and
series resistances. (9) The top silica clad deposition by CVD and planarization. (10) To
have electrical contacts to the P-type and N-type regions, VIA holes opened in the top
clad down to the slab parts. (11, 12) Metallization processes to fabricate VIA electrodes
and top high-speed electrodes, respectively, by aluminum deposition with subsequent
processes of optical lithography and dry etching. Common design rules are applied for
design parameters such as slab height and waveguide width to avoid complexity in the
processes and minimize fabrication errors.
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2.3. Fundamental Characteristics

The electric mode-field profile in the TE-like fundamental mode in Figure 2 was
obtained in the guided-mode simulation. Electron and hole distribution profiles under
reverse bias voltage were obtained in technology computer-aided design (TCAD). The
carrier distribution profiles are converted to refractive index distribution profiles based on
free-carrier plasma refraction using the following empirical relations at a wavelength of
1550 nm:

∆n(Ne, Nh) = −5.40 × 10−22N1.011
e − 1.53 × 10−18N0.838

n , (1)

where ∆n, Ne, and Nh represent a refractive index shift, electron density, and hole density,
respectively [21]. Optical phase shift in the phase shifter is obtained by the overlap integral
of the mode field with the refractive index profiles. The depletion region is widened with
increasing electrical reverse bias voltage. A number of electrons and holes, and hence the
optical phase in the phase shifter via the free-carrier plasma refraction, are modulated
under the bias voltage. Optical modulation in the Silicon Photonics MZ modulator is thus
possible by the application of modulating electrical voltage as electrical data to the phase
shifter. The details of the simulation method are elaborated in the next section.

Direct-current (DC) characteristics of the phase shifter and the Silicon Photonics
modulator in which the phase shifters are inserted are presented in Figure 5. Bias voltage
dependence of the output power from the modulator in the simulation coincides perfectly
with the measurement data. There are fitting parameters for DC bias voltage offset, 0.9 V,
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DC extinction ratio, 27 dB, and total insertion loss, 14 dB. These are associated with
fluctuation in dopant concentration, optical loss due to side-wall roughness, and optical
loss in fiber coupling. Apart from these issues arising from uncertainty and errors in the
fabrication processes, the design and fabrication of the Silicon Photonics modulator are
perfect as far as DC characteristics are concerned. DC Vπ is as low as 2.5 V [17].
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3. High-Speed Performance

The Silicon Photonics MZ modulators described in the previous section are oper-
ated in advanced modulation formats in high-capacity optical networks [9]. High-speed
modulation characteristics and factors limiting high-speed modulation are addressed in
this section.

3.1. Modulation Characteristics and Prospect

Further progress is required for the research and development of Silicon Photonics
modulators to realize a transmission capacity higher than 1.6 Tb/s. This section addresses
the latest achievements and the roadmap for higher capacity. Readers will be able to
understand the current status and what will be carried out in the next step.

A PIC chip of the PDM IQ integrated Silicon Photonics modulator in Figure 1a was
packaged in a fiber-pigtailed ceramic-based metal package, as shown in Figure 6a, as a
review of the work for transmission capacity beyond 100 Gb/s [17]. Continuous-wave (CW)
light from a single-frequency laser was input to the modulator chip with a polarization-
maintaining single-mode optical fiber. Output optical data were transmitted through
optical-fiber links up to 2000 km in 32 Gbaud dual-polarization (DP) quadrature phase-shift
keying (QPSK) [17]. The Silicon Photonics modulator can be used as a small-footprint
integrated modulator for optical-data transmission in metro optical networks and data
center interconnects with signal-to-noise ratio (SNR) penalty of 5.5 dB in 128 Gb/s DP-
QPSK [9]. The fastest symbol rate was achieved as 48 Gbaud, which led to 192 Gb/s
DP-QPSK.

Modulation performances achieved with the Silicon Photonics modulators are sum-
marized in Figure 7. Symbol rates of 10–32 Gbaud and bit rates of 10–32 Gb/s in binary
on-off keying (OOK) were achieved with the Silicon Photonics modulator in the layout
of a single MZ interferometer [10]. An amount of 64 Gb/s 32 Gbaud QPSK optical data
were generated by using the Silicon Photonics modulator in the layout of IQ nested MZ
interferometer [22]. A 1000 km transmission of 128 Gb/s DP-QPSK optical data was demon-
strated with the Silicon Photonics modulator in the layout of XIQ and YIQ dual nested
MZ interferometers, which was co-packaged with electronic circuits of modulator driver
amplifiers [23]. Design refinement for the profile of the PN junction of the phase shifter
as described in the previous part of the paper allowed high-efficiency modulation with a
differential peak-to-peak (PPD) drive voltage as low as 2 VPPD and 2000 km transmission
in 128 Gb/s DP-QPSK [17]. Wafer-level co-packaging using through-mold vertical inter-
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connect accesses enabled high-speed optical data generation in 112 Gbaud 4-level pulse
amplitude modulation (PAM4) [24]. Eight parallel-lane Silicon Photonics modulators were
interconnected with electronic drivers and 1.6 Tb/s optical data were generated.
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Figure 7. Modulation performances of the integrated Silicon Photonics modulators in bit rate and
symbol rate of 200 Gbaud and beyond prospected for the Silicon Photonics modulator with speed
enhancement described in Section 4. * A 112 Gbaud modulation reported recently for parallel-lane
Silicon Photonics modulators after wafer-level co-packaging [24].

To meet the demands for higher transmission capacity, further enhancement of mod-
ulation speed is required. Symbol rates as high as 200 Gbaud have been achieved with
heterogeneous modulators such as III-V semiconductors, thin-film lithium niobate, and
electro-optic polymer on Silicon Photonics circuits [25–27]. An increase in symbol rate
will be possible also for Silicon Photonics modulators. More than 200 Gbaud modulation
is predicted for Silicon Photonics modulators, with QW slab wings from the numerical
analysis presented in Section 4.
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3.2. Limiting Factors

To address issues on speed enhancement of Silicon Photonics modulators, factors that
limit the modulation speed of the Silicon Photonics modulators are analyzed here. There are
four limiting factors that are dominant for the carrier-depletion Silicon Photonics modulators.

3.2.1. Transit Time

In carrier-depletion mode, the reverse bias voltage is applied to the PN junction of the
Silicon Photonics phase shifter. Carriers consisting of electrons from the N-doped region
and holes from the P-type region transport in the depletion region with drift velocity to
reach the equilibrium condition of carrier distribution for change in reverse bias voltage.
The transit time of carriers across the depletion region is evaluated computationally in
TCAD simulation by solving self-consistently Poisson equation of carrier distribution and
drift-diffusion current equations of electrons and holes, respectively [28]:

∇·∇Φ = − q
ε
(p − n + ND − NA), (2)

∂n
∂t

=
1
q
∇·

→
Jn − (Rn − Gn), (3)

∂p
∂t

=
1
q
∇·

→
Jp −

(
Rp − Gp

)
(4)

Here, drift and diffusion terms comprise current terms for electrons and holes:

→
Jn = qnµn

→
E − qDn

→
∇n, (5)

→
Jp = qpµp

→
E − qDp

→
∇p. (6)

In Equations (2)–(6), Φ is electrostatic potential, n and p are electron and hole densities,

NA and ND are ionized impurity concentrations,
→
Jn and

→
Jp are electron and hole current

densities, R and G are the recombination and generation rates, µn and µp are electron and
hole motilities, and Dn and Dp are electron and hole diffusion constants. Electron and hole
density distribution profiles are obtained as numerical solutions from Equations (2)–(6).
The density distribution profiles are converted to refractive index profiles using Equation (1)
and the mode-field profile in the rib waveguide.

Transit time in the simulation was obtained with an electrical voltage pulse, which has
linear onset/offset reverse-bias ramps of 1 ps rise and fall times as plotted in Figure 8a. The
model employed in the simulation is a lateral PN-junction rib waveguide as illustrated in
Figure 8b. Rise time is 3.2 ps, governed by carrier drift in depletion potential change. Fall
time is 6.5 ps, slower than the rise time because of carrier relaxation in the recovery process
of carrier redistribution towards the center of the depletion region [9,28]. The rise and fall
times are shorter than 10 ps, allowing non-return-to-zero (NRZ) optical modulation at a
symbol rate beyond 200 Gbaud. The transit time reflects carrier transport in the PN-junction
phase shifter; therefore, this limit provides the intrinsic speed limit without RC coupling,
since Equations (2)–(6) include the particle current in carrier transport only. There is no
displacement current, on the other hand, which is the current component essential to the
capacitive coupling.



Photonics 2024, 11, 535 9 of 19

Photonics 2024, 11, 535 9 of 19 
 

 

transport only. There is no displacement current, on the other hand, which is the current 
component essential to the capacitive coupling. 

 
Figure 8. (a) Input electrical bias voltage with 1 ps linear ramps. (b) Cross-section of lateral PN-
junction phase shifter as simulation model and transient of effective refractive index change in the 
phase shifter obtained in the simulation. (c) The rise and fall edges of the transient of the effective 
refractive index in (b). 

3.2.2. Velocity Mismatch 
An optical wave packet of the lightwave is propagated in the waveguide of the phase 

shifter with group velocity determined by group refractive index, ngroupopt, while a RF elec-
trical wave is propagated in metal transmission lines on the phase shifter with phase ve-
locity determined by the phase refractive index, nphaseelec [29]. The velocity mismatch be-
tween the optical wave packet and the RF electrical wave limits modulation speed. The 
velocity mismatch between the optical and electrical waves is illustrated in Figure 9. 

 
Figure 9. Conceptual display of velocity mismatch between optical wave packet and RF electrical 
wave in Silicon Photonics MZ modulator. 

Velocity mismatch (VM) can be evaluated as a 3 dB frequency bandwidth using the 
following equation for a traveling-wave modulator [30]: 

Figure 8. (a) Input electrical bias voltage with 1 ps linear ramps. (b) Cross-section of lateral PN-
junction phase shifter as simulation model and transient of effective refractive index change in the
phase shifter obtained in the simulation. (c) The rise and fall edges of the transient of the effective
refractive index in (b).

3.2.2. Velocity Mismatch

An optical wave packet of the lightwave is propagated in the waveguide of the phase
shifter with group velocity determined by group refractive index, ngroup

opt, while a RF
electrical wave is propagated in metal transmission lines on the phase shifter with phase
velocity determined by the phase refractive index, nphase

elec [29]. The velocity mismatch
between the optical wave packet and the RF electrical wave limits modulation speed. The
velocity mismatch between the optical and electrical waves is illustrated in Figure 9.
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Velocity mismatch (VM) can be evaluated as a 3 dB frequency bandwidth using the
following equation for a traveling-wave modulator [30]:

f VM
3dB =

2clight

l

∣∣∣nopt
group − nelec

phase

∣∣∣ , (7)
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where clight and l denote the speed of light in vacuum and phase shifter length, respectively.

Substituting nopt
group and nelec

phase with 3.88 and 2.80, a 3 dB bandwidth of about 200 GHz
is obtained with l = 3 mm [9]. This bandwidth is far beyond 200 Gbaud in terms of
symbol rate.

3.2.3. Attenuation of RF Electrical Wave

The attenuation of RF electrical waves is another limiting factor to the modulation
speed in the traveling-wave modulator [30]. For the Silicon Photonics modulator having the
layout of a single MZ interferometer, RF attenuation was characterized in the measurement
of electro-optic frequency response as presented in Figure 10.
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Higher electro-optic frequency response is observed for shorter phase shifter lengths
due to lower RF attenuation. DC bias voltage dependence at each phase shifter length
reflects RF power reduction due to RC coupling, which is reduced with higher depletion
potential and hence lower capacitance. After RF attenuation is resolved, RC coupling is the
remaining factor that limits the modulation speed of Silicon Photonics modulators.

It is obviously the first solution to shorten the phase shifter length for lower RF
attenuation. A shorter phase shifter length, however, causes higher Vπ; therefore, it is
not always preferred in light of phase shifter efficiency. There are alternative solutions
to lower RF attenuation. High-conductivity transmission lines such as copper metalized
electrodes allow RF transmission with a loss lower than transmission lines with aluminum
metallization [31]. For coplanar electrodes, in particular, airbridges connecting the two
ground planes over the central signal line lead to lower propagation loss by prohibiting
antisymmetric RF mode, which is power dissipative [32]. The PN-junction phase shifter is
connected to one of the ground planes as illustrated in Figure 11, while the other ground
plane is floated in AC condition, although both ground planes are connected at the far
ends to the electrical grounds on the circuit board, which act effectively as ground points at
DC. High-frequency AC coupling between the phase shifter and the coplanar electrodes
is asymmetric. Therefore, the asymmetric slot-line mode is excited and transmitted in the
coplanar electrodes. The asymmetric slot-line mode is more extended than the symmetric
coplanar mode and coupled significantly to free-space radiation, and the slot-line mode
causes electromagnetic power dissipation. The air bridges connecting the ground planes
allow local voltage balance in high-frequency AC, and were proved to be effective in the
suppression of asymmetric slot-line modes in high-speed electron devices connected with
coplanar electrodes [33]. Electro-magnetic absorption of residual carriers in Si substrate
is another cause of RF attenuation. Even though a high-resistivity substrate is used, RF
attenuation by the substrate is not negligible because of the large thickness of the Si
substrate. Modulation bandwidth expansion was confirmed with the Silicon Photonics
modulator with substrate removal underneath the metal electrodes of the modulator [34].
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3.2.4. RC Coupling

Equivalent circuit models consisting of lumped electric elements are depicted in
Figure 11. Reverse-biased PN junction is represented as an electrical capacitor, C. Capac-
itance, of the PN junction is inversely proportional to the horizontal thickness of the
depletion layer. The remaining rib region and side slab wings form a series of electrical
resistances, RP and RN. The product of resistance–capacitance coupling, (RP + RN)C rep-
resents the time constant of RC coupling. The modulation speed of the Silicon Photonics
modulators is limited by RC coupling, and the reduction of the RC time constant is crucial
for an increase in the modulation speed [9,10]. In a PN-junction phase shifter in, for instance,
a 4 mm length, PN-junction capacitance, C, is 1.6 pF under DC reverse bias and series resis-
tance, RP + RN, is 11.7 Ω, providing a time constant of 18 ps in the resistance–capacitance
coupling [10]. This leads to modulation speed < 50 Gbaud. Reduction in PN-junction
capacitance, C, is undesirable in the light of a high-efficiency Silicon Photonics modulator
since modulation efficiency is proportional to the junction capacitance. Reduction in the
series resistances is, therefore, essential for high-speed high-efficiency Silicon Photonics
modulators.

3.3. Bandwidth–Loss Trade-Offs

There have been two approaches for reduction in the series resistances. The first ap-
proach is to increase dopant concentration in P-type and N-type slab regions for resistance
reduction. In the other approach, slab height is increased to lower slab resistances in P-type
and N-type wings [10]. Both approaches, however, have the drawback of an increase in
optical loss of phase shifter. An increase in dopant concentration causes an increase in
optical loss due to free carrier absorption [21]. The mode field is more extended to side slab
regions if slab height is increased. The dopant concentration in the slab wings is higher
than in the central rib region. Optical loss of the phase shifter is also increased in the
latter approach. Optical modulation bandwidth–optical loss trade-off arises and a further
increase in modulation speed has been a technological challenge for the Silicon Photonics
modulators [11].

4. Expansion of Modulation Bandwidth

A new approach for enhancement of modulation speed and modulation bandwidth,
in other words, without causing optical loss increase, is proposed for Silicon Photonics
modulators based on the numerical study in this section.

4.1. Design, Simulation Framework, and Material Parameters

A key point on series resistance reduction without an increase in optical loss in the
Silicon Photonics phase shifter is to add the high-mobility overlayers on slab wings on both
sides of the rib-waveguide core. High-mobility slab wings have thin overlayers consisting
of a Si1−xGex/Si QW structure with x = 0.6, as illustrated in Figure 12. The phase shifter
has been designed as a single-mode waveguide in TE-like mode in the C-band wavelength
range for optical communication.
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The phase shifter consists of a lateral PN-junction rib waveguide with a 480 nm width
for the center rib, a 220 nm height for the center rib, and a 75 nm height for the side slab wing.
The core is surrounded by bottom and top silica clads. The cross-section of the new phase
shifter is simply the same as that of a commercially available PN-junction rib-waveguide
phase shifter, except for slab wings topped up with heterojunction quantum-well overlayers.
Special design refinement has been implemented to achieve both low series resistance and
low optical loss. Pseudomorphic 5 nm Si1−xGex QW/5 nm Si barrier overlayers with
x = 0.6 are formed on the slab wings. Si0.4Ge0.6 QW is strained and free from dislocations
since the thickness of Si0.4Ge0.6 QW is thinner than the critical thickness [35]. High carrier
mobility is achieved by eliminating dislocations, which act as scattering centers against
carriers, and thus low electrical series resistance is realized. Pseudomorphic Si0.4Geo.6/Si
heterojunction QW system yields type-II band line-up: holes are confined in the Si0.4Geo.6
overlayer, while electrons are in the Si overlayer [36].

The Silica gap between the edge of Si0.4Ge0.6/Si QW overlayers and the side wall
of the rib is 100 nm in horizontal width. The silica gap is indispensable for suppressing
the overlap of the modal electric field with the QW overlayers, in which high-density
carriers are confined and thus high optical loss is produced via free-carrier absorption
for the overlapping portion of the modal electric field. By virtue of the conservation of
electric flux density and large discontinuity in the modal electric field along the horizontal
direction, as predicted from Maxwell’s equations, the portion of the electric field of TE
mode in the Si0.4Ge0.6/Si overlayers is very low as observed in the electric-field profile of
TE fundamental mode in Figure 12. The mode-field profile is almost the same as that in the
PN-junction rib waveguide without the QW overlayers. Therefore, optical loss due to 2D
QW carriers is very low as described in the next subsection. Optical mode associated with
such discontinuity in the modal electric field was observed in a slot waveguide consisting
of a nanometer-scale slot of low refractive index [37].

Fabrication of the QW overlayers can be accommodated easily in CMOS-based fabrica-
tion processes in Figure 4. Two-step selective deposition processes of a 5 nm Si0.4Ge0.6 layer
and, subsequently, a 5 nm Si layer to grow the overlayers on the top of Si slab wings before
the VIA-hole fabrication step (10). Therefore, PN-junction rib-waveguide phase shifters can
be designed and fabricated on the existing Silicon Photonics platform.

The distribution of the QW carriers along the vertical direction is determined as a
quantum-mechanical wavefunction, which is a solution of the 1D Schrödinger equation.
Therefore, the 1D Schrödinger equation needs to be solved. Numerical solutions of the
1D Schrödinger equation for the QW carriers in this paper were obtained by Noumerov’s
method [38,39]. This method can be represented also in matrix form and is similar to
the numerical eigenvalue method solving the discretized Schrödinger matrix [40,41]. The
squared wavefunction of holes in the valence band of a 5 nm Si0.4Ge0.6 is plotted in Figure 13,
in which the cross-section along the vertical axis on the P-type side is shown. The bottom
p-type slab layer is located on the left side of the QW, and a 5 nm Si cap overlayer in
the right side of the QW in the graph. Confinement potential was taken from the results
of the TCAD simulation. Carriers confined in undoped Si0.4Ge0.6 QW are supplied and
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spatially separated from dopant atoms in the Si slab underneath the QW. The separation
from the dopant atoms allows for the transport of QW carriers free from ionized impurity
scattering and thus high carrier mobility in the QW. The conductivity effective mass used
in the numerical calculation of the 1D Schrödinger equation is 0.1m0 for the hole. Here, m0
denotes the electron rest mass in free space [42]. The hole has a much lighter effective mass
in strained Si0.4Ge0.6 than for electrons. Lighter hole mass allows hole quantum-mechanical
wavefunction to penetrate doped Si barriers of the slab and the overlayer deeper. The
conductivity effective mass of an electron is, on the other hand, almost the same as for Si,
0.34m0 [42]. Therefore, the hole in strained Si0.4Ge0.6 QW undergoes the effect of scattering
potential of the dopant impurities more significantly than the electron.
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In TCAD, Equations (2)–(6) are formulated in the framework of classical theory. The
Schrödinger equation is not incorporated into classical TCAD to characterize quantum-
mechanical features of carriers rigorously in numerical analysis. Alternatively, macroscopic
methods have been developed for quantum-mechanical correction to classical TCAD
simulation. The method taken in this paper is based on the Feynman–Hibbs effective
potential derived from Feynman’s path-integral method to deal with quantum-mechanical
motion in the classical framework [43–45]. Classical potential, Φ in Equation (2) is replaced
with the Feynman–Hibbs effective potential, ΦFH, which is given as convolution of the
classical potential with Gaussian function [43]:

ΦFH(y) =
1√

2πσ2

∫ max. Y

min. Y
dY Φ(Y) e−

(y−Y)2

2σ2 . (8)

Here, σ represents quantum-thermal width, which is written as

σ2 =
ℏ2

12 me f f kBT
, (9)

with reduced Planck constant, h̄, effective mass, meff, Boltzmann constant, kB, and temper-
ature, T [44]. Quantum thermal width is about 2 nm for the hole conductivity effective
mass quoted above. The quantum thermal width is substituted to the Feynman–Hibbs
effective potential in the TCAD software program used to perform the simulation of carrier
distribution and current flow in the phase shifter with quantum correction [45].

Band offsets of strained Si0.4Ge0.6 are 0.5 eV from the top of the valence band of Si for
hole and 0.07 eV from the bottom of the conduction band of Si for electron, respectively [46].
Light hole and heavy hole masses are 0.1m0 and 0.2m0, respectively. Drift hole mobility in
strained Si1−xGex was reported at x ranging from 0 to 0.3 [47]. The drift mobility increases
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linearly with x. Drift hole mobility at x = 0.6 is, thus, linear extrapolated from the reported
data as high as 1750 cm2/V/s at a low dopant concentration of 1014 cm−3. Preset data in
the TCAD software program have been used regarding the other material parameters [48].

4.2. Simulation Results and Discussion
4.2.1. Carrier Distribution and Optical Loss

Hole and electron distribution profiles in the PN-junction phase shifter with and
without QW overlayers are plotted in the color contrast scale in Figure 14. These profiles
have been obtained at zero DC bias voltage in the TCAD simulation described above.
Hole and electron distribution profiles in the cross-section at X = 1500 nm and 2400 nm
in the horizontal axis are plotted, respectively. The horizontal center of the 480 nm rib
waveguide is located at X = 1950 nm. In the phase shifter without the QW overlayers, carrier
distribution profiles are similar to those obtained in the conventional phase shifters [28]. In
the phase shifter with QW overlayers, however, holes are confined in high density in the
Si0.4Ge0.6 layer. The confined carriers are supplied from the dopants in the P-type slab wing
and the P-type slab region underneath the QW is depleted. The profile of hole distribution
in the cross-section at X = 1500 nm reflects the spatial expansion of the quantum-mechanical
wavefunction of the hole in Figure 13. Electrons in the N-type slab wing are confined in
Si overlayer due to type-II band arrangement. The density of electrons in the Si layer is
not high since the conduction-band offset is much smaller than the valence-band offset in
potential energy.
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sections at X = 1500 nm and 2400 nm (right). Profiles of fundamental mode-field TE polarization with
and without QW overlayers on the right.

Modal optical losses in the phase shifters with and without the QW overlayers are
calculated from the overlap of the absolute square of the mode electric field with the optical-
loss distribution associated with free-carrier absorption in the phase shifters. Carrier-
density dependence of optical loss due to free-carrier absorption, ∆α, at a wavelength of
1550 nm is written as [21]

∆α(Ne, Nh) = 8.88 × 10−21N1.167
e + 5.84 × 10−20N1.109

n . (10)

Modal optical loss, ∆αmode, is then calculated with the mode electric field, Emode, in the
following equation:
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∆αmode =

s
dxdy

{
∆α(Ne(x, y), Nh(x, y)) |Emode(x, y)|2

}
s

dxdy|Emode(x, y)|2
(11)

Profiles of the mode electric field with and without the overlayers in Figure 14 are
almost the same as each other, as the overall thickness of the overlayers is as thin as 10 nm,
and penetration of mode electric field to the overlayers is suppressed by the narrow silica
gap between the overlayer edge and the rib side wall. Therefore, optical loss due to free
carrier absorption associated with high-density 2D carriers in the QW overlayers is not as
large as mentioned in the previous subsection. The modal optical loss is 2.93 dB/cm in the
phase shifter with the overlayers, while 2.88 dB/cm in that without the overlayers. Almost
the same modal loss has been obtained regardless of the addition of the overlayers.

4.2.2. Series Electrical Resistance

Reduction in electrical resistance has been confirmed in the simulation of DC current–
voltage (I–V) characteristics. Models for DC I–V characterization are P-type and N-type
test elements, respectively, which are displayed in the top part of Figure 15. The test
elements consist of the QW overlayers in a width of 3400 nm along the X direction. Length
along the Z axis, which is perpendicular to the X and Y axes, is 200 nm. The structure is
uniform along the Z axis. Aluminum electrodes at both ends are connected to the surfaces
of heavily doped regions, P++ and N++ (1 × 1020 cm−3) in a 75 nm Si slab layer. The
electrical resistance of 5.59 Ω is obtained from DC I-V characteristics in the left bottom part
in Figure 15 for the P-type Si slab layer with the QW overlayers if it is rescaled to 1 mm in
length along the Z axis, while 31.0 Ω without the QW overlayers. The electrical resistance
of the test element with the QW overlayers is lower than 1/5 times in comparison with
that without the QW overlayers. For the N-type slab layer, electrical resistance reduction
from 17.4 Ω to 15.9 Ω., namely about 10% reduction with the overlayers from DC I–V
characteristics in the right bottom part of Figure 15. Resistance reduction is remarkable
for holes because of their small effective masses and high-density confinement in the large
band offset.
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The next step in DC I–V characterization is to verify the series of electrical reductions in
models of PN-junction rib-waveguide phase shifters with and without the QW overlayers.
The model for the phase shifter with the QW overlayers is presented in the top part of
Figure 16. The rib waveguide has a center rib with a 480 nm width and a 220 nm height and
side slabs with a 75 nm height. The full width of the phase shifter along the X axis is 3900 nm.
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The width of QW overlayers is 1510 nm on each slab. The silica gap is 50 nm. The silica gap
width can be 50–100 nm. Electrical and optical characteristics are not affected significantly
by variation in the silica gap width from 50 to 100 nm. This leads to the allowance of overlay
tolerance, +/−25 nm for lithographic misalignment in fabrication. The gap between a
metal electrode and an edge of QW overlayers is also 50 nm. The structure along the Z axis
is uniform and 200 nm in length. Simulation of DC I–V characteristics has been performed
under forward bias voltage since there is no current flow and thus no voltage drop at series
electrical resistors under reverse bias voltage. The equivalent circuit of the phase shifters is
represented as a diode with series resistors, RP and RN, as shown in Figure 16. Red and
blue curves correspond to DC current in forward-biased phase shifter with and without the
QW overlayers, respectively. DC current at the low forward voltage is a thermally excited
current over PN-junction potential, qVPN, and increases exponentially with applied DC
voltage, V. Higher DC current implies that more DC bias is applied to PN junction as a
result of lower series resistances, hence, lower voltage drops at the series resistors. The
increase in DC voltage applied to the PN junction is more than 2 times. Therefore, the total
series resistance, RP + RN, is estimated to be reduced by 1/2 times or lower with the QW
overlayers, which is consistent with series resistances obtained in DC I–V characteristics of
the test elements consisting of sheet resistors.
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4.2.3. Modulation Bandwidth

Modulation bandwidth characteristics of the phase shifters are evaluated in electro-
optic (EO) response as a function of modulation frequency for an equivalent circuit con-
sisting of a capacitor, C connected with series resistors, RP, RN, as shown in Figure 17. EO
response in the zero-frequency limit is equal to the optical losses obtained for the phase
shifters in Section 4.2.1. Assuming an extension of a slab wing along the X axis to be
900 nm in each of the P and N sides, the total series resistance is 5.69 Ω and 12.8 Ω with
and without the QW overlayers in 1 mm length along the Z axis, respectively. Under the
reverse bias voltage applied to the PN junction of the phase shifters, junction capacitance is
0.35 pF/mm [49]. Substituting these circuit parameters to the circuit equation consisting
of the lumped elements, EO response curves in Figure 17 are obtained in the small-signal
circuit model [50]. A 3 dB bandwidth of EO response for the phase shifter with the QW
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overlayers is as high as 105 GHz, reaching a modulation speed of 200 Gbaud symbol rate
in NRZ format. Modulation bandwidth is doubled in comparison with that without the
overlayers, while optical loss is unchanged regardless of high-density 2D carriers in the
overlayers. Thereby, the optical modulation bandwidth–optical loss trade-off is resolved
with the PN-junction rib-waveguide phase shifter having the QW overlayers in side slab
wings. This newly designed phase shifter allows for the performance enhancement of
Silicon Photonics modulator in modulation speed in applications to high-capacity optical
networks as ecosystems.
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5. Conclusions

Limiting factors on modulation speed for integrated modulators on the Silicon Photon-
ics platform have been addressed. Electrical resistance–capacitance coupling in PN-junction
rib-waveguide phase shifter is shown to be the most crucial and to dominate modulation
bandwidth among the limiting factors. Optical modulation bandwidth–optical loss trade-
off arises from the resistance–capacitance coupling. High-mobility 2D carriers in QW
overlayers added on side slab wings allow remarkable series resistance reduction and thus
bandwidth expansion in optical modulation, as confirmed in numerical analysis based on
mode electric field simulation and classical TCAD simulation with quantum-mechanical cor-
rection using Feynman–Hibbs effective potential. Optical loss due to free-carrier absorption
is not increased regardless of high-density 2D carriers located in the QW overlayers because
of the total thickness of the overlayers as thin as 10 nm and suppression of penetration
of mode electric field to the overlayers by the narrow silica gap separating the overlayers
from the rib side wall. Expansion of modulation bandwidth, namely the enhancement
of modulation speed without causing an optical loss in the phase shifter available on the
Silicon Photonics platform is finally confirmed. Silicon Photonics modulators including
the PN-junction rib-waveguide phase shifters with QW overlayers can be designed and
fabricated in the Silicon Photonics platform.
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