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Abstract. We present high-speed, traveling-wave (TW) Si Mach–Zehnder modulators and Si
sub-bandgap photodetectors (SBPD) monolithically integrated on an Si-only photonics platform
without incorporation of Ge epitaxial growth process. Through constructing a detailed equivalent
circuit model on the components, we design the device structure and TWelectrodes for operating
the device with bandwidth beyond 40 GHz. The experimental results show the 3-dB bandwidths
of the Si modulator and photodetectors are 35 and 44 GHz, respectively, generally agreeing well
with our design. The measured photoresponsivity of the SBPD varies from 0.1 A∕W to nearly
1 A∕W, depending on the bias voltage. These two components potentially can be utilized for an
integrated optical transceiver operating for 50 Gbit∕s data transmission. © The Authors. Published
by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this
work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10
.1117/1.JOM.1.1.014002]

Keywords: Si photonics; high-speed modulator; high-speed photodetector; optical transceiver.

Paper 20013 received Sep. 24, 2020; accepted for publication Jan. 5, 2021; published online Jan.
26, 2021.

1 Introduction

With the advent of 5G mobile network in recent years, the demand for high-speed data trans-
mission has increased significantly. Optical transmission in general is superior to electrical
transmission in terms of wide transmission bandwidth, long distance, low latency, and low
energy consumption. Recently high-speed integrated optical transceivers implemented via sil-
icon photonics technology have received considerable attention. About 400 Gb∕s multi-channel
Si photonics optical transceivers utilized in data centers have been demonstrated in 2019.1 All the
passive and active optical components are monolithically integrated on a single chip and are
fabricated through a CMOS-compatible process.

To implement a complete optical function on a Si photonics chip, several key optical
components are required, including lasers, modulators,2 photodetectors,3 multiplexers/demulti-
plexers,4,5 and filters. Among these components, lasers made of III–V semiconductor compound
are usually demanded. They are either packaged6 or bonded and then processed7 on as-patterned
Si structures to make light sources since Si is an indirect bandgap semiconductor with low radi-
ation efficiency. In addition, photodetector is another component that requires different materials
for detecting optical signals and then converting into electrical. Ge is commonly utilized as the
photodetector material for Si photonics. Although heterogeneous epitaxy of Ge on Si has made
great progress, the process condition is still critical and difficult to be controlled. In this research,
we are interested in using defect-mediated Si sub-bandgap photodetectors (SBPD) to detect opti-
cal signals on Si photonic devices. Si SBPD have been previously reported for implementing
transparent waveguide power monitors.8 With this device, all the components, except the light
source, can be accomplished by pure Si structures via a simpler fabrication process. However,
optical absorption of the defect-mediated Si SBPD is generally weak, and therefore it needs a
long waveguide structure or a ring resonator9 to enhance the responsivity. Nevertheless, long
devices are easy to create a problem of low operating speed because of a large device resis-
tor-capacitor (RC) time constant. To improve the operating speed, a traveling-wave (TW) type
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waveguide photodetector is desirable. Although a TW Si SBPD was presented before Ref. 10, it
lacked device design and analysis. In this research, we build up a detailed equivalent circuit
model to analyze device bandwidth on a Si TW Mach–Zehnder modulator (TW-MZM) and
a Si TW SBPD (TW-SBPD). By integrating both components on the same chip, we demonstrate
an integrated all-Si optical transceiver.

2 Design and Analysis of Si Traveling-wave MZM and SBPD

This section focuses on design and modeling of the Si TW-MZM and the Si TW-SBPD. Figure 1
shows the device cross section. The Si TW-MZM is based on a waveguide phase shifter imple-
mented by an L-shape PN junction while the Si TW-SBPD is a waveguide PIN junction
implanted with Si ions to introduce deep trapped states inside. Both the Si TW-MZM and
TW-SBPD are interconnected by Si rib waveguides, and light in the waveguides is coupled
to fibers through grating couplers. The Si TW-MZM and TW-SBPD are analyzed via a modified
equivalent circuit model referred in paper11 with key device parameters calculated by Synopsys
Sentaurus TCAD.

2.1 Si Traveling-Wave MZM

The Si MZM is configured with an asymmetric waveguide-based Mach–Zehnder interferometer
with a phase shifter at either arm of the device. The modulation mechanism of phase shift is
through the plasma dispersion effect in silicon, by controlling the charge density inside the Si
waveguide. The charge density is manipulated by either injecting or depleting carriers on an
embedded PN junction so as to convert the electrical signal into a modulated optical signal.
Because the plasma dispersion effect is weak, a high-speed Si MZM usually needs a TW design
to achieve a large enough modulation depth.

The cross section of the waveguide phase shifter for the Si TW-MZM is shown in Fig. 2. The
Si rib waveguide is 400-nm wide and 220-nm high with a slab thickness of 70 nm. The operating
wavelength is targeted at 1310 nm. Inside the waveguide, an L-shape PN junction with a dopant

Si SBPD
Si waveguide
phase shifter

Si Rib
waveguide

Si grating coupler
(side view)

Fig. 1 Schematic illustration of the components in cross section: Si SBPD, Si waveguide phase
shifter, Si rib waveguide, and Si grating coupler.

400 nm

70 nm
220 nm

Fig. 2 Cross section of the waveguide phase shifter in the Si TW-MZM.
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concentration P-type (5e17 cm−3) and N-type (1e18 cm−3) is formed at the center of waveguide
core. Outside the core region are medium doped (P+, N+) waveguide slabs extended to the
heavily doped regions (P++, N++), which directly contact the TW electrodes via holes. The
TW electrodes are featured as a coplanar waveguide (CPW) transmission line, where the signal
is applied on the N-type Si.

The operating speed of a Si TW-MZM is determined by three factors: (1) the characteristic
impedance of transmission line, (2) the velocity mismatch between the microwave and the opti-
cal wave, and (3) the attenuation coefficient of transmission line. The basic idea to analyze the
CPW transmission line is to establish its equivalent circuit model under the quasi-TEM
approximation.11 We first calculate the partial capacitance12 of each layer by the conformal map-
ping technique13 and then simulate the junction capacitance and series resistance of the L-shape
PN junction. All these component parameters are used for constructing the CPW equivalent
circuit model. The equivalent circuit model of the loaded CPW with respect to the component
structure is shown in Fig. 3.

We first specify each layered partial capacitance imposed on the TW electrode,11 and cal-
culate the value by considering the type of dielectric material, layer structure, electrode dimen-
sion, and the gap between electrodes. After we find the junction capacitance Cpn and the series
resistance Zs of the L-shape PN junction and the CPW inductance L and resistance R, we can
construct a complete equivalent circuit of the loaded CPW shown in Fig. 4.

The junction capacitance Cpn and the series resistance ZS of the L-shape PN junction are
obtained by a simulation tool (Sentaurus TCAD, Synopsys). We first establish the model and
verify the dopant concentration and electric field shown in Fig. 5. Frequency-dependent Cpn

and ZS are then extracted by examining the simulated small-signal I–V characteristics of the
junction. The transmission line inductance can be decomposed into the external and internal

Fig. 3 Illustration of the equivalent circuit model of the TW waveguide phase shifter.

Fig. 4 Schematics of the loaded transmission line model of the waveguide phase shifter.
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one. The former is independent of frequency, which can be obtained by considering the
same CPW structure in the air; the latter is frequency-dependent, which can be calculated
by Wheeler’s incremental inductance rule.14 In fact, the microwave also propagates in the Si
substrate. However, because the silicon resistance is much higher than that of metal line, the
shunt resistance RSi generally can be ignored. By taking all the electrical elements into account,
we can derive the parametric resistance Reff , inductance Leff , conductance Geff , and capacitance
Ceff of a general transmission-line circuit model. The values are listed in Table 1.

With knowing the transmission line parameters, we are able to find the characteristic imped-
ance, phase constant and attenuation coefficient of the loaded transmission line. We therefore
analyze the operating speed of the TW modulator by examining the frequency response of the
normalized average voltage across the depletion region of the L-shape PN junction, which is
given as11

EQ-TARGET;temp:intralink-;e001;116;325mðωmÞ ¼
����VdepðωmÞ
Vdepðω0Þ

���� ¼
���� ð1þ jω0CpnZsÞVavgðωmÞ
ð1þ jωmCpnZsÞVavgðω0Þ

����; (1)

where Vdep is the average voltage across the depletion region, ωm and ω0 represent the operating
radio frequency and the frequency near DC, respectively, and Vavg is the average voltage across
the transmission line. In fact, the amplitude of the TW voltage should vary along the transmis-
sion line. Nevertheless, we can expect that the overall phase change is proportional to the average
voltage across the transmission line multiplied with the length. According to the transmission
line theory, we can derive the average voltage given as

EQ-TARGET;temp:intralink-;e002;116;205VavgðωmÞ ¼
Vgð1þ ρ1Þeiβ0l
2½eγl þ ρ1ρ2�e−γl

ðVþ þ ρ2V−Þ; (2)

where Vg is the input voltage, β0 is the optical propagation constant, γ is the complex microwave
propagation constant, l is the length of transmission line, and Vþ and V− are the forward and
backward TW voltages on the transmission line. ρ1 ¼ Z0−Zs

Z0þZs
and ρ2 ¼ ZL−Z0

ZLþZ0
, which are the reflec-

tion coefficients at the input and output ends. Z0 is the characteristic impedance of the trans-
mission line, and ZS and ZL are the source and load impedances, respectively.

Equations (1) and (2) already imply that the frequency response of the TW modulator is
influenced by the impedance mismatch, microwave loss, RC time constant of the PN junction,
and phase velocity mismatch of the optical wave and microwave. According to our designed Si
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Fig. 5 Simulation results on the L-shape PN junction: (a) the dopant concentration and (b) the
electric field (at 0 V).

Table 1 The equivalent transmission line parameters.

Reff Leff Geff Ceff

1.0865 × 104 Ω∕m 4.9495 × 10−7 H∕m 20.4112 Ω−1∕m 2.3595 × 10−10 F∕m
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waveguide and CPW structures, under the assumption of impedance match condition, we plot
the frequency response of modulation efficiency of Si TW-MZM for different lengths, from 0.5
to 2 mm, as shown in Fig. 6. The 3-dB bandwidth apparently decreases with the electrode length
due to the microwave loss. However, a longer electrode length is better for higher modulation
efficiency.

2.2 Si Traveling-Wave SBPD

Silicon intrinsically is transparent for radiation spectrum beyond 1130 nm in wavelength. To
generate photoresponse at communication bands (for example, 1310 or 1550 nm), one way
to do it is through defect-mediated sub-bandgap absorption. Via the deep-level charge states
within the silicon bandgap, sub-bandgap photons could be absorbed and initiate an optical tran-
sition of electrons from the valence band to the conduction band. Figure 7 shows the mechanism
of the optical transition. The deep-level charge states have an energy level below the conduction
band by Edl, which enables electrons to be excited from the valence band to the deep-level states
by absorbing photons with energy hv > Eg − Edl. The electrons will be subsequently transferred
to the conduction band through thermal excitation. The basic idea is similar to a reverse process
of Shockley–Read–Hall recombination. The sub-bandgap absorption efficiency depends on the
type and density of the deep-level states. More details about the model and analysis of defect-
mediated sub-bandgap absorption can be found in Ref. 15.

In general, the optical transition through sub-bandgap absorption is relatively weak. To
enhance photoresponsivity, long and ion-implanted silicon waveguide photodetectors are
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Fig. 6 Simulated frequency response of the normalized modulation efficiency of the Si TW-MZM
with respect to different electrode lengths.

Fig. 7 Illustration of defect-mediated sub-bandgap absorption.
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employed to have a larger responsivity.16 Nevertheless, the waveguide absorption length is still
required to be several millimeters long. Such a long waveguide photodetector could have limi-
tation on the operating speed. ATW photodetector design is desired to improve the speed. In this
study, we optimize the waveguide structure and the TW electrode to implement a high-speed Si
TW-SBPD.

The device structure is shown in Fig. 8. Unlike the Si MZM, a lateral PIN junction is
employed on the waveguide core of the photodetector, where the intrinsic region is implanted
with Si+ ions to enhance sub-bandgap absorption. Meanwhile, the waveguide width is extended
to 800 nm to have a larger absorption region. A CPW design is also applied for this TW
photodetector.

The Si TW-SBPD speed is determined by the internal photocarrier transit time and all the
other parameters of the transmission line discussed in the previous section. The corresponding
equivalent circuit model of the TW-SBPD is shown in Fig. 9. It is similar to the Si TW-MZM
except for a current source across the PIN to represent the photo-generated current. Therefore,
the analysis of the TW-SBPD is slightly different from the way we analyze TW-MZM. Here,
we use the telegrapher’s equation17 and the approach to calculate the transmission line param-
eters in the previous section to investigate the frequency response of the photodetector.

We replot the equivalent transmission line model of the TW-SBPD shown in Fig. 10. The
current source shown in this model is expressed as17

EQ-TARGET;temp:intralink-;e003;116;130

dIpinðzÞ
dz

¼ k0e−γ0z; (3)

where k0 ¼ 4α0ξeP0λ0
hc , ξ is the intrinsic quantum efficiency, e is the electron charge, h is Planck’s

constant, c is the speed of light in vacuum, P0 is the input waveguide power, λ0 is wavelength,

Fig. 8 Cross section of the Si TW-SBPD.

Fig. 9 Illustration of the equivalent circuit model of the Si TW-SBPD.
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γ0 is the complex propagation constant of modulated optical wave, α0 is the absorption coef-
ficient of optical wave, and z is the distance from the TW-SBPD input end. Next, we consider
drift and diffusion of the photo-generated carriers and rewrite the express of the current source as

EQ-TARGET;temp:intralink-;e004;116;559

dI 0pinðzÞ
dz

¼ dIpinðzÞ
dz

1

1þ j ω
ωc

�
Adrift

1þ jωτdrift
þ Adiff

1þ jωτdiff

�
; (4)

where I 0pin is a modified expression of Ipin from the transmission line model shown in Fig. 10,
ω is frequency, ωc is the RC time constant associated with Cpin and Rs, Adrift and Adiff are the
ratios of photocurrent contributed by drift and diffusion of the photo-generated carriers, respec-
tively, and τdrift and τdiff are the corresponding time constants. The junction capacitance Cpin

and the series resistance Rs of the PIN junction are obtained by simulation (Sentaurus TCAD,
Synopsys). The simulated depletion region of the PIN junction is shown in Fig. 11.

According to the equivalent transmission line model shown in Fig. 10, we can modify the
telegrapher’s equation with the current source, which is given as

EQ-TARGET;temp:intralink-;e005;116;411

8>>><
>>>:

dVðzÞ
dz

¼ −ZIðzÞ
dIðzÞ
dz

¼ −YVðzÞ − dI 0pinðzÞ
dz

; (5)

where Z is the transmission line impedance and Y is the admittance. After combing these two
equations, we can write down a second order differential equation below:

EQ-TARGET;temp:intralink-;e006;116;310

d2V
d2z

− γ2eV ¼ Zk0e−γ0z; (6)

where γe ¼
ffiffiffiffiffiffiffi
ZY

p
is the complex microwave propagation constant. If we assuem the input end

of the TW electrode is open and the output end is connected to a load, i.e, Ið0Þ ¼ 0, VðlÞIðlÞ ¼ Zl,

Fig. 10 Schematics of the loaded transmission line model of the Si TW-SBPD.
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Fig. 11 Simulation results on the Si TW-SBPD: (a) the dopant concentration and (b) the electric
field (at 0 V).
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where Zl is the impedance of the load, we can write down the TW signal on the transmission
line with an expression of

EQ-TARGET;temp:intralink-;e007;116;456VðzÞ ¼ V1eγez þ V2e−γez þ
Zk0

ðγ2o − γ2eÞ
e−γ0z; (7)

where the first term represents the forward traveling wave, the second term is the backward
traveling wave, and the last term represent the signal generated by the distributed current source
at distance z. The details of V1 and V2 are given as

EQ-TARGET;temp:intralink-;e008;116;376

8>><
>>:

V1 ¼ k0½γeðZlγo−ZÞe−γol−γoðZlγe−ZÞe−γel�
γeðγ2o−γ2eÞ

��
1−Zl

Zo

�
e−γelþ

�
1þZl

Zo

�
eγel

	
V2 ¼ k0½γeðZlγo−ZÞe−γol−γoðZlγeþZÞeγel�

γeðγ2o−γ2eÞ
��

1−Zl
Zo

�
e−γelþ

�
1þZl

Zo

�
eγel

	 ; (8)

where Zo is the characteristic impedance of the loaded transmission line.
According to the equivalent circuit model and Eqs. (7) and (8), we analyze the frequency

response of the TW photodetector. Here, we assume the sub-bandgap absorption coefficient is
10 dB∕cm (according to the measured responsivity in the following section) and the load imped-
ance is 50 Ω without considering the diffusion current. We obtain the frequency responses for
the waveguide absorption length equal to 1, 2, and 3 mm. The results are shown in Fig. 12.
In general, a longer waveguide length is better for high responsivity while the operating speed
decreases due to the transmission line loss. For our fabricated device, the waveguide length is
designed to be 2 mm.

3 Experimental Results and Measurement

The device is fabricated in Taiwan Semiconductor Research Institute via a self-developed Si
photonics fabrication process. Si multiplexer/demultiplexers, grating couplers, TW-MZM, and
TW-SBPD are all integrated together to implement a chip-scale optical transceiver. The fabri-
cated devices are shown in Fig. 13. Single-mode fibers are coupled to the Si waveguides through
the grating couplers. To test high-frequency performance of the components, we prepare two
experimental configurations using a vector network analyzer to examine the optical-electrical
S-parameters, as shown in Fig. 14. The device is designed for the operating wavelength in
O-band (1260 to 1360 nm). To compensate the coupling loss from gratings, before the light

Fig. 12 Simulated frequency response of the normalized responsivity of the Si TW-SBPD with
respect to different waveguide absorption lengths.
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coupled to the waveguide, we use a semiconductor optical amplifier to boost the signal power to
be around 20 mW and control the polarization parallel to the grating. Because both the Si TW-
MZM and TW-SBPD require DC bias to optimize the operating condition, we use bias tee to mix
the DC and radio frequency (RF) signal and feed it into the devices.

3.1 Si Traveling-Wave MZM

We test an asymmetric Si TW-MZM with an electrode length of 1 mm. We first investigate the
modulation efficiency by examining the spectral shift of device transmittance versus the applied
voltage. The bias-dependent spectral shift is then converted into phase change of the waveguide
phase shifter. The modulation efficiency, characterized by Vπ · L, is calculated and shown in
Fig. 15. We can find that between 2 and 5 V, the modulation efficiency is nearly a constant
around 1.9 V cm.

Si MZM

Si SBPD

Si waveguide

1 mm

Fig. 13 Optical image of fabricated devices.

(a) (b)

Fig. 14 Experimental setup to measure the frequency response of (a) Si TW-MZM and (b) Si TW-
SBPD.

Fig. 15 Measured modulation efficiency of the Si TW-MZM at different bias voltages.
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The simulated and measured electrical S21 parameters for the modulators with different CPW
gaps between the ground and signal (G ¼ 8 and 12 μm) at 4-V bias are shown in Fig. 16. The
CPW width is 5 μm. The simulated and measured S parameters generally agree well with each
other. To investigate the frequency response of the modulator, we measure the characteristic
impedance of the load CPW transmission line and find the value to be around 40 to 50 Ω, which
is very close to the load impedance 50 Ω. According to Eqs. (1) and (2), we thus estimate the
3-dB bandwidth of the modulator, which is corresponding to the measured 6.4-dB bandwidth of
the electrical S21 parameter,18 to be around 35 to 40 GHz.

3.2 Si Traveling-Wave SBPD

First, we investigate the photoresponsivity of the Si SBPD. Figure 17 shows the IV curves with
respect to different input waveguide powers. The black line is the dark current, which is <10 nA

as the bias voltage is lower than 15 V. The dark current increases prominently near 25 V, where
avalanche breakdown begins to emerge. The photocurrent is proportional to the optical power
and also increases with the bias voltage. According to the measured IV curves, we estimate the
responsivity of the Si SBPD varied by voltage, which is given in Fig. 18. The responsivity is
around 0.2 A∕W as the bias voltage is lower than 20 V, and it increase significantly toward the
device breakdown. The responsivity exceeds 1 A∕W as the bias voltage is over 24.5 V.

W5G8 (measured)
W5G8 (simulated)
W5G12 (measure)
W5G12 (simulated)
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Fig. 16 Simulated and measured S21 parameters of the Si TW-MZM.

Fig. 17 Measured IV curves of the Si TW-SBPD with respect to different waveguide powers.
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The high-frequency response of the Si TW-SBPD is evaluated by examining the optical-to-
electrical (OE) S21 parameter. We first generate a modulated optical signal via a commercial
MZM. This optical signal is then coupled to the Si TW-SBPD biased at a voltage of 23 V.
Figure 19 shows the measured OE S21 parameter. From 0 to 5 GHz, there is a jump of response,
which is attributed to the diffusion current generated in the waveguide core with low electric
field. In addition, near 35 GHz, there is a dip of response, which is caused by a non-ideal metal
contact of the RF probe on the electrode pad. Since it is difficult to accurately distinguish the
diffusion current and the drift current from measurement, we consider the diffusion current term
[Eq. (4)] in our simulation model and fit it into the experimental result to plot two curves shown
in Fig. 19. The red curve is for waveguide absorption coefficient 10 dB∕cm and the green curve
is for 20 dB∕cm. The diffusion time constant is estimated to be 88 ps. The green curve is better fit
with the measured data. In fact, the 20 dB∕cm absorption coefficient also approximates to the
measured responsivity shown in Fig. 18. By excluding the diffusion current, the 3-dB bandwidth
is estimated to be 44 GHz.

4 Conclusion

We present an all-Si photonics platform with Si TW-MZM and Si TW-SBPD to realize high-
speed optical transceivers. Both components are TW devices for high-frequency operation.
Through a detailed design and modeling on the device configuration, both components can

Fig. 18 Measured responsivity of the Si TW-SBPD varied by bias voltage.

Frequency (GHz)

N
or

m
al

iz
ed

 O
E

 S
21

 p
ar

am
et

er
 (

dB
)

Fig. 19 Simulated and measured S21 parameters of the Si TW-SBPD.
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operate beyond 40 GHz, which are applicable for 50 Gbit∕s data transmission. The measured
modulation efficiency and operating bandwidth of the Si TW-MZM are 1.9 V? cm and 35 GHz,
respectively. The photoresponsivity of the Si TW-SBPD is around 0.2 A∕W as the bias voltage is
lower than 20 Vand exceeds 1 A∕W when the voltage is over 24.5 V. The operating bandwidth
of the Si TW-SBPD is measured to be 44 GHz. Compared with common Ge photodetectors, Si
TW-SBPD can be implemented by a simpler Si fabrication process and applied for transparent
waveguide power monitors. On the other hand, because of a relatively small absorption coef-
ficient, the Si TW-SBPD potentially is able to detect high-power optical signal but still keeps
good linearity.
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