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Based on the 90 nm silicon photonics commercial foundry, sidewall-doped germanium–silicon photodetectors
(PDs) are designed and fabricated. The large designed overlap between the optical field and electric field achieves
high responsivity while retaining high-speed performance. Even including the loss due to optical fiber coupling,
the PD demonstrates an external responsivity greater than 0.55 A/W for transverse magnetic (TM) polarization
and 0.65 A/W for transverse electric (TE) polarization at 1530 nm. A flat responsivity spectrum of >0.5 A=W is
achieved up to 1580 nm for both polarizations. Their internal responsivities can exceed 1 A/W in the C� L
optical communication bands. Furthermore, with the aid of a 200 mm wafer-level test and analysis, the overall
PDs of 26 reticles have a 3 dB optoelectrical bandwidth >50 GHz and a dark current <10 nA at a −3 V bias
voltage. Finally, the eye diagram performances under TE and TM polarizations, various modulation formats, and
different input wavelengths are comprehensively investigated. The clear open electrical eye diagrams up to 120,
130, 140, and 150 Gbit/s nonreturn-to-zero are experimentally attained at a photocurrent of 1 mA. To the best of
our knowledge, this is the first time that single-lane direct detection of record-high-speed 200, 224, 256, and
290 Gbit/s four-level pulse amplitude modulation (PAM) and 300, 336, 384, and 408 Gbit/s eight-level
PAM optical signals has been experimentally achieved. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.488166

1. INTRODUCTION

Silicon photonics (SiPh) has been identified as a key enabling
technology for high-speed data-center interconnects [1], optical
input/output (I/O), and copackaged optics [2–4]. It is also a
potential solution for future applications in O, E, S, C, and
L band coherent telecommunication [5–8]. One of the key
building blocks of SiPh is a photodetector (PD) that converts
high-speed optical signals to electrical signals [9,10]. An ideal
PD should possess high quantum efficiency (QE), low dark
current, and the ability to detect ultrahigh-speed optical signals
>200 Gbit=s for a single lane [11–14]. Germanium (Ge), pos-
sessing large absorption coefficients of up to 1550 nm and even
2000 nm by exploiting tensile-strained bandgap shrinkage, has
exhibited excellent photodetection characteristics [15–19].
Various high-speed Ge-Si photodetection structures have
been extensively investigated and demonstrated [20–26].
Remarkably, based on the novel biconcave Ge fin shape, a re-
corded 3 dB cutoff frequency up to 265 GHz has been reported
[27], which is an important milestone. Its fabrication processes
might be slightly complex. Several hard-masks, lithography, dry
etch, and chemical mechanical polishing (CMP) processes are

executed to form a lateral Si-Ge-Si p-i-n (PIN) diode and to
define the actual width of the Ge region. The QE and dark
current should be further improved. The large dark current,
which is a direct determinant of the signal-to-noise ratio, will
lead to low sensitivity in optical communication systems. So,
reducing the dark current is one of the most effective ways to
enhance the performance of Ge-Si PD. Additionally, the state-
of-the-art Ge-Si high-speed optical detection capability needs
to be further boosted [14]. In this scenario, an important goal
would be to explore ultrahigh-speed, high-responsivity, and
low-dark-current PDs with easy fabrication processes, which
is very helpful for realizing low-cost SiPh integrated on-chip
optical interconnects.

In European Conference on Optical Communication
(ECOC) 2022, we demonstrated a single-lane beyond
400 Gbit/s optical intensity modulation direct detection
(IM/DD) system based on a sidewall-doped Ge-Si PD [28].
As an extended version of the work, this paper presents more
details about the sidewall-doped Ge-Si PD and gives a compre-
hensive study of its static and dynamic performances. Based on
the commercial 90 nm SiPh platform, we designed and fabri-
cated sidewall-doped Ge-Si PDs, which possess a high electric
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field (>1.0 × 105 V=cm) in the Ge region. The internal
responsivities of the Ge-Si waveguide PD are larger than
1 A/W at the C� L bands for transverse electric (TE) and
transverse magnetic (TM) polarizations, which might benefit
from the absorption coefficient improvement by the Franz–
Keldysh (FK) effect under a strong electric field. With the
aid of an 8-inch wafer-level test and analysis, the overall
Ge-Si PDs have a 3 dB optoelectrical (OE) bandwidth
>50 GHz and a dark current of less than 10 nA under a
−3 V bias. Clear open electrical eye diagrams up to 120, 130,
140, and 150 Gbit/s nonreturn-to-zero (NRZ) are experimen-
tally attained. Furthermore, 200, 224, 256, and 290 Gbit/s
four-level pulse amplitude modulation (PAM-4) and 300,
336, 384, and 408 Gbit/s eight-level PAM (PAM-8) clear
open electrical eye diagrams are also obtained utilizing
digital signal processing provided by an oscilloscope at the
receiver side.

2. DESIGN AND FABRICATION OF THE
Ge-Si PD

Conventional Ge-Si waveguide PDs require heavily doped P- or
N-type Ge as well as a metal contact on the Ge area to form the
PIN junction. This will lead to a reduced responsivity due to
the light absorption of metal contacts. To improve the QE, the
double sidewall of the Ge region is lightly doped with P- and
N-types to build a lateral PIN junction. Figures 1(a) and 1(b)
show the three-dimensional (3D) schematic and cross-sectional
view of the proposed sidewall-doped Ge-Si PD with a Si-
contacted junction. The designed Ge-Si PDs are fabricated
in a commercial 90 nm SiPh platform with simple fabrication
processes. The material quality of Ge greatly affects the absorp-
tion, carrier transport, and dark current properties. Here, the
high-quality Ge film is epitaxially grown on 0.22 μm thick Si
through a low-pressure chemical vapor deposition (LPCVD)
process with sloped sidewalls, which can be used for P- and
N-doping. The tensile strain level of Ge film is in the range
of 0.2%–0.22%. An enhanced bandwidth could be achieved
with a narrow width of Ge, however, at the expense of

growth complexity. Therefore, in this work, the bottom width
of the Ge film is designed to be 1 μm with a thickness of
approximately 400 nm to achieve a balance among the yield,
quality, and bandwidth. The length of the Ge active region is
50 μm to achieve a high QE. The Ge double sidewalls and
220 nm Si waveguide are doped to form the wrapped PIN junc-
tion. A gap size of 150 nm is designed for the top P- and N-Ge
regions. An approximately 110 nm depth of shallow sidewall
doping on Ge is used to minimize the free carrier absorption
loss and photogenerated carrier loss in the doped regions. This
doping depth unintentionally helps to reduce the intrinsic re-
gion of Ge, which is beneficial for decreasing the carrier transit
time. The P- and N-doping process is originally used for lateral
Ge-on-Si PD, which is conducted on the top of the Ge region.
Its doping concentrations and depth are verified satisfactorily
by our previously reported high-performance PD structures
[12,14,23,24,29]. For the Ge sidewall-doped region, the con-
centrations of N− and P− are designed and optimized to be
approximately 1 × 1018 cm−3. For the 220 nm Si slab-doped
region, the concentrations of N� and P� are approximately
2.0 × 1018 cm−3. The doping ion implantation energy and dos-
age are controlled by the SiPh foundry. The left and right bot-
tom corners of the Ge region are also treated with a second
doping to reduce the intrinsic Ge, as shown in Fig. 1(b).
Figures 1(c) and 1(d) show the simulated static optical field
and electric field distribution in the Ge region for TE and
TM modes. The maximum intrinsic region of Ge is approxi-
mately 450 nm under −3 V bias voltage. The overall electric
field intensity of the Ge intrinsic region is larger than
1.0 × 105 V=cm, which benefits from the well-designed side-
wall-doping profiles. The overlaps of the optical field and elec-
tric field are very high. It is helpful to enhance the bandwidth
and responsivity. The cross-sectional transmission electron
microscopy (TEM) image of the Ge-Si PD is shown in
Fig. 1(e). The actual width of the bottom Ge is approximately
1.1 μm. The optical micrograph of the proposed Ge-Si PD chip
is shown in Fig. 1(f ). For the PD responsivity test, the light was
coupled via a Si-based suspended spot size conversion (SSC)
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Fig. 1. (a) Three-dimensional (3D) schematic and (b) cross-sectional view of the proposed sidewall doping Ge-Si photodetector. (c),
(d) Simulated static optical field and electric field distribution in the Ge region for TE and TM modes. The bias voltage is −3 V.
(e) Transmission electron microscopy (TEM) image of Ge-Si PD. (f ) Optical micrograph of the Ge-Si PD. SSC, spot size conversion.
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edge coupler with approximately −3.0 dB=facet coupling loss
at 1550 nm wavelength.

3. EXPERIMENTAL RESULTS

Here, we first study the dark currents versus bias voltages and
the dependence of PD responsivities on TE and TM polariza-
tions at the input wavelengths. Then, we analyze the wafer-level
distributions of 3 dB bandwidths and dark currents. Then,
based on the advanced high-speed large-signal measurement
setup and selected Ge-Si PD, the eye diagram performances
are comprehensively investigated.

A. Dark Current and Responsivity Measurements
A typical static current–voltage (I-V) characteristic of the se-
lected Ge-Si PD in the dark illuminated state is shown in
Fig. 2(a). The chip exhibits dark current as low as 3 and
5 nA at −1 and −3 V bias. Here, the external and internal re-
sponsivities of the PD are tested. The external responsivity is
defined as the photocurrent/fiber input power. The reduction
in optical power injection into the PD mainly results from the
coupling losses between the single-mode fiber and Si-based
SSC. Therefore, for the calculation of internal responsivity,
the coupling losses should be excluded. In Fig. 2, the external
and internal responsivities of the Ge-Si PD are shown for both
TE and TM polarizations (also called TE and TM modes) and
marked with “TE-External, TM-External” and “TE-Internal,
TM-Internal.” Due to the polarization-dependent loss of
SSC, the external responsivity of the TM mode is lower than
that of the TE mode. A flat external responsivity spectrum of
>0.5 A=W is achieved up to 1580 nm for both polarizations.
The maximum external responsivity of 0.68 A/W is measured
at 1530 nm for TE polarization. With further optimization of
the SSC coupler, the overall external responsivity spectrum of
both modes will be flatter. For longer wavelengths, the respon-
sivity begins to fall off, which is due to the decreased absorption
coefficient of Ge [17,30]. However, when the width of Ge is
reduced to submicrometer scale, the absorption coefficient can
be improved by the FK effect under strong electric field [31].
This will break through the QE of about 60% limitation in the
L band. In this work, we also observe the same phenomenon.
For TE and TM polarizations, the external responsivities re-
main at approximately 0.4 A/W up to a wavelength of

1630 nm. These obtained responsivity results are measured at
a bias of −3.0 V. The internal responsivity spectra of
both modes are also calculated and depicted in Fig. 2(b).
It is interesting to note that after the coupling loss power is
excluded from the responsivity evaluation, the internal respon-
sivity of TE and TM polarizations can be very high, >1 A=W
(approximately equal to the reported value in Ref. [31]) and
also approximately equal in the C� L optical communication
bands. Their maximum internal responsivities can reach
1.2 A/W.

B. Wafer-Level Distribution of Dark Currents and
Bandwidths
The chips are fabricated on an 8-inch Si wafer with 26 reticles.
The wafer-level distribution performance is important for mass
production. For the wafer-level 3 dB bandwidth test, the light
was coupled in via a Si-based C band grating coupler. The mea-
surements of dark currents and 3 dB bandwidths were per-
formed at the wafer level with a DC ∼ 67 GHz Keysight
lightwave component analyzer (LCA, N4373D) and a
Keithley 2400 source meter. Very low dark currents in the
range of 1–10 nA at −3 V bias were achieved, as shown in
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Fig. 2. (a) Current–voltage (I-V) characteristics of Ge-Si PD in the dark illuminated state. (b) Measured external and calculated internal
responsivities of the Ge-Si PD for TE and TM modes in the C� L bands.
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ticle sites under −3 V bias. (b) 3 dB bandwidth distribution of PD
devices at different reticle sites under −3 V bias.

Research Article Vol. 11, No. 6 / June 2023 / Photonics Research 963



Fig. 3(a). From the TEM image of this Ge-Si PD, as shown
in Fig. 1(e), there were many dislocation defects in the
Ge-Si buffer, which originated from the foundry process.
In conventional vertical PIN structure PDs, the electric field
passes vertically through the Ge region, which results in a rel-
atively high electric field intensity at the Ge-Si interface.
However, in this sidewall-doped PIN junction, the electric field
is approximately horizontal through the Ge region. The electric
field intensity in the defect location is relatively small.
Additionally, although narrowing the width of Ge to the sub-
micrometer scale (<1 μm), the tensile lattice strain induced be-
tween Ge and the bottom Si due to the thermal expansion
mismatch is elastically relaxed by an edge-induced relaxation
effect [19,32]. It also benefits a decrease in the dark current.
The overall 3 dB OE bandwidths of over 50 GHz are achieved
for the 26 reticle sites under a −3 V bias condition. The maxi-
mum bandwidth is approximately 57 GHz. Here, the 3 dB
bandwidth of this device is still mainly limited by the carrier
transit time, which might be further optimized by decreasing
the bottom width of the Ge region.

C. Experimental Setups
A schematic sketch of high-speed NRZ, PAM-4, and PAM-8
eye diagram measurements is illustrated in Fig. 4 [29]. A high-
speed RF signal with a word length of 215 − 1 is generated by a
256 GSa/s Keysight arbitrary waveform generator (AWG).
After amplification by a 67 GHz electrical driver, the RF signal
is sent to the thin film lithium niobate on insulator (TFLNOI)
C band modulator, which has a 3 dB bandwidth of 60 GHz
after advanced packaging, as shown in the left inset of Fig. 4.
The electro-optic (EO) S21 response curve is very flat. For the
TFLNOI modulator, its 2 dB bandwidth is larger than 67 GHz
at the chip level. The available high-bandwidth TFLNOI
modulator promises ultrahigh-speed optical signal generation
at the transmitter side. A polarization controller (PC) before
the modulator is used to change the polarization of light.

The fiber-to-fiber insertion losses of the packaged TFLNOI
modulator are estimated to be 6.5 dB at 1550 nm wavelength,
largely due to the mode mismatch between the optical fiber and
SSC. A −3.0 V bias was applied to the selected Ge-Si PD with
approximately 55 GHz bandwidth by exploiting an RF probe
(cascade infinity probe GSG-150) connected to a 67 GHz bias
tee, as shown in the right inset of Fig. 4. For this selected Ge-Si
PD, the series resistance and total capacitance are extracted by
fitting the S11 scattering parameter data to the small-signal re-
sistor-capacitor (RC) model [12]. The junction capacitance,
series resistance, and parasitic capacitance are calculated to
be 16.6 fF, 22 Ω, and 11 fF, respectively. The calibration of
the high-speed RF trial was implemented to consider the con-
tributions from GSG probes and coaxial cables. Finally, the
converted high-speed electrical data were measured with a
Keysight sampling oscilloscope without using a transimpedance
amplifier (TIA). In our experimental process, to obtain ultra-
high-speed and clear opening eye diagrams with limited 3 dB
bandwidths of about 55 GHz, two critical skills are employed.
On one hand, the pre-emphasis is carried out in the AWG to
compensate for the bandwidth limitation of experimental
equipment, the TFLNOI modulator, RF cable, and optical
receiver. The compensated 3 dB analog bandwidth of the link
is about 73 GHz. On the other hand, the electrical filter pro-
vided by sampling oscilloscope is utilized to reduce the high-
speed signal noise.

D. Eye Diagram Performances
The feasibility of this Ge-Si PD is further checked by measur-
ing the eye diagram large-signal acquisitions with two polari-
zation states, different input optical wavelengths, different
operation speeds, and various modulation formats. As shown
in Fig. 2, the internal responsivities of the TE and TM modes
are nearly equal in all C� L communication bands. A high-
speed and high-responsivity polarization-insensitive PD, which
allows a standard single-mode fiber interconnection to the link
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and reduces receiver complexity, is highly desirable for
data-center, 5G or future 6G wireless networks. There have
been existing modulators that feature polarization-insensitive
operation in the communication bands [33,34]. Here, as
shown in Fig. 5, based on this Ge-Si PD, the 100 Gbaud
PAM-4 (200 Gbit/s) modulation clear opening of eye diagrams
of TE and TM polarizations under a −3 V bias at 1550 nm
wavelength is experimentally obtained. For TE mode, the
time-averaged output photocurrent value is about 1.31 mA.
However, for TM mode, its output photocurrent is
1.25 mA even under the same input optical power. There still
exists a little difference in dynamic characteristics. These results
exhibit the great potential for applications in polarization-
insensitive high-speed signal reception.

The ever-increasing requirement for enhanced data trans-
mission capacity has inspired the investigation of ultrawide-
band optical communication, which includes C and L
bands. Since the communication capacity of the C band with
high-speed coherent technologies for long-haul transmission
approaches the Shannon limit, extending the frequency bands
(from the C band to the C� L or O� C� L� S bands) will
be the optimal path to further enhance the capacity of a single-
mode fiber. In the 2016 Optical Fiber Communication
Conference Postdeadline Paper (OFC-PDP), the O, E, S,
C, and L band monolithic silicon photonic integrated coherent
modulator and receiver were presented. However, the details
and high-speed performances of the PD were not described.
Here, we study the IM/DD characteristic in the C� L bands
based on our designed PD. As shown in Fig. 6, the 100 Gbaud
PAM-4 (200 Gbit/s) modulation clear opening eye diagrams at
1530, 1550, 1580, and 1610 nm wavelengths are obtained.
The bias voltage is −3 V with approximately 1 mA DC. It
is obvious that the quality of the eye diagram deteriorates
slightly at 1610 nm, which might be due to the influence
of the TFLNOI modulator and responsivity reduction of
Ge-Si PD. In this experimental process, the modulator working
bias point is synchronously tuned with the change in input
optical wavelength. However, the optical power injected
into the Ge-Si PD is fixed at different wavelengths. At longer

wavelengths (L band), the mismatch of the effective index of
the electrical signal and the group index of the optical signal
would lead to high-speed eye diagram degradation of the C
band TFLNOI modulator.

As shown in Fig. 7, clear open electrical eye diagrams up to
120, 130, 140, and 150 Gbit/s NRZ are also attained for the
first time by using the proposed Ge-Si PD at a photocurrent of
1 mA. The ultrahigh-speed optical signal reception capability
primarily results from the high bandwidth (>50 GHz), high
responsivity (>1 A=W), and low dark current (<10 nA) of
this device.

The PAM-Nmodulation format is an efficient way to obtain
a higher bit rate with a limited 3 dB bandwidth. To further
increase the high-speed signal reception capability, PAM-4
and PAM-8 modulations are also investigated. Clear open
eye diagrams up to 100, 112, 128, and 145 Gbaud PAM-4
and 100, 112, 128, and 136 Gbaud PAM-8 are obtained with
the help of pre-emphasis at the transmitter side and electrical
filter at the receiver side, as shown in Fig. 8. To the best of our
knowledge, we report for the first time a SiPh PD operating at
>400 Gbit=s per lane in an IM/DD system. We believe that
the proposed sidewall doping PD devices possess great potential
to achieve low-cost >400 Gbit=s data reception per lane for

TM polarization

TE polarization

Fig. 5. Measured 100 Gbaud PAM-4 eye diagrams of TE and TM
polarizations under a −3 V bias voltage at 1550 nm input wavelength.
The time scale is 3 ps/Div. The voltage scale is 6 mV/Div.
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Research Article Vol. 11, No. 6 / June 2023 / Photonics Research 965



future 800G/1.6T data centers. Additionally, the flat and
high responsivity in a broad optical range can simultaneously
support O, S, C, and L band coherent transmission systems.
Overall, the sidewall-doped Ge-Si PD achieves a good
trade-off among bandwidth, dark current, responsivity, and
fabrication process complexity. In the near future, by utilizing
the advanced co-design of electronics and photonics compo-
nents and flip-chip bonding technology, it is possible to realize
a high-speed 3D-integrated SiPh receiver with sub-pJ/bit power
consumption [35–39].

4. CONCLUSIONS

Based on the available 90 nm SiPh foundry, we design and fab-
ricate sidewall-doped Ge-Si PDs. The internal responsivities of
TE and TM polarizations are larger than 1 A/W in the C� L
bands. With the aid of wafer-level testing and analysis, the
overall PDs have bandwidths larger than 50 GHz and dark cur-
rents less than 10 nA under a −3 V bias. Utilizing this PD,
200 Gbit/s PAM-4 eye diagrams are obtained for both TE
and TM polarizations at an input wavelength of 1550 nm.
They can also support the speed of 200 Gbit/s signal reception
at 1530, 1550, 1580, and 1610 nm wavelengths. Additionally,
clear open electrical eye diagrams up to 120, 130, 140, and
150 Gbit/s NRZ are experimentally attained. The 200, 224,
256, and 290 Gbit/s PAM-4 and 300, 336, 384, and
408 Gbit/s PAM-8 clear open electrical eye diagrams are also
obtained by utilizing digital signal processing provided by
an oscilloscope at the receiver side. To the best of our knowl-
edge, this is the first reported Ge-Si PD operating at
>400 Gbit=s for a single lane in an IM/DD system, which is
very helpful for realizing low-cost integrated SiPh co-packaged
optics (CPO) in the future. It can also support ultrawide band
(O� S� C� L) coherent transmission systems.
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