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Up to now, the light coupling schemes of germanium-on-silicon photodetectors (Ge-on-Si PDs) could be divided
into three main categories: (1) vertical (or normal-incidence) illumination, which can be from the top or back of
the wafer/chip, and waveguide-integrated coupling including (2) butt coupling and (3) evanescent coupling. In
evanescent coupling the input waveguide can be positioned on top, at the bottom, or lateral to the absorber. Here,
to the best of our knowledge, we propose the first concept of Ge-on-Si PD with double lateral silicon nitride
(Si3N4) waveguides, which can serve as a novel waveguide-integrated coupling configuration: double lateral cou-
pling. The Ge-on-Si PD with double lateral Si3N4 waveguides features uniform optical field distribution in the Ge
region, which is very beneficial to improving the operation speed for high input power. The proposed Ge-on-Si
PD is comprehensively characterized by static and dynamic measurements. The typical internal responsivity is
evaluated to be 0.52 A/W at an input power of 25 mW. The equivalent circuit model and theoretical 3 dB opto-
electrical (OE) bandwidth investigation of Ge-on-Si PD with lateral coupling are implemented. Based on the
small-signal (S21) radio-frequency measurements, under 4 mA photocurrent, a 60 GHz bandwidth operating
at −3 V bias voltage is demonstrated. When the photocurrent is up to 12 mA, the 3 dB OE bandwidth still
has 36 GHz. With 1 mA photocurrent, the 70, 80, 90, and 100 Gbit/s non-return-to-zero (NRZ) and 100,
120, 140, and 150 Gbit/s four-level pulse amplitude modulation clear openings of eye diagrams are experimen-
tally obtained without utilizing any offline digital signal processing at the receiver side. In order to verify the high-
power handling performance in high-speed data transmission, we investigate the eye diagram variations with the
increase of photocurrents. The clear open electrical eye diagrams of 60 Gbit/s NRZ under 20 mA photocurrent are
also obtained. Overall, the proposed lateral Si3N4 waveguide structure is flexibly extendable to a light coupling
configuration of PDs, which makes it very attractive for developing high-performance silicon photonic integrated
circuits in the future. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.417601

1. INTRODUCTION

Silicon photonics is a fascinating technology to realize large-
scale electronics-photonics integration on a chip with low cost,
high bandwidth, large volume, high energy efficiency, and
complementary metal-oxide semiconductor (CMOS) compat-
ibility [1–5]. Silicon photonics has been proving its great
worth in data centers, long-haul telecommunication, integrated
quantum communication, integrated microwave photonics,
artificial intelligence (AI), and high-performance
computers [2,4–8].

One of the key building blocks of silicon photonics is photo-
detectors (PDs) that convert high-speed optical signals to elec-
trical signals [9,10]. However, the intrinsic properties of silicon
(Si), an indirect band-gap semiconductor with a band-gap en-
ergy of 1.1 eV which is transparent in the near-IR wavelength
band (1.3–1.55 μm), make it challenging to realize photode-
tection [10]. As an option, germanium (Ge), which possesses
great linear absorption up to 1550 nm and can be extended up
to 2000 nm by exploiting tensile-strained germanium-on-sili-
con (Ge-on-Si) bandgap shrinkage, has appeared as a prime
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choice for photodetection [11–14]. The measured absorption
coefficients of Ge material are about 104 cm−1 at 1310 nm and
5 × 103 cm−1 at 1550 nm [15,16]. The chief drawback of the
4.2% lattice mismatch between Ge and Si, which will result in a
high misfit dislocation density and make it difficult to achieve
the high-quality epitaxial growth of thick Ge on Si, has been
alleviated by employing the technique of two-step Ge epitaxial
deposition and continuous or cyclic thermal treatment
[10,11,13,17–19]. In recent years, with different approaches
developed to realize high-quality epitaxial growth Ge on Si,
a variety of Ge-on-Si PDs have been designed and demon-
strated, mainly focusing on p-i-n (PIN) [20] and metal-semi-
conductor-metal (MSM) devices [21].

Generally speaking, there are existing three types of light
illuminating Ge-on-Si PDs [16,22,23]: (1) vertical (or nor-
mal-incidence) illumination for fiber-optic coupling or free
space [22,24], which can be from the top or back of the
wafer/chip, and waveguide-integrated coupling including
(2) butt coupling and (3) evanescent coupling as shown in
Fig. 1. In evanescent coupling the input optical waveguide
can be positioned on top, at the bottom, or lateral to the
absorber. Various high-speed waveguide-integrated Ge-on-Si
PDs have been comprehensively investigated [14,25–29].
For the butt-coupling scheme, the Ge absorption region also
serves as an extended part of the optical waveguide [28–30].
A lateral heterostructured Si-Ge-Si junction PD operating at
25 Gbit/s has been experimentally reported [28]. For the
evanescent-coupling scheme with the input waveguide posi-
tioned at the bottom to the absorber, the light is evanescently
coupled to Ge absorption region [13,14,26,27,31,32]. The
100 Gbit/s on-off-keying (OOK) data reception detector with
evanescent coupling (bottom) is demonstrated by IMEC [14].
However, the Si-contacted Ge waveguide PD needs to etch the
220 nm Si and grow poly-Si taper, which may increase fabri-
cation difficulty and cost. Also, the nonuniform optical field
distribution in the Ge absorption region may be harmful to
carrier transport, especially for high optical input power. For
the evanescent-coupling scheme with the input waveguide posi-
tioned on top of the absorber, the light can also be evanescently
coupled to the Ge absorption region with the condition of
phase matching [23,33]. It possesses the ability to independ-
ently manipulate the light field. Nevertheless, the experimen-
tally demonstrated silicon nitride (Si3N4) waveguide-based PD
only has a 3 dB bandwidth of 7.2 GHz at 1 V reverse bias
voltage [23]. The evanescent-coupling scheme with the Si
waveguide positioned lateral to the absorber [34] features
high-power and high-speed photodetection with mode-
evolution-based structure. At a total input power of 4 mW, the
opto-electrical (OE) bandwidth of 31 GHz is experimentally
demonstrated.

Compared to a Si waveguide, the Si3N4 waveguide features
a large band gap and absence of two-photon or free-carrier ab-
sorption in the telecom band, ultralow propagation loss
(<1 dB=m), as well as low nonlinearity and a wide-band trans-
parency window (0.4–4.5 μm) [35–38]. Additionally, several
major foundries, such as AIM Photonics, CompoundTek,
ST Microelectronics, and CEA-Leti, have pronounced their sil-
icon photonic platforms integrated with at least one Si3N4

layer. However, the combining of Ge-on-Si PD with Si3N4

waveguides has not been explored much. Especially, to the best
of the authors’ knowledge, a Ge-on-Si PD with a double lateral
coupling scheme has not been proposed and demonstrated.

In this paper, we report the first concept of a Ge-on-Si PD
with double lateral Si3N4 waveguides, which can serve as a
novel waveguide-integrated coupling configuration as shown
in Fig. 1. The double lateral coupling Si3N4 waveguides will
decouple the light propagation from the Ge absorption and
Si slab waveguide. They allow for independent optimization
of quantum efficiency, operation speed, and power handling.
The Ge-on-Si PD based on lateral coupling Si3N4 waveguides
has several distinctive advantages. (1) The lateral Si3N4 wave-
guides can be designed relatively free. This might be very ben-
eficial to manipulating the optical field in the Ge absorption
region to attain uniform photocarrier distribution, which will
be helpful to improve quantum efficiency and operation speed.
(2) The light propagation in the double lateral Si3N4 wave-
guides will avoid the optical loss caused by bottom doped sil-
icon slab waveguide. The doping density of the silicon slab
waveguide can be appropriately adjusted to achieve higher op-
eration speed again. (3) As the χ�3� of Si3N4 is about 20 times
lower than that of Si in the telecommunication wavelength
range, the light propagation in the double lateral Si3N4 wave-
guides possesses lower nonlinearity [35]. Therefore, the Si3N4

waveguide can sustain higher optical power density than the Si
waveguide and evade two-photon absorption, which means
wide-input-power dynamic range. (4) The combination of
high-speed Ge-on-Si PD with a Si3N4 waveguide could be a
novel active Si3N4 platform that could achieve the integration
of coherent receivers at 1 μm and the visible light band.

(a) (b)

Waveguide-integrated

Si SiO2 Ge Si3N4

(c)

Fig. 1. Three optical coupling schemes of Ge-on-Si PD: (a) vertical
incidence and waveguide-integrated coupling including (b) butt cou-
pling and (c) evanescent coupling. In evanescent coupling the optical
input waveguide can be positioned on top, at the bottom, or lateral to
the absorber (germanium). The inside of the orange rectangle is the
evanescent-coupling configuration based on double lateral Si3N4

waveguides, which is first proposed and demonstrated in this work.
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We design and fabricate the Ge-on-Si PD with double
lateral coupling Si3N4 waveguides based on a commercial stan-
dard silicon-on-insulator (SOI) platform. To comprehensively
characterize the proposed lateral coupling Ge-on-Si PD, first,
the static current-voltage (I-V) characteristic and responsivity
are measured. Then equivalent circuit model and theoretical
3 dB OE bandwidth investigation are implemented. Second,
the small-signal (S21, S11) radio-frequency (RF) measurements
for the Si3N4-based lateral coupling PD are executed. Finally,
the high-speed and high-power large-signal measurements, in-
cluding non-return-to-zero (NRZ) on-off-keying (OOK) and
four-level pulse amplitude modulation (PAM-4) eye diagrams
are attained.

2. STRUCTURE AND PRINCIPLE

Figure 1 shows the reported three waveguide-integrated light
coupling schemes of Ge-on-Si PDs: (a) vertical (or normal-
incidence) illumination and waveguide-integrated coupling
including (b) butt coupling and (c) evanescent coupling.
Based on the phase matching of a leaky-mode model, which
could be used to study evanescent wave coupling behavior be-
tween low-index Si3N4 and high-index Ge [33], the Ge-on-Si
PD with double lateral Si3N4 waveguides is proposed and de-
signed. In this work, we propose a concept of realizing the novel
light coupling configuration: lateral coupling by using double
lateral Si3N4 waveguides as shown in Fig. 1(c). Figure 2(a) de-
picts the more detailed three-dimensional (3D) schematic of
the Ge-on-Si PD with double lateral Si3N4 waveguides.
Figure 2(b) shows the top view of the proposed PD structure;
the width and length of the Ge active region are 2.5 μm and
20 μm, respectively. The light is injected into the lateral Si3N4

waveguides and can then be evanescently coupled to Ge region.
The gap between the lateral Si3N4 waveguide and the Ge re-
gion is estimated to be 150 nm. The thickness of the Si3N4

layer is 400 nm, and the Si3N4 waveguide is linearly tapered
from 800 to 450 nm. Figure 2(c) shows a cross-sectional view
of the Ge-on-Si PD with lateral Si3N4 waveguides. The gap

from the bottom edge of the Si3N4 waveguide to the top edge
of Si is about 400 nm, which is determined by foundry fabri-
cation processes. The Ge-on-Si PD is fabricated on a commer-
cial standard SOI platform, with 0.22 μm Si and 8 μm buried
oxide (BOX) layers. A 450 nm height Ge film is grown on the
220 nm Si layer, with its top 150 nm ion implanted by N� for
ohmic contact. The bottom 220 nm thick Si waveguide is im-
planted by P and P� for ohmic contact. The doping concen-
trations of the N� and P regions are estimated to be
4 × 1018 cm−3 and 2 × 1018 cm−3 to improve operation speed.
The pair of positive and negative electrodes can provide a strong
electrostatic field in the Ge region, ensuring efficient and fast
collection of photogenerated carriers.

For regular butt-coupling and evanescent-coupling (bot-
tom) schemes, the light is injected into Ge region all at once
with nonuniform optical field distribution in the absorber,
which will cause a large electron–hole pair density at the
Ge-Si waveguide interface [13,25]. The high density of photo-
generated electron–hole pairs generates relatively strong gra-
dient of charge, which will induce a large electric field
opposing to the applied external voltage. This phenomenon
is called carrier screening [39,40], which will drastically degrade
the 3 dB OE bandwidth. Therefore, the uniform optical field
distribution in the Ge region will be helpful to generate homo-
geneous electron–hole pair density, and consequently, it is ben-
eficial to improving the operation speed. Figure 2(d) shows the
cross-sectional view of field distribution of the Si3N4 waveguide
with 800 nm and 450 nm width and the side view of field dis-
tribution of the Ge absorption region. The light propagates
along the x axis. Compared with butt coupling and evanescent
coupling (bottom), it is obvious that the light spreads more
uniformly in the whole Ge absorption region by using double
lateral Si3N4 waveguides.

3. EXPERIMENTAL RESULTS

A. Optical Micrograph and Setups
Figure 3(a) shows the optical micrograph of the fabricated Ge-
on-Si PD with double lateral Si3N4 waveguides. The input
light was first coupled from a single-mode fiber through the
grating coupler, and then split by a silicon-based 1 × 2
multi-mode interferometer (MMI). The Si to Si3N4 inter-layer
transitions, which are designed as adiabatic mode transformers
around 1550 nm, are used to efficiently couple light from the Si
waveguide to the Si3N4 waveguide. Finally, the light can be
uniformly coupled to the Ge absorption region through double
lateral Si3N4 waveguides. Schematics of the experimental set-
ups for the measurement of the 3 dB OE bandwidth and eye
diagrams are illustrated in Figs. 3(b) and 3(c). The 3 dB OE
bandwidth of the Ge-on-Si PD with double lateral Si3N4 wave-
guides is evaluated from the S-parameter (S21) using a 67 GHz
lightwave component analyzer (LCA, Keysight N4373D). The
arbitrary waveform generator (AWG) generates pseudorandom
binary sequence (PRBS) of order 15 and is then amplified by a
67 GHz driver. The continuous optical wave with 10 dBm
power at 1.55 μm is generated by a commercial Keysight laser
and is then injected into one polarization controller (PC1). The
6 dB bandwidth of the 40 GHz lithium niobite (LiNbO3)
Mach–Zehnder modulator operating at 1.55 μm is driven

Fig. 2. (a) Three-dimensional (3D) schematic of Ge-on-Si PD with
double lateral Si3N4 waveguides. (b) Top view of Ge-on-Si PD with
double lateral Si3N4 waveguides. (c) Cross-sectional view of Ge-on-Si
PD with double lateral Si3N4 waveguides. (d) Cross-sectional view of
the Si3N4 waveguide optical field with 800 nm and 450 nm width and
the side view of the optical field distribution of the Ge absorption re-
gion. The light propagates along the x axis.

Research Article Vol. 9, No. 5 / May 2021 / Photonics Research 751



by the amplified RF data. The modulated high-speed optical
signal is amplified, filtered, and injected into the low-loss var-
iable optical attenuator (VOA). Since the input grating coupler
is polarization sensitive, the modulated high-speed optical
signal is then injected into the other PC2, and the designed
Ge-on-Si PD with lateral Si3N4 waveguides converts it to pho-
tocurrent. The sampling scope with 50 Ω termination converts
the photocurrent into the voltage. The Ge-on-Si PD with dou-
ble lateral Si3N4 waveguides is direct current (DC) biased by a
67 GHz bias tee.

B. Static Measurements
A typical static current-voltage (I-V) characteristic of the pro-
posed Ge-on-Si PD in the dark illuminated state is shown in
Fig. 4(a). The device exhibits dark current as low as 7 nA and
84 nA at −1 V and −3 V. To evaluate the optical absorption
capability of Ge-on-Si PD, the photocurrent was measured as a
function of the input optical power at 1550 nm with −1 V bias
voltage as depicted in the Fig. 4(b). Here, the losses of the gra-
ting coupler, silicon single-mode waveguides, 1 × 2 MMI split-
ter, and Si to Si3N4 inter-layer transition are about 6 dB/port,
2 dB/cm, 0.3 dB, and 0.2 dB, respectively. The internal respon-
sivity is evaluated to be approximately 0.4 A/W at 1550 nm
with 2 mW input power, showing a relatively low quantum
efficiency η � 32%, defined as follows: η � �R × 1.24�∕λ,
where R and λ are the responsivity and operating wavelength.
The relatively low quantum efficiency is mainly attributed to
the optical absorption losses caused by metal copper and low-
efficiency coupling. As shown in Fig. 2(c), the gap between the
metal copper and the Si3N4 waveguide is about 300 nm, which
is determined by the process flow of the commercial standard
SOI waveguide platform. Therefore, the metal copper will
cause the loss of the Si3N4 optical waveguide. Additionally,
in the vertical direction, the gap from the bottom edge of
the Si3N4 waveguide to the top edge of Si is 400 nm, which
means that the overlap between the Ge absorption region and
the Si3N4 waveguide is less than 100 nm. The small overlap
region may also lead to low-efficiency coupling. We believe that
the decreasing of the gap between the Si3N4 waveguide and the
Si and the increasing of the gap between the Si3N4 waveguide

and the metal copper will significantly improve the quantum
efficiency of the proposed Ge-on-Si PD. As shown in Fig. 4(b),
there was a good linear relationship between photocurrent ver-
sus optical power before the input power up to 25 mW. The
maximum responsivity is estimated to be 0.52 A/W. Past
25 mW of input power, the saturated absorption effect in
the photocurrent was obviously observed. When the input
power is 52 mW, the Ge-on-Si PD with double lateral
Si3N4 waveguides produces 17 mA of photocurrent and realizes
the increase of the saturation current by more uniformly illu-
minating the Ge absorption.

C. Equivalent Circuit Model
The extracted equivalent circuit model can explain the
influence of various parameters on PD performances.
Furthermore, such a model is very useful for optimal design
of simultaneous high speed and high sensitivity. The inset in
Fig. 5(a) plots the extracted equivalent circuit model of our pro-
posed Ge-on-Si PD with lateral Si3N4 waveguides, where Cj is
the total junction capacitance, Cp is the parasitic capacitance,
and Rs is the series resistance. In order to extract Cj, Cp, and Rs,
the S11 parameters are measured from 100 MHz to 60 GHz
using an LCA under −3 V bias voltage. Figure 5 shows the ex-
perimental and fitted magnitude/phase part of the small-signal
S11 reflection parameters. The series resistance and total
capacitance of a Ge-on-Si PD with lateral Si3N4 waveguides
are extracted by fitting the S11 scattering parameter data to
the small-signal RC-model. The fitting result exhibits good
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Fig. 4. (a) Current-voltage (I-V) characteristics of Ge-on-Si PD with
double lateral Si3N4 waveguides in the dark illuminated state.
(b) Measured photocurrent and responsivity as a function of input
optical power at −1 V bias voltage.
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Fig. 3. (a) Micrograph of the fabricated Ge-on-Si PD with double
lateral Si3N4 waveguides. (b) and (c) Schematic of the experimental
setup for the measurement of the 3 dB OE bandwidth and eye dia-
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nections, respectively. PD, photodetector; AWG, arbitrary waveform
generator; EDFA, erbium-doped fiber amplifier; VOA, variable optical
attenuator; WSS, wavelength-selective switch; PC, polarization con-
troller; LN MZM, lithium niobite Mach–Zehnder modulator.
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agreement with the measured scattering parameter data curve,
which results in a junction capacitance Cj of 17.6 fF, series
resistance Rs of 20 Ω, and parasitic capacitance Cp of 10 fF
at −3 V bias voltage. The load resistance Rload is 50 Ω.

D. Theoretical 3 dB OE Bandwidth
To profoundly analyze the high-frequency response of the fab-
ricated Ge-on-Si PD with double lateral Si3N4 waveguides,
first, the theoretical calculation of the 3 dB OE bandwidth
is presented. Then the small-signal measurements for the
Ge-on-Si PD are implemented. It is well known that the RF
response of a Ge-on-Si PD is largely controlled by carrier
transit-time-limited bandwidth (f tr) and resistor-capacitor
(RC)-limited bandwidth (f RC) in the active PIN regions
[27,41]. The carrier transit frequency f tr can be written as

f tr �
0.45υb

d
, (1)

where υb is the carrier saturation drift velocity (Ge:
υb � 6 × 106 cm∕s) and d is the thickness of the intrinsic
Ge zone. For the proposed Ge-on-Si PD with double lateral
Si3N4 waveguides, the intrinsic Ge (i-Ge) region is about
0.3 μm. Therefore, the theoretical f tr is estimated to be
90 GHz. The limit of the RC bandwidth can be calculated
by [27,41]

f RC � 1

2πRC
, (2)

where R is the total resistance, which includes the series resis-
tance Rs and the load resistance Rload, and C is the capacitance,
including the junction capacitance Cj and the parasitic capaci-
tance Cp. Based on the extracted parameters (R and C) from
the S11 measurement, the f RC is evaluated to be approximately
82.4 GHz.

The total 3 dB frequency response, determined by f tr and
f RC, can be calculated by [41,42]

f 3 dB � 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f −2
RC � f −2

tr

p : (3)

Therefore, the theoretical 3 dB OE bandwidth f 3 dB of a
Ge-on-Si PD with lateral Si3N4 waveguides is evaluated to
be approximately 60.8 GHz.

E. Small-Signal Measurements
In order to experimentally verify the 3 dB OE bandwidth of
Ge-on-Si PD coupling with double lateral Si3N4 waveguides,
we implemented small-signal RF measurements. The calibra-
tion of the high-speed RF trail was implemented to consider
the contributions from GSG probes and coaxial cables. The
small-signal measurement setup is depicted in Fig. 3(b). The
bandwidth test experiments were achieved by collecting the re-
sponse of the S21 transmission parameter in the LCA tool
versus frequency with different photocurrents under 3 V re-
verse-bias voltage as depicted in Fig. 6(a). Figure 6(b) shows
the measured 3 dB OE bandwidths with different photocurrent
levels. By fitting the experimental result of the S21 transmission
parameter under 4 mA photocurrent, as shown in the inset of
Fig. 6(b), the maximum 3 dB bandwidth of 60 GHz is realized,
which is well matched to the theoretically estimated 60.8 GHz.
The black curve represents the experimental result of the S21
transmission parameter. Based on the polynomial fit function,
which is provided by commercial software, the red curve of the
Fig. 6(b) inset was obtained. The 3 dB OE bandwidths slowly
increase with the photocurrent from 1 to 4 mA. With the pho-
tocurrents further increasing, the bandwidths gradually reduce.
When the photocurrent up to 12 mA, the 3 dB OE bandwidth
of Ge-on-Si PD with double lateral Si3N4 waveguides still has
36 GHz. This is benefitting from the uniform optical field dis-
tribution in the Ge region as shown in Fig. 2(d). The photo-
generated carriers can be swept out of the absorption zone
effectively. Then the carrier transit time increases not very sig-
nificantly. The experimentally demonstrated ultrahigh 3 dB
OE bandwidth under large photocurrent sufficiently proves
the validity of the double lateral optical coupling technique
for high-speed and high-power data reception.

F. Large-Signal Eye Diagram Measurements
The feasibility of this Ge-on-Si PD with double lateral Si3N4

waveguides was further checked by measuring the eye-diagram
large-signal acquisitions with different operation speed and input
optical power. The data were transmitted in NRZ and PAM-4
optical modulation formats. A (215 − 1) long optical NRZ PRBS
data pattern at 70, 80, 90, and 100 Gbit/s, generated by a com-
mercial LiNbO3 modulator at 1550 nm, was amplified by using
a C-band erbium-doped fiber amplifier (EDFA) and followed by
a filter (wavelength-selective switch, WSS) to reduce spontane-
ous emission noise. The bandwidth and insertion loss of the em-
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ployedWSS are about 1 nm and −5 dB. In the eye-diagrammea-
surement process, the Ge-on-Si PD photocurrent under 1 mA is
controlled by VOA. A −3 V voltage was applied to the Ge-on-Si
PD with double lateral Si3N4 waveguides by exploiting an RF
probe (cascade infinity probe GSG-125) connected to a bias tee.
The output high-speed electrical data was measured with a
Keysight DCA-X series wide-bandwidth sampling oscilloscope
(N1000A) without using a transimpedance amplifier (TIA).
Clear openings of the eye diagrams up to 70, 80, 90, and
100 Gbit/s are obtained without utilizing any offline digital sig-
nal processing (DSP) at the receiver (RX) side as shown in Fig. 7.
It should be noted that the deterioration of the 100 Gbit/s eye
diagram is mainly ascribed to the limited LiNbO3 Mach–
Zehnder modulator (MZM) with 6 dB bandwidth of
40 GHz. We believe the data reception speed of the Ge-on-
Si PD with double lateral Si3N4 waveguides can be further im-
proved by using a LiNbO3 MZM with 6 dB bandwidth larger
than 60 GHz. As shown in Fig. 8, the clear open electrical eye
diagrams up to 100, 120, 140, and 150 Gbit/s PAM-4 are also
attained using the proposed Ge-on-Si PD. The achieved large-
signal eye diagram measurements in Figs. 7 and 8 indicate a fa-
vorable performance of the Ge-on-Si PD with double lateral
Si3N4 waveguides under small input optical power. We believe
that the proposed Ge-on-Si PD device possesses the great poten-
tial to achieve low-cost >100 Gbit∕s data reception per lane for
future 400/800 GbE transceivers.

Like the aforementioned uniform optical field distribution
in Ge absorption region, it may be beneficial to improving the
operation speed for high input optical power. To confirm the
high-power handling performances in high-speed data trans-
mission, the 60 Gbit/s NRZ modulated signals at different
photocurrent levels are used as shown in Fig. 9. When the
photocurrent increases from 5 to 15 mA, the eye diagrams
are very clear. However, with the photocurrent increasing from
10 to 15 mA, there is no improvement in the eye opening or
eye amplitude for the proposed Ge-on-Si PD. So the linear
range of eye opening versus photocurrent can be supposed
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Fig. 6. (a) Normalized RF response of the Ge-on-Si PD with lateral
Si3N4 waveguides. The bias voltage is fixed at −3 V. (b) Measured
3 dB OE bandwidths with different photocurrent levels. The inset
plots the experimental and fitted results of the S21 transmission
parameter under 4 mA photocurrent.
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Fig. 7. Measured 70, 80, 90, and 100 Gbit/s NRZ eye diagrams
under 3 V reverse-bias voltage.
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Fig. 8. Measured 100, 120, 140, and 150 Gbit/s PAM-4 eye dia-
grams under 3 V reverse-bias voltage.
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Fig. 9. Measured 60 Gbit/s NRZ eye diagrams with 5, 10, 15, and
20 mA photocurrent at the DC bias voltage of −3 V.
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to be less than 10 mA. Additionally, it is interesting to see that
the eye diagrams are very clear without obvious signal degra-
dation under 10 mA and 15 mA. Even under 20 mA photo-
current, the eye diagram is still clearly open but with little
electrical noise. To the best of our knowledge, this is the first
work that shows clear open electrical eye diagrams of 60 Gbit/s
NRZ under 20 mA photocurrent. The demonstrated results
indicate that the proposed Ge-on-Si PD with double lateral
Si3N4 waveguides also possesses the high-speed and high-power
detection capability.

4. DISCUSSION

Compared to the butt-coupling scheme, the possible freely
chosen parameters of an evanescent-coupling configuration
based on double lateral Si3N4 waveguides include waveguide
thickness, gap width, and waveguide shape (strip or rib or ta-
pered waveguide and so on). One difference between the cou-
pling configuration of the Si3N4 waveguide on top and on the
double lateral sides of the absorber is the way to adjust the gap
width between the Si3N4 and the absorber. For the Si3N4

waveguide on top of the absorber, in order to change the
gap width, the thickness of the silica (SiO2) layer has to be ad-
justed during the fabrication processes. Nevertheless, for the
Si3N4 waveguide on the double lateral sides of the absorber,
the variation of gap width can be realized just by designing
the layout. It is very easy and accessible. Another difference
is the light evanescent coupling from one side and both sides.
For high input optical power, it is well known that the capabil-
ity to manipulate the optical field in the absorption region to
attain uniform photocarrier distribution is very beneficial to
improving quantum efficiency and operation speed
[34,39,42,43]. The evanescent coupling from both sides has
the advantage of manipulating the optical field in the absorber.
Although the lateral Si3N4 waveguides can be designed rela-
tively free, in order to achieve high coupling efficiency, there
are still trade-offs between Ge absorber thickness, gap width,
and Si3N4 waveguide thickness [33].

In our proposed structure, the silicon-based 1 × 2 MMI
splitter and the two Si to Si3N4 inter-layer transitions are in-
tegral parts of the proposed Ge-on-Si PD. The losses of the
silicon-based 1 × 2 MMI splitter and Si to Si3N4 inter-layer
transition are about 0.3 dB and 0.2 dB, respectively. The re-
sponsivity of the Ge-on-Si PD is about 0.36 A/W without cor-
recting for the losses of these components (0.5 dB). In future
designed structures, the silicon-based 1 × 2MMI splitter and Si
to Si3N4 inter-layer transitions can be replaced by a
Si3N4-based 1 × 2 MMI splitter, which might further decrease
the losses and improve the internal responsivity. The evanescent
coupling from both sides will lead to a standing wave pattern in
the absorber as shown in Fig. 2(d). This phenomenon is similar
to the Ge-on-Si PD with four-directional light input [42], but
its effect on optical signal reception can be nearly ignored.

5. CONCLUSION

In summary, as a proof-of-concept demonstration, we have pro-
posed a novel light coupling scheme of waveguide-integrated
Ge-on-Si PD: lateral coupling by employing double lateral
Si3N4 waveguides. It features uniform optical field distribution

in the Ge absorption region and allows for independent opti-
mization of quantum efficiency, operation speed, and power
handling. The maximum responsivity is estimated to be ap-
proximately 0.52 A/W with 25 mW input power at
1550 nm, which can be further enhanced by decreasing the
gap between the Si3N4 waveguide and the 220 nm Si slab
and increasing the gap between the Si3N4 waveguide and
the metal copper. Based on the equivalent circuit model and
extracted parameters, the Ge-on-Si PDs with double lateral
Si3N4 waveguides have reached theoretical 3 dB OE band-
widths of up to 60.8 GHz, which is well matched to the ex-
perimentally demonstrated 60 GHz under 4 mA photocurrent
at DC bias voltage −3 V. Under 1 mA photocurrent, the 70,
80, 90, and 100 Gbit/s NRZ and 100, 120, 140, and
150 Gbit/s PAM-4 clear openings of the eye diagrams are ob-
tained without utilizing any offline DSP at the RX side. The
clear open electrical eye diagrams of 60 Gbit/s NRZ under 5,
10, 15, and 20 mA photocurrent at the DC bias voltage of
−3 V are also attained, which exhibits the detection capability
of high-speed and high-power signal. We are currently making
great efforts to improve the quantum efficiency and further ex-
plore the high-speed and high-power handling ability of Ge-on-
Si PD with double lateral Si3N4 waveguides. Overall, the pro-
posed lateral Si3N4 waveguide structure is flexibly extendable to
the light coupling scheme, which shows favorable perfor-
mances. It is believed that our proposed Ge-on-Si PD has
the great potential to achieve low-complexity and low-cost
>100 Gbit∕s data reception per lane for future 400/
800 GbE transceivers, which can be utilized in data centers,
long-haul telecommunication, and high-performance com-
puters. The characteristic of high-speed and wide-input-power
dynamic range makes it attractive to integrated microwave
photonics application, such as ultra-broadband wireless
communication.
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