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Ultrafast avalanche photodiode exceeding
100 GHz bandwidth

Yang Shi 1,2, Mingjie Zou1, Zuhang Li 1, Yu Yu 1,3 & Xinliang Zhang 1,3

Avalanche photodiodes (APDs) demand multiplication materials with low
ionization coefficient ratio (k) for high-speed and high-sensitivity photo-
detection. Germanium/Silicon (Ge/Si) APDs have been preferred for a decade,
leveraging the exceptional multiplication property of Si and inherent com-
plementary metal-oxide-semiconductor (CMOS) compatibility. However, the
bandwidth remains tens of gigahertz, fundamentally limited by unexpected
dual-carrier multiplication in high-k Ge. Here, we transcend this material lim-
itation by introducing a uni-multiplication-carrier concept. Through a sepa-
rated absorption-charge-cliff-multiplication structure, we elaborately tailor
the electric field to gradient distribution within a thin Ge region, establishing
electron-dominated multiplication with a significantly reduced k. Experimen-
tally, the device achieves a record-high bandwidth of 105GHz at a gain of 7.
This enables 8×260Gb/s signal reception, previously only achieved by gainless
photodetectors, while providing 9 dB sensitivity improvement. This work
paves the way for amplifier-free optical communications, ultra-precise optical
sensing, and large-scale optical computing.

High-speed and high-sensitivity photodetectors constitute corner-
stones of numerous optical systems and applications1–4. Traditional
photodetectors operating without gain have demonstrated band-
widths of several hundred gigahertz, while exhibiting limited
sensitivity5–7. In low-power scenarios ranging from ubiquitous fiber-to-
the-home networks8, consumer-electronic optical sensors9 to emer-
ging inter-chip optical interconnects for intelligent computing10, ava-
lanche photodiodes (APDs) have emerged as indispensable solutions
to offer orders-of-magnitude higher sensitivity, due to internal carrier
multiplication mechanism11,12. However, the bandwidth is typically
inferior to gainless photodetectors, due to the need of time for ava-
lanche build up process13. As elucidated by pioneering works14,15, ava-
lanche multiplication is a stochastic process involving both electrons
and holes. The hole/electron ionization ratio (k) of multiplication
material largely governs high-speed characteristics. A low k is desirable
for a more deterministic process closer to single-type carrier multi-
plication, diminishing average avalanche build-up time for a target
gain. This consequently enhances bandwidth and correspondingly,

gain-bandwidth product (GBP). Commercial APDs use Indium-
Phosphide (InP, k = 0.4)16 or Indium-Aluminum-Arsenic (InAlAs,
k =0.2)17,18 for multiplication, achieving bandwidths up to 42GHz and
GBPs limited to 270GHz. Although several Antimony (Sb)-doped III-V
materials with very low k have been investigated19,20, the complex
fabrication and technological immaturity have precluded substantial
experimental validation. Moreover, deep concerns regarding cost and
integration density hinder the widespread adoption of these III-V
devices, due to incompatibility with complementary metal-oxide-
semiconductor (CMOS) technology.

These technological impasses have driven intense interest in
Germanium/Silicon (Ge/Si) APDs based on Si photonic platform,
leveraging low kof Si (0.02-0.05) and inherent CMOS compatibility21,22.
They mainly operate in optical communication bands near 1.3/1.5μm
through Ge absorber with large optical absorption coefficient. How-
ever, unintended carrier multiplication readily occurs in Ge when a
high electric field is applied to trigger Si multiplication, due to the
much lower multiplication threshold than Si23,24. Unfortunately, Ge
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(k ~ 0.9) is very undesirable multiplication material, resulting in near-
equal electron and hole multiplication. This ultimately limits the high-
speed performance of Ge/Si APDs. To address this issue, separated
absorption-charge-multiplication (SACM) structures are typically
utilized25–31. The charge layer is carefully optimized to maintain a low
electric field within the Ge region for preventing Ge multiplication.
Additionally, the sizes of Ge/Si junctions are scaled to several hundred
nanometers to shorten carrier transit paths and to narrow the impact
ionization probability distribution function. The latter alleviates the
uncertainty of carrier multiplication, known as the dead-space
effect32–34. Through these efforts, GBPs exceeding 3000GHz have
been reported35,36. However, in SACMstructures, theweakenedelectric
field in Ge reduces carrier drift velocity, thus limiting bandwidth in the
range of 10−67GHz. Nowadays, the insatiable demand for high-speed
optical transmission toward multi-terabit capacities creates an urgent
need for APDs that can transcend conventional performance
boundaries.

Here, we introduce a strategy, namely electric field gradient
engineering, to transform Ge into an ordered uni-multiplication-
carrier (UMC) medium. By incorporating a cliff layer to construct a
separated absorption-charge-cliff-multiplication (SAC²M) structure,
we elaborately tailor a gradient-distribution electric field within a thin
Ge region to enhance electron multiplication and suppress hole mul-
tiplication along their oppositemotions, thereby establishing electron-
dominated asymmetric multiplication. Meanwhile, we locate the high
electric field in a very narrow region to exploit the dead-space effect
and optimize resistance-capacitance (RC) delay to enable a leap in
bandwidth. Experimentally, the UMC-APD shows a record-high band-
width of 105 GHz at a gain of 7, and bandwidth of 100GHz at a high
gain of 13.4, representing the breakthrough in exceeding 100GHz
bandwidth among all reported APDs17–19,21,27–31,35–38, reaching the level of
state-of-the-art Ge/Si PIN photodiodes operating without gain39,40

(Fig. 1a). Thanks to the low noise, the device achieves a GBP as high as
4800GHz, under optical power of −31 dBm (Fig. 1b). Data reception of
260Gb/s four-level pulse amplitude modulation (PAM4) signal
demonstrates 9 dB sensitivity improvement over bandwidth-matched
PIN photodiode. This work is expected to establish a paradigm for
photodetectors in optical communication, sensing, and computing.

Results
Device concept and design
The bandwidth of an APD is determined by avalanche built-up time,
carrier transit time and resistance-capacitance (RC) delay41. Primarily,
the UMC-APD concept substantially reduces the k-dependent ava-
lanche build-up time. The schematic of the UMC-APD is depicted in
Fig. 2a, showing the cross-section of the Ge/Si junction region and the
theoretical electric field distribution. In traditional SACM structure,

intrinsic Ge (i-Ge) is used for optical absorption, while intrinsic Si (i-Si)
serves as the multiplication region. The intermediate charge layer
regulates the electric field in the Ge and Si regions through doping
concentration. Given that the gradient of the horizontal component of
electric field is proportional to the doping concentration at that loca-
tion, the electric field in the Ge region is uniform and should be
maintained below the threshold electric field of Ge (Eth) to prevent
multiplication. However, this condition is easily disrupted as the
applied voltage increases or the charge layer doping concentration is
lower than the design value, leading to nearly equal multiplication of
electrons and holes. In contrast, in the proposed SAC2M structure, a
lightly doped charge layer beneath i-Ge is utilized to generate a gra-
dient electric field that varies linearly with spatial position. Meanwhile,
a thin and higher doped cliff layer positioned under the Ge region
forms a localized electric field cliff. Although the charge layer and cliff
layer are located beneath the Ge region, we leverage the natural
expansion of electric field into Ge absorber to precisely engineer a
graded electric field profile in the Ge region. The proposed structure
allows for a high electric field to achieve a large bandwidth, while the k
is reduced even whenmultiplication occurs in Ge, primarily due to the
following reasons. (1) The gradient electric field forces electrons and
holes to experience opposing multiplication dynamics: electrons are
rapidly accelerated into high-field region for impact ionization, while
holes are steered toward low-field region where the ionization is sup-
pressed, resulting in electron-dominated asymmetric multiplication.
(2) Due to the cliff layer, the high electric field is localized in a very
narrow region, benefiting from the dead-space effect. This effect nar-
rows the probability density distribution of impact ionization, drasti-
cally reducing the variation in ionization path lengths. Therefore, it
minimizes the avalanche build-up time jitter and enables a faster and
more deterministic multiplication process.

Fig. 2b presents the three-dimensional structure of the proposed
UMC-APD with a SAC2M junction. The device is designed and fabri-
cated on a silicon-on-insulator (SOI) platform. The detailed fabrication
process can refer to Methods. A waveguide-coupled structure is
adopted wherein input light propagates via a 420 × 220nm2 single-
mode Si waveguide and evanescently couples into the upper Ge region
of 150 nm thickness. Typically, Ge length over 10μm is required to
ensure sufficient optical absorption >90% at 1550nm42. Here, a
reduced 5.8μm Ge length is used to nearly halve the junction capaci-
tance to enhance bandwidth. To compensate the resulting reduced
responsivity, a Si-based distributed Bragg reflector (DBR) facilitates
secondary optical absorption43,44. Additionally, suppressed dark cur-
rent combined with the compensated responsivity yields slightly
improved sensitivity. The DBR design and relevant optical simulations
are detailed in Supplementary Note 1. The electric field gradient in the
Ge region is engineered by the doping concentration of the charge
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Fig. 1 | Performance comparison with state-of-the-art III-V and silicon-based avalanche photodiodes. a Bandwidth under different gain. b Gain-bandwidth product
under different optical power.
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layer. Fig. 2c shows the simulated electric field along the red dashed
line (in Fig. 2b) under different charge layer doping concentrations,
with a fixed cliff layer doping concentration of 1 × 1018cm-3. The widths
of the charge layer and cliff layer are 240 and 60 nm, respectively. The
detailed optimization process can refer to Methods. The charge layer
doping concentration is optimized to 2 × 1017cm-3 for the favorable
gradient-distributed electric field profile. When the doping con-
centration is lower, the electric field in the Ge region becomes nearly
uniform and exceeds the threshold, resulting in equalmultiplication of
electrons and holes. When a higher doping concentration is used, the
electric field becomes very low and is unable to support carrier
saturation velocity. The simulated 2D electric field distributions for
both the proposed SAC²M and conventional SACMAPDs are provided
in the Supplementary Note 2. Given the reduced k, an on-electrode
inductance is implemented to enhance bandwidth by optimizing RC
delay. Fig. 2d shows the simulated bandwidth versus i-Si and i-Ge
region widths, with each point matching its optimal inductance, at the
gain of 10. The k of the device is assumed to approach that of the Si
(~0.05). SupplementaryNote 3presents the comprehensive bandwidth
model of the Ge/Si APD incorporating an inductance. A configuration
with 100nm-wide i-Si and 130 nm-wide i-Ge achieves a theoretical
maximum bandwidth of 142GHz. However, such a narrow Ge region
will result in a sharp degradation in responsivity. Consequently, a
300nm-wide i-Ge region is selected, still possible to achieve a band-
width of over 100GHz. Fig. 2e presents simulated bandwidth under
different inductances at this junction size. The bandwidth initially
increases and then decreases with the introduced inductance, and the
optimal inductance is 360pH for a simulated bandwidth of ~110GHz.
Detailed structural parameters and design of the inductance are pro-
vided in Supplementary Note 3.

Device Performance
Firstly, the static performance of the fabricated UMC-APD is measured
(see Methods). The light is coupled into the device using a Transverse

Electric (TE)-polarized grating coupler with the coupling loss of 3.5 dB
at 1550 nm. Although the grating coupler itself is polarization-sensi-
tive, the UMC-APD is intrinsically polarization-insensitive, due to the
isotropic optical absorption of Ge. Fig. 3a shows the measured dark
current and photocurrent under different optical power at 1550 nm.
Under low voltages, the photocurrent increases proportionally with
optical power, and the proportionality changes under high voltages
due to the varying gain. The unity gain is obtained at -1.5 V, determined
by the photocurrent of a reference photodiode on the same chip,
which lacks the charge layer and multiplication effect21,22. The optical
responsivity near -1.5 V is shown in Supplementary Note 4. It is clear
that -1.5 V is the boundary that differentiates the no-gain from the
notable-gain areas, demonstrating that the unity gain occurs at -1.5 V.
Figure 3b shows the net photocurrent (the difference between pho-
tocurrent and dark current) as a function of optical power at -1.5 Vwith
andwithoutDBR, indicating that the introductionof theDBR enhances
the primary responsivity from 0.3 to 0.51A/W. The responsivity refers
to internal responsivity, excluding the coupling loss. Considering the
coupling loss, the external responsivity is 0.23 A/W. Fortunately,
optical couplers with loss as low as 1 dB have been demonstrated45,46,
which could potentially increase the external responsivity to ~0.4A/W,
making the device highly competitive for practical applications. After
obtaining the primary responsivity, the gains under other voltages are
shown in Fig. 3c. The breakdown voltage is determined to be as low as
-7.2 V, according to 1/Gain-voltage curves under different optical
power shown in Supplementary Note 4. These gains increase with
voltage until reaching a maximum value after -7.2 V across different
optical power. As optical power increases, the gain decreases due to
the space charge effect34,47. The maximum gains reach 20.6, 30.2, and
40.9 under optical power of -22, -25, and -28 dBm, respectively. The
measured dark current is 37 nA at -1.5 V, and it reaches 19μA at -6.5 V
(90% of the breakdown voltage).

The bandwidth of the UMC-APD is analyzed by measuring the S21
frequency response from 10MHz to 110GHz. Fig. 3d shows the

Fig. 2 | Principle and design of the device. a The cross-section of junction region
and the theoretical electric field distribution in the uni-multiplication-carrier ava-
lanche photodiode and conventional avalanche photodiode. A, absorption. C,
charge. M, multiplication. Pcon, P connect. Ncon, N connect. b The three-

dimensional structure of the uni-multiplication-carrier avalanche photodiode.
cThe simulatedelectricfieldunder different charge layerdoping concentrations at
−8 V. d The simulated bandwidth under various geometrical dimensions with
optimal inductances. e The simulated bandwidth as a function of inductance.
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normalized S21 responses from -5 to -7 V under -22 dBm. At the same
voltage, the normalized S21 responses and 3-dB bandwidths are almost
unchanged under different optical power. The bandwidth first
increases and then decreases with the voltage, and the maximum
bandwidth is 105GHz at -6 V. The frequency responses show an
obvious resonance phenomenon, with a peak appearing at the fre-
quencyof ~90GHz. The S21 response is notflat even at low frequencies,
maybe attributed to the diffusion component of the photocurrent.
While the RC time constant does not contribute to roll-off in this low-
frequency regime, and carriers drift at saturated velocities in the high-
field regions, a portion of the photocurrent is generated via a slower
diffusion process48. The bandwidths and corresponding GBPs with
different gains under -22 dBmare shown in Fig. 3e.When the gain is <7,
the bandwidth gradually increases with the gain due to the depletion
of Ge region and reduced carrier transit time. Then, the bandwidth
gradually decreases to 100GHz at the gain of 13.4 (at -6.8 V), and to
84GHz at the gain of 21.6 (at the breakdown voltage of -7.2 V), due to
thegain-bandwidth trade-off, corresponding to aGBPof 1814GHz.Due
to the weaker SCE, the GBP increases with reduced optical power. The
measured GBPs under different optical power and related analysis are
provided in Supplementary Note 5. The GBP increases to as high as
4800GHz under optical power of -31 dBm. The measured bandwidths
of theUMC-APDwith inductance from0 to600pHare shown inFig. 3f.
The results are consistent with the simulation. With the introduced
inductance of 360 pH, the bandwidth is enhanced from 50 to 105GHz
with about 2-fold.

High-speed optical interconnect demonstration
We conduct signal reception experiments to validate the performance
of the UMC-APD in ultra-high-speed optical interconnects (see Meth-
ods), with the setup shown in Supplementary Note 6. Fig. 4a shows the
microscope image of fabricated 8-channel UMC-APD array. The

devices operate at -6.8 V to achieve a 100GHz bandwidth and high
gain. Firstly, the single channel is tested. As shown in Fig. 4b, we obtain
clear eye diagrams and bit error rate (BER) for 130/150Gb/s on-off
keying (OOK) signals by setting the optical power to -11 dBm. More-
over, high-order pulse amplitude modulation is used to increase
capacity. The device successfully receives 224/260Gb/s PAM4 and
270/285Gb/s eight-level pulse amplitude modulation (PAM8) signals
with open eye diagrams under -7.2 dBm.

The sensitivities of the UMC-APD for high-speed OOK and PAM4
signals are quantified, as shown in Fig. 4c. The soft-decision forward
error correction threshold (SD-FEC, BER= 2 × 10-2) is used to estimate
the performance. This suggests that error-free operation can be
facilitated through digital signal processing algorithms. At the SD-FEC
threshold, the sensitivities are -16.3 and -14.2 dBm for 130 and 150Gb/s
OOK signals, respectively. For 224 and 260Gb/s PAM4 signals, the
UMC-APD exhibits sensitivities of -10.9 and -10.1 dBm, respectively.
This suggests a ~ 9 dB sensitivity improvement compared to the
reference PIN photodiode with a bandwidth of 103GHz operating at
260Gb/s PAM4. The detailed information of the PIN photodiode is
previously reported in ref. 39. Fig. 4d shows the measured BER under
different bitrates of thesemodulation formats. Thedevice is capable to
receiveup to 200Gb/sOOK and 284Gb/s PAM4signalswith BER lower
than SD-FEC threshold. Finally, the 8-channel UMC-APD array is uti-
lized to receive 8 × 260Gb/s (2.08 Tb/s) wavelength-multiplexing
PAM4 signals, with open eye diagrams and BERs presented in Sup-
plementary Note 6. An off-chip commercial wavelength demultiplexer
is implemented. The eightwavelengths range from 1543.6 to 1554.8 nm
with a channel spacing of 1.6 nm. The demultiplexed optical signals are
then coupled into the photonic chip using a grating coupler array
designed for TE polarization. These results position the UMC-APD as a
highly competitive solution to meet the demands of large-capacity
optical interconnects.

Fig. 3 | Static/dynamic performance of the device. a The measured current-
voltage characteristics in dark state and under optical power of −28 to −22 dBm.
bThemeasured net photocurrent as a function of optical power at unity gainwith/
without the distributed Bragg reflector. c The measured gains under different

voltages and optical power. d The measured S21 responses from −5 to −7 V under
−22dBm. e The measured bandwidth and corresponding gain-bandwidth product
with different gains under −22dBm. f The measured bandwidth with different
inductance.
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Discussion
Table 1 benchmarks the performance of state-of-the-art high-speed III-
V and Si-based APDs in literature. This work demonstrates a record-
high bandwidth of 105GHz and an ultra-high GBP. Consequently, the
highest data reception bitrate has been achieved. Particularly, this
marks a breakthrough in exceeding the 100GHz bandwidth level in
APDs, reaching the level of state-of-the-art PIN PDs without gain. This
indicates that APDs are able to have more opportunities in ultra-high-
speed occasions. Due to the inherent avalanche buildup time during
impact ionization, higher gain requires more ionization cycles and
longer time, which lengthens the process and reduces bandwidth. This
is influenced by the k, where a lower k can reduce avalanche buildup
time. Therefore, the good performance is attributed to the gradient-
distributed electric field induced by SAC2M structure—the key dis-
tinction from previous Ge/Si APDs. This is an approach to overcome
the inherent limitations of Ge multiplication. Although it is demon-
strated usingGe/Si APDs, it canbe naturally extended to othermaterial
systems. By tailoring the field profile to promote single-carrier

multiplication, the effective k can be minimized, irrespective of the
base material. In terms of device geometry, the concept is also highly
adaptable. When the device size changes, k can still be reduced as the
doping concentration is adjusted accordingly to optimize the gradient
of electric field. As shown in Supplementary Note 7, the fitting results
of excess noise (equivalent to the BER measured under the same
conditions) and gain indicate that the device exhibits k of as low as
0.06. Compared to the values of 0.1–0.3 reported in previous Ge/Si
APDs and 0.7 in pure-Ge APDs, it has been significantly reduced. In
addition, the low breakdown voltage of -7.2 V is suitable for the inte-
gration with electronic circuit used for emerging co-package optics
and chiplet optical interconnects49. The primary trade-off in the device
is the fundamental responsivity-bandwidth trade-off. To achieve
higher bandwidth, we reduce the volume of the Ge absorption region,
which in turn lowers the total optical absorption and thus the
responsivity.

The temperature stability of APD is important. As temperature
increases, enhanced phonon scattering reduces carrier ionization

b
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coefficients, thereby decreasing themultiplication gain for a fixed bias
voltage. To maintain constant gain, a higher bias should be applied,
leading to an increased breakdown voltage. This behavior is captured
by the temperature coefficient of breakdown voltage, ΔVBD/ΔT

50. The
simulations show a high temperature stability with a ΔVBD/ΔT of
10.1mV/°C,which is comparable to typical Ge/Si APDs51 andbetter than
that of conventional III-V APDs52,53. This indicates that the gain can be
effectively stabilized against temperature variations with only minor
adjustments to the operating voltage. As temperature increases, gain
decreases and dark current increases, resulting in higher excess noise.
The simulations confirm that the excess noise increasesmodestly with
temperature while remaining at acceptably low levels due to the low k.
These results are presented in Supplementary Note 8.

In conclusion, we present the demonstration of APD featuring a
bandwidth over 100GHz. The device supports data reception of over
2.08 Tb/s assisted by wavelength division multiplexing, enabling 9 dB
sensitivity improvement compared to gainless photodetectors with
the same bandwidth. The waveguide-coupled structure, low operating
voltage and CMOS-compatible fabrication render the device highly
promising to promote the futuredevelopment of amplifier-free optical
communications, ultra-precise sensing, and large-scale optical
computing.

Methods
Device optimization
The widths of the multiplication and absorption regions are first
determined throughbandwidth simulation. The cliff layerwidth is then
designed to be larger than the dead-space distance inGe, ensuring that
carriers gain sufficient energy to initiate impact ionization. This phy-
sical requirement sets the lower bound for the cliff layer width. The
charge layer width is consequently determined as the remainder of the
total Ge region. With the geometries being fixed, the doping con-
centrations of both layers are co-optimized using semiconductor
device simulations. The key criterion is tominimize the kwithin the Ge
region to achieve electron-dominatedmultiplication, by evaluating the
ionization integrals related to electricfield profile for a rangeofdoping
combinations.

Device fabrication
The UMC-APD is fabricated on a silicon-on-insulator (SOI) wafer with
a 220 nm top Si layer, a buried oxide layer, and a Si substrate. The
initial step involves patterning the top Si layer into rib waveguides
and slabs using 193 nm deep ultraviolet (DUV) photolithography
followed by dry etching techniques. The Si slab is then doped with

boron of concentrations of 2 × 1017cm-3 and 1 × 1018cm-3 designated
for the charge and cliff charge layers, respectively. For establishing
ohmic contacts on Si, distinct masks are employed for the implan-
tation of heavily doped boron and phosphorus with a concentration
of ~1020cm-3. The dopants are subsequently activated through rapid
thermal annealing at 1030 °C for a duration of 5 seconds. High-
quality Ge epitaxy is achieved via a two-step process involving low
and high-temperature growth. Initially, the substrate is maintained at
350 °C to grow a thin SiGe buffer layer on the Si slab. In the sub-
sequent step, a 150 nm thick high-quality pure Ge layer is selectively
grown on the buffer layer using ultra-high vacuum chemical vapor
deposition (UHVCVD) at 550 °C, followed by high-temperature
annealing. The device is completed with the fabrication of the first
and second Al metal layers to form the on-chip inductance and
bonding pads.

Device measurements
The I-V characteristics are measured utilizing a source meter (Keithley
2601B), a probe station, and a tunable laser. The photocurrent is
measured at 1550nm, after accounting for the coupling loss of the
optical coupler (3.5 dB). Dark current measurements are conducted in
the absence of incident light. The operating voltage is swept from 0 to
-7.5 V. The voltage atunity gain is ascertained from thephotocurrent of
a reference photodiode integrated on the same chip, which lacks the
charge layer and multiplication effect. The multiplication gain is then
calculated as the ratio of the net photocurrent to thatmeasured at the
unity gain point. The breakdown voltage is determined based on 1/
Gain-voltage curves under varying optical power conditions. The
intersection of the 1/Gain curves at a commonpoint on the voltage axis
signifies the onset of infinite gain, indicative of avalanche
multiplication.

Small-signal RF measurements are performed using a 110GHz
vector network analyzer (VNA, Keysight N5227B) in a frequency range
from 10MHz to 110GHz. TheRFsignal emittedby theVNA is employed
to drive a lithium niobate electro-optic modulator (NOEIC MZ135-
LN60), enabling the frequency response of the APD to be measured.
An Impedance Standard Substrate is utilized to calibrate the bias-tee,
cables, and GSG-microprobe, with subsequent correction applied to
the S21 response of the electro-optic modulator for the measurement
data. Reversebias voltages are supplied to theUMC-APDvia the source
meter (Keithley 2601B) and a bias-tee.

In high-speed signal experiments, digital OOK, PAM4, and
PAM8signalswith apattern lengthof 215-1 are generatedby an arbitrary
waveformgenerator (AWG, KeysightM9502A) and amplified by a high-

Table 1 | Literature overview of state-of-the-art III-V and Si-based APDs

Ref Type VBD(V) Id(μA) R0(A/W) BW(GHz) GBP(GHz) k Bitrate(Gb/s)

Ref.18 InAlAs -25.4 / 0.5 42 90 / 106 (PAM4)

Ref.17 InAlAs -30 2 0.7 35 270 0.2 56 (OOK)

Ref.19 AlAsSb -40 7 0.69 20 410 0.005 50 (OOK)

Ref.38 Si −8.1 0.001 0.4 40 311 0.28 160 (PAM4)

Ref.37 Ge -7.8 20 0.8 27.6 141 0.7 100 (OOK)

Ref.27 Ge/Si -12 100 0.65 27 300 0.25 50 (OOK)

Ref.28 Ge/Si -14 100 0.93 48 615 / 100 (PAM4)

Ref.29 Ge/Si −8.9 12 0.87 53 1033 0.07 200 (PAM4)

Ref.31 Ge/Si -14 51 0.93 45 1440 / 50 (OOK)

Ref.30 Ge/Si -10.6 100 0.77 67 442 / 160 (OOK)

Ref.35 Ge/Si -11.4 34 / 33 3036 / 50 (OOK)

Ref.36 Ge/Si -12.5 8.4 / 29 7078 / 112 (PAM4)

This work Ge/Si -7.2 19 0.51 105 4800 0.06 260 (PAM4)

VBD, breakdown voltage. Id, dark current. R0, responsivity at unity gain. BW, bandwidth.
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speed electrical driver. Themodulator (NOEICMZ135-LN60) is used to
modulate continuous-wave light. The optical signal is fed into the chip,
and the output RF signal is captured by a real-time digital storage
oscilloscope with a 256 GSa/s sampling rate (Keysight UXR0134A).
Offline post-compensation is conducted to deduct the distortion of
high-speed electrical signals through the cables and the transmitter.
This post-compensation involves the use of adaptive feedforward
equalization (FFE) and adaptive maximum likelihood sequence esti-
mation (MLSE) to achieve channel estimation and mitigate inter-
symbol interference.

Data availability
The data that support the findings of this study are available from the
figures and from the corresponding authors on request.
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