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We demonstrate low-voltage waveguide silicon-germanium avalanche photodiodes (APDs) integrated with dis-
tributed Bragg reflectors (DBRs). The internal quantum efficiency is improved from 60% to 90% at 1550 nm
assisted with DBRs while still achieving a 25 GHz bandwidth. A low breakdown voltage of 10 V and a gain
bandwidth product of near 500 GHz are obtained. APDs with DBRs at a data rate of 64 Gb/s pulse amplitude
modulation with four levels (PAM4) show a 30%–40% increase in optical modulation amplitude (OMA) com-
pared to APDs with no DBR. A sensitivity of around −13 dBm at a data rate of 64 Gb/s PAM4 and a bit error rate
of 2.4 × 10−4 is realized for APDs with DBRs, which improves the sensitivity by∼2 dB compared to APDs with no
DBR. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.390339

1. INTRODUCTION

Data communications in data centers and high-performance
computing (HPC) have grown tremendously due to emerging
applications in social media, video streaming, artificial intelli-
gence (AI), and the internet of things. Hyperscale data centers
and Exascale HPC require high-bandwidth and energy-efficient
optical interconnects [1,2]. In this context, silicon photonic in-
terconnects are attractive, thanks to the high integration and
low cost [3–5]. In particular, the monolithic integration of
silicon photonic devices with complementary metal-oxide-
semiconductor (CMOS) circuitry has shown that this technol-
ogy is promising [6,7]. At the same time, to double the data
rate, the advanced four-level pulse amplitude modulation
(PAM4) format has become the industry standard for 400G
Ethernet and other next-generation optical interconnects [8].
When implementing PAM4 in an optical link, one has to con-
sider that, due to the transmission of two bits per clock
period, the optical modulation amplitude (OMA) of PAM4
signaling is only one third of on–off keying (OOK) modula-
tion. Therefore, PAM4 requires either a higher-power laser
or a higher-sensitivity receiver to obtain the same bit error rate
(BER) in an optical link. Using a receiver with better sensitivity
can yield a lower link total power consumption compared to
using a high-power laser and consequently improve the energy
efficiency [9]. Particularly, high-sensitivity detectors relax the
link budget requirements for on-chip lasers with limited output
power [10].

An avalanche photodiode (APD) with internal gain is the
ideal candidate to increase the receiver sensitivity [11].

Compared to most III–V compound devices, silicon–
germanium (SiGe) APDs have lower noise and higher band-
width due to the low impact ionization coefficient ratio in silicon
(k � 0.02) [12–15]. APDs with a low breakdown voltage have
attracted our interests due to the requirement of less than 12 V
power rails in current computer architectures [16]. Although Ge
APDs with a breakdown voltage of less than 10 V (and even
down to 5 V) have been demonstrated [17,18], the large impact
ionization coefficient ratio of Ge (k � ∼1) results in large excess
noise in Ge APDs. To take advantage of the large absorption in
Ge in the near-infrared (NIR) region and the lowmultiplication
noise in Si, APDs with a separate absorption and charge multi-
plication (SACM) structure were proposed [12–15]. A 10 V
breakdown voltage SiGe APD with a gain bandwidth product
(GBP) of 276 GHz has been demonstrated [14,19]. Recently,
a three-terminal SiGe APD with independently controlled elec-
tric fields in the absorption and multiplication regions has been
demonstrated with an ultralow breakdown voltage of 6 V [20].
Due to the small footprint and the decoupling of quantum effi-
ciency and carrier transit time, waveguide APDs can usually
achieve higher quantum efficiency and bandwidth compared
to normal incident APDs [14,15,19,20]. Moreover, waveguide
APDs can be integrated in complex photonic integrated circuits
(PICs) such as wavelength division multiplexers (WDMs) for
many applications. However, in the design of a waveguide
APD, a trade-off is required among quantum efficiency, band-
width, and a low breakdown voltage. A thin SACM structure is
required to reduce the breakdown voltage, but this results in a
decrease in quantum efficiency that cannot be compensated by

1118 Vol. 8, No. 7 / July 2020 / Photonics Research Research Article

2327-9125/20/071118-06 Journal © 2020 Chinese Laser Press

https://orcid.org/0000-0002-4040-8444
https://orcid.org/0000-0002-4040-8444
https://orcid.org/0000-0002-4040-8444
https://orcid.org/0000-0003-0907-9934
https://orcid.org/0000-0003-0907-9934
https://orcid.org/0000-0003-0907-9934
https://orcid.org/0000-0002-6066-4285
https://orcid.org/0000-0002-6066-4285
https://orcid.org/0000-0002-6066-4285
https://orcid.org/0000-0001-8867-3098
https://orcid.org/0000-0001-8867-3098
https://orcid.org/0000-0001-8867-3098
mailto:binhao.wang@hpe.com
mailto:binhao.wang@hpe.com
mailto:binhao.wang@hpe.com
https://doi.org/10.1364/PRJ.390339


using a larger waveguide area because it would increase the RC
time constant and reduce the bandwidth.

This paper proposes a low-voltage waveguide SiGe APD in-
tegrated with a distributed Bragg reflector (DBR) to enhance
the quantum efficiency while retaining high bandwidth with-
out additional process steps. Two types of DBRs are designed
using first-order and second-order gratings, respectively. The
APD quantum efficiency is improved from 60% to 90% at
1550 nm by integrating a 6-period first-order DBR, achieving
a 50% increase in quantum efficiency. Moreover, APDs with
DBRs can still achieve a 25 GHz bandwidth, which is compa-
rable to APDs with no DBR. We successfully demonstrate ex-
perimental open eye diagrams at 64 Gb/s PAM4, which show
the increased OMA for APDs with DBRs. We also show that
APDs with DBRs improve the sensitivity by ∼2 dB in BER
measurements. A sensitivity of around −13 dBm at a BER of
2.4 × 10−4 is obtained for APDs with a 6-pair, first-order DBR
at a reverse bias of 10 V and a data rate of 64 Gb/s PAM4.
Error-free transmission (BER � 10−12) at 64 Gb/s PAM4 is
successfully demonstrated for APDs integrated with DBRs,
achieving a sensitivity of −4 dBm at a reverse bias of 10 V.

2. DEVICE DESIGN

Figure 1(a) shows the schematic of a low-voltage waveguide
SiGe SACM APD integrated with a DBR. The SACM struc-
ture consists of a p-doped Ge absorption layer, a p-doped sil-
icon charge layer, and a silicon multiplication layer, which are
epitaxially grown on a silicon-on-insulator (SOI) substrate. As
shown in Fig. 1(b), the scanning electron microscope (SEM)
image of the device cross section illustrates the dimension of
each layer, where the Ge is 400 nm thick doped with higher
than 1 × 1019 cm−3 boron for P-contact and the labeled silicon
region consists of 50 nm thick 2 × 1018 cm−3 p-doped silicon,
100 nm thick intrinsic silicon, and 220 nm thick silicon doped
with 1 × 1020 cm−3 phosphorus for N contact. The doping

profile creates a low electric field in Ge to avoid undesired
breakdown and confines the high electric field in the silicon
multiplication region. Moreover, the majority holes generated
in the p-doped Ge reduce the transport distance of holes,
resulting in a shorter carrier transit time and therefore a higher
speed [14].

As shown in Fig. 1(a), the DBR sits behind the SACM struc-
ture to reflect back the residual unabsorbed light. It was fab-
ricated in the waveguide etching step with no additional
fabrication process. Since the waveguide APD was designed
with a TM mode grating coupler at 1550 nm, the DBR struc-
ture was also optimized for reflecting TM modes. Two DBR
designs are integrated with conventional waveguide SiGe
APDs, where DBR1 adopts a second-order grating design and
DBR2 design is based on a first-order grating. A higher scatter-
ing loss and lower reflectivity are expected for the second-order
grating in DBR1. However, this design is able to relax the fab-
rication tolerance and the photolithography requirement due to
the larger dimension. The dimensions of the two DBR designs
are listed in Table 1. The calculated effective indices for the
TM0 mode are ∼1.4528 in groove and ∼2.5118 in teeth,
respectively, using the dimension of the fabricated devices.

The simulation for the APD absorption profile is conducted
using a Lumerical FDTD. Figure 1(c) shows the absorption top
views of 4 μmwide by 10 μm long devices with no DBR,
DBR1, and DBR2, respectively. The light in a Si waveguide
can be evanescently coupled into Ge for absorption along
the propagation direction thanks to the larger index of Ge.
However, due to the multimode waveguide design in the light
absorption area, the optical modes oscillate between Si and Ge,
resulting in nonuniform absorption profiles, as shown in
Fig. 1(c). The light can be fully absorbed within a
4 μm × 50 μm APD with no DBR based on simulation results.
In contrast, only 60% of the light at 1550 nm is absorbed when
traveling in a 4 μm × 10 μm device, which is consistent with
measurement. As shown in Fig. 1(c), the integrated DBR in-
deed reflects the unabsorbed light back and causes interference
fringes in absorption profiles.

Figure 1(d) shows calculated reflectivities versus the number
of grating periods for two types of DBRs using the T-matrix
method, where the inset is the reflectivity spectra for the
two DBR designs with 2, 4, and 6 periods, respectively. The
reflectivity for both designs increases sharply with the number
of periods and starts to saturate with a 6-period grating.
A 6-period grating achieves reflectivities of 85% and 95% for
DBR1 and DBR2, respectively. DBR2 has 10% higher reflec-
tivity than DBR1 at 1550 nm due to the smaller scattering loss
of the first-order grating in DBR2 and a slight shift of the peak
wavelength, as shown in the inset of Fig. 1(d). The peak wave-
length offset is caused by the Si thickness tolerance in device
fabrication. The 1 dB reflectivity bandwidth for a 6-period
grating is over 200 nm and 500 nm for DBR1 and DBR2,

Fig. 1. (a) Schematic of a waveguide SiGe APD integrated with a
DBR. (b) SEM cross-section view of an APD. (c) Top views of FDTD
simulated photo-carrier generation profiles for 4 μmwide by10 μm
long APDs with no DBR, DBR1, and DBR2. (d) Calculated reflec-
tivity versus number of period for two DBR designs. The inset is the
reflectivity spectra for the two types of DBRs with 2, 4, and 6 periods,
respectively.

Table 1. Design Parameters for DBR1 and DBR2

Design Period (nm) Groove (nm) Teeth (nm)

DBR1 695 267 428
DBR2 384 211 173
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respectively, making the design suitable for a wide range of ap-
plications (e.g., WDM). Each type of DBR was designed and
fabricated with 2-, 4- and 6-period gratings on the chip for
comparison. The measured quantum efficiency agrees with
the calculation that APDs with 6-period DBRs realize the high-
est quantum efficiency. Therefore, only APDs with no DBR
and 6-period DBRs will be studied here.

3. DEVICE CHARACTERIZATION

Figure 2(a) shows four characteristics for a typical low-voltage
waveguide SiGe APD measured with no optical input and −10,
−5, and 0 dBm optical power (before the grating coupler),
respectively. The punch-through voltage is 2–3 V and the
breakdown voltage is around 10 V. As shown in the curves of
gain versus bias voltage, a multiplication gain of more than 10 is
achieved with reverse bias of as low as 10 V. Due to the thin Si
multiplication layer and the optimum doping profile, 10 V re-
verse bias is sufficient to generate an electric field that exceeds
the impact ionization threshold for Si multiplication. The low
operating voltage reduces the power consumption on APDs
and makes them compatible with computer power rails [16].
The dark current is around 1 nA at 1 V reverse bias and as

low as 1 μA even at 10 V reverse bias, which contributes neg-
ligible noise to an APD receiver for applications in direct de-
tection. Figure 2(b) shows the measured photocurrent versus
received optical power for three types of APDs, all with a wave-
guide dimension of 4 μm × 10 μm. APDs with 6-period DBR1
and DBR2 show a consistently 30% and 40% higher photo-
current than an APD with no DBR. Figure 2(c) shows the mea-
sured responsivities at unity gain and extracted quantum
efficiencies for three types of APDs with the same waveguide
width of 4 μm, but various waveguide lengths of 10 μm,
25 μm, and 50 μm. A similar trend is observed for APDs in-
tegrated with DBRs. They achieve higher quantum efficiencies
than APDs with no DBR, and APDs with DBR2 obtain the
highest quantum efficiencies. It is worth noting that the quan-
tum efficiency measured from 4 μm × 50 μm APDs is smaller
than 4 μm × 25 μm APDs due to the unoptimized mode cou-
pling and confinement design for 4 μm × 50 μm APDs. As a
result, the 4 μm × 25 μm APDs consistently show the highest
responsivity among three APD dimensions, where the one with
6-period DBR2 achieves near 100% quantum efficiency.

The APD bandwidth is characterized by impulse response
measurement. A Calmar femtosecond impulse laser was in-
jected into an APD as an optical input, and the APD response
was recorded by a Keysight DCA sampling scope. Figure 2(d)
shows impulse responses of an APD with a 6-period DBR2 at
several gains. One can see that the full width at half-maximum
(FWHM) is around 14.5 ps, except for operating at unity gain,
which is similar to the FWHM of APDs with no DBR, as re-
ported previously [14]. The oscillation at the falling edge of
impulse responses is due to the space charge effect, which en-
hances the device bandwidth [21–23]. The model in Ref. [23]
indicates that the long tail of the falling edge at unity gain re-
sults from the long carrier transit time rather than electrical par-
asitics. When a low-bias voltage is applied to the device the Ge
is not fully depleted, which results in a slow velocity for Ge
electrons. By doing a fast Fourier transform (FFT) of the im-
pulse responses, the device responses in the frequency domain
can be obtained to estimate the 3 dB electrical bandwidth.
Figures 2(e) and 2(f ) show the bandwidth versus gain for
APDs with DBR1 and DBR2, respectively. A bandwidth of
25 GHz is achieved at gains of larger than 6 for both DBR
designs. The gain bandwidth product (GBP) of near
500 GHz is obtained for the APD with DBR2, as shown in
Fig. 2(f ). The bandwidth enhancement near the device break-
down is achieved due to increased carrier drift velocities in the
absorption region [24] and/or the inductive peaking caused by
the space charge effect [23,25]. The ∼10 GHz bandwidth is
observed at low gain, as expected, due to the slow falling edge
response. The device bandwidth can be enhanced at low gain
with a thinner or less doped Ge layer. This approach, however,
may cause other trade-offs. Additionally, it is not the gain re-
gion of interest for high-speed optical interconnects [9].

4. EYE DIAGRAM AND BER MEASUREMENT

As shown in Fig. 3, the radiofrequency (RF) signal for APD
high-speed testing was generated by a Keysight 92 GS/s arbi-
trary waveform generator (AWG). A PAM4 29 − 1 pseudo ran-
dom bit sequence (PRBS9) signal from the AWG was amplified

Fig. 2. (a) Dark and photo current versus bias voltage with input
optical power of −10, −5, and 0 dBm for a 4 μm × 10 μm APD with a
6-period DBR2. (b) Photocurrent versus input optical power for
4 μm × 10 μm APDs with no DBR, DBR1, and DBR2, respectively.
(c) Responsivity at unity gain and quantum efficiency for three types of
APDs, each with the same waveguide width of 4 μm but various wave-
guide lengths of 10 μm, 25 μm, and 50 μm. (d) Measured impulse
responses of a 4 μm × 10 μm APD with DBR2 at various multiplica-
tion gains. The shortest pulse has an FWHM of 14.5 ps. (e) and
(f ) Device bandwidth versus multiplication gain for APDs with
DBR1 and DBR2, respectively. A 25 GHz bandwidth was achieved
for both designs.
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via an electrical amplifier to drive a 25 GHz commercial
LiNbO3 Mach–Zehnder modulator (MZM). A continuous
wave (CW) 1550 nm optical carrier was provided by a Santec
tunable laser. To compensate insertion losses from the MZM
(∼6 dB) and the TM-mode grating coupler (∼12 dB), the
MZM output was amplified using an erbium-doped fiber am-
plifier (EDFA) followed by a tunable optical bandpass filter
(BPF) before being coupled into the waveguide SiGe APD. The
APD reverse bias was applied by a Keithley source meter. The
APD photocurrent signal was collected by either a Keysight
DCA sampling scope for recording eye diagrams or a BER
tester (BERT) after another electrical amplifier for BER analy-
sis. The AWG calibration function was applied to the measure-
ment system to equalize the bandwidth and signal distortion
from the MZM, the electrical amplifier that drives the MZM,
and RF cables.

Figure 4 shows 64 Gb/s PAM4 eye diagrams for
4 μm × 10 μm APDs with and without DBRs at a reverse bias
of 8 V and 10 V, respectively. One can clearly see that eye open-
ings are achieved for three types of APD designs, and the eye

openings for APDs with DBRs are 30%–40% larger than that
of devices without DBRs at both bias conditions, which are
consistent with the results from the device responsivity mea-
surement. Compared to APDs with DBR1, APDs with
DBR2 achieve larger eye openings thanks to the higher reflec-
tivity of DBR2. Due to the higher multiplication gain at a
higher reverse bias, the eye diagrams at a reverse bias of
10 V obtain around a 100% larger eye opening than at a reverse
bias of 8 V.

To explore the sensitivity improvement for APD receivers
assisted with DBRs, the BER measurement with non-return-
to-zero (NRZ) and PAM4 signaling was performed. Figure 5
shows the BER versus the received optical average power for
APDs with and without DBRs at data rates of 32 Gb/s
NRZ and 64 Gb/s PAM4. Two reverse bias conditions at
8 V and 10 V are illustrated in Figs. 5(a) and 5(b), respectively.
The received OMA has an extinction ratio (ER) of ∼5 dB for
NRZ or the outer OMA of PAM4. Compared to NRZ modu-
lation, PAM4 signaling has 4–5 dB worse sensitivity at a high
BER since each eye opening for PAM4 signaling has only one
third of the eye opening with NRZ signaling. As the BER de-
creases, the power penalty for the device using PAM4 signaling
is larger than NRZ signaling due to the harsher requirements of
PAM4 for the receiver noise and the signal distortion from
bandwidth limitation and time jitters [9]. As a result, BER
curves with PAM4 are not as steep as with NRZ modulation.

Compared to the sensitivities of various APD designs, the
overall sensitivities of APDs with DBRs are 1–2 dB better
than APDs with no DBR under different modulation formats
and bias conditions, as shown in Fig. 5. Figure 5(a) shows that,
at reverse bias of 8 V and a data rate of 32 Gb/s NRZ, the
APD with DBR2 shows ∼0.5 dB better sensitivity than the
APD with DBR1, achieving sensitivities of −13.3 dBm and
−11.5 dBm at BERs of 2.4 × 10−4 and 10−12, respectively.
The BER of 2.4 × 10−4 is the threshold for error-free transmis-
sion with KP4 forward error correction (FEC), which may re-
sult in tens of nanoseconds latency for 400 gigabit Ethernet
optical interconnects [8]. While doubling the data rate to
64 Gb/s with PAM4 modulation, a sensitivity of −8.7 dBm
at a BER of 2.4 × 10−4 is achieved for APDs with DBRs at
reverse bias of 8 V, resulting in a ∼2 dB better sensitivity com-
pared to the APD with no DBR.

When the reverse bias is increased from 8 V to 10 V, a
2–4 dB sensitivity improvement, depending on various modu-
lation formats and APD designs, is realized, as shown in
Figs. 5(a) and 5(b). For APDs with DBRs at a reverse bias
of 10 V, the sensitivity achieves as low as −16 dBm at a data
rate of 32 Gb/s NRZ and a BER of 2.4 × 10−4 for error-free
transmission under KP4 FEC, as shown in Fig. 5(b). A sensi-
tivity of −13.5 dBm at the same data rate is achieved for low-
latency, error-free (BER � 10−12) transmission without FEC.
When operating at reverse bias of 10 V and 64 Gb/s PAM4, a
sensitivity of around −13 dBm is achieved for the APD with
DBR2 at a BER of 2.4 × 10−4. A 4 dB better receiver sensitivity
is achieved when compared to operating at reverse bias of 8 V.
As shown in Fig. 5, the only situation for low-latency, error-free
transmission at a data rate of 64 Gb/s PAM4 is demonstrated
by the APD with DBR2 at a reverse bias of 10 V, which

Fig. 3. Experimental setup for eye diagram and BER measurement:
MZ, Mach–Zehnder; EDFA, erbium-doped fiber amplifier; BPF,
bandpass filter; DUT, device under test; Scope, sampling oscilloscope;
BERT, bit error rate tester.

Fig. 4. Measured 64 Gb/s PAM4 eye diagrams for 4 μm × 10 μm
waveguide APDs with and without DBRs at reverse bias of (a) 8 V and
(b) 10 V, respectively. The DCA sampling scope was set with
10 ps/div in the x axis and 10 mV/div in the y axis.
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achieves a sensitivity of −4 dBm. Here, the results were
demonstrated without a transimpedance amplifier (TIA) and
the sensitivity of APD receivers would be improved by integrat-
ing a TIA after the APD.

5. DISCUSSION

Four important metrics for APD design are the quantum effi-
ciency, the multiplication gain, the bandwidth, and the excess
noise factor. They typically have trade-offs that must be opti-
mized carefully. As we discussed, using waveguide APDs decou-
ples quantum efficiency and bandwidth compared to normal
incidence APDs. However, we found that the trade-off still ex-
ists to further improve both the quantum efficiency and band-
width when comparing waveguide SiGe APDs with various
sizes [14]. In addition to varying the area of waveguides, the
change of the Ge thickness yields the same result [14]. In con-
trast, APDs integrated with DBRs can increase the quantum
efficiency while preserving the device bandwidth. The APD
performance would be further improved using TE mode

instead of TM mode due to less scattering loss from the wave-
guide sidewall.

Achieving a low effective impact ionization coefficient is
crucial to design APDs with high GBP and low noise. For
SiGe APDs, the layer thicknesses and doping profiles should
be optimized to make the avalanche multiplication mostly oc-
cur in Si rather than Ge. Since the total APD receiver noise
mainly consists of the laser noise, the shot noise from APDs,
and TIA input referred noise [9], the sensitivity for an APD
receiver is determined by the received OMA and the overall
noise. As discussed in Ref. [9], the optimum sensitivity of
an SiGe APD receiver is achieved at a gain of around 10 for
NRZ signaling and less than 10 for PAM4 signaling with rea-
sonable noise consumption for lasers and TIAs. It indicates that
APD design with an extremely high multiplication gain is not
necessary for applications in high-speed optical interconnects.

In the gain region of interest, the bandwidth of APDs is
mainly determined by electrical parasitics and the carrier transit
time [23]. A thinner SACM structure can reduce the carrier
transit time, but the device bandwidth may be limited by
the electrical parasitics due to the larger capacitance. Another
challenge is to achieve a low breakdown voltage. A thin Si
multiplication layer is useful to achieve a low breakdown volt-
age. However, it may result in a lower gain due to the shorter
multiplication path. To avoid that, the doping profile of the
SACM structure, particularly for the charge layer, becomes
critical to achieve low breakdown voltage as well as high
multiplication gain.

6. CONCLUSION

High-bandwidth and energy-efficient optical interconnects are
essential to make the bandwidth and cost scalable for data com-
munications in mega data centers and high-performance com-
puting. A high-sensitivity receiver is important to reduce the
total link power consumption and relieve the link budget re-
quirement. We have demonstrated low-voltage waveguide SiGe
APDs integrated with DBRs to break the trade-off between
quantum efficiency and bandwidth. The internal quantum
efficiency is improved from 60% to 90% at 1550 nm while
remaining a bandwidth of 25 GHz compared to APDs with
no DBRs. The APDs with DBRs at a data rate of 64 Gb/s
PAM4 show a 30%–40% increase in OMA. The sensitivities
are improved by∼2 dB at a data rate of 64 Gb/s PAM4, achiev-
ing −13 dBm at a BER of 2.4 × 10−4 and −4 dBm at a BER of
10−12. This design realizes overall better performance without
additional fabrication steps.
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