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High-speed waveguide-integrated Ge/Si avalanche photodetector∗
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Waveguide-integrated Ge/Si heterostructure avalanche photodetectors (APDs) were designed and fabricated using a
CMOS-compatible process on 8-inch SOI substrate. The structure of the APD was designed as separate-absorption-charge-
multiplication (SACM) using germanium and silicon as absorption region and multiplication region, respectively. The
breakdown voltage (Vb) of such a device is 19 V at reverse bias and dark current appears to be 0.71 µA at 90% of the
Vb. The device with a 10-µm length and 7-µm width of Ge layer shows a maximum 3-dB bandwidth of 17.8 GHz at the
wavelength of 1550 nm. For the device with a 30-µm-length Ge region, gain-bandwidth product achieves 325 GHz.
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1. Introduction
Avalanche photodetectors (APDs) are widely used in

fiber-optic communications due to their internal carrier mul-
tiplication mechanism.[1,2] The applications of conventional
III–V compound semiconductor APDs are limited because of
their low gain-bandwidth products.[3–5] Their typical values
are in the range of 100–150 GHz, which make them less at-
tractive for high-speed communication. Silicon (Si) is con-
sidered the best material for the multiplication layer in an
APD in contrast to other bulk semiconductors because of its
low ratio of the ionization coefficients of electrons and holes
(0.01–0.1).[6,7] In addition, compared with other semiconduc-
tors, Si shows a very low temperature dependence on the
avalanche breakdown.[8] Thus Ge/Si APDs with separated-
absorption-charge-multiplication (SACM) structure have be-
come greatly promising for high response and high speed at
1550 nm wavelength.[9,10] Using germanium and silicon as
absorption and multiplication layer respectively, could effec-
tively avoid the carrier feedback loops caused by carrier multi-
plication in the absorbing region.[11] The fact that Ge has sim-
ilar crystal structure and material characteristics to Si makes
the design and manufacture of APDs compatible with the
existing CMOS process technology. The above advantages
could achieve properties of high gain-bandwidth products,
low noise, temperature independence and low cost for APDs.
Recent advancement reveals that group-IV materials could
be promising candidates for manufacturing high-performance
APDs. The first Si-waveguide-integrated Ge/Si APD was fab-
ricated by Zhu et al., which has a responsivity of 7.2 A/W at
1550 nm with a 3-dB bandwidth of 3.3 GHz.[12] Kang et al.
have demonstrated a top illuminated Ge/Si APD with a quite
high gain-bandwidth product of 340 GHz and a sensitivity of

−28 dBm at a photon wavelength of 1310 nm.[13]

In this paper, we demonstrate waveguide-integrated Ge/Si
SACM APDs with selective epitaxial growth germanium and
silicon waveguide on 8-inch SOI substrate.[14] A step-coupler
was designed for high efficient vertical coupling between Si
waveguide and Ge/Si APD.[15] The crystal quality of the epi-
Ge absorption layer is better than that of non-selective growth.
These features ensure that such an APD has a very low dark
current and high optical absorption. We designed and fabri-
cated the waveguide-integrated Ge/Si APD in order to further
improve both speed and responsivity with a smaller area of de-
pletion capacitance and longer germanium absorption region
than vertical incidence APD.[16]

2. Device fabrication
Waveguide-integrated Ge/Si avalanche photodetector

design features a separate-absorption-charge-multiplication
(SACM) configuration in which germanium and silicon were
employed for light absorption and carrier multiplication, re-
spectively. The device fabrication was started from an 8-inch
Si-on-insulator (SOI) substrate with a 220-nm-thick silicon
top layer and a 2-µm-thick buried oxide. Channel waveguide
with a taper width of 180 nm was first formed for light guid-
ance and electrical isolation, and the taper was designed to
improve the efficiency of coupling light to the optical fiber.
Ion implantation of arsenic dopants was performed to form
the bottom n-type layer, followed by high-dose phosphorus
implantation to form a good n-type Ohmic contact. A 10-
nm-thick oxide window was formed for selective Si epitaxy.
The epi-Si layer with a thickness of 700 nm was grown using
an ultra-high vacuum chemical vapor deposition (UHVCVD)
reactor, which was followed by boron implantation to form
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a p-type charge layer. After the formation of another ox-
ide window, a 1-µm-thick hetero-epitaxy Ge layer was selec-
tively grown using the same UHVCVD reactor. Then a 100-
nm-thick poly silicon was deposited and followed by a high
dose of boron ion implantation. The dopants were activated
at 750 ◦C for 3 minutes in the atmosphere of nitrogen to form
a good p-type Ohmic contact. Finally a 1.5-µm-thick TaN/Al
was deposited and metalized.

The schematic configuration of an evanescently coupled
waveguide APD is shown in Fig. 1(a). Light propagating
through the silicon optical waveguide will be coupled evanes-
cently to the germanium layer and will be absorbed. Fig-
ure 1(b) shows the schematic configuration of an SACM Ge/Si
APD, which consists of 1-µm-thick Ge absorption layer, 100-
nm-thick Si charge layer, and 600-nm-thick Si multiplication
layer. A coplanar waveguide (CPW) transmission line with
characteristic impedance of 50 Ω was fabricated for high-
speed measurement probe.
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Fig. 1. (color online) (a) The schematic configuration of an evanes-
cently coupled waveguide APD; (b) the schematic configuration of an
SACM Ge/Si APD.

3. Device characteristics and discussion
The measured dark current and photocurrent of a typ-

ical 10-µm-length device at room temperature are shown
in Fig. 2(a), which were measured with an Agilent B1500
semiconductor device analyzer and a laser of wavelength of
1550 nm. All tested devices exhibited typical current–voltage
characteristics of SACM APDs, with clear rectifying behav-
iors. The measured avalanche breakdown voltage Vb (defined
at a dark current of 100 µA) for the device is 19 V at reverse
bias. The dark current is 0.71 µA at a bias that is equal to 90%
of the breakdown voltage. The dark current is comparable to

the typical Si/Ge PIN PDs.
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Fig. 2. (color online) (a) Measured dark current (black curve) at room
temperature, total photocurrent (red curve) under 1550-nm illumination
and multiplication gain factor (M) (dashed curve) versus bias voltage of
a Ge/Si APD with 10-µm-length and 7-µm-width germanium absorp-
tion layer; (b) simulation results of the electric field distribution in the
device layer.

When the bias is less than punch-through voltage, the de-
pletion region is solely confined in the silicon region. The
dark current from simulation is flat and in the sub-nA level, the
measured dark current is much larger than the level. The main
reason is the quality of the epitaxial silicon layer. In the Ge ab-
sorption region, incident photons are absorbed and photocarri-
ers generated. Under reverse bias, the holes are swept toward
the p+ contact and electrons toward the n+ contact. When
traveling in the Si multiplication region with a high electric
field, electrons primarily undergo a series of impact ioniza-
tions, creating more electron–hole pairs, which consequently
amplifies photocurrent.

The electric field distribution was calculated along the
longitudinal cross section of a waveguide-integrated Ge/Si
APD. Figure 2(b) shows the device simulation results of the
electric field distribution in the device layers. From the per-
spective of the high-sensitivity and high-speed APD design,
the internal electric field distribution must meet the follow-
ing basic requirements. Firstly, photon-generated carriers in
Ge absorption layer should drift at the speed of their satura-
tion velocity (5×106 cm/s) so as to minimize transit-time and
should avoid avalanche multiplication process. So the elec-
tric field within this region should be kept above 3 kV/cm and
below 100 kV/cm. Secondly, the doping concentration in the
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charge layer should be accurately designed to achieve the ex-
pected electric field distribution. The applied electric field of
Si multiplication region should be higher than 300 kV/cm to
ensure that the carriers multiplication process could be built
up through impact ionization.

In order to characterize the optical response, a single-
mode lensed fiber was used for injecting light at a wavelength
of 1550 nm into the Si waveguide. The primary responsiv-
ity was measured using a conventional waveguide-integrated
Ge/Si p–i–i–n detector with the same geometric structure, and
the measured result is 0.8 A/W. By normalizing the measured
APD’s responsivity to the primary responsivity of the refer-
ence detector, the multiplication (M) gain factor can be cal-
culated. In Fig. 2(a), the measured results show that M could
reach a value as high as 10 when operated at 90% of the break-
down voltage. The multiplication factor enhances with the in-
crease of reverse bias because of the avalanche multiplication
effect. Further increasing the applied bias causes a rapid ris-
ing in photo current. Then the M factor begins to decrease as
the bias continues increasing which is due to the reason that
the electrical field of the multiplication region decreases, and
thus cannot support for such a high avalanche multiplication
process. Figure 3 shows the M factors of devices with dif-
ferent lengths of Ge layer, 10 µm, 30 µm, and 50 µm. The
maximum M factor is 53 for the device with 30-µm-length
absorption region, whereas the device with 50-µm-length Ge
layer has a poor multiplication factor of 16, which is much
lower than that of 10-µm-length device. As the length of ger-
manium region increases, optical absorption could achieve a
state of saturation, so no more carriers would generate. How-
ever, as shown in the inset figure, devices with longer Ge re-
gion also show higher dark currents, arising from more dislo-
cations. This leads to the recombination of photon-generated
carriers and, thus, reduces optical response.

The electrical 3-dB-bandwidth of the waveguide-
integrated Ge/Si APD was measured using a Yenista tunable
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Fig. 3. (color online) Multiplication factors M of devices with different
lengths of Ge layer; inset figure shows dark and light currents of these
devices before break-down.

laser, Sumitomo Osaka cement 40 Gbps intensity modulator
and an Anritus Vector Network Analyzer at 1550 nm. Fig-
ure 4(a) plots the normalized radio frequency (RF) responses
for device with 10-µm-length and 7-µm-width epi-Ge layer at
five different reverse biases, 6 V, 8 V, 10 V, 18 V, and 19 V,
which are 14.7 GHz, 17.8 GHz, 16.2 GHz, 11.3 GHz, and
8.5 GHz, respectively. Figure 4(b) shows 3-dB-bandwidth of
devices with different Ge-layer geometric constructions under
reverse bias. RF response is limited by RC delay, transit time
constant, and avalanche multiplication process built-up time.
An APD can be approximated as a series of two pn junctions.
For each junction, the barrier capacitance can be calculated by
the following equation:

CT = A

√
εrε0qN1N2

2(N1 +N2)(VD −V )
. (1)

In Eq. (1), ε0 is permittivity of vacuum, εr is the relative per-
mittivity of junction material, A is the area of junction, N1 and
N2 are concentrations of each side of junction, VD is barrier
potential difference, and V is the bias voltage of junction. For
a device with certain structure, CT is inversely proportional
to the applied voltage. At low reverse bias, the junction bar-
rier capacitance keeps in a large value, so RC delay plays
a major role in limitation of the RF response. With the in-
crease of reverse voltage, barrier capacitance decreases. RC
delay achieves the minimum when the device is under punch-
through voltage, at which both of the absorption and multipli-
cation regions are completely depleted. As shown in Fig. 2(b),
when the electric field is not high enough to make the carri-
ers transit at their saturation velocity, transit time constant is
another limitation factor for 3-dB-bandwidth. At higher bias
voltage, the avalanche multiplication process starts building up
so that the optical response improves with the increase of neg-
ative bias voltage. At the same time, the process pulls the fre-
quency response to a quite low level. For devices with larger
germanium area, capacitances are larger under the same bias
voltage as well as the series resistances, so the devices with 10-
µm-length Ge absorption layer show higher RF response than
that of longer Ge region. The maximum 3-dB-bandwidth of
devices with 10-µm-length, 30-µm-length, and 50 µm-length
Ge layer are 17.8 GHz at −8 V, 14 GHz at −12 V and 11 GHz
at −12 V, respectively. When the device shows a large 3-dB-
bandwidth, the optical response cannot achieve a satisfactory
level at low bias voltage. With the increase of reverse bias,
avalanche multiplication process begins to build up followed
by increasing the multiplication factor and reduction of the 3-
dB-bandwidth. Figure 5 plots gain-bandwidth products of dif-
ferent devices against reverse bias voltage. The maximum val-
ues for waveguide-integrated APD with 10-µm, 30-µm, and
50-µm Ge layer are 307 GHz at −18.8 V, 325 GHz at −18.6 V,
and 144 GHz at −18.8 V, respectively.
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Fig. 4. (color online) (a) RF response for APD with 10-µm-length Ge layer
at reverse bias of 6 V, 8 V, 10 V, 18 V, and 19 V; (b) 3-dB-bandwidth versus
bias voltage for devices with different lengths of Ge layer.
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Fig. 5. (color online) Gain-bandwidth product against reverse bias volt-
age of different devices.

4. Conclusion
A waveguide-integrated Ge/Si avalanche photodetec-

tor (APD) featuring separate-absorption-charge-multiplication
(SACM) was demonstrated using a CMOS-compatible process
on 8-inch SOI platform. The device with a length of 30-µm Ge
layer achieved a multiplication gain factor of 53 for a C-band
communication wavelength of 1550 nm. The maximum 3-dB-
bandwidth for the APD was 17.8 GHz at a reverse bias voltage
of 8 V for the device with 10-µm-length Ge layer. By consid-
ering both optical and RF response, the largest gain-bandwidth
product was 325 GHz for the device with 30-µm-length ab-
sorption region under a reverse bias of 18.6 V.
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