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Significant progress has been made recently in demonstrating
that silicon photonics is a promising technology for low-cost
optical detectors, modulators and light sources™. It has
often been assumed, however, that their performance is inferior
to InP-based devices. Although this is true in most cases, one of
the exceptions is the area of avalanche photodetectors, where
silicon's material properties allow for high gain with less
excess noise than InP-based avalanche photodetectors and
a theoretical sensitivity improvement of 3 dB or more. Here,
we report a monolithically grown germanium/silicon avalanche
photodetector with a gain-bandwidth product of 340 GHz, a
ko of 0.09 and a sensitivity of —28 dB m at 10 Gb s~ This
is the highest reported gain-bandwidth product for any
avalanche photodetector operating at 1,300 nm and a sensi-
tivity that is equivalent to mature, commercially available
IlI-V compound avalanche photodetectors. This work paves
the way for the future development of low-cost, CMOS-based
germanium/silicon avalanche photodetectors operating at
data rates of 40 Gb s~ or higher.

Avalanche photodetectors (APDs) are widely used in fibre-optic
communications where high sensitivities are needed. Traditional
InP-based APD receivers typically offer a 10-dB improvement in
sensitivity at 10 Gb s™! when compared to standard p-i-n-based
receivers. As the data rate increases above 10 Gb s~ 1, however, the
limited gain-bandwidth product of standard InP APDs
(~100 GHz) results in degraded receiver sensitivity. In order to
overcome this limitation, an increasing amount of research is now
focusing on alternative multiplication materials for APDs, and
one of the most promising is silicon. The difficulty in realizing
a silicon-based APD device at near-infrared wavelengths is that a
compatible absorbing material is difficult to find. The leading can-
didate is germanium, and research on germanium/silicon p-i-n
detectors has shown good responsivity at wavelengths up to
1,550 nm (ref. 7), although the 4% lattice mismatch can result in
a high concentration of dislocations and dark current. However,
careful processing and device design can minimize the impact of
the dislocations. The work presented here extends the research on
germanium/silicon p-i-n detectors to the development of
a more sensitive APD structure.

The key material property that determines the gain-bandwidth
product and the excess noise of an APD is the effective k ratio of
the ionization coefficients of electrons and holes. A low k value is
desirable for high-performance APDs!*!4, Conventional II-V
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Figure 1| Summary of published gain-bandwidth products with respect to
the multiplication layer thickness for InP-, InAlAs- and silicon-based APDs.
The black symbols are measured values for InP-based APDs>162122 the
green symbols for InAlAs-based APDs'1823-28 and the red symbols for
silicon-based APDs including InGaAs/Si APD™ (red triangle) and the
monolithic germanium/silicon device presented in this paper (red circle).

APDs use InP (k ~ 0.4-0.5) (refs 15,16) or InAlAs (k ~ 0.1-0.2)
(refs 17,18) for the multiplication region. Recent work has shown
that by taking advantage of the dead space effect with a
150-nm-thick InAlAs multiplication layer, a gain-bandwidth
product of 320 GHz can be achieved!’, but at the expense of an
impractically low quantum efficiency of 16%.

Silicon has been studied for several decades and is well known for
its low k value (k< 0.1). Promising results obtained from
InGaAs/Si APDs fabricated using wafer bonding technology indi-
cate that it is possible to combine the low-noise properties of
silicon with the high absorption properties of III-V materials at
telecom wavelengths. These devices had a gain-bandwidth
product of 315 GHz (ref. 19) and a k-value of 0.02 (ref. 20).
Although these were promising results, the wafer bonding technol-
ogy would have the extra expense of III-V epitaxial wafers and the
challenge of inserting III-V materials into a silicon CMOS fabrica-
tion facility. A more ideal approach would be to develop an APD
based on a monolithic, CMOS-compatible process.
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Figure 2 | ab, Schematic (a) and SEM (b) cross-sections of a germanium/
silicon APD. Doping concentrations and layer thicknesses were confirmed by
secondary ion mass spectrometry (SIMS). The floating guard ring (GR in a)
design was used to prevent premature breakdown along the device
perimeter. ARC, anti-reflection coating.

Figure 1 presents a summary of experimentally measured gain-
bandwidth products!®>-?® with respect to multiplication layer thick-
ness for different types of multiplication materials. One can see
that when the multiplication layer thickness is similar, the gain-
bandwidth product of silicon-based APDs (red data points) sur-
passes that of InP- and InAlAs-based APDs (black and green data
points, respectively). InAlAs-based APDs with ultrathin multipli-
cation layer thickness could achieve a high gain-bandwidth
product but at the expense of complicated device design and very
small process tolerances, making its viability for commercialization
difficult. However, with silicon, an even higher gain-bandwidth
product could be achieved based on a simple layer structure with
relatively large process tolerances.

The germanium/silicon APDs presented in this work are based
on the conventional separate absorption, charge and multiplication
(SACM) APD structure in which light absorption and carrier mul-
tiplication occur inside germanium and silicon, respectively. A sche-
matic and scanning electron microscope (SEM) cross-section of the
mesa-type germanium/silicon APD are presented in Fig. 2. The
room-temperature dark current and photocurrent of a typical
30-pwm-diameter APD are shown in Fig. 3a. All tested devices exhib-
ited a current-voltage characteristic typical of SACM APDs, with
a clear rectifying behaviour. The punch-through voltage, corre-
sponding to the voltage at which the depletion region penetrates
into the germanium, is hard to extract from the current-voltage
characteristics of our current devices because the punch through
is close to the breakdown voltage. The punch through is therefore
determined by the voltage at which the device capacitance
reaches its minimum value of 77 {F. This agrees with the capacitance
estimation when both germanium absorption and silicon
multiplication regions are depleted. The punch-through voltage is
~—22V, with a responsivity of 5.88 AW™! at 1,310 nm. The
breakdown voltage V4, defined here at a dark current of 10 pA,
occurs at —25V. The breakdown voltage thermal coefficient
(defined as 6 = (AV, 4/ V,4)/AT, where AV, ; and AT are the incre-
ment of Vi, and temperature, respectively) is 0.05% °C~! over a
temperature range from 200 to 380 K. This value is typical for
silicon-based APDs?® and is about 70% and 30-50% that of the
InAlAs- and InP-based APDs with similar layer structure?s30-32,
respectively. This decreased thermal sensitivity is another major
advantage of silicon-based APDs as it will facilitate temperature
stabilization of germanium/silicon APDs.
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Figure 3 | Direct current characteristics of a germanium/silicon APD.

a, The measured dark current (black curve) and total photocurrent

(red curve) at room temperature of a typical 30-pm-diameter APD.

b, The measured multiplication gain and photoresponsivity as a function of
bias at a wavelength of 1,300 nm. The primary photoresponsivity used to
obtain gain is 0.55 AW ™" measured from p-i-i-n devices fabricated on
the same wafer as the APDs.

The dark current density is less than 19 wA cm™? at biases up
to —5V and increases to 175 mA cm™? when biased at 90% of
breakdown voltage with a gain of 8. The measured dark current
increases linearly with the device active area, suggesting that it is
dominated by bulk leakage current. To understand more about
the dark current generation mechanism, we also studied the dark
current of the p-i-i-n device described in the Methods. The
dark current density at —8 V is 18 mA cm ™2, which is comparable
to germanium/silicon p-i-n results published by other groups®34,
Such a level of dark current density is an indication of good material
quality and device fabrication. The dominating component of the
dark current of the p—i-i-n device is the generation - recombina-
tion current that originates from dislocations at the germanium //si-
licon interface and inside the germanium film. For the APD case, we
noticed that the primary dark current (dark current at unity gain
that is multiplied by impact ionization at higher bias) is higher
than the p-i-i-n dark current. We believe that the additional
dark current is induced by the tunnelling current at the germa-
nium/silicon interface, especially at high bias.

Figure 4a shows the excess noise factor versus gain, F(M),
extracted from a room-temperature noise measurement of a
30-wm-diameter germanium/silicon APD. Compared with
McIntyre’s model'?, plotted as solid lines in Fig. 4a, the estimated
k. is ~0.09.

The electrical 3-dB bandwidth of germanium/silicon APDs was
measured using an Agilent 8703A Lightwave Network Analyser
with its internal laser and modulator at 1,300 nm. Figure 4b plots
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Figure 4 | Gain dependence of the excess noise and 3-dB bandwidth of the
germanium/silicon APDs. a, Excess noise factor versus avalanche gain.

The symbols represent the measured excess noise factor, and the lines are
calculated values based on Mclntyre's theory'*. b, Measured 3-dB bandwidth
versus gain of 30-pm-diameter germanium/silicon APDs at a wavelength of
1,300 nm. The coloured symbols are measured bandwidths from four
devices. The blue line is the calculated bandwidth assuming carrier transit
time and RC time constant are the limiting factors for the device bandwidth.
The black line is a calculated result considering the avalanche build-up
effect’ with ky; = 0.08. The corresponding gain-bandwidth product is

340 GHz, which fits the measured values. BW, bandwidth.

the bandwidth as a function of gain from four 30-pm-diameter
devices. For an APD operated at low gain, the bandwidth is
limited by RC and transit time effects, which is similar to p-i-n
photodiodes except that the depletion region includes both depleted
germanium absorption and silicon multiplication layers. The
maximum measured bandwidth is 11.5 GHz for gains up to 20,
while theoretical calculations show that the bandwidth at low gain
for a 30-pm-diameter device is 13 GHz, and is transit-time domi-
nated. The minor difference between the measurement and the
theoretical expectation most likely originates from parasitic effects,
such as the insufficient contact layer doping concentrations and
capacitance  between the metal pads. However, the
close-to-theoretical bandwidth at low bias voltage implies that the
germanium/silicon interface has very limited effect on the device
performance. As the gain is increased beyond 20, the bandwidth
dropped owing to the avalanche build-up time effect". All measured
devices had a gain-bandwidth product over 300 GHz. The highest
gain-bandwidth product obtained was 340 GHz. One should note
that for InP APDs, the maximum usable gain at a data rate of
10 Gb s~ ! is only 10-15 due to the low gain-bandwidth product,
whereas this germanium/silicon APD has an optimal operational
gain of over 30. Another point worth noting is that the k-value
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Figure 5 | Back-to-back receiver sensitivity and eye diagram measurements
for a 30-pum-diameter germanium/silicon APD receiver measured at

10 Gb s, The bit error rate is measured at the optimal bias voltage with

10 Gb s~ non-return-to-zero PRBS optical pulses (word length 23" — 1) at
1,304 nm. The extracted receiver sensitivity is —28 dB m at a gain of 19,
BER of 1 x 107" and ER of 12 dB. The inset is an eye diagram at a gain of
10 at —20 dB m input optical power.

corresponding to a gain-bandwidth product of 340 GHz is ~0.08
based on Emmon’s model'?, which agrees very well with the value
extracted from the excess noise measurement in Fig. 4a.

This high gain-bandwidth product and low kg are both signifi-
cantly better than our previously reported results**. In those
samples, the gain-bandwidth product and k g were 47 GHz and
0.4-0.5, and 153 GHz and 0.1-0.15, respectively. The higher per-
formance of the APD devices presented here has been achieved
mainly by redesigning the device doping profile and fabrication
process to eliminate germanium impact ionization. In particular,
the doping of the charge layer was increased to better confine the
electric field inside the silicon, and the annealing temperature for
the germanium was lowered substantially to reduce the interdiffu-
sion of silicon and germanium. This prevents the germanium
from diffusing into the gain region where it would increase the effec-
tive k. In addition, SEM cross-section analysis revealed a misalign-
ment issue in the contact region, which resulted in an overetch of
the germanium film for the previous work®. The unintended over-
etch led to a non-uniform carrier distribution, which resulted in
earlier saturation of the gain-bandwidth product and, eventually,
degraded device bandwidth performance. This has been corrected
in the devices reported here. Finally, designs for a floating guard
ring (GR) with various distances (1-3 wm) between the guard
ring and the mesa edge were introduced to reduce the surface elec-
tric field strength at the silicon/insulator interface to prevent prema-
ture breakdown along the device perimeter. The floating GR is
slightly different for our silicon/germanium APDs than in InP
APDs. Because of the desire to keep the gain region relatively
free of dislocations, the germanium film is on top of the silicon
multiplication region. The placement of the GR is then buried at
the silicon/germanium interface. This is different from what is
typically found in InP APDs, which usually have the floating GR
placed at the top surface. However, the fundamental physics of
the floating GR is the same for both InP APDs* and germanium/
silicon APDs. The dramatically improved gain-bandwidth
product proves that the participation of the germanium in the
carrier multiplication process is an extremely detrimental factor in
germanium/silicon APD operation because germanium has a
much higher k value. This gain-bandwidth product could be
increased to over 400 GHz by further reducing the multiplication
layer thickness.
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In addition to measuring the gain-bandwidth product, we also
measured the receiver sensitivity at 1,304 nm after packaging the
germanium/silicon APD with a transimpedance amplifier (TIA).
The germanium/silicon APD receiver was coupled to a standard,
commercially available clock-data recovery circuit. Figure 5 shows
a measured bit error rate (BER) curve of a receiver and the inset
is an eye diagram at a gain of 10 and —20 dB m input optical
power for a back-to-back experimental setup. At a data rate of
10 Gb s™!, the receiver sensitivity was —28 dBm for 1 x 107!2
BER using a pseudo-random binary sequence (PRBS) word length
of 2°! — 1 and extinction ratio (ER) of 12 dB. This is the first germa-
nium/silicon APD-based receiver to reach this level of performance.
To the best of our knowledge, this result is comparable to the best
commercial InP-based APD receivers and only ~1dB short of
the best InAlAs-based APD receivers®. Assuming a higher
primary responsivity of 0.85 AW™! for the detector (this could
easily be achieved by using a thicker germanium film or by
moving to waveguide-based structures), we anticipate an improve-
ment of approximately 1.8 dB in sensitivity.

To improve the sensitivity even further and to take advantage of
the low noise and high gain-bandwidth product by using silicon as
the multiplication region, there are at least two approaches that can
be taken. The first is to reduce the dark current of the APDs. The
primary dark current (calculated by total dark current divided by
the gain at the optimal bias, assuming the unmultiplied dark
current component is ineligible) of these devices is estimated to
be less than 440 nA. Modelling shows that the receiver sensitivity
improves when the primary dark current is reduced until a level
of ~100 nA is reached. Lowering the primary dark current below
this threshold has no additional impact on the receiver sensitivity.
An improvement in sensitivity of 1 dB is expected if our primary
dark current is reduced to this level. We believe that the device
dark current can be reduced by optimizing the device fabrication
and design. In particular, better control of the germanium profile
with respect to the electric field distribution in the device can
reduce the tunnelling current. Moving to waveguide-based germa-
nium/silicon APDs would also allow for detectors with an area
approximately 10 to 100 times smaller than the current normal
incidence devices, resulting in a corresponding reduction in the
associated bulk-dominated dark current. A second approach for
improving the sensitivity is to further reduce the value of k.4
Simulation shows that a sensitivity improvement of over 1 dB is
expected if kg decreases to 0.05. Studies have shown that k.4 can
be reduced by optimizing the multiplication region thickness®.
The challenge here would be to prevent germanium from
contributing to the multiplication process and to find the optimal
silicon multiplication thickness. Combining all of the improvements
mentioned above, we believe that a sensitivity of approximately
—32dBm could be achieved. This is a 3-dB improvement over
current state-of-the-art InAlAs APD receivers with the same
measurement conditions (that is, a BER of 1 x 107 '2, 10 Gbs™ !,
23! — 1 data length).

In this paper, we have demonstrated a monolithically grown,
CMOS-compatible germanium/silicon APD device with a gain-
bandwidth product of 340 GHz and a k.4 of 0.09. The optical
receivers built with the germanium/silicon APDs demonstrated a
sensitivity of —28 dBm at 10 Gb s™'. This is the highest gain-
bandwidth product demonstrated for operation at a wavelength of
1,300 nm and the first reported monolithic germanium/silicon
APD-based receiver that has such high sensitivity performance
comparable to that of commercial III-V based APDs. These germa-
nium/silicon APDs demonstrate that it is possible to build low-cost,
CMOS-compatible, silicon-based devices that are superior in
performance to APDs based on the traditional III-V materials.
For instance, further device optimization can have 3 dB or more
sensitivity improvement over commercial III-V APD receivers

for 10 Gb s™! operation. It is also possible to use this monolithic
germanium/silicon-based technology to design APDs that operate
at data rates of 40 Gbs™! or higher where the performance of
III-V APDs is severely limited. Outside the standard communi-
cation applications, one could now envisage new areas in biology
and sensing where arrays of low-cost and highly sensitive receivers
can fundamentally change how measurements are made.

Methods
Epitaxial growth and device fabrication. The device fabrication started with
epitaxial growth on (100) silicon substrates, with a typical resistance of 20 {)-cm,
in a commercial chemical vapour deposition (CVD) chamber. All the silicon
epitaxial layers were grown at 850 °C. The buried p-silicon charge region and
floating GR were then simultaneously made by boron implantation with a dose of
1.5 x 10" cm™2 Later, a two-step germanium epitaxial deposition was used to
minimize the misfit dislocation density due to the lattice mismatch. A relaxed,
unintentionally doped germanium seed layer was grown at a lower temperature
before the temperature was then increased to complete the growth of the layers.
This procedure, followed by continuous or cyclic thermal treatment, has been
demonstrated as an efficient way to reduce defect density inside germanium
epilayers®. Etch pit studies on films overgrowing this annealed layer have shown a
threading dislocation density of ~5 X 10° cm ™2, as compared to a pre-annealing
concentration larger than 1 x 10% cm ™2

Circular mesas were dry-etched and then wet-etched through the germanium
layer using a chemical mixture of H,0,:NH,OH:H,O and then dry-etched through
the silicon epitaxial films to the silicon substrate. Immediately following the etching,
the exposed mesa sidewalls were passivated with amorphous silicon and annealed at
elevated temperature, in the range 700900 °C. This step was done to further reduce
the threading dislocation density inside the germanium. A silicon dioxide film
was then deposited on top of the sample for planarization and to serve as an
anti-reflection coating at 1,310 nm. Titanium /aluminium contact pads were formed
on the top of the mesa and on the substrate. A coplanar waveguide (CPW)
transmission line with characteristic impedance of 50 £) was designed for high-speed
measurement probing.

Multiplication gain. To determine the gain of the germanium/silicon APD, the
primary responsivity was measured using a p—i-i-n device fabricated on the same
wafer as the APDs. This device is essentially the APD structure but with no doping
where the space charge region is normally located. The measured primary responsivity
was 0.55 AW~ ! at 1,310 nm, which agrees very well with the predicted value using
0.706 pm ! as the absorption coefficient of germanium. The gain was obtained by
normalizing the responsivity to the primary responsivity. Note that the gain at
punch-through voltage is greater than unity. This means that there is some impact
ionization occurring before punch through occurs. For practical applications, however,
this is not an issue because the operational bias is always well above punch through.

Excess noise. The excess noise of the devices was measured as a function of
multiplication gain, which was performed as follows. The device under test was
biased using a stable voltage source. An optical continuous-wave laser source at
1,310 nm was used to illuminate the APD. The a.c. component of the device output
(which is the noise of the photodiode in this case) was measured using a noise figure
meter (HP 8970B). The total noise power density was obtained at 130 MHz,

a frequency well above the 1/f noise regime. Careful system calibration was carried
out to remove relative intensity noise and amplifier noise. The noise of the APD was
then measured at various bias voltages. With known total current and gain at every
bias point, the excess noise factor F was then extracted as a function of the gain M.
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