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Germanium-on-silicon avalanche photodiode for 1550 nm
weak light signal detection at room temperature
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1. Introduction

Since the development of weak optical signal recognition
technology, the research community has made many important
discoveries in optical information fields, such as optical commu-
nication, artificial intelligence, and Internet of Things'").
A photomultiplier tube (PMT)**! with a vacuum tube structure
was first, to the best of our knowledge, used for weak light detec-
tion, which has the disadvantages of complicated fabrication
process, high cost, and large power consumption with relatively
large form factor. With the advancement of semiconductor
technology, semiconductor-based solid state photosensitive
detectors with high integration and stability, such as p-i-n
photodetector'*®! and avalanche photodiode (APD)""~"*!, have
been gradually replacing the PMT in many applications. Due to
the inner avalanche multiplication mechanism, APD in the
Geiger mode can be widely used as a single-photon avalanche
diode (SPAD) in weak light detection applications such as quan-
tum information, machine vision, and more recently LiDAR for
optical sensing!"*~"%),
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To optimize the dark current characteristic and detection efficiency of the 1550 nm weak light signal at room temperature,
this work proposes a Ge-on-Si avalanche photodiode (APD) in Geiger mode, which could operate at 300 K. This lateral sep-
arate absorption charge multiplication APD shows a low breakdown voltage (V;,) in Geiger mode of —7.42V and low dark
current of 0.096 nA at unity gain voltage (Vgain—1 = —7.03 V). Combined with an RF amplifier module and counter, the detec-
tion system demonstrates a low dark count rate (DCR) of 1.1 x 10° counts per second and high detection efficiency 7 of 7.8%
for 1550 nm weak coherent pulse detection at 300 K. The APD reported in this work weakens the dependence of the weak
optical signal recognition on the low environment temperature and makes single-chip integration of the single-photon level

Keywords: avalanche photodiode; optical detection; optical interconnection.

At present, commercial InGaAs/InP APD in the Geiger mode
has been widely used in weak light detection with a wavelength
of 1550 nm!"*?°!, However, due to the incompatibility with Si-
based integrated circuits, these discrete products are usually
bulky and cumbersome with limited portability. In contrast,
with the industrial-grade production capability of the Si CMOS
fabrication platform, Ge-on-Si APD has advantage of lower cost
than the InGaAs/InP device and can make up an efficient inte-
grated optical system with other Si-photonics elements, which
improves the overall stability of the detection system!*').
However, because of the lattice mismatch of 4% between Ge
and Si, there are lots of dislocation defects in the Ge buffer layer,
which contributes extra dark count noise under the electric field
and severely deteriorates the sensitivity of the APD'**). To sup-
press the dark count rate (DCR) of devices, existing SPADs need
to work at temperatures lower than 200 K**-**, However, the
refrigeration equipment increases the system cost and power
consumption. Furthermore, the narrow bandgap of Ge material
increases as the environment temperature drops, which
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degrades the absorption efficiency of Ge at 1550 nm. Therefore, ~ region is lower than that in the P-type region. Therefore, the
these devices operating at low temperature can only detect weak electrons in the I1 region hardly overcome the barrier and can-
coherent pulse with wavelength of 1310 nm effectively. To  not transit to the I2 region successfully, which inhibits the dark
address the need of weak coherent pulse detection at 1550 nm,  current effectively. With a high bias applied, the electric field in
this work proposes a waveguide integrated Ge-on-Si APD witha  the I2 region is high enough to induce the avalanche of the
lateral separate absorption charge multiplication (SACM) struc-  device. At the same time, the P region is fully depleted, and
ture. With unity multiplication gain voltage of —7.03 V applied,  the electric field in the Il region is also improved, resulting
the dark current of the APD is lower than 0.1 nA at 300 K. With  in the energy band in the P region being lower than the one
the pulse average photon number of one, the DCR and 7 of the  in the I1 region, and the free electrons effectively can move to
APD detection system at excess voltage (V) of 20% X V. are  the avalanche region for multiplication. At the same time, the
1.1 X 10° counts per second (cps) and 7.8%, respectively, which  electric field in the I1 region is much lower than 10° V/cm,
makes a 1550 nm weak light detection system operating at room  which can prevent the dislocation defects (recombination cen-
temperature possible. ters) at the Ge/Si interface from generating large dark current
noise under the action of the high electric field.

2. Device Design and Fabrication

The APDs were fabricated in a standard Si-photonics platform. 3. Device Performance

The structure diagram of the device is shown in Fig. 1.  To study the response performance of the device, a 1550 nm CW
Phosphorus and boron implantation in the 220 nm top Si sub-  light signal was guided to an optical grating, and the insertion
strate was performed to form N and P-type regions. The heavily ~ loss is about —4.35 dB/grating. Then, the light was coupled into
doped N++- and P++-regions are used to form ohmic contact  the absorption layer for photoelectric conversion, and the
with Al electrodes. The P region with doping concentration of ~ photo-generated current flowed in the Keysight B1500A for data
10" cm™ is used to adjust the electric field of two intrinsic  recording.
regions I1 and I2. The widths of intrinsic regions I1 and I2 Figure 3(a) shows the I-V curves of the device at the optical
are 0.5 pm and 0.4 pm, respectively. Subsequently, a Ge absorp- ~ power in the range of —30 to —10dBm. As the bias voltage
tion layer of 20 pm (length) X 2.0 pm (width) X 0.5 pm (height) changes from 0 V to —7 V, under the action of the barrier effect
was epitaxially grown on the Si substrate. of the P region, the electric field is confined in the avalanche
As depicted in Fig. 2, When the APD operates at alow reverse ~ region and hardly extends to the Ge region. Therefore, the dark
bias, the P region located in the middle of two intrinsic regionsis ~ current of the APD in the linear mode is only on the 0.1 nA
not depleted, resulting in the electric field unable to extend tothe ~ order, which is much better than that of the device with a p-
I1 region effectively, and the energy band of electrons in the I1 i-n structure. It can be found in Fig. 3(b) that as the reverse bias
voltage exceeds —7.42 'V, the avalanche probability in I1 gradu-
ally increases, which means that electron avalanche multiplica-
tion occurs. At the same time, the electric field in the I2 region
also increases, which gradually extends into the Ge absorption
layer and sweeps the photo-generated carriers to the avalanche
region for multiplication. Referring to Ref. [25], we define
—7.42V as the V, in the Geiger mode, which is lower than that
of other devices reported. Because the direction of the electric
field is not consistent with the distribution direction of the Ge
absorption layer and the Si substrate, under the barrier effect
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Fig. 2. (a) Distribution of valence and conduction bands in the 11 region at -2 V

and -9 V (Vy = 20%V4,). (b) The electric field distribution in the Si substrate at Fig. 3. (a) Photo-dark current of the SACM APD. (b) Avalanche probability sim-
-2V and -9 V. ulation of the SACM APD.
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of the P-type region, the electric field in the I1 region hardly fills  calculate the DCR of the detection system at different excess bias
the Ge absorption layer. Therefore, the electrons and holesinthe by Eq. (1), such that

absorption region cannot drift to the Si substrate at the satura-

tion speed, resulting in the 3 dB bandwidth of the device at V, DCR = 1 In(1 - p,), 1)
being about 64 MHz, which is lower than that of the p-i-n T

counterpart. The APD with a low working voltage can reduce
the energy consumption limit of the detection system, which
makes the realization of a large-scale on-chip detection system
possible.

The V,in=1 can be defined by dividing the simulated photo-
current of device and that of the p-i-n in technology computer
aided design software®!. The Vg, is about —=7.03 V, and the
corresponding primary dark current is 0.096 nA at 300 K, which
is much lower than that of the other devices with SACM struc-
turel” ", As reported in Ref. [30], the DCR of the APD in
Geiger mode is proportional to the primary dark current at
V Gain=1> Which means the lateral APD we designed has the ad-
vantage of low DCR in room-temperature weak light detection.
At the same time, under the barrier action of the P region, the
recombination of photo-generated electrons occurs, causing the
responsivity of APD at V,;,—; to be about 33 mA/W. However,
with the increase of the electric field in the I1 region, the detec-
tion performance of the APD in the Geiger mode can be
improved effectively.

Compared with the existing Ge-on-Si APDs with a wide ava-
lanche region, the avalanche region of the device is only about
0.4 pm, and there is a risk that the APD will be burned down if 1 1-p
the excess bias (V. / V1) exceeds 20%. Limited by the low accu- n= (— ln( d), (2)

where p,, is the dark count probability, calculated by dividing the
sum of dark count data in a time histogram over the total num-
ber of gate signals. It can be found in Figs. 3(b) and 5(a), as excess
bias increases, the avalanche probability of electrons gradually
increases, contributing to the increase of DCR. As the excess bias
achieves 20%, the DCR of the detection system is about
1.1 X 10° cps, which has the same order of magnitude as the
reported Ge-on-Si APDs working in the low-temperature envi-
ronment. With excess bias at 20%, the DCR of the system was
measured as a function of gate pulse repetition frequency. As
shown in Fig. 5(b), the DCR of the detection system increases
as the repetition rate increases, which is consistent with our pre-
diction and the discovery reported in other researches.

Next, the optical response performance of the lateral SACM
Ge-on-Si APD system for 1550 nm weak coherent pulse was
investigated. Considering that the sensitivity of the APD is lim-
ited at 300 K, our study focused on the detection efficiency  and
noise equivalent power (NEP) for weak coherent pulses with an
average photon number of one and full-width at half-maximum
(FWHM) of 50 ps, which are calculated by Egs. (2) and (3)12>2;

racy and high threshold of the time to digital converter (TDC), ) 1=p

to record the light and dark signals effectively, the experiment ho

setup shown in Fig. 4 was used'”’. By adding a commercial NEP = — +v/2DCR, (3)
RF amplifier module, the original electrical signal of the APD DE

can be further amplified. The amplified voltage signal was sub-  where (1) is the average photon number of weak coherent
sequently imported into the TDC to extract the dark and light  pulses, and p, is the total count probability in the light condition,
count data. calculated by dividing the sum of count data in the time histo-

The DCR of the APD in Geiger mode was studied first. To  gram over the total number of gate signals. /1 and v are the Planck
suppress the after pulsing noise of the device, we used a series  constant and frequency of the photon, respectively. As shown in
of pulses with repetition frequency in the range of 2 kHz to  Fig 6,  of the APD detection system rapidly increases as the
20 kHz and pulse width 7 of 5 ns as the gate signal, which  excess bias increases, which is due to the enhancement of ava-
was superimposed with the direct current (DC) signal by using  Janche probability, but the corresponding NEP is inversely pro-
a bias-tee and applied to the device under test (DUT). We  portional to the excess bias. With excess bias of 20%, the
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Fig. 4. (a) Setup of the weak light signal detection experiment. The red lines Fig. 5. (a) DCR of the detection system versus excess bias at 300 K. (b) DCR of
are the optical paths, and the black ones represent the electrical paths. the detection system versus repetition rate of gate pulse with 20% excess bias
(b) Diagram of the device under test (DUT). applied.
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Fig. 6. (a) Detection efficiency n of the detection system versus excess bias
at 300 K. [b) NEP of the detection system versus excess bias at 300 K.

detection efficiency # can reach 7.8%, and the NEP is about
2.4 x 107 WHz!/2. Since the average photon number of weak
coherent pulses is not much less than one, the 5 we extracted is
higher than the theoretical single-photon detection efficiency
(SPDE) of the system**. However, the  of 7.8% is still a high
detection efficiency of the Ge-on-Si APD system for 1550 nm
single-photon level signals. The SACM APD can effectively
improve the detection distance of Ge-on-Si APD for near-
infrared light signals.

It has been reported that a balanced detector structure formed
by two identical APDs in parallel can improve the sensitivity of
detection system'*"*?]. By applying the same bias to the APDs
and injecting the optical pulse signal into one APD, the output
signals of two devices are subtracted, which can suppress the
spike noise of the single APD in the gate Geiger mode and
improve the detection sensitivity of the detection system. This
method can enable the APD system to detect the weak coherent
pulse signals with an average photon number lower than one.
Meanwhile, the lateral SACM APD and RF amplifier module
both work within 10 V bias. This has a great advantage in power
consumption and makes the realization of a large-scale single-
chip integrated system for 1550 nm weak signal detection at
room temperature possible.

Finally, we investigated the time jitter of the lateral SACM
APD in Geiger mode. Because the accuracy of the TDC we used
is only 50 ps, which is far larger than those used in other reports,
time jitter of the detection system cannot be calculated accu-
rately. Through Gaussian fitting of the time count histogram
data recorded by TDC, the FWHM of histogram in Fig. 7 is esti-
mated to be about 585 ps. The corresponding system jitter cal-
culated by Eq. (4) is 248.4 ps, which includes the jitter of the
laser, the jitter of the RF amplifier, and the jitter of the Ge-
on-Si APD**!. According to the existing research!®*), the jitter
of the APD is inversely proportional to the excess bias, and
the jitter of the pure Si device is less than 80 ps. Therefore,
the large time jitter of the lateral SACM APD is mainly due
to the inability of carriers to drift at saturation speed in the
Ge absorption layer caused by the weak electric field:

FWHM

J/8xIn(2) @)

Glitter =
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Fig. 7. Histograms of the DUT at 20% excess bias.

Table 1. Detection Performance of Ge-on-Si APD in Geiger Mode.

Reference Temperature (K) DCR (cps) Wavelength (nm) (1) # (%)

[25] 80 5.34 % 10° 1310 01 527
[26] 78 3x10° 1310 -3

[27] 125 1% 10° 1310 001 294
This Work 300 11 108 1550 178

4. Conclusion

To address the problems of the high DCR of the Ge-on-Si APD
at 1550 nm and room temperature, this work proposes a Ge-on-
Si APD with a lateral SACM structure. By optimizing the con-
centrations and widths of the doped regions, the electric field in
the Ge-Si contact surface of the device is effectively suppressed,
and the primary dark current of the APD in linear mode is only
about 10" A at 300 K. The breakdown voltage in Geiger mode of
the lateral SACM APD is lower than 10 V. With the excess bias
of 20%, the DCR of the device is about 1.1 X 10° cps, which
weakens the dependence of the weak optical signal recognition
on the low environment temperature. For the 1550 nm weak
coherent pulse with average photon number of one, the detec-
tion efficiency n is 7.8%, and the corresponding NEP is
2.4 x 1071 W . Hz"'/2, The lateral SACM APD makes it pos-
sible to realize an integrated single-photon level weak signal
detection system working at room temperature and provides
hardware support for the handheld devices of LIDAR and other
weak near-infrared light detection applications.
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