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Abstract: Germanium-on-Silicon (Ge-on-Si) avalanche photodiodes (APDs) are of considerable
interest as low intensity light detectors for emerging applications. The Ge absorption layer detects
light at wavelengths up to ~ 1600 nm with the Si acting as an avalanche medium, providing high
gain with low excess avalanche noise. Such APDs are typically used in waveguide configurations
as growing a sufficiently thick Ge absorbing layer is challenging. Here, we report on a new
vertically illuminated pseudo-planar Ge-on-Si APD design utilizing a 2 um thick Ge absorber
and a 1.4 um thick Si multiplication region. At a wavelength of 1550 nm, 50 um diameter devices
show a responsivity of 0.41 A/W at unity gain, a maximum avalanche gain of 101 and an excess
noise factor of 3.1 at a gain of 20. This excess noise factor represents a record low noise for
all configurations of Ge-on-Si APDs. These APDs can be inexpensively manufactured and
have potential integration in silicon photonic platforms allowing use in a variety of applications
requiring high-sensitivity detectors at wavelengths around 1550 nm.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Silicon (Si) based photonics have received significant interest and investment in recent years due
to their promising potential for producing compact and cost-effective, high-performance photonic
integrated circuits (PICs) [1]. This is motivated by the vast array of emerging applications which
rely on such PICs, such as high-speed optical communication [2-5], remote sensing [6], light
detection and ranging (LiDAR) and 3D imaging-based platforms [7—11]. Avalanche photodiodes
(APDs) are highly suited for use in these applications as they can provide a 5 — 10 dB improved
sensitivity, compared to basic photodiodes, due to their internal gain (or multiplication factor,
M) [12]. The operation of an APD requires a p-n, or, more often, a p-i-n junction which is
reverse biased below the avalanche breakdown voltage. Low-intensity incident light can initiate
a readily detectable avalanche current via the impact ionization process. Due to the stochastic
nature of this impact ionization process, however, this internal gain always comes with the
penalty of excess noise factor, F. The relationship between F and M was derived by MclIntyre as:
F(M) =kM + (1-k) (2-1/M), where k = p/a is the ratio of the impact ionization coefficients of
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the holes, P, and electrons, o [13]. Despite the excess noise, the gain can reduce the effect of
the electronic noise on overall receiver sensitivity. Using an avalanche material, such as silicon,
with a small k of 0.02 - 0.1 can result in a higher useful avalanche gain which in turn leads to an
improved sensitivity [14].

Very recently, rapid developments in technologies such as free-space optical communications
and autonomous unmanned systems have driven the demand for APDs working in the short-wave
infrared (SWIR), as there are significant advantages for such systems when working in this
spectral region [9,15,16]. One of the main challenges of realizing a high-performance APD on an
Si platform operating in the SWIR spectral region is to design and fabricate an efficient absorption
region (i.e. with high responsivity and low dark current), since Si has a cut off wavelength of A =
1.1 ym. The use of germanium (Ge), which has a direct bandgap of ~ 0.8 eV at room temperature
without strain, in a Separate Absorption and Multiplication APD (SAM-APD) structure, provides
a means to absorb SWIR light on a Si-based platform, while utilizing an adjacent Si layer as a
low-noise avalanche multiplication region. The device performance, however, is often limited
by the 4.2% lattice mismatch between Ge and Si. This mismatch leads to a high number of
threading and misfit dislocations, as well as increased surface roughness, all of which tend to
result in a larger dark current and reduced compatibility with Si electronics compared to all-Si
APDs [17]. Kang et al. reported on a 1 pm thick Ge absorber in a SAM-APD configuration with
a high gain-bandwidth product (GBP) of 340 GHz [18] operating at a wavelength of 1310 nm.
Kim et al. [19] used a thicker 1.3 pm Ge absorber to achieve a unity gain responsivity of
0.35 A/W at 1550 nm and a maximum multiplication of 57. Using selective epitaxial growth
techniques, Duan ef al. demonstrated a responsivity of 0.3 A/W at 1550 nm with a 1 um thick Ge
absorber and a gain of 39 [20]. Other groups have used nanostructuring as a means to enhance
the absorption in a relatively thin Ge absorber [21]. In the past ten years, waveguide-coupled
Ge-on-Si APDs [22-27] have attracted extensive research interest due to the ease of growth of
thinner Ge absorbing layers with higher responsivities. Recent work has reported a waveguide
device integrated with distributed Bragg reflectors with a unity gain responsivity of ~ 1.25 A/W
with a maximum M of 14 when operated at 1550 nm wavelength [28]. Shi ez al. reported a
waveguide-coupled Ge/Si impedance resonance APD with a primary responsivity of 0.87 A/W at
1550 nm, dark current of 12 pA at 90% of the breakdown voltage and an ultrahigh gain-bandwidth
product of 1033 GHz [4].

Most of the previous work on surface-normal illuminated APDs in Ge on Si has involved some
form of mesa geometry. Recently, a new pseudo-planar geometry structure, using localized boron
implantation, was demonstrated to successfully centralize the very high electric-field in the Si
multiplication layer away from the device side-walls in single-photon avalanche diode (SPAD)
detectors operated at 1310 nm wavelength [29-32]. Here, we demonstrate the benefits of the
pseudo-planar design for a Ge-on-Si APD structure which reduces edge breakdown effects and
therefore enables high gain to be achieved. Dual temperature growth techniques [17,33-35] have
been shown to provide a way to address the challenges of producing a reliable device design and
growing the Ge layer on Si with much greater thickness than the critical thickness due to strain. In
this work, we have designed, fabricated and experimentally demonstrated pseudo-planar Ge-on-Si
APDs operating at 1550 nm wavelength and at room temperature. A 2 pm thick Ge absorption
layer enhances the primary responsivity at longer wavelengths, and a 1.4 um Si multiplication
region facilitates large gain with low excess noise. The device is grown and fabricated using
silicon foundry-compatible processes for low-cost and high-yield mass production, and in this
case, 150 mm diameter Si substrates were used. The experimental results demonstrate an APD
device with a primary responsivity of 0.41 A/W at 1550 nm, a high M of 101 (= 2 times higher
than previous Ge-on-Si mesa APD detectors), and a record F of 3.1 at a M of 20. This has allowed
the first demonstration of Si-based APDs with a high gain and low excess noise performance at a
wavelength of 1550 nm.
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2. Device growth, fabrication and structure

Figure 1(a)) shows a cross-sectional schematic diagram of the Ge-on-Si SAM-APD structure.
The inset of Fig. 1(a) shows the cross-sectional scanning electron microscope image of the
Ge-on-Si structure. Due to the thicker 2 ym Ge absorption layer, the pseudo-planar geometry
structure was modified slightly to centralize the very high electric-field in the Si region. We
used Silvaco TCAD to simulate device electric-field profiles with varying doping densities in
a 100 nm thick charge sheet layer. Figure 1(b)) shows the electric-field profiles in the centre
of a device with a charge sheet layer p-type doping density of 0.8 - 1.1 x 107 cm™ and at a
reverse bias of 50 V. The optimised charge sheet layer helps to maintain a low electric-field
in the Ge layer to avoid ionization in Ge (< 100kV/cm). Figure 1(c) shows a self-consistent
Poisson-Schrodinger calculation of the band profile at the Ge and Si heterointerface with 0.18%
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Fig. 1. a) A cross-sectional schematic diagram of an APD device. Inset: cross-sectional
scanning electron microscope image of Ge-on-Si structure. b) Electric-field profile simulation
for a device structure similar to (a) at a reverse bias of 50 V. The device has a 2 ym Ge
absorption layer, a 1.4 um Si multiplication layer and a 100 nm charge sheet thickness, with
three levels of p-type doping of 0.8, 1.0 and 1.1 x 10'7 cm™3. The dashed line indicates the
electric-field required for impact ionization in Ge at room temperature. c¢) A graph of band
energy calculation against position at the Ge and Si heterointerface with 0.18% strain in the
Ge at a reverse bias of 50 V. d) A microscope image of a new Ge-on-Si device with the bond
pad. The device diameter is defined as the boron implantation diameter.
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strain in the Ge at a reverse bias of 50 V. Such band alignment allows the photo-generated carriers
located in the L-valley of the Ge absorber to be very efficiently injected into the Delta-valley of
the Si multiplication layer. Figure 1(d)) shows an optical microscope image of a S0 um diameter
Ge-on-Si APD with an optical window diameter of 18 um. The details of device growth and
fabrication can be found in Supplement 1.

3. Experimental results
3.1.

The dark currents measured under reverse biased conditions in three different devices are
presented in Fig. 2(a). The measured forward bias current of device A is also shown. The forward
IV characteristics indicate ideality factors of ~ 1.2 and a device series resistance of < 2kQ. All
devices demonstrate clear avalanche breakdown at -55 V (determined when the dark current has
reached 100 pA). Compared to the previous generation of Ge-on-Si devices, with a Ge thickness
of 1 um [29,30], the optimization of the structure design and fabrication process has reduced the
reverse bias dark current. The dashed line in Fig. 2(a) presents the photocurrent measurement
when illuminated with a wavelength of 1550 nm by using a lock-in amplifier to remove the DC
dark current. The punch-through voltage is defined as the voltage at which the electric-field
depletes the charge sheet region and the absorption region. This is not necessarily the same as
the unity avalanche gain point as by the time the electric-field depletes the charge sheet region
and the absorption region, the electric-field in the silicon multiplication region is high enough to
give rise to significant multiplication. Figure 2(b) shows the secondary ion mass spectroscopy
(SIMS) elemental profiles of boron and arsenic. The boron present in the Ge is at the sensitivity
limit of the technique and similarly the arsenic in the Si is close to the detection limit at around
5x 10 cm™3. The total thicknesses of the Ge and Si layers observed using SIMS are in good
agreement with the design. However, the avalanche region thickness is effectively reduced from
1.4 um to approximately 1.3 um. This reduction is possibly due to the diffusion of boron and
arsenic during the growth of the Ge layer, and subsequent post-growth annealing which is used to
reduce the dislocation density at the heterointerface. The boron peak at the interface between Ge
and Si is possibly related to the misfit defects at the heterointerface preferentially trapping boron.

Dark and photo-current

a b
)1 072+ 1319 .
-3 Boron Ge Si
1071 (:;-.10151 —— Arsenic
1074 & £
10°] A~ € 10"74
—_ _ =~ £
< -6 e — ™ — -
:: 107° 4 \ \ 3;10161
g 1071 \ &
S 1078 X 7 104
o i i =
1074 |[——50 um device A 2 104
10710 |[——50 um device B 5
-11 50 um device C O 1013
10771 |- — 50 um device A (light)
10712 : . : T T T 1012 : . ‘ ‘ . - ‘
-60 -50 -40 -30 -20 -10 0 00 05 10 15 20 25 30 35
Bias (V) Depth (pm)

Fig. 2. a) Forward and reverse dark current (solid lines) in three different devices operated
at room temperature (22°C). The photocurrent measurements (dashed line) were taken using
a lock-in amplifier under 1550 nm wavelength illumination. b) SIMS elemental profiles of
boron and arsenic measured from the top surface of Ge at 0 pm.
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3.2.  Photo-spectrum and responsivity

Figure 3(a) shows a comparison of the device responsivity at a reverse bias of 25 V observed
when illuminated using a halogen light bulb source and a grating-based imaging monochromator
(black line) and discrete laser wavelengths (marked as circles). The device optical responsivity
was measured using a wavelength tuneable laser with a laser spot diameter of ~ 10 pym. The
measured responsivity of a reference Ge photodiode on Si substrate with a similar absorption
region thickness as our Ge-on-Si SAM-APD is 0.41 A/W under the same test conditions, giving
us the primary responsivity (full details of the structure can be found in the Supplement 1 section).
The predicted responsivity of a Ge photodiode with a 2 um thickness is 0.59 A/W at A = 1550 nm.
The difference between the measured and predicted responsivity is likely due to a non-optimized
anti-reflection coating and/or some recombination of photogenerated carriers at the SixN,/Ge
interface and at Ge/Si interface. The Ge-on-Si device responsivity, shown in Fig. 3(b), was
recorded under a wide range of reverse biases and surface-normal illumination conditions with
light from the monochromator. This Ge-on-Si device shows a cut-off wavelength of 1730nm
at a high reverse bias (i.e. with gain). It can be seen that the cut-off wavelength extends with
increased bias, which is strong evidence that the Franz-Keldysh (FK) effect [36,37] due to the
direct bandgap, is present in this device which helps to extend the operation to longer wavelengths.
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Fig. 3. a) The measured device responsivity using a white light and a grating-based
monochromator at a reverse bias of 25 V (black line and markers). The circles denote discrete
measurements made using a wavelength tuneable laser source. b) The device responsivity
at room temperature under a wide range of reverse biases from 10V to 54.8 V. The black
square is the responsivity measured from a Ge reference diode. c) Measured responsivity at
wavelengths of 1450 nm and 1550 nm.
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Fig. 4. a) A graph of the avalanche gain and responsivity vs reverse bias in the Ge-on-Si
APD devices at 1550 nm wavelength illumination (circular markers). The dashed line
corresponds to the RPL simulation with device layer thickness and doping as provided by
SIMS. (b) Excess noise factor as a function of multiplication at wavelengths of 940 nm
(red circular markers) and 1450 nm (black circular markers) from our Ge-on-Si APDs. The
black, pink and blue solid lines are results from commercially available Si APDs [42],
InGaAs/InP APDs [41] and a mesa Ge-on-Si APD [18], respectively. The dashed lines
indicate Mclntyre’s local model for fixed k values of 0, 0.05 and 0.1, respectively.

Not only is the device responsivity amplified through the avalanche process in the silicon, the
FK effect in the Ge absorber increases the overall device responsivity at wavelengths > 1600 nm.
Figure 3(c) shows the responsivity comparison when illuminated at wavelengths of 1450 nm
and 1550 nm. As this is a separate absorption (in Ge) and multiplication (in Si) design, there
should be no wavelength dependence in the multiplication and excess noise for all wavelengths of
light that are absorbed in the Ge layer as it is simply the electrons that enter the Si multiplication
region.

3.3. Avalanche gain and excess noise

The avalanche gain in SAM-APD can be found by normalizing the measured SAM-APD’s
responsivity to the primary responsivity measured from the reference Ge photodiode (i.e.: 0.41
A/W). Figure 4(a) shows the maximum measurable avalanche gain, M of 101, at a wavelength
of 1550 nm, which is two times higher than that previously reported with surface-illumination
of Ge-on-Si APDs [19,35]. The high performance is related to the reduction in the likelihood
of edge breakdown occurring through the use of the pseudo-planar geometry and a thicker Si
multiplication layer. Gain values obtained through simulations using the random-path length
(RPL) model [38] and the impact ionization coefficients of Si [39] are shown in Fig. 4(a) (red
dashed line). The modelled and measured gain values are in very good agreement. The excess
noise was measured in various devices using a transimpedance-amplifier-based circuit which has
a centre frequency of 10 MHz and a bandwidth of 4.2 MHz [40]. Figure 4(b) shows a plot of the
excess noise factor against avalanche gain at a wavelength of 940 nm (red markers) and 1450 nm
(black markers) with an effective k value between 0.04 and 0.1. The theoretical excess noise
factor given by Mclntyre’s local model [13] with a fixed k value of 0, 0.05 and 0.1 is included
for comparison (dashed lines). The excess noise results achieved by illumination with a 940 nm
wavelength light source are very similar when compared to longer wavelengths, suggesting
wavelength independence of F in these SAM-APD devices. To the best of our knowledge, this is
the lowest demonstrated F for short-wave infrared APDs fabricated on an Si platform. This low
excess noise performance is due to our device having a thicker avalanche region leading to a
smaller k value. For comparison, commercially available InGaAs/InP APDs show very high
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excess noise (black line) [41]. Si APDs have been reported with lower excess noise characteristics
(pink line), but this requires very high operating voltages due to a thick reach-through design
[42] and the results are for wavelengths below the silicon bandgap of ~ 1.1 um in wavelength.
The demonstrated excess avalanche noise from a mesa Ge-on-Si APD is F=2.5 at an M of 10
for a wavelength of 1310 nm is also included in Fig. 4(b) (blue line) [18]. Details of device
characterization methods can be found in the Supplement 1 section.

4. Discussion and conclusion

Table | shows the device performance of several surface-normal illuminated Ge-on-Si APDs and
state-of-the-art III-V APDs for comparison. Although we used a thick layer design to achieve
a better optical responsivity at a wavelength of 1550 nm and allow significantly higher gain
operation, the dark current density remains similar to other Ge-on-Si APDs. We are not aware of
any published experimental F at 1550 nm wavelength for APDs grown on Si substrates, however
at the lower wavelength of 1310 nm, an F of 2.5 has previously been reported for the relatively low
gain of M =10 [18]. The excess noise was not reported in [18] for M greater than 12. Recently,
an all-silicon microring APD demonstrated a responsivity of 65 A/W at a wavelength of 1310 nm
and dark current of 6.5 pA at -7.36 V [43].

Table 1. Device performance of surface-normal illuminated APDs in the SWIR.

Reference Platform Absorber/ Breakdown Dark current  Primary Max F F
multiplication voltage (V) at 95% Viq responsivity gain (M =10) (M =20)
layer thickness (A) and (A/W)

diameter

Present work Si 2/1.4 um 55 ~57x107% 041 101 24 3.1
(50 pm) (A=1550nm)

Ge-on-Si [18] Si 1/0.6 um 25 ~25%x107° 0.78 32 2.5 N/A
(30 um) (1310 nm)

Ge-on-Si [19] Si 1.3/0.7 um 26.1 ~15x107% 035 57 N/A N/A
(10 pm) (1550 nm)

Ge-on-Si [20] Si 1/0.7 ym 29.4 ~3.5x107% 0.3 (1550nm) 39 N/A N/A
(30 pm)

Ge-on-Si [35] Si 0.72/0.22 ym 56 ~1x107° 0.08 57 N/A N/A
(N/A) (1550 nm)

All Si [42] Si N/A 150 ~50x10712 0.5 (800nm) 100 1.5 2.1
(0.2 mm)

InGaAs/ InP N/A 55 ~9x 1078 0.9 (1550 nm) 30 6 11

InP [41] (0.2 mm)

GaAsSb/ InP 0.89/0.2 pm 50 ~78%x1077  0.5(1550nm) 130 1.52 2.48

AlGaAsSb [44] (50 pm)

GaAsSb/ InP 0.46/1.1 pm 67 ~65x1077 026 278 1.5 1.8

AlGaAsSb [45] (200 pum) (1550 nm)

III-V on Si [46]  Si 1.1/0.25 pm 22 0.5%x 107 0.54 22 3.52 5.56
(20 um) (1550 nm)

InGaAs/InAlAs InP 1.0/0.2 um 32 ~2x1077 0.48 120 2.8 4.5

[47] (30 um) (1550 nm)

Widely-used InGaAs/InP APDs can provide lower dark currents and higher primary responsivity
at a wavelength of 1550 nm, but the limitation of large excess noise from InP prevents operation
at M > 15. Recent reports suggest that the use of antinomy such as in GaAsSb/AlGaAsSb
APDs [44,45] can give much better performance than current InGaAs based APDs however this
technology is not yet mature and manufacturing costs are significantly higher compared to Si
based technologies. Furthermore integration with the electronics is likely to prove a challenge.
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In conclusion, we have demonstrated a new type of surface-normal illumination Ge-on-Si
APD design with a thicker absorption and multiplication layer for improving the main device
performance parameters without sacrificing the dark current. The present design has the potential
to be manufactured with high yield in a silicon foundry using standard silicon processes and
provides the potential for integration with well-established and low-cost Si-based photonic and
electronic devices. The APDs exhibit, to the best of our knowledge, the highest gain and the
lowest excess noise factor on any Si photonics platform and are capable of operating at the
strategically important wavelength of 1550 nm. Such a design can also easily be adapted into
free-space applications. Furthermore, the demonstrated structure can be utilized in large APD
arrays combined with well-established Si PICs for the next generation of sensing and imaging
applications.
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