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Abstract

Silicon photonics is one of the promising technologies for high-speed optical fiber
communications. Among various silicon photonic devices, germanium on silicon ava-
lanche photodiode (Ge/Si APDs) received tremendous attentions because of its superior
performance and integration compatibility. In 2016, normal incidence Ge/Si APD dem-
onstrated a NRZ 10~ sensitivity of —23.5 dBm at 25 Gb/s; more recently, a waveguide-
integrated Ge/Si APD receiver presents a 106Gb/s PAM4 sensitivity of —18.9 dBm.
These results are best reported performance among all APD-based devices, and these
breakthroughs are mainly benefited from Ge/Si APD’s structure and material character-
istics. Ge/Si APD adopts a separated charge-absorption-multiplication (SCAM) struc-
ture with a pure Ge absorber and an intrinsic Si avalanche layer. Since, Si is one of well-
known best avalanche materials with large gain-bandwidth products and low ionization
noise ratio, which make Ge/Si APDs demonstrating superior performance at high data
rates. Moreover, this Si-based device is manufactured by standard CMOS foundries and
is process-compatible with other silicon photonic devices including silicon-based wave-
guides, demux, hybrid, etc. This advantage simplifies the assembly of photonic systems
and makes a large-scale integrated silicon photonic chip possible, which provides com-
pact solutions for high-density communication systems. In this chapter, we review
recent progresses on Ge/Si APD structure design, material, and performance.

Keywords: silicon photonics, avalanche photodiode, high-speed, germanium on
silicon, Fiber communication
1. Introduction

Data traffic grows exponentially in last few years [1-4]. From 2018 to now, the
global digital data creation experiences a compound annual growth rate of 25% [5],
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and the estimated annual data traffic will be four times larger at 2025 [6]. All these
fast-expending data demands are accommodated by fiber communication systems. In
nowadays, more than 20% interconnects in data centers already reach operating data
rate of 100 Gb/s per lane [7]. To maximize bandwidth efficiency, latest systems adopt
various technologies including wavelength division-multiplexing (WDM), complex
modulations (PAM4), etc., which are inevitable to bring more penalties from original
ones. For instance, CWDM technology typically causes ~4.5 dB loss on optical powers
[8] and complex PAM4 modulation brings 4.8 dB loss compared to simple NRZ
modulation [9, 10]. Therefore, a high-speed and high-sensitivity solution is essential
to compensate these extra losses and to support the upgrades of data and telecommu-
nication systems to new generation.

Avalanche photodiode (APD) and coherent detection are most promising solutions
with gains. Compared to coherent detection, APD receivers have a variety of advan-
tages including smaller size, lower power consumptions, better latency, and lower cost
[11]. These merits make the large-scale deployment of APDs into high-sensitivity
systems. One example is the 29 dB-link budget requirement in 10 Gb/s passive optical
networks (PON) [12]. Photodiodes (PD) cannot meet such high requirement, and
APDs provide extra ~8 dB gains at data rate of 10 Gb/s or 25 Gb/s [13-15]. Thus,
millions of APD devices are utilized in PON systems for fiber-to-home applications.
However, when bandwidth is increased to 100 Gb/s in today, traditional APD’s addi-
tional gain drops to 2-4 dB [16, 17] that is related to InP-based material fundamental
limitations (poor gain-bandwidth products) [18]. On the other hand, Ge/Si APD
demonstrated a great linear gain-bandwidth products of 340 GHz [19], which are the
fundamental reasons of Ge/Si APD presenting better performance at higher data rates
such as 100 Gb/s and beyond.

2. Ge/Si APD structure and responsivity improvement

The first demonstration of high-speed Ge/Si APD was completed by Intel in 2007
[20], and that device shows a 3 dB bandwidth of 7 GHz at gain = 1. This device is a
top-illuminated device on bulk Si wafer, and device’s main functional layers include a
heavily n-doped silicon contact layer, a 0.5 pm thick intrinsic silicon multiplication
layer, a 0.1 pm thick p-type silicon charge layer, a 1 pm thick pure germanium
absorption layer, and a 0.1 pm heavily p-doped germanium contact layer as shown in
Figure 1.

This APD reports a responsivity of 0.52 A/W at 1310 nm, which is obvious worse
than 10 Gb/s III-V APD’s responsivity of 0.85 A/W [21]. The fundamental reason is
that Ge’s absorption coefficients are worse than Ing 53Gag 47As at O-band wavelengths.
To improve Ge/Si device’s responsivity, there have two promising designs including
resonant cavity-enhanced (RCE) structure and waveguide-integrated structure.

2.1 RCE normal incidence Ge/Si avalanche photodiode

RCE photodiode structure is studied by several groups using various materials
[22, 23]. The principle is adding both top and bottom reflectors to photodiodes’
active layers for forming a Fabry-Perot resonant cavity. The RCE design provides a
multi-pass absorption scheme for responsivity improvement but no impact on
high-speed characteristics. RCE photodiode’s quantum efficiency is given by following
formula [23]:
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Figure 1.
Cross section of Ge/Si APD on bulk Si substrate [20].

- < 1+ R, exp (—ad)
RCE =\ 1= 2/RiR; exp (—ad) cos (26L) + RiR, exp (—ad)

) (1—R1)(1— exp(—ad))
(1)

Here, R; is the reflectivity at top surface of RCE cavity, and R; is the reflectivity at
bottom surface, a is absorption coefficient, d is absorber thickness, L is the cavity
length, and f is the propagation constant.

Considering photodiode’s top surface is typically made by antireflection (AR)
coating with low reflectivity <5%, a high reflectivity surface at bottom is critical for
enhancing responsivity. Several papers reported Ge/Si RCE devices by using different
bottom reflectors [24-27]. One common solution is using SOI substrate: a reflection
happens at the interface between Si and buried oxide (BOX) layers because of large
refractive index gap. Especially for double SOI substrate, the bottom reflectivity can
reach >90% with optimized silicon and oxide thicknesses [24]. Alternative method is
to use CMOS-compatible metals such as aluminum with >95% reflectivity at optical
communication wavelengths (Figure 2) [28].

Figure 3 presented measured 25 Gb/s NIAPDs’ responsivity with and without RCE
structure. We can clearly see that: after achieving a > 100% improvement on
responsivity at peak wavelengths (1310-1314 nm), the RCE device’s optical band-
width becomes narrower like full width at half maximum ~40 nm.

Resonated photodiode’s optical bandwidth is related by free spectral range (FSR)
and Finesse (F), the full width at half maximum (FWHM) is given by following
equation [29]:

FSR 22 1— /RiRye ™

FWHM = = X
F gL g(RiRy) e

(2)

Here, A is operating wavelength, . is the effective refractive index, and L is the
total length of RCE cavity. Since, Ge/Si photodetector has thin absorption layer (e.g.
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Figure 3.
NIAPD responsivity with and without RCE at CWDM4 wavelengths.

<600 nm) for high-speed operations, which brings a narrow optical 3 dB bandwidth
(e.g. <50 nm) and not suitable for current 2-10 km data centers systems using
multiples wavelengths like CWDM4 [30, 31].

2.2 Waveguide-integrated Ge/Si avalanche photodiode

Waveguide structure has better solutions with high bandwidth and flat optical
spectrum simultaneously. The fundamental improvement of waveguide photodiode is
that photon-generated carriers move into a different direction from optical propaga-
tions, which breaks the trade-off between 3 dB bandwidth and responsivity on normal
incident devices.

Figure 4 presents evanescent coupling Ge/Si WGAPD devices [32]. In this design,
on-chip optical power is confined by Si waveguide and propagates to WGAPD. Ge/Si
WGAPD?s critical layers—Si multiplication, charge, and Ge absorption layers—are

4



Germanium on Silicon Avalanche Photodiode for High-Speed fiber Communication
DOI: http://dx.doi.ovg/10.5772/intechopen.107971

grown on these Si waveguide layers. Therefore, it has an unavoidable height between
silicon waveguide and Ge absorber, which degrades coupling efficiency and
responsivity [33]. For instance, evanescent Ge/Si WGAPD only shows 0.6 A/W
responsivity at 1550 nm even with 50 pm length Ge absorber [34].

Optimized waveguide design is recently reported recess-type structure [2], which
solves height difference by etching a recess into Si waveguide and selectively deposit-
ing Si and Ge films into the recess. Therefore, the gap between Si waveguide and Ge
absorber is minimized; as a result, evanescent device’s responsivity is improved >0.75
A/W [2]. Figure 5 presents the schematic cross section of recess-type Ge/Si wave-
guide APD.

Another advantage of this recess structure is using thick top Si waveguide, which
supports both TE and TM modes with low propagation losses. This structure only
needs one-side input optical waveguide without polarization rotator-splitter, which
reduces optical losses and improves external responsivity and overall performance.

Substrate

Figure 4.
Waveguide-integrated Ge/Si APD using evanescent coupling [32].

) Sirecess

Figure 5.
Recess-type waveguide-integrated Ge/Si avalanche photodiode [2].
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a) TE mode and b) TM mode propagation in recess-type Ge/Si WGAPD.

Figure 6.

Figure 6 shows technology computer-aided design (TCAD) simulations of both TE
and TM modes propagations in this recess-type WGAPD structure:

Figure 7 presents measured primary responsivity (gain = 1) of recess-type Ge/Si
APD. This result is extracted by WGPD structure using similar film thickness as
WGAPD, which shows a flat responsivity from 1260 to 1340 nm wavelengths and
suitable for CWDM4 system applications.

3. Ge/Si interface and Ge/Si APD RF performance

Ge/Si devices’ RF performance is discussed by several groups [35, 36]. However,
several critical effects were not comprehensively studied. For instance, Ge/Si interface
characteristics play an important role on APDs’ RF performance, because all photon
generated electrons must across this interface for electrical amplifications. Because of
4.2% lattice mismatch between Ge and Si substrate, a variety of dislocations are
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Figure 7.
WGAPD and NIAPD primary responsivity at CWDM4 wavelengths.

formed inside Ge epitaxial layer. Especially at Ge/Si interface, threading dislocation
density typically reaches 1x10%°/cm? [37]; in additional, volumes of misfit disloca-
tions [38] and lots of unpaired dangling bonds [39] locate at the interface region.
These characteristics cause several undesirable impacts on APDs’ RF performance.

3.1 Shallow-level defect states and its impact on RF performance

For Ge on Si films, different groups reported the observations of dislocations-
related deep-level defect states with energy level of 0.37 eV [40, 41]. This defect state
captures free electrons for non-radiative recombination and contributes to devices’
dark currents [42].

Different from deep-level defect states, shallow defect level state also found inside
Ge on Si film, which has an energy level of 0.02 eV above valence band and behaviors
as acceptors [43]. The fundamental formation of this shallow-level defect state could
be explained by unpaired dangling bonds at Ge/Si interface. Since Si lattice constant
(5.431 A) is smaller than Ge (5.658 A), many Si atoms (~10"3 atoms/cm?) are
unpaired at Ge/Si interface, which attract electrons like p-type dopants for forming a
stable covalence bond (Figure 8).

Several groups reported the existence of this shallow-level defect states by using
various Ge growth methods including ultra-high vacuum chemical vapor deposition
(UHV-CVD), reduced pressure chemical vapor deposition (RPCVD), and sputter
[43-45]. Figure 9 provides a summary of shallow-level defect state’s effective con-
centration. Based on reported data, defect effective carrier concentrations are
increasing near Ge/Si interface region. This phenomenon has similar trend of material
data: there have more unpaired bonds and more dislocations close to Ge/Si interface.

This shallow-level defect state brings serious impacts on device’s electrical perfor-
mance. First, high concentration reduces the mobility of photon-generated carriers.
For example, although hole mobility reaches 1900 cm*V ™" in intrinsic Ge film [46],
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Figure 9.
Shallow-level defect states’ concentration at Ge/Si interface vef. [43—45].

the number drops to only ~45 cm?V ! [43] at defect carrier concentration of
2 x 10" cm 2. Such mobility degradation significantly increases diffusion time in Ge
and then reduces 3 dB bandwidth.

Based on reported data, a 250-350 nm thick Ge with concentration > 10"//cm? is
found close to Ge/S interface. This p-type doped region requires high bias for deple-
tion and for carrier reaching saturation velocity. Figure 10a) and b) present the E-
field distribution comparison with and without shallow-level defect state:

Figure 10c) presents local electrical field intensity dependence on defect states’ carrier
concentrations. Given a 250 nm-thick Ge layer with 1 x 10" ¢cm 3 concentration, the local
E-field reaches ~150 kV/cm which can easily charge carriers energy beyond avalanche
threshold inside Ge [47, 48]. Considering poor Ge’s ionization coefficient ratio, e. g. ~1
[49], APD device’s transit time bandwidth is significantly degraded with avalanching
in Ge layer [50]. If this defect effective concentration is even larger like >2 x 10Y em 3,
the depleted region will have an E-field >200 kV/cm with even worse impacts like huge
leakage currents from band-to-band tunneling effects [51]. These problems completely
ruin high-speed APD devices. Therefore, it is extremely critical to control of Ge/Si
interface quality and many methods—Ilike dilute HF-last pre-clean, high-temp pre-bake,
low-temp pre-bake with HCl clean, in situ process—had been studied [52-55].
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Figure 10.
a) Ge/Si APD’s ideal E-field; b) Ge/Si APD’s E-field with shallow-level defect states at Ge/Si interface; c) E-field
need to deplete shallow-level defect states.

3.2 Ge/Si heterojunction and impact on RF performance

Ge/Si heterojunction is important for understanding carrier transport mechanisms
inside APD devices. Because Ge has an electron affinity of 4.0 eV close to Si value of
4.05 eV, different types of Ge/Si band alignment had been reported. Several studies
show Ge/Si type-I heterojunction [56-58], and other papers reported type-II
heterojunction [59-61]. To better understand this issue, we investigated free carrier
distributions at Ge/Si interface by using two different silicon substrates (either heavily
p-doped or heavily n-doped) (Figure 11).

Based on measured data, samples on either N-substrate or P-substrate show car-
riers’ accumulations at Ge/Si interface, which proves type-I heterojunctions because
type-1I band offset has no barrier for electrons’ accumulations.

Device-level data also support type-I heterojunction. Figure 12 shows measured
WGAPD S21 curves under different biases. At operating with bias lower than break-
down voltage (Vy,), APD’s S21 response is decreasing at high frequency with a 3 dB
bandwidth of 27.5 GHz. While, at high bias beyond breakdown voltage, RF enhance-
ment and peaking happen on APD’s S21 curves and then 3 dB bandwidths are
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Figure 12.
Measured S21 curves of Ge/Si APD under different bias.

increased significantly. These frequency response peaking and bandwidth enhance-

ments are related to negative differential resistance (NDR) effect [62, 63].

NDR effect has been frequently observed in quantum wells photonic devices, and
tunneling effect is used to explain this phenomenon [64, 65]. However, Ge/Si APD
utilizes bulk Ge on Si without quantum well; thus, the only possible energy barrier is
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the conduction band offset from type-I Ge/Si heterojunction. Another evidence is that
NDR enhanced 3 dB bandwidths only happened at Ge/Si APD with bias ranges beyond
V},: causing a local high E-field, which is significantly increasing the possibility of
electrons’ tunneling at Ge/Si interface as following diagram (Figure 13):

3.3 Re-visit Ge/Si APD’s gain-bandwidth product

Because of the NDR effect existence, it is necessary to revisit Ge/Si APDs’ reported
gain-bandwidth products. Table 1 summarized published Ge/Si APD gain-bandwidth
data with and without NDR effect.

Based on reported data, the same APD device’s shows obviously larger gain-
bandwidth product under NDR effect. However, such high-performance region is not
suitable for high-speed communication applications. One reason is that APDs’ S21
responses have frequencies-related peaking and drops, which bring drawbacks
including variations in group delay [72] and receiver’s DC responsivity losses. Another
reason is that NDR effect only happens at bias >V}, which led to high dark currents
(e.g. >1 mA) and high shot noise. Moreover, mA-level dark currents cannot meet
several commercial transceivers’ requirements such as loss of signals (LOS) under
weak input optical powers [73]. In summary, APD under NDR is not suitable for high-
speed communication systems, but it can be applied to single-photon detection like
Geiger-mode operations [74].

nSi
(undep)

Figure 13.
Ge/Si APD band structure under high E-field and NDR effect.
Operating type Gain-bandwidth product Gain-bandwidth product Ref
(without NDR) (with NDR)
Ge/Si NIAPD 340 GHz — [16]
— 840 GHz [66]
258 GHz — [67]
300 GHz 450 GHz [68]
Ge/Si WGAPD 360 GHz — [69]
— 310 GHz [70]
280 GHz 410 GHz [71]
300 GHz — 2]
Applications High-speed communication Single photo detection
Table 1.

Reported Ge/Si APD w/ and w/o NDR effect.
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3.4 Ge/Si APD equivalent circuit model

High-speed photodiodes’ or APD’s equivalent circuit model had been investigated
by different groups [70, 71, 75]. Typically, the circuit model includes transit time and
RC-time circuit models. The RC-time model in equivalent circuit contains both APD
junction parameters and parasitic parameters, which can be extracted by using fitting
results of S22 as shown in Figure 14(b). Different from III-V APDs on semi-insulating
substrate, Ge/Si APD device is developed on a SOI wafer with a thick buried oxide
layer (1-3 pm) with a great RF isolation. Thus, parasitic components have weak
impact on Ge/Si APD’s RF characteristics, and Table 2 presents values extracted by
circuit model.

(a)
Rse Lm
oNe 4115 O
BW_Tr . ——
Re| | =—¢, a—
Rm G
00 o
(b)
N
< ™
wn
Fitting WGAPD 5§22

—— Meas. WGAPD S22

freq (100.0MHz to 50.00GHz)

Figure 14.
a) Ge/Si APD circuit model; b) Ge/Si APD S22 measuved and fitting results.

Parameter Symbol Value
Shunt resistance Ren 4.6 MQ
Junction capacitance G 22.4 {F
Series resistance Ree 13.4 Q
Metal inductance Lm 140 pH
Pad capacitance Cpad 5.5 fF
Metal/sub-capacitance Cm 6.4 fF
Metal/sub-resistance R 1.6 kQ
Table 2.

106 Gb/s Ge/Si WGAPD junction and parasitic parameters.
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4. Ge/Si APD receiver performance and applications
4.1 Ge/Si APD receiver’s RF model

The RF model of entire Ge/Si APD receiver is the combination of APD equivalent
circuit model, transimpedance amplifier (TIA) model, interconnect model, and eval-
uation board’s model shown as Figure 15(a). The interconnect between APD and TIA
is generally achieved by a short gold wire, which typically can be considered a small
inductor [76]. With proper modeling of receiver S-parameters, the simulation S21
curves show great matching of measured results as Figure 15(b).

4.2 Ge/Si APD receiver’s sensitivity and overload performance

Sensitivity and overload performance are two mostly critical system-level specifi-
cations for high-speed receivers. For sensitivity, it is typically defined at certain
signal-to-noise ratio (SNR). APD receiver’s signal-to-noise ratio (SNR) is related to
several parameters including APD responsivity, gain and dark current, TIA noise
current, and receiver bandwidth like following equation [77]:

()

o 3)
- <iZ, >
N 24 (Liurk + Lohoro ) FB + =28
Re L (@
0 O  F——" O O— —O O— O O— —o
BW_Tr L — Ch — L Interconnect
Rer c Interconnect TIA +EVB
T | Rmﬁ Cpﬂ_ S-parameter S-parameter S-parameter
o¥e 0 O— O O— O O —0
£ 6 |
3 (b)
0 —
3
- ]
6]
an
mom )
T O 7
12
15—
| Meas. WGAPD+TIA S21
-18 —
- Simu. WGAPD+TIA S21 by circuit model
-2 | | | | | | | ! !
0 5 10 15 20 25 30 35 40 45 50
freq, GHz
Figure 15.

a) Ge/Si APD receiver model; b) Ge/Si APD receiver measured S21 and fitting results.
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Here, F is excess noise factor and related to APD gain (M) and ionization coeffi-
cient ratio k:

F:kM-i—(Z—]\ld)x(l—k) 4)

From Egs. (3) and (4), TIA noise current is inversely proportional to APD gains,
and excess noise factor is increasing with gain. APD SNR presents a parabolic curve
with gain increasing as shown in Figure 16:

On the other hand, the receiver overload happens at rms photocurrent value larger
than the threshold of TIA [79]. And rms photo current is given by [80]:

. gnmP,M

LN

For APD operating gain range of 1-8, APD receiver’ sensitivity P, is improved at
larger gain, but overload P, is degraded. Therefore, a trade-off is necessary for
balancing sensitivity and overload. Figure 17 presents our recess-type Ge/Si APD BER
results. Our receiver unstressed sensitivity reaches —18.9 dBm at BER 2x10~* which
provide >5 dB margin compared to 100 Gb/s per lane 40 km sensitivity specification
(—13.8 dBm) [81]. Moreover, our receiver presents a flat BER below 10~/ with input
optical power up to 0 dBm that provide enough margins for overload specifications
(—2.6 dBm) [81].

As shown in Figure 17, Ge/Si WGAPD receiver provides ~8 dB margin compared
to PIN photodiode solution. It provides record ~19 dB dynamic range for 106 Gb/s
operating, which supports both short reach applications like back-to-back and 40 km
long-reach applications.

(5)

= "‘x(\b) Avaiiable Jain

-9 | In case of 50 Gbit/s |
BW: 40 GHz HB5a

Relative sensitivity (dB)
»

-10
-11 | Noise: 20 pA/Hz"2
-12 :

10 100
Gain of APD

N

Figure 16.
50 Gb/s APD receiver sensitivity vs. gain [78].
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Figure 17.
106 Gb/s WGAPD and PD receiver performance vs. IEEE 100G-ER1-40 specification [2].

4.3 Ge/Si APD receiver’s current and future commercial applications

5G mobile network infrastructures are deployed worldwide. The data rate reaches
50 Gb/s at 5G front haul [82] and increases to 100 Gb/s at 5G middle/back hauls [83].
These applications require high-sensitivity devices for achieving passive networks
without optical amplifiers. Because of Ge/Si superior sensitivity and overload at 100
Gb/s, millions of Ge/Si APD receivers are deployed in 5G wireless systems in last few
years [84]. Moreover, Ge/Si APDs have more important applications including next-
generation fiber communication systems. One example is coming 800G/1.6 T inter-
connects inside data centers with 200 Gb/s per lane data rate. Such high-bandwidth

A PDIM/DD

Y APD IM/DD
. coherent

800G (
200Gb/s
per lane)

400G
(100Gb/s A

per lane) 400GBASE-FR4 400G

200G
(50Gb/s
per lane)

0.5km 2km

Figure 18.
IEEE/MSA standards and receiver solutions (current and futuve).
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applications degrade receiver’s sensitivities, and photodiodes can only cover operation
distances within 2 km [85, 86]. For other 2 km and beyond applications, APD
receivers become one of most attractive solutions because of their high performance.
Figure 18 presents various IEEE standards and related receivers’ solutions with
different data rates and operation distances:

5. Conclusion

In this chapter, we study structure evolutions from Ge/Si NIAPD to recess-type
Ge/Si WGAPD. The latest structure provides high responsivity and flat operation
spectrum suitable for WDM schemes. Moreover, we comprehensively analyze Ge/Si
APD’s essential characteristics including shallow-level defect states, heterojunction
type, NDR effect, and gain-bandwidth products. These studies provide fundamental
understandings of Ge on Si materials and related APD’s performance. Furthermore,
we review our Ge/Si APD receivers’ sensitivity and overload including receivers’
applications in current and future optical fiber and data communications.
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