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Abstract

Characterization, Simulation and Modeling of

Waveguide-Type Ge Photodetectors on Si

Jeong-Min Lee

Dept. of Electrical and Electronic Engineering
The Graduate School

Yonsei University

Si photonics is attracting a great amount of research interests as it
can realize highly integrated photonic circuits based on mature silicon
processing technology and provide solutions for the interconnect
bottleneck of high-performance electronic systems. The photodetector
(PD) is one of the key devices for realizing photonic integrated circuits,
and high-performance germanium photodetectors (Ge-PDs) that can

detect 1.5-um wavelength light can be realized with silicon processing

Xil



technology. High-speed waveguide-type Ge-PDs on Si as well as high-
performance integrated optical receivers containing these PDs has been
reported.

This dissertation focuses on characterization, simulation and
modeling of waveguide-type Ge PDs on a Si-on-Insulator substrate.
Ge-PDs investigated having two different vertical and lateral p-i-n
junction types are realized using IME’s and IHP’s Si photonics
technology, respectively. The series resistance effect to Ge-VPDs, Si
waveguide width effect, and n- and p-doped region areas effect to Ge-
LPDs are investigated and they are characterized from DC, AC, and
noise measurements. Furthermore, to better understand their
characteristics in detail, new technique for co-simulation with TCAD
(Technology Computer Aided Design) Sentaurus and Lumerical FDTD
(Finite-Difference Time-Domain) simulation tools is established. By
using this, transportation of photogenerated carriers in absorption
regions for various waveguide-type Ge-PDs can be investigated. An
modified equivalent circuit model 1.5-um Ge-PDs is also developed for
accurate analysis in this dissertation. This model consists of RC passive
circuit components for representing p-i-n junction and parasitic
components, two current sources for diffused and drifted

photogenerated carrier transports, and one noise current source. Model

Xiii



parameters are extracted from electrical S-parameter measurements,
TCAD simulations of photodetection frequency responses, and noise
measurements. The resulting equivalent circuit model accurately
provides photodetection frequency responses at different bias voltages
and can be applied to other types of PDs. This should be of great use
for analyzing PD performance and optimal integrated with electronic

circuits for Si-based applications.

Keywords: co-simulation, equivalent circuit model, Ge photodetector,
optical interconnect, photodetector noise, photodetection frequency

response, Si photonics, TCAD
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1. Introduction

1.1.  Optical Interconnect

Interconnect is a connection for the purpose of communication. Fig.
1-1 shows interconnect as different distance between thousands of
kilometers to less than a millimeter. The long distance interconnection
corresponds to cross-continent or trans-ocean telecommunication and
short distance corresponds to board-to-board, inter-chip, and intra-chip
interconnects [1]. Optical interconnect based on optical fibers has
dominated long distance interconnections due to its broad bandwidth,
immunity to electro-magnetic interferences, and low attenuation over
long distance [2] and electrical interconnect based on copper wires has
dominated short distance interconnections.

Optical : Copper

Chip to Chip
Metro & ¢)‘,

Long Haul <=

0.1 - 80 km Billions

4 ~o N =
‘f' s - Board to Board
N2 w = 50 - 100 cm
'EE ‘ 2]
, Rack to | Millions

\E\(; Rack

sawnjopn

1to 100 m

Decreasing Distances—

Fig. 1-1. Interconnect in different distances [1].



Nowadays, since explosive growth of data is held in variety of
fields and usage of smartphones and cloud services are increasing as
can be seen in Fig. 1-2, large data transmission and processing are
required. As a result, the capacity of data center is getting more
important. One of the consequences is that the data center traffic is
estimated as doubling every 12 months [3]. Therefore, not only many
distributed hardware has faster multi-core CPUs for more efficient
computation, but also more connectivity to cover increasing link speeds

and lengths is required in data centers.

Personal Media Business Medical Social Media Science
ey | ‘
\ ‘('-_‘ e ! n 4
got PR

Ave.FilesonHD Retail Customer DB  Clinical Image DB HD video forecast Physics (LHO)
54GB 12 EB/yr 300 EB/yr

s a

More than 15B
connected
devices by 2015

Qe

Kiosks Medical  Network Digital Test& Security In-Vehide
Imaging  Appliances Signage Measurement  Sypveillance  Infotainment

Fig. 1-2. The explosive growth of data [4].



However, electrical interconnect based on copper wires has some
difficulties in being capable of increasing the data capacity, power, and
volume. Optical interconnect can be an attractive candidate to fulfill the
requirements due to the reason that fiber-optics provide broad
bandwidth, low loss and power consumption, small volume. This can
be achieved by using several transmission methods as shown in
Fig. 1-3 such as WDM (wavelength division multiplexing) which
multiplexes a number of optical carrier signals onto a single optical
fiber by using different wavelengths [5], and PSM (parallel single
mode) which wuses a parallel optical interface where data is

simultaneously transmitted and received.

A A A
OTx eed ORx | [OTx

OTx " o] [
A A A
OTx J=—ed U ﬁl —JOorx] [O7x
3 X 3 3 ]
o : : :

: \ : : . :
OTx eed ORx | [OTx

(a) WDM (b) PSM

Fig. 1-3. Fiber-optic transmission types: (a) WDM and (b) PSM.



Optical interconnect used in data center connectivity is shown in
Fig. 1-4. In here, electrically modulated signals are converted to optical
signals by lasers and external optical modulators. Transmitted optical
signals through optical fiber are detected and converted to electrical
signals by photodetectors and corresponding electrical signals are
treated by various functions of electronic circuits. Additionally, WDM
or PSM technology can be used for transmitting large data through
optical fibers.

The mature Si IC technology can realize high-performance and
low-cost electrical circuits. However, optical devices based on III-V
materials used in long-distance communications are not compatible
with Si IC technology because it costs a lot to fabricate and integrate
with electrical circuits on different platform. Therefore, Si-based
optical devices receive a lot of attention for realizing low-cost optical
interconnect.

Nowadays, Intel announces noteworthy optical transceiver products
which are composed of Si-based optical devices by using Si photonics
technology and Si CMOS circuits on single Si chip [3]. They also adopt
various transmission methods such as PSM4 and coarse WDM
technology to support 100-Gb/s data transmission for interconnection

between row to row. This provides small form factor, high speed, and



low power consumptions. This implies infinite possibilities and a lot of
potentials of optical interconnect, which can be a great solution for the

interconnect bottleneck of high-performance electronic systems.

Laser

Filter

Modulator

Circuitry

Photodetector

(Intel, The Questto Siliconize Photonics)

Fig. 1-4. The composition of optical transceiver on Si[1].



1.2.  Si Photonics Technology and its Application

Si material is transparent at the wavelengths of 1300 and 1550 nm
which are widely used in fiber-optic communication. Si waveguide can
be realized with high refractive index contrast by using Si and its own
oxide (Si0O;). The dimension of waveguide can be determined by Si
semiconductor fabrication process and various kinds of waveguide-
based optical devices can be realized by fabrication technology.

Many foundries such as IHP, IME, IMEC, and CEA-LETI support
this optical device fabrication on SOI (Si-on-Insulator) substrate as
MPW (Multi-Project Wafer) services. MPW service represents dividing
the wafer space to different users and hence fabless companies and
users can realize optical devices and electronic circuits at relatively low
cost. Using this, cost-effective photonic integrated circuits can be
realized as shown in Fig. 1-5 including waveguide-based passive and
active optical devices such as grating and directional coupler, Ge-on-Si
photodetector (Ge-PD), and Si Mach-Zehnder (MZM) or micro-ring
modulators (MRM). Unfortunately, since Si laser is not available for
commercialization now, additional fabrication and packaging cost for

integration with the other are required yet.



Building blocks of silicon photonic

— )
Ly
g

Grating Germanium waveguide b
A

counler shotodatacior
coupeer prictouetecion

(Matthew Streshinky et al., The Road to Affordable, Large-Scale Silicon Photonics)

Fig. 1-5. Building blocks of silicon photonic systems [6].

These Si-based waveguide-type optical devices with various
functions can be applied to various applications such as optical
transceiver [7], bio-sensor [8], and radio-over-fiber system [9].

Fig. 1-4 shows the composition of optical transceiver used in data
center connection. In here, electro-optical (E/O) and opto-electronic
(O/E) conversion and blocks for multiplexing and demultiplexing
optical signals, and interconnection between optical devices are needed.
By using Si photonics technology, various optical couplers, filters,
modulators, and detectors can be fabricated on Si platform to realize
cost-effective as well as high-performance optical transceivers.

Si photonics technology can be also applied to bio-sensor chip [8]



and fiber-wireless system [9]. Fig 1-6 shows MZI based bio-sensor chip
[8] and this uses refractive index difference between standard and
sensing arm interacting with sample. The recombined optical signal is
converted to electrical signals for signal processing by low-noise
photodetector and electronic circuits. Optical devices and electronic
circuits used in bio-sensor can be fabricated on Si substrate by Si
photonics technology which provides cost-effective bio sensor
application. Fig. 1-7 shows schematic diagram of fiber-wireless
systems (uplink part) for being capable of data capacity increasing and
a decrease of wireless coverage [9]. For this application, optically
modulated signals are transmitted between central office and RAU
(remote antenna unit) through optical fiber and for downlink and uplink,
O/E and E/O devices as well as electronic circuits for signal processing
are required in RAU. This can be also realized on Si by using Si
photonics technology at low cost and a good example of applying to
optical interconnect.

Although there exist technological constraints and challenges to
optical interconnect by Si photonics technology, it has many potentials
and possibilities for providing high-performance and cost-effective

optical devices as well as compatibility with Si IC technology.
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Fig. 1-7. Schematic diagram of fiber-wireless system [9].



1.3. Ge Photodetectors on Si

As introduced before, various optical devices on Si are required for
cost-effective optical interconnect applications. For these applications,
high-performance photodetector which can detect light is needed for
converting optical to electrical signals. Light detection at around 1300
and 1550 nm which is used for optical communication is not available
in Si which is transparent in 1300-1600 nm regions. To detect light in
these ranges, materials that can absorb light are required such as Ge or
Ge containing or III-V compound materials such as InGaAs and InP.

Many Si photonics foundry services select Ge material because it
provides high-quality Ge on Si now despite of 4% lattice mismatch
between Si and Ge which causes misfit and threading dislocations [10],
high carrier mobility of Ge which is proper for high-speed
photodetector, and low fabrication and packaging cost expended in
heterogeneous integrated I1I-V photodetectors on Si.

To provide high-performance photodetector on Si platform, various
types of Ge-on-Si photodetectors are currently researching and
reporting [11]-[13]. Light coupling of photodetectors are categorized
by two types as shown in Fig. 1-8: one is normal incidence which is the

light coupling scheme with introducing light on the top or bottom
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surface of photodetector [14] and the other is waveguide-type
photodetectors which light is delivered to the photodetector by grating
or edge coupler based on optical waveguide [15]. For high-responsivity
photodetectors with normal light incidence, large thickness of Ge
region is required for increasing absorption rates, however, this causes
large junction capacitance resulting in large RC time constants and this
limits the photodetection bandwidth. Since this is not proper for high-
speed optical interconnect applications, waveguide-type photodetectors

are preferred for high-speed operation.

substrate

(a) (b)

Fig. 1-8. Light coupling schemes: (a) normal incidence [14] and (b)

waveguide coupling [15].
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Waveguide-type Ge photodetectors on Si are realized by lateral p-i-
n [I1], vertical p-i-n [12], and Metal-Semiconductor-Metal [13]
structures and avalanche photodetectors [16]. Table 1-1 shows
summarized waveguide-type Ge-PDs on Si and they have shown high
responsivities, low dark current densities, and large photodetection
bandwidth with the same or better than photodetectors based on III-V
materials on Si. Ge-PD on Si fabricated by using Si photonics
technology can be applied to many various applications due to its
outstanding performance as well as low-cost fabrication. Therefore, this
dissertation is focused on the waveguide-type Ge-PDs and their

characteristics are investigated intensively.
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TABLE 1-1
PERFORMANCE COMPARISON OF WAVEGUIDE-TYPE GE AND III-V ON

S1 PHOTODETECTOR.
IBM IMEC IHP
[20] [21]
[17] [18] [19]
Absorpti
InP
on Ge InP
/InGaAs
Material
Fabricat
. Growth Bonded | Growth
ion
Metal- .
) . Uni-
Junction | Semicon | Lateral Lateral Vertical )
travelling
type ductor- P-I-N P-I-N P-I-N i
carrier
Metal
Responsi | 0.14 A/W | 0.74 A/W | > 1 A/W 0.45 0.85
vity (at-1V) | (at-1V) | (at-2V) A/W A/W
Photodet > 70
40 GHz | 67 GHz 30 GHz
ection GHz 33 GHz
(at-2V) | (at-1V) (at-5V)
BW (at-1V)
Dark 90 nA <2.4nA | 100nA 1.6 nA 10 nA
current | (at—-1V) | (at-1V) | (at-1V) | (at—4V) | (at-5V)
Absorpti
on
region 100 nm 160 nm 500 nm 700 nm 300 nm
thicknes
S

13



1.4. Equivalent Circuit Model of Photodetectors

For high-performance optical interconnect, high-performance Ge-
PD on Si as well as integration with electrical circuits are important.
Accordingly, interconnect between photodetector and corresponding
electronic circuits should be considered for optimal performance. As a
result, co-design with photodetector and electronic circuits are a great
importance. For this, accurate equivalent circuit models of a variety of
photodetectors are established containing various characteristics of bias
dependency, optical-power dependency [22], and nonlinearity at large
input optical power [23]. In addition, by virtue of this, a lot of
approaches of integrating photodetectors and electronic circuits can be
implemented by co-simulation and optimal design as well as
performance analysis of low-power consumption and signal-to-noise
ratio can be possible [24]. Therefore, accurate equivalent circuit models
of photodetectors are required for improved integration without
performance degradations and several approaches for establishing
equivalent circuit model of photodetectors are researched [25]—[27].

Fig. 1-9 shows an equivalent circuit model of photodetector
composed of circuit components used in several publications [25]-[27].

The model is consisted of two parts: First part is one frequency
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dependent current source model for representing photogenerated carrier
transports in absorption region and second is electrical components of
photodetector which can be represented as passive RC circuit
parameters. For reverse biased photodetector, most photogenerated
carriers in absorption region are assumed that carriers experience
sufficiently large electric field for carrier drift and one frequency-
dependent current source model having single-pole frequency
determined by carrier drift velocity is widely used [27]. In addition,
reverse-biased photodetector can be considered as parallel connected
Jjunction resistance (R;) and capacitance (C;) for depletion region, series
resistance (Rs) for charge neutral region, and parasitic impedance (Zpara)

for interconnect line and pads.

I, model —

R N-port P-port

(211.' Tdrm)il f [HZL

In<d> Ci=—= Rj‘T“ Rs

Fig. 1-9. Equivalent circuit model of photodetector with Z,.
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The model parameters used in equivalent circuit model in Fig. 1-9
are generally extracted and determined by process of fitting the
simulated results based on model to measured electrical reflection
coefficient and photodetection frequency response results [26].

However, as can be seen in Fig. 1-10, for several waveguide-type
Ge-PD, this model cannot accurately model photodetection frequency
responses [18], [28]-[29], especially at low-frequency range where the
measured responses show a clear roll-off. This means that equivalent
circuit model of waveguide-type photodetectors need to be modified

according to the given device structures and configurations.

Photodetection
Frequency Response [dB]

N, é
O Measurement result o
-4.5 I | Simulation result 7
10 20 30 40

Frequency [GHZz]

Fig. 1-10. Photodetection frequency response differential between

measured and simulated results based on equivalent circuit model in

Fig. 1-9 of Ge-VPD at -1 V.
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This dissertation mainly focuses on waveguide-type Ge-PD on Si and
how equivalent circuit model should be modified and how accurate
model parameters can be determined. In chapter 5, the modified
equivalent circuit model is introduced and the difference with model in
Fig. 1-9 is also investigated. Furthermore, autonomously developed
TCAD with FDTD simulation for extracting model parameters are
introduced which provides enhanced accuracies than extraction by
fitting the simulated results based on model to measured frequency
response results.

By using this model and model parameter extraction, the
characteristics of several waveguide-type Ge-PDs are investigated in
chapter 6. These will be very useful for investigating photodetector
performance analysis and co-designing the optimum integrated
photodetector and electronic circuits on circuit simulator circumstance
such as SPICE (Simulation Program with Integrated Circuit Emphasis),

Cadence, ADS (Advanced Design System) and so on.
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1.5. TCAD Simulation

For accurate equivalent circuit model of photodetector, accurate
model parameters need to be provided and especially, the transportation
of photogenerated carriers in absorption region should be interpreted
for establishing current source model in Fig. 1-9. For simple structure
of photodetector, this can be estimated by using simple physical
equations or fitting the measured frequency response results to be
simulated. However, this may not be easy for waveguide-type
photodetector due to its complicated structures.

TCAD is the computer simulation tools that can investigate and
develop semiconductor technology process and device characteristics.
This can interpret the carrier transportation in semiconductor devices,
numerically. This also provides graphical user interface (GUI) -based
simulation environment for simulation and analyses for simulated
results.

The TCAD process and device simulation tool supports a wide
range of electrical and optoelectronic devices such as CMOS, BiCMOS,
power, memory, and analog/RF devices and CMOS image sensor, solar
cell, and photodetector, respectively. TCAD reduces technology

development time and cost which is useful for development, and
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optimization of semiconductor technologies with comprehensive
physical based modeling where, in turn, TCAD simulation provides
engineers with insights on the behavior of semiconductor devices.
Synopsys TCAD Sentaurus, Taurus MEDICI, SILVACO and ATLAS
provide this as commercial software.

In this dissertation, photogenerated carrier transports in waveguide
which is complicated to estimate are interpreted by using TCAD
Sentaurus simulation. This helps to provide model parameters of

current sources in equivalent circuit model with improved accuracies.

Synopsys TCAD Sentaurus

TCAD Sentaurus supports various types of tools according to
different objectives. Sentaurus Process and Sentaurus Topology is used
for process simulation, Sentaurus Structure Editor for structure editing,
Sentaurus Device, Raphael, Sentaurus Interconnect for device and
interconnect simulation, Sentaurus Visual and Inspect for visualizing
simulation results.

Sentaurus Structure Editor is a 2-D and 3-D device editor for
editing device structures using geometric information. Doping profiles
and meshing strategies can be defined in Structure Editor. Sentaurus

Device simulates the electrical, thermal, and optical characteristics of
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silicon-based or compound semiconductor devices in 2-D and 3-D.

Sentaurus Device has an extensive set of physical models and
parameters of materials, and can simulate DC, AC, and transient and
harmonic balance analysis. Small-signal scattering parameters (S-
parameters) also can be simulated as different frequencies.

Sentaurus Visual and Inspect provides 1-D, 2-D, and 3-D and 1-D
visualization, respectively and data exploration environment. These
supports enabling post processing of output data to generate new curves

and extracted parameters.

1.6. Outline of dissertation

This dissertation focuses on characterization, simulation, and
modeling of waveguide-type Ge-PDs on Si. The main contribution of
this work is establishing an accurate equivalent circuit model of
waveguide-type Ge-PD on Si and providing the way of model
parameter extraction using TCAD Sentaurus simulation with improved
accuracies. With this model, quantitative investigations and
characterizations of several different types of waveguide-type Ge-PDs
are performed in this dissertation.

Chapter 2 shows device descriptions of waveguide-type Ge-PD
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investigated in this dissertation. Two different photodetectors having
vertical and lateral p-i-n junctions (Ge-VPD and Ge-LPD) are realized
by using IME and IHP Si photonics fabrication process, respectively.
The detailed device structures and configurations are explained in this
chapter.

In chapter 3, the waveguide-type Ge-PDs are characterized by DC,
AC, and noise measurements and their setups and sampled data are
shown. For DC characterizing, measurement setup for current-voltage
and photocurrent linearity are introduced and they are characterized
according to a variety of conditions such as bias voltages and input
optical power with measurement results. For AC characterization,
electrical S-parameter and photodetection frequency response
measurements and their setups are introduced in this chapter.
Furthermore, PD noises are measured by using noise measurement
setup and the derivation for accurate emitted PD noise is also shown in
this chapter.

Chapter 4 introduces developed waveguide-type Ge-PD simulation
using TCAD Sentaurus and Lumerical FDTD tools. The light guiding
and absorption in waveguide are simulated using FDTD tool and the
transportation of absorbed photogenerated carriers are interpreted in

TCAD. For this, the information of photogenerated carriers calculated
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by FDTD is imported to TCAD and the procedure for that is mainly
introduced in this chapter. By using simulation technique, the several
important model parameters are extracted and identified.

Chapter 5 shows modified equivalent circuit model of waveguide-
type Ge-PD. For waveguide-type PD, typically used equivalent circuit
model needed to be modified. In this chapter, why the model should be
modified and how to model that in the model are intensively
investigated. The model parameters are extracted by using previously
introduced AC measurements in chapter 3 and developed TCAD
simulation in chapter 4, respectively.

In chapter 6, the characteristics of several types of Ge-VPDs and
Ge-LPDs fabricated by IME and IHP fabrication process are
investigated, respectively. Two types of Ge-VPDs having different
series resistance, four types of Ge-LPDs having different Si waveguide
width, and four types having different n- and p-doped region areas are
realized and their influence on PD performance are discussed with a
variety of measurements and investigated based on their equivalent

circuit models.
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2.  Device Description of Waveguide-Type Ge

PDs

2.1. Vertical P-I-N Junction Photodetector (Ge-VPD)

Fig. 2-1(a) and (b) show the top-view and cross-section of the Ge-
PD having vertical p-i-n junction type (Ge-VPD). In this dissertation,
as can be seen in Fig. 2-1(b), it was fabricated on 220-nm thick Si-on-
Insulator (SOI) layer having 2-um thick buried-oxide layer (BOX)
through the IME Si photonics MPW service as shown in Fig. 2-1(c)
[30]. The Ge-VPDs are composed of highly n-doped Ge (N""-Ge) layer,
0.5-um thick intrinsic Ge (i-Ge) layer, and 0.22-um thick p-doped Si
(P"-Si and P""-Si) layer, vertically. The devices are nominally 7-um
wide on the top, 8-um wide at the bottom, and 11-pum long. The peak
doping concentrations are 1.27 x 10*! cm™ for N™-Ge, 3.5 x 10" cm™
for P*-Si, and 5 x 10% c¢m™ for P™"-Si which are provided from IME
foundry. Series resistance of PD is mainly determined by n- and p-
doped charge neutral regions. In this dissertation, the influence of bias
voltage dependency and series resistance on Ge-VPD performances as

current-voltage and linearity characteristics are investigated and their

equivalent circuits are also established.
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Fig. 2-1. (a) Top-view, (b) cross-sectional view, and (c¢) fabricated chip

photo of Ge-VPD.
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2.2. Lateral P-I-N Junction Photodetector (Ge-LPD)

Fig. 2-2(a) and (b) show top—view and cross-section of the Ge-PD
having lateral p-i-n junction type (Ge-LPD). In this dissertation, Ge-
LPDs having lateral p-i-n junction are fabricated by using IHP photonic
BiCMOS process as shown in Fig. 2-2(c) which technology can
fabricate integrated photonic devices and electronic circuits on single
chip [19]. However, at this time, most BiCMOS frontend-of-line
fabrication process are excluded for focusing on photodetector module
only, except the CoSi, module for silicide process. Epitaxial grown Ge
layer is on SOI substrate having 220-nm thick, 750-nm wide Si
waveguide, and 2-um thick BOX as shown in Fig. 2-2(b). Si cap is
deposited on Ge region for silicidation process used in BiCMOS
process which provides small contact resistance. 600-nm wide SiN
pedestal is followed by self-aligned ion implantation for B and P. The
average doping concentrations of p- and n-doped regions are about 1 x
10'® cm™ and the length of Ge-LPDs are 20 pm. Details of fabrication
process can be found in [19]. In this dissertation, the effects of
underlying Si waveguide width and n- and p-doped region areas to Ge-
LPDs are investigated and their characteristics are analyzed and

explained by using their equivalent circuit model.
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Fig. 2-2. (a) Top-view, (b) cross-sectional view, and (c¢) fabricated chip

photo of Ge-LPD.
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3.  Measurements for Waveguide-Type Ge-PD

To characterize waveguide-type Ge-VPDs and Ge-LPDs, several
measurements are performed in this chapter and their DC, AC, and
noise measurement setups and sampled measurement results for one
type of Ge-VPD are given for example.

In chapter 3.1, the measurement setup for current-voltage
characteristics and linear photocurrent characteristics are shown. By
measuring dark current and photocurrent as different bias voltages,
responsivity, and series resistance can be extracted and by varying input
optical power which introduces to waveguide-type Ge-PDs, the
linearity of photocurrent can be investigated. These investigations are
useful to analog communication systems for antenna remoting, phased
array antennas, and photonic analog-to-digital converter and digital
communication systems [31]. To build optical links for these systems
and directly drive digital logic circuits, photodetector need to be able to
operate at large linear photocurrents for satisfying required dynamic
range.

For AC characterization, electrical S-parameter and photodetection
frequency response are measured. From measured -electrical S-

parameter results, impedances characteristics of waveguide-type Ge-PD
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can be investigated. From measured photodetection frequency
responses, how the frequency-dependent characteristics of waveguide-
type Ge-PD are varied according to different frequencies and these are
essential elements for establishing equivalent circuit model which will
be discussed in chapter 5. All measurement setups and sampled
measurement results for Ge-VPD are described in chapter 3.2.

Ge-PD noise measurement is investigated for noise characterization
in this chapter 3.3. In bio-sensor applications, since very low-level
optical signals like noise are dealt with, low-noise photodetectors are
needed. For that, noise contribution to Ge-PD should be clarified. From
noise measurement, noise characteristics of Ge-PD and which elements
affect Ge-PD noise can be investigated. In addition, noise deembedding
procedure is introduced and derived to extract accurate noise current
density of Ge-PD only. In chapter 5, Ge-PD noise model is provided
based on noise measurement which helps to design integrated

photodetector and electronic circuits in bio-sensor chip.
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3.1. DC Measurements

3.1.1. Current-Voltage Characteristic

Fig. 3-1 shows measurement setup for device current-voltage
characterization. 1.55-um light through lensed fiber or fiber array is
injected into the device through an on-chip grating coupler having
about 5-dB insertion loss connected to Ge-VPD. A polarization
controller is used so that only TE-polarized light is coupled into grating
coupler. Positive bias voltages are applied to N-port of Ge-VPD with P-
port grounded for bias using semiconductor parameter analyzer
(Agilent 4156A). Output electrical signals are measured through RF
probes and all measurements are done on-wafer. Fig. 3-2 and Fig. 3-3
show measured current-voltage and wavelength-responsivity
characteristics at —1 and —4 V for incident optical power of —5 dBm
coupled into the Ge-VPD, respectively. As can be seen in Fig. 3-3, this
Ge-VPD has about 0.45-A/W responsivity at 1.55-um wavelength as

different reverse bias voltages.
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Fig. 3-1. Current-voltage measurement setup for waveguide-type Ge-

PD.
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Fig. 3-3. Responsivity-wavelength characteristics of Ge-VPD at —1
and 4 V.
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3.1.2. Nonlinear Photocurrent Characteristic

Fig. 3-4 shows measurement setup for linearity characterization.
For varying input optical power, input light is amplified by an Erbium-
doped fiber amplifier (Keopsys KPS-BT2-C) and then controlled to
desired power level with a variable optical attenuator. At high input
optical power to Ge-PD, since large photocurrent is flowed through PD,
the PD often encounters device fail. Therefore, careful optical power

level controls are needed during measurement.

C-band v 81689A
Tunable | | 5.0,
Laser ¥ Semiconductor Parameter

Analyzer (4156A)

EDFA v KPS-BT2-C

Polarization | Lensed fiber -
VOA Controller or fiber array l Vie
opton Ge-PD | [} Bias T
v
— Electrical 67 GHz

GSG Probe

Fig. 3-4. Linearity measurement setup for waveguide-type Ge-PD.
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Fig. 3-5 shows measured photocurrent-optical power characteristics
at different bias voltages to Ge-VPD. The slope in this figure means
responsivity and from this, the linearity characteristics according to
different optical power are also investigated. As can be seen in Fig. 3-5,
photocurrents saturate and at higher reverse bias voltages, linear
characteristics are not maintained at higher input optical power due to
the space charge screening effect [32]. From this linearity measurement,
optical power dependency of Ge-PD can be investigated for high power

application such as Radio-over-Fiber technology.

-
o

Photocurrent [mA]

0 10 20 30 40 50
Optical Power [mW]

Fig. 3-5. Measured photocurrent-optical power characteristics of Ge-

VPD at different reverse bias voltages.
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3.2. AC Measurements

3.2.1. Electrical Reflection Coefficient Characteristic

Fig. 3-6 show measurement setup for electrical reflection
coefficient (s,;) and it is measured with a network analyzer (PNA;
Agilent E8361C). For accurate electrical S-parameter measurements, 1-
port calibration including rf probe is performed using calibration kit
substrate carefully.

This reflection coefficient implies impedance characteristics and
this is composed of real and imaginary parts which represent resistive
and capacitive or inductive components, respectively. The normalized
reflection coefficient as 50-Q terminator from 100 MHZ to 40 GHz at
—1 and —4 V can be depicted on smith chart as shown in Fig. 3-7 and
this helps to investigate and understand impedance characteristics of
Ge-PD as various conditions of different frequencies or bias voltages.
Fig. 3-7 shows resulting measured results at —1 and —4 V. As can be
seen in this figure, for different reverse bias voltages, Ge-VPD has
almost same real part but larger imaginary part for impedance, which
represents it has almost same resistive component but smaller

capacitive component and which can be easily understood that Ge-VPD
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has smaller RC time constant at higher reverse bias voltages. This is
because, for p-i-n junction diode, the depletion region is increased as
reverse bias voltage is increased resulting in decreased depletion

capacitance.

Ge-PD ﬂi Bias -T

v 67 GHz _1!?_:2! o —
GSG Probe

v' Semiconductor Parameter
Analyzer (4156A)

RF

[
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.|5 |
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00000000

B0 COGEee)

DR OCCEC Do’

v Network analyzer (E8361C)
* Frequency range: 100 MHz ~ 67 GHz

Fig. 3-6. Electrical reflection coefficient measurement setup for

waveguide-type Ge-PD.
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Fig. 3-7. Measured electrical reflection coefficients using electrical S-
parameter measurement results (s»2) for Ge-VPD at —1 and —4 V from

100 MHZ to 40 GHz.
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3.2.2. Photodetection Frequency Response Characteristic

Fig. 3-8 shows measurement setup for photodetection frequency
response (S7;) and they are measured using a lightwave component
analyzer (LCA; Agilent N4373D). Modulated input optical signal
generated by LCA is injected to grating coupler through lensed fiber or
fiber array and output electrical signal get into LCA. For accurate
measurements, all electrical lines and probe are calibrated using
calibration kit substrate carefully. DC bias voltages are applied using
semiconductor parameter analyzer (HP 4156A).

Fig. 3-9 shows normalized measured photodetection frequency
responses from 100 MHZ to 40 GHz with —8-dBm optical power into
Ge-VPD biased at —1 and —4 V. Photodetection bandwidths at —1 and —

4V are 27 and 35 GHz, respectively.
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Fig. 3-9. Measured photodetection frequency response results (s»;) for

Ge-VPD at -1 and 4 V.

38



3.3. Noise Measurement

Fig. 3-10 shows measurement setup for noise of Ge-PD using a
spectrum analyzer (Agilent N9020A). Since the measured noise level
of Ge-VPD is less than the measurement sensitivity of spectrum
analyzer, two commercially available low-noise amplifiers (LNAs)
having 62-dB gain and 3-dB noise figure are used in cascade. Bias
voltages are applied to Ge-VPD through bias-T.

Noise can be represented by noise power spectral density (dBm/Hz
or W/Hz) and this can be measured by the spectrum analyzer. As can be
seen from noise measurement setup in Fig. 3-10, noise is sum of
emitted noise by PD as well as noise generated by the LNA, bias-T, and
spectrum analyzer and sum of those noises, P (f) are derived with
the following equation [33]:

Py (/) Lypone (/) ~Lp1 (/)
P (f)=10log[gx(10 10 +(nf -DkT]-L_,,.(f). (3.1

Here, P (f) is output noise spectral density at the output of LNA in
dBm/Hz measured by spectrum analyzer, g is the gain of LNA in a

linear scale, F,,(f)is the noise power spectral density of Ge-PD,
Lowe(f)s Lg(f), and L, (f)are insertion loss of rf probe, bias-T

and rf cable, nf is noise figure of LNA in a linear scale, and £k, is
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Boltz-mann’s constant, and 7" is temperature in Kelvin, respectively.

To exclude noise from the spectrum analyzer itself, noise spectral
density is also measured by changing rf probe to 50-Q terminator. The
difference between noise emitted by Ge-PD and 50-Q terminator
represents emitted noise spectral density by Ge-PD excluding noise
from the spectrum analyzer [33].

From this calibration process, measured noise power spectral
densities of Ge-VPD from 50 to 850 MHZ at —1 V under —8-dBm
optical power are shown in Fig. 3-11. As can be seen in this figure, the
Ge-VPD noise spectral density consists of the spectrally-dependent
flicker noise dominant at low frequencies and the constant shot and
thermal noises dominant at high frequencies [33]. Since, noise is
sensitively affected by various elements such as temperature, input
optical power, and resistive components, stable measurement

conditions should be arranged.
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Fig. 3-10. Noise measurement setup for waveguide-type Ge-PD.
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Fig. 3-11. Measured noise power spectral density for Ge-VPD at —1 V.
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3.4. Summary

This chapter introduces DC, AC, and noise measurement setup for
characterizing waveguide-type Ge-PD on-wafer probing. From DC
measurement setup, the characteristics of current-voltage and nonlinear
photocurrent can be investigated as different wavelength, optical power,
and different bias voltages. From AC measurement setup, electrical S-
parameter, photodetection frequency response are measured and from
this, frequency-dependent characteristics of waveguide-type Ge-PD can
be investigated and these are used for model parameter extraction used
in equivalent circuit model. In addition, from noise measurement, noise
can be characterized as different frequencies, input optical power, and
bias voltages and this noise measurement is useful for low-noise
photodetector investigations for such as bio-sensor application dealing

with very low optical signal like noise.
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4. Simulation for Waveguide-Type Ge-PDs

4.1. Introduction

The operation principle of PD is converting input optical signals to
output electrical signals. To investigate and analyze PD characteristics
and performance optimization, both optical and electrical PD
simulations are needed. The optical and electrical properties of PD can
be interpreted using the FDTD and TCAD simulations, respectively.

FDTD method represents direct discretization of Maxwell’s
differential equations by finite differences which were first established
by Yee as a 3-D solution of Maxwell’s curl equations [34]. This can
perform a full-vector simulation of wide range of optical devices such
as ring resonator, grating coupler, directional coupler, and photodetector.
In this dissertation, optical simulation for calculating optical generation
rates in absorption region of waveguide-type Ge-PD is done by
Lumerical FDTD tool and this is introduced in chapter 4.2.

TCAD 1is physical-based simulation tool and this model the
behavior of the semiconductor device using various fundamental

physical models such as drift-diffusion and Poisson equations. If the
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information of optical generation rates can be imported to TCAD,
photogenerated-carrier transport occurred in waveguide-type Ge-PD is
interpreted by TCAD simulation and this will be helpful to investigate
dynamics of photogenerated carrier as well as determination of
photogenerated current source model parameters used in equivalent
circuit model. In chapter 4.3, the procedure for TCAD Sentaurus with
Lumerical FDTD tool is shown. From that, electric-field, current-
voltage characteristic, electrical S-parameter, and photodetection
frequency response can be simulated and this will be a great help to

investigate photodetectors.
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4.2. Lumerical FDTD Simulation

3-D FDTD simulation for calculating optical generation rates in
waveguide-type Ge-PD can be done in the following steps. Here, Ge-
VPD is used for an example [35].

First, the 3-D device structure of Ge-VPD is realized in Lumerical
FDTD as shown in Fig. 4-1 [35]. The properties of materials, mode
source, and boundary conditions are configured for 3-D FDTD

simulation and after simulation, spatially distributed electric field,
E(l) and magnetic field, ﬁ(l) can be obtained as shown in Fig. 4-2

(a) and (b).
To determine the amounts of photogenerated carriers in Ge

absorption region, absorption power per unit volume ( P

al

» ) 1s calculated
from divergence of the Poynting vector, ﬁ(l):ﬁ(l)xﬁ (A1) as

shown in followed equation:

P, =-0.5xreal(V-P(1)). (4.1)

Here, ﬁ(l) is Poynting vector which represents the directional energy

flux density of an electromagnetic field. However, since the divergence
calculations tend to be very sensitive to numerical problems, Eq. (4.1)

is modified to numerically stable form of Eq. (4.2) [34]:
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P, = —O.Sxa)‘f(/l)‘z imag[£(1)]. 4.2)

Here, w is angular frequency of input optical signal and &(1) is

permittivity of material at given wavelength optical signal. From Eq.
(4.2), P, can be calculated from E(l) and the imaginary part of

g(A). Assuming that each absorbed photon generates one electron-hole
pair, the number of photo-generated carriers per unit volume ( g ) same
as optical generation rate can be calculated by dividing by the energy

per photon as shown in Eq. (4.3) [34]:

abs

ho /]

B, —0.5><‘E(/1)‘2 imagla(1)] (4.3)

g:

Here # is reduced Plank constant. The g can be calculated using
scripting language supported by Lumerical FDTD. For your
information, the syntax of scripting language is very similar to that in
MATLAB and this is very useful for data calculation and analysis.

Fig. 4-2 (c) shows corresponding calculated optical generation rate
(g) at the wavelength of 1.55-um light. The direction of these figure is
same as light propagation (Y-Z axis at X=0). As can be seen in this
figure, absorption rate is decreased as increased length of waveguide-

type Ge-PD.
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Fig. 4-1. Lumerical FDTD simulation environment.
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Fig. 4-2. FDTD simulated (a) electric-field intensity, (b) magnetic-field

intensity, and (c) optical generation rate profiles along the light

propagation direction at X=0.
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4.3. TCAD Sentaurus Simulation

4.3.1. Carrier Transport

To investigate the electron and hole carrier transports in PD,

Poisson’s equation coupled with charge current continuity equation

should be solved. Total charge is modeled by followed Poisson’s

equation:

Z—E=(1)‘[q(p—n+N;—N;>—QT].
X E

(4.4)

The n and p in above equation are calculated by solving the

continuity equations as shown in Eq. (4.5) and (4.6) and coupled with

carrier drift-diffusion equations in Eq. (4.7) and (4.8).

on _l@J

—= ~“+G,—-R,,
ot q Ox

oJ
a—lj:l—”+G -R,
oo qox " 7F

J, = qnu, (E)+qD, ",
ox

0
J, :qnup(E)+qua—];.

Here, parameters used in these equations are listed in Table 4-1.
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TABLE 4-1

PARAMETERS USED TO PHYSICAL MODEL.

PARAMETERS DESCRIPTION
E Electric field
€ Permittivity
n, p Electron and hole concentrations
Nt N Ionized donor and acceptor impurity
pr concentrations
(O Total charge caused by trap
s I, Electron and hole current densities
G, G, Electron and hole generation rates
R,, R, Electron and hole recombination rates
v,, U, Electron and hole velocity
D,, D, Electron and hole diffusion constants
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4.3.2. Procedures for Waveguide-type Ge-PD Simulation

Sentaurus Device under TCAD Sentaurus tool is a semiconductor
numerical device simulator, capable of simulating electrical, optical,
and thermal characteristics [37]. It supports two different types of
simulations: one is a carrier transport simulation and another is a
mixed-mode simulation. For carrier transport simulation in Sentaurus
Device, the transportation of carriers is solved by using drift-diffusion,
thermodynamic, hydrodynamic, and Monte Carlo transport, as well as
quantum transport, based on density gradient model [37]. Mixed-mode
simulation supports simulation on small circuits in which several circuit
elements, including physical devices simulated by carrier transport
simulation and lumped elements. The procedures of carrier transport
and mixed-mode simulation for waveguide-type Ge-PD are shown in
Fig. 4-3 and 4-4 and these are introduced in this chapter. Sentaurus
Structure Editor, Sentaurus Device, Sentaurus Visual, and Inspect, and
Lumerical FDTD tools are used for waveguide-type Ge-PD simulation

and their functions are simply introduced in this chapter.
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A. Structure Definition in Sentaurus Structure Editor

For carrier transport and mixed-mode simluation, first, the Ge-VPD
structure under consideration is given and this can be drawn with
materials defined in Sentaurus Structure Editor as shown in Fig. 4-5.
Doping profiles are also defined to form p- and n-doped regions with
the doping process information provided by the IME foundry service.
In IME doping process, Boron and Phosphorus were implanted with
same condition of 4 x 10"°-cm™ dose and 10-keV energy and thermally
activated at 500°C for 5 mins and 1030°C for 5 secs to form highly p-
doped Si (P""-Si) and highly n-doped Ge (N""-Ge) regions, respectively
[30]. Fig. 4-6 (a) and (b) shows 3-D and 2-D view of Ge-VPD after

Boron and Phosphorus ion implantations.
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Fig. 4-5. Device structure definition of Ge-VPD in TCAD Sentaurus

Structure Editor.
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Fig. 4-6. Ge-VPD with doping process: (a) scaled 3-D view and (b)
scaled 2-D view along the light propagation direction at X=0.
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B. Importing Optical Generation Rate from Lumerical FDTD to
TCAD Sentaurus

As described in Eq. (4.5) and (4.6), optical generation rate for

electron and hole, G, and G, are required for optoelectronic

simulation. In this dissertation, optical generation rates are calculated
by Lumerical FDTD as explained in chapter 4.2. Since different
meshing strategy at Lumerical FDTD and TCAD Sentaurus are used
and supported file format and file name extension are different, careful
jobs for matching mesh and rearranging are performed using MATLAB
to be available in TCAD Sentaurus. Fig. 4-7 shows successfully
imported optical generation rates from Lumerical FDTD to TCAD

Sentaurus.

e

Li
icalGeneration (cm”*-3*s”-1)
!5.Se+26

9.3e+22

1.6e+19

\L/ 29e+15

.0.0e+00

Fig. 4-7. Imported optical generation rates in TCAD Sentaurus.
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C. Carrier Transport & Mixed-Mode Simulation

After importing optical generation rate to TCAD, now,
optoelectronic simulation can be performed by Sentaurus Device as
carrier transport and mixed-mode simulations.

Carrier transport simulation with drift diffusion model solves
physical equations from Eq. (4.4) to Eq. (4.8) numerically, and as a
result, electrical properties such as carrier density, electric field,
mobility, and potential in photodetector can be simulated.

As shown in Fig. 4-8, the summarized script for carrier transport
simulation is consists of several command lines for File, Electrode,
Physics, Math, Solve, and Plot sections. In File section, input defined
structure from Sentaurus Structure Editor and output plots and
extracted data are designated. Electrode section is used to define the
name and materials of electrodes for biasing. To apply physical model
in Sentaurus Device simulation, models for mobility, recombination,
and trap level are needed to define. Doping and electric-field dependent
mobility models and Shockley-Read Hall and band-to-band
recombination models can be used in simulation. The Math section is
used to control the simulator numeric. Here, calculation solver
configuration and the number of iteration are defined for effective

solving. The Solve section is usually used to how bias voltage is
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applied to device and electrical AC or optical AC simulation can be
also activated in this section. The Plot section is used to specify the
variables to be visualized in Sentaurus Visual.

Mixed-mode simulation is simulation on small circuits including
several circuit elements, physical devices simulated by carrier transport
simulation and lumped elements. And as a result, electrical S-parameter
and photodetection frequency response can be simulated. The
summarized script for mixed-mode simulation is shown in Fig. 4-9 and
this script includes not only the definitions of each individual element
in the circuit, but also a netlist showing the connectivity between the

elements. All these things are defined in System section.
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File {

Grid = “*_msh.tdr" * input file definition
Parameter = “*.par" * parameter information
Plot = “*_des.tdr" * output plot file definition
Current = “*_des.plt" * output data file definition

}

Electrode {
Anode
Cathode

}

Physics {* physical model definition
Mobility ( ... ) * mobility model
Recombination( ... ) * recombination model
Traps ( ...) * trap model

Plot{  * variable list for visualization
Doping DonorConcentration AcceptorConcentration Density
Current ElectricField Potential Velocity DriftVelocity
Mobility DiffusivityMobility
Potential SpaceCharge ElectricField

Math{ }

Solve { * solver setting for carrier transport simulation
Coupled (Iterations=50) {Poisson}
Coupled (Iterations=15) {Hole Poisson}
Coupled (Iterations=15) {Electron Hole Poisson}

QuasiStationary ( ... ) * bias voltage setting
{ coupled {Hole Electron Poisson} }

Fig. 4-8. Summarized script for carrier transport simulation using

Sentaurus Device simulation.
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File {
ACExtract ="File name” * output AC simulation file definition

}

Device { * device simulation setting under consideration
File {...}
Electrode { ... }
Physics { ... }

}

System { ... } * netlist definition for electrical S-parameter and photodetection
frequency response simulation

Math { ...}

Solve {
Coupled (Iterations=50) {Poisson}
Coupled (Iterations=15) {Hole Poisson}
Coupled (Iterations=15) {Electron Hole Poisson}

QuasiStationary ( ... ) * bias voltage setting
{ coupled {Hole Electron Poisson} }

* electrical S-parameter simulation setting

ACCoupled( StartFrequency = 100e6 EndFrequency = 40e9
NumberOfPoints = 10 linear Node Exclude)

{Poisson Electron Hole}

* optical AC simulation setting

ACCoupled (StartFrequency=100e6 EndFrequency=40e9
NumberOfPoints = 10 decade Node Optical)

{ Poisson Electron Hole }

Fig. 4-9. Summarized script for mixed-mode simulation using

Sentaurus Device simulation.
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D. Analysis Based on Simulation Results

From TCAD Sentaurus simulation with Lumerical FDTD, not only
electrical properties such as doping concentration, electron and hole
densities, electric field, potential voltage, and mobility but also
electrical S-parameter, photodetection frequency response can be
simulated. From these, photogenerated carrier transportation in
waveguide-type Ge-PD can be interpreted and investigated numerically.

Fig. 4-10 (a) and (b) show carrier transport simulated electric-field
and imported optical generation-rate profiles of Ge-VPD at —1 V along
the light propagation direction. As can be seen in these figures, there
are regions having small electric field at the edge of Ge absorption
region and especially, considerable light absorptions are existed at the
front of Ge absorption region having not sufficiently large electric-field
intensity. This is because N''-Ge region cannot extend to the very
beginning of the PD due to the design rule, which requires 1.2-um
spacing between N~ and i-Ge layers. Photogenerated carriers occurred
in this region do not experience strong drift and, as a result, have to
transport by the slow diffusion process. At higher reverse bias voltage,
these regions are decreased due to increased depletion region.

Fig. 4-11 and 4-12 shows mixed-mode simulation results of

electrical reflection coefficient and photodetection frequency response
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results for waveguide-type Ge-PD at —1 V from 100 MHZ to 40 GHz,
respectively. From these, the information of photodetector input
impedance can be extracted and photogenerated carrier transport can be
interpreted on frequency domain and it helps to understand dynamics of

photogenerated carriers.

Vgins =1V Ge-VPD

ElectricField (V*cmA- n
.6.61e+05

1.95e+05

I5.7'Ie+04

1.55e+04

P*-Si

6.34e-01

Light
(a) Electric-field profile

OpticalGeneration (cmA-3*sA-1)
.5.30e+26

3.97e+26

I2.65e+26

1.32e+26

0.00e+00

(b) Optical generation-rate profile

Fig. 4-10. TCAD simulated result of Ge-VPD: (a) electric-field profile
at —1 V and (b) optical generation-rate profile along the light

propagation direction at X=0.
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Fig. 4-11. TCAD simulated electrical reflection coefficient result of

Ge-VPD at -1 V from 100 MHZ to 40 GHz.

-4 \—Q-TCAD Simul‘ation\ o """" =
10 20 30 40
Frequency [GHz]

Normalized Responses [dB]

Fig. 4-12. TCAD simulated photodetection frequency response of Ge-
VPD at -1 V from 100 MHZ to 40 GHz.
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4.4. Summary

In this chapter, co-simulation technique for simulating waveguide-
type Ge-PDs is developed using TCAD Sentaurus and Lumerical
FDTD tools. By importing calculated optical generation rates by
Lumerical FDTD to TCAD Sentaurus, the transportation of
photogenerated carriers can be interpreted by solving carrier transport
equations in TCAD Sentaurus. From this simulation, it can be
concluded that photogenerated carriers experience sufficiently small as
well as large electric fields in Ge absorption region which is believed
that the reason of low-frequency roll-off characteristics in
photodetection frequency responses observed in some waveguide-type
Ge-PDs which is discussed in chapter 1.4. In addition, this simulation is
very useful to identify how fast and how much photogenerated carriers
are transported in Ge absorption region, and as a result, this contributes
to model photogenerated current sources in equivalent circuit model

which is dealt with in next chapter.
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5. Equivalent Circuit Model of Waveguide-

Type Ge-PD

In previous chapter 4, it is concluded that which regions are
photogenerated carriers in absorption region of Ge-VPD experience
sufficiently large and small electric fields. However, discussed in
chapter 1.4, typical equivalent circuit model has not considered that and
most photogenerated carriers are assumed as having sufficiently large
electric field for carrier drift and this is represented as one current
source having single-pole frequency determined by drift velocity.

In this chapter 5.1, the modified equivalent circuit model of
waveguide-type Ge-PD is introduced and the difference with typical
model is discussed. In chapter 5.2 and 5.3, parameter extraction
procedures for RC passive components and current source models used
in model are introduced, respectively. Chapter 5.4 shows applications
of equivalent circuit model and from this, each time constant effect to
photodetection frequency response of waveguide-type Ge-PD are

clarified to find out the bandwidth limitation.
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5.1. Modified Equivalent Circuit Model

To represent transportation of photogenerated carriers in equivalent
circuit model, one current source model having single-pole frequency
response is usually used as show in Fig. 1-9. However, for Ge-VPD and
Ge-LPD in this dissertation, there are regions having small electric field
for photogenerated carriers in Ge absorption region, which results in
low-frequency roll-off characteristics. For Ge-VPD, these regions are
located at the edge of Ge absorption region in Fig. 5-1 and for Ge-LPD,
at charge neutral region in n- and p-doped regions in Fig. 5-2.

To consider this for accurate waveguide-type Ge-PD modeling, as
shown in Fig. 5-3(a), modified equivalent circuit model is proposed
having three current sources: two for photogenerated -carriers
experiencing large and small electric fields as diffusion (/;) and drift
(1), respectively, and one for a noise current source, respectively. The
frequency response of /; and I, can be modeled by a single time
constant, 7; (=1/2nf;) for I, and 7, (=1/2nf;) for I,, along with
corresponding DC gain, 4, and 4,, sum of which represents Ge-PD DC
responsivity as graphically shown in Fig. 5-3(b) but is normalized to

one for simplicity in this dissertation.
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Fig. 5-1. (a) TCAD simulated electric-field distribution of Ge-VPD at
—1 V and (b) simulated optical generation-rate profile along the light

propagation direction at X=0.
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Fig. 5-2. (a) TCAD simulated electric-field distribution of Ge-LPD at

—2 V and (b) simulated optical generation-rate profile.
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Fig. 5-3. (a) A modified equivalent circuit model of Ge-VPD, (b)
frequency responses of photogenerated currents, and (c) noise

characteristics.
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This model also contains the noise current source /, for the noises
generated in the waveguide-type Ge-PD due to three different
mechanisms shown in Fig. 5-3(c) and detailed model parameters are
discussed in chapter 5.3.

In model, Zp.., represents parasitic components due to the pads and
interconnects, which must be considered for accurate modeling of
waveguide-type Ge-PD dynamics. For RC passive component for p-i-n
junction, R, Cj, and R; are used and they are same as typical equivalent

circuit model in chapter 1.4.
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5.2. Parameter Extractions for RC Passive

Components

5.2.1. Parasitic RLC Passive Components

As shown in Fig. 2-1(c) and Fig. 2-2(c), output current signals
generated by Ge-VPD and Ge-LPD flow through signal and ground
pads and this i1s modeled by Z,., in Fig. 5-3(a). This must be
considered for accurate equivalent circuit model of Ge-VPD. As shown
in Fig. 5-3(a), Rintp, Rintn and Lingp, Lingn represent parasitic resistances
and inductances in the interconnects from P-port and N-port to the
bottom metal layer, respectively. Cp.q represents the parasitic
capacitance between P- and N-port pads and C.. is the capacitance
between Ge-VPD metal contacts. For simplicity, we model these
parasitic elements together with Z,,,, shown in inset of Fig. 5-3(a), in
which Rint = Rinp T Rintn and Line = Lingp + Lingn.

In order to extract Riyi, Lin, and Cpad, open and short test patterns are
implemented on the same die as shown in Fig. 5-4(a) and (b), and their
electrical S-parameters are measured from 100 MHZ to 40 GHz under —
20-dBm rf test power using a vector network analyzer. Fig. 5-5(a) and

(b) shows the measured reflection coefficients for open and short test
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patterns. From measured real and imaginary parts of converted S- to Y-
and Z-parameters, the values of Cpad, Rin, and Liy; can be extracted and
they are shown in Table 5-1. As can be seen in Fig. 5-5(a) and (b),
measured and simulated results based on equivalent circuit model in

Fig. 5-4(c) match very well.
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Fig. 5-4. (a) Open and (b) short test patterns, and (c) equivalent circuit

of open and short test patterns.

72



- === Open (simulation) "/-5.0j

(a) Open test pattern

"5 Short ('measurement)7<
| === Short (simulation) | |
[ e
DR "

(b) Short test pattern

Fig. 5-5. Measured and simulated reflection coefficients of (a) open
and (b) short patterns from 100 MHZ to 40 GHz under —20-dBm test

power.

TABLE 5-1

EXTRACTED PARAMETERS FOR PAD AND INTERCONNECT

Cpaa [fF] Rine [Q] Lint [pH]
6.1 1.1 65
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5.2.2. RC Passive Components for P-I-N Junction

After deembedding Cpad, Rini, and Liy to modified equivalent circuit
model of Ge-VPD as shown in Fig. 5-3(a), parameters for p-i-n
junction, R, Cj, and R; can be obtained by parameter tuning and
optimization based on the comparison of measured and simulated
reflection coefficients using Agilent Advanced Design System tool.

Electrical S-parameters of Ge-VPDs are measured using lightwave
component analyzer from 100 MHZ to 40 GHz at —1 and —4 V under —
20-dBm test power. Fig. 5-6 shows well-matched measured and
simulated reflection coefficients for Ge-VPD and extracted parameters
for Rs, Cj, and R; at —1 and —4 V are listed in Table 5-2. At higher
reverse bias voltage, C; is decreased due to wider depletion width,
which results in smaller RC time constant. By using mixed-mode
simulation, electrical S-parameters of Ge-VPDs at —1 V can be
simulated as shown in Fig. 4-11 and these are well-matched to

measured results.
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Fig. 5-6. Measured and simulated reflection coefficients for Ge-VPD

with Zpar, from 100 MHZ to 40 GHz at —1 and 4 V.

TABLE 5-2
EXTRACTED RC PARAMETERS AND RC TIME CONSTANT FOR GE-VPD
WITH Zpara

-1V -4V
Rs [Q] 88

G; [fF] 15.9 11.6
R; [kQ] 20
Ce [fF] 6

Tre [ps] 2.15 1.59
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5.3. Parameter Extractions for 3-Current Source

Models

5.3.1. 2-Current Sources: Photogenerated Carrier Model

For extracting model parameters for diffusing and drifting
photogenerated carrier values for /; (f) and I, (f), TCAD simulation
based on imported optical generation rates from FDTD is performed.

For that, two virtual generation profiles are created, one containing
the generation rates only in the region where the electric field is small
(less than 4500 V/cm) as shown in Fig. 5-7(a) where -carriers
experience diffusion, and the other only in the region where the electric
field is strong (larger than 4500 V/cm) where carriers experience drift
as shown in Fig. 5-7(b). It was empirically found that simulated results
do not change much as long as the diffusion/drift boundary field value
is between 4000-V/cm and 5000-V/cm as shown in Fig. 5-8. Then, the
photodetection frequency responses are simulated for each case and
obtain separate photodetection frequency responses for diffusing and
drifting photogenerated carriers as shown in Fig. 5-9(a) and (b) at —1

and —4 'V, respectively.

76



Generation
rate [cm3s-1]
m 5.30x1028

3.53x102¢
1.77x1026
H 9
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Fig. 5-8. Measured and simulated photodetection frequency response
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Fig. 5-9. Simulated frequency responses for two current source models

at(c)—1and (d)—4V.

TABLE 5-3
EXTRACTED PARAMETERS FOR TWO CURRENT SOURCES FOR GE-VPD
-1V -4V
71 [ps] 43.0 23.4
Ay [%] 12.7 6.2
7 [ps] 3.12
As [%] 87.3 93.8
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From these, values for 4,, 7y for I} and A,, 7, for I, are easily
determined that produce the best matching between TCAD simulation
and single-pole response as listed in Table 5-3. Both 4, and 7; are
smaller for larger reverse bias voltage as can be seen in Table 5-3
because with the larger reverse bias voltage, photogenerated carriers
experience diffusion within a smaller portion of the device and,
consequently, need to diffuse a smaller distance. 7, does not change
with bias voltages because carriers drift with the saturation velocity,

which does not change much with the bias voltages.

O Measurement result

O Measurement result

Normalized Photodetection
Frequency Response [dB]

=== Simulation result == Simulation result
_6 N N ) _6 n N i
10 20 30 40 10 20 30 40
Frequency [GHz] Frequency [GHz]

(a) (b)

Fig. 5-10. Measured and simulated photodetection frequency
responses from 100 MHZ to 40 GHz for Ge-VPD at (a) —1 and (b) 4
V.
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Fig. 5-10(a) and (b) show the simulation results at —1 and —4 V for
the complete Ge-PD equivalent circuit along with the measured results.
Simulated results based on equivalent circuit model with extracted
model parameters are well-matched to measured. From this, dedicated
photogenerated carriers transport in absorption region can be extracted
as bias voltages and they can be confirmed that considering as two
parallel connected current sources having each single pole frequency

limited by carrier diffusion and drift, respectively.
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5.3.2. 1 Current Source: Noise Model

PD emitted noises are consisting of flicker, shot, and thermal noise.
Although flicker noise has no general theoretical origin yet [33],
valence band discontinuity in interface of Ge and Si materials, large
defect densities, and contact processing are believed contributing
flicker noise [38]. Flicker noise is dependent on frequencies so which is
usually called as 1/ f noise often. Flicker noise can be modeled by

following equation:

] a
De 5.1
o 5.1)

]2

n, flicker

=S0

where 17

wnicker 18 the flicker noise spectral density, /. is the DC
photocurrent, and s,, a, y are fitting parameters [33].
Shot noise is generated by the quantum nature of the photons in the

optical input and that of the photogenerated carriers and this noise is

modeled by following equation:

12

n, shot

=2g1,,. (5.2)

where I*

n, shot

is the shot noise spectral density and ¢ 1is the electron

charge [33]. For photomultiplier, photoconductor, and avalanche

photodetector, since shot noise is also amplified due to their internal
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gain, excess shot noise is used to represent that.

Thermal noise is generated by random thermal motion of the
carriers and associated with the blackbody radiation. Only materials
can absorb and dissipate energy can emit blackbody radiation, thermal
noise is generated by resistive components [39]. Thermal noise is

modeled by following equation:

s _AkT 4T (5.3)

n, thermer
R R.

]

where I*

n, thermal

is the thermal noise spectral density, 7' is temperature

in K, R is resistive component, and R; is junction resistance of PD.

In reverse biased p-i-n PD, resistive component is determined by series
connected junction and series resistances. However, junction resistance

in depletion region is much larger than series resistance and dominant

thermal noise is determined by R; .

Consequently, the total noise of PD is represented by following

equation:

E:SO ];cy +2q]DC+4£—T, (5.4)
|

As can be seen in Eq. (5.4), noise spectral power density consists of
the spectrally-dependent flicker noise dominant at low frequencies and

the constant shot and thermal noises dominant at high frequencies [33].
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Noise characteristics can be measured by using measurement setup
in chapter 3.3 and Fig. 5-11(a) and (b) are measured and fitted noise
spectral power densities by Eq. (5.4) from 50 to 850 MHZ at —1 and —4
V under —8-dBm optical power. The fitting parameters used in Eq. (5.4)
are given in Table 5-4. Consequently, shot noise is mainly contributing
total noise spectral power density of Ge-VPD. Small photocurrent,
large junction resistance, and low temperature are preferred for low-

noise photodetector applications.

TABLE 5-4
EXTRACTED PARAMETERS FOR NOISE CURRENT SOURCE MODEL OF
GE-VPD UNDER —8-DBM OPTICAL POWER

-1V -4V

Ipc [pA] 71.6 105
Sy 0.55

a 3.17 3.15

/4 1.1 1.1
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Fig. 5-11. Measured and fitted noise spectral densities of Ge-VPD at
(a) -1 and (b) 4 V.
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5.4. Frequency Response Analysis with Time Constants

As can be seen in modified equivalent circuit model of waveguide-
type Ge-PD, three time constants contribute photodetection frequency
responses. With the equivalent circuit model, it can be clarified how
each of three time constants, 7;, 7o, and 7rc (diffusion, drift, and RC
time constants), influences the photodetection frequency response.
These are available based on different circuit models in Fig. 5-12: (a)
that includes all the factors (with 7;, 72, and 7rc), (b) which considers
only the RC time constant (with 7rc), and (c) that includes the
photogenerated carrier transit time including diffusion and drift
components (with 7; and 7).

Fig. 5-13 shows the simulated photodetection frequency responses
based on circuit model in Fig. 5-12 at =1 V considering all three time
constants (blue solid), wrc (black triangle), 7; and 7, (green dot), and
only ©» and e (41 = 0, red circle). Zy are not included for
considering only the Ge-VPD core dynamics. It is interesting to note
that the photodetection bandwidth is slightly higher with Z,., (32 GHz)
than without (30 GHz). This is because the inductor in Zp.., provides a
small amount of frequency peaking. For 4, = 0, the photodetection 3-

dB bandwidth goes up to 38 GHz, indicating that the diffusion of
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photogenerated carriers reduces the photodetection bandwidth by about
20 %. Furthermore, it can be clearly seen that carrier transport rather
than zrc is the bandwidth limiting factor for Ge-VPD. This gives a clear

design guideline for further bandwidth enhancement of waveguide-type

Ge-PD on Si.
(b) RC time constant
(W/ Tre)
. - Rs C N-port
(a) Total time P-port J po
_| |_
(W/ 7, 12, Tre) =i W R, +
P-port Rs C, N-port MW—' RS Vout
I—JW——' — 1-
= R, + -
- W R, Vout

; (c) Transit time
A -

O = (W T, 1)

Fig. 5-12. Frequency response circuit models with three different
combination of diffusion (7;), drift (z;), and RC time constant (zrc): (a)
total time (71, 72, and rc), (b) RC time constant (zrc), and (c)

photogenerated transit time (z; and 7).
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Fig. 5-13. Simulated photodetection frequency responses for Ge-VPD
core at —1 V with different combination of diffusion (z;), drift (z;), and

RC time constant (zrc).
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5.5. Summary

In this chapter, modified equivalent circuit model of waveguide-
type Ge-PD is introduced. The model is consisting of RC passive
parameters for representing each p-i-n junction and parasitic
components, and three current source models: two for modeling
diffused and drifted photogenerated carriers in Ge absorption region,
and one for emitted PD noise. It is also shown that how to model
photogenerated carriers in waveguide-type Ge-PD to equivalent circuit
model using TCAD simulation. For low-noise PD, noise characteristics
are modeled based on noise related theories. From this equivalent
circuit modeling, the performance of waveguide type Ge-PD can be
easily analyzed and this is helpful to co-design with electronic circuits

on circuit simulator environment for performance optimization.
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6. Characteristics of Waveguide-Type Ge-PDs

In this chapter, the characteristics of several types of Ge-VPDs and
Ge-LPDs are investigated. In chapter 6.1, two different structures of
Ge-VPDs having different series resistance are designed using IME Si
photonics foundry services to characterize series resistance effects to
performance of Ge-VPDs. For that, current-voltage, optical power
dependency in terms of dc photocurrent, and frequency responses are
measured in this chapter. In addition, each equivalent circuit model
based on measurement and TCAD simulation is provided for
investigation in this chapter.

In chapter 6.2 and 6.3, the influences of Si waveguide width and n-
and p-doped region areas on Ge-LPD performances are investigated.
Ge-LPDs in this chapters are fabricated using IHP BiCMOS photonic
fabrication process and measurement results are provided from IHP as
collaboration. The equivalent circuit models of Ge-LPDs are also
established and their characteristics are investigated based on model in

this chapter.
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6.1. The Effects of Series Resistance of Ge-VPDs

6.1.1. Device Description

Fig. 6-1(a) and (b) show the top-view and cross-section of the Ge-
VPD investigated. Ge-VPDs are composed of highly n-doped Ge (N"'-
Ge) layer, 0.5-pum thick intrinsic Ge (i-Ge) layer, and 0.22-pum thick p-
doped Si (P"-Si and P""-Si) layer. The device is nominally 7-um wide
on the top, 8-um wide at the bottom, and 11-um long. Series resistance
(Rs) of Ge-VPD is composed of the contact resistance and the
resistance through p-doped Si layers below the photodetector intrinsic
region. The fabrication process used for Ge-VPD has no silicide step,
resulting in relatively large contact resistance of 5500 Q-pm’ between
metal 1 to P™'-Si region [30]. In order to reduce contact resistance as
much as possible, Ge-VPD has two parallel and relatively large (13.2 x
2.8 um?) contacts, which provides about 75  contact resistance. To
investigate the influence of R;on Ge-VPD performance, two different
types of devices are fabricated having different values for P'-Si and
P"-Si region length as shown in Fig. 6-1(c). Type 1 Ge-VPD has
smaller P""-Si region length resulting in larger Rs. Type 2 has larger

P""-Si region length with P"-Si region narrower than i-Ge region.
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Fig. 6-1. (a) Top-view, (b) cross-section, (c) design parameters, and (d)

microphotograph of fabricated Ge-VPD.
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6.1.2. DC Characterizations

Current-voltage characteristics

Fig. 6-2(a) and (b) show measured dark current- and photocurrent-
voltage characteristics for Type 1 and Type 2 Ge-VPDs for incident
optical power of —5 dBm coupled into the Ge-VPD, respectively. Dark
current increases exponentially with the applied electric field due to
band bending in Ge-VPDs. In addition, two types of Ge-VPDs have
almost the same current-voltage characteristics resulting in
responsivities of about 0.45 A/W. This is because design modification
to have different series resistance is performed on bottom p-doped Si
region and the absorption is not much influenced by Si region
transparent at 1550-nm wavelength light.

By using TCAD simulation with imported optical generation rates
from FDTD, responsivities of Ge-VPDs can be also simulated. The
responsivity is simulated as about 0.65 A/W under 100-uW optical
power at —1 V. This result is larger than the measured one, which can be
believed that calculated optical generation rates are not considered
metal absorption from contact on N''-Ge region and defects. If
accurate metal information is provided, the simulated responsivity can

be matched to the measured responsivity.
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Fig. 6-2. Measured current-voltage characteristics of (a) Type 1 and (b)
Type 2 Ge-VPDs as a function of bias voltage at —5-dBm incident
optical power introduced to Ge-VPDs.
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Photocurrent linearity characteristics

To characterize linearity of Ge-VPD, photocurrents for different
incident optical powers at several different reverse bias voltages are
measured as shown in Fig. 6-3.

In Fig. 6-3, the photocurrent of Ge-VPDs saturates at large input
optical power due to space charge screening effect [31]. This effect is
occurred when spatial distribution of photogenerated carriers transit the
depletion region, which creates additional electric field that
redistributes and collapse the electric field in the depletion region [31].
This also induces photogenerated carrier transit time increasing. Higher
reverse bias voltages can mitigate space chare screening effect.
Eventually, this can increase the ranges of linear photocurrent
operations. However, large photocurrents cause Joule heating (IxV) and
increase temperature in depletion region [31] due to thermal
conductivity limitations of material with given geometry. This also
leads to device failure due to thermally-activated runaway dark currents

[31].
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Fig. 6-3. Measured photocurrent as a function of input optical power

introduced to Ge-VPDs at different bias voltages for (a) Type 1 and (b)

Type 2 Ge-VPDs.
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As can be seen in Fig. 6-3(b), photocurrents of Type 2 Ge-VPD
saturate substantially less. This can be explained by investigation of
current flows in photodetector. In Fig. 6-4, most photocurrent flow to R;
and Ry of equipment (50 Q). Type 2 having smaller Rs should have
smaller voltage drop in the p-doped Si region, which causes larger
electric field in depletion region and mitigates more space charge
screening effect than Type 1. Since saturation photocurrents are
influenced by R and Ry, Ge-VPD having smaller Ry is preferred for PD

application operating at large photocurrents.

I
P

R
|| W _1 Ioh
R,

t

Fig. 6-4. Current flow in photodetector.

96



6.1.3. Frequency Response Characterizations

Frequency responses of Ge-VPDs having different series
resistances are investigated based on accurate equivalent circuit models.
The models are established by following the procedures introduced in
Chapter 5. Electrical reflection coefficients as well as photodetection
frequency responses are measured for modeling. From the measured
results, frequency responses are characterized by extracted model
parameters and their characteristics are explained by using model
parameters.

Fig. 6-5 shows equivalent circuit model of Ge-VPDs. The model
parameters are extracted by measured and simulated electrical
reflection coefficients and photodetection frequency responses based on
equivalent circuit model at different bias voltages of —1 and —4 V.
Optical powers used in measurement are determined not to occur space
charge screening effects. C.. is used for representing capacitance
between Ge-PD metal contacts can be obtained by comparing measured
and simulated reflection coefficients of Ge-VPDs with de-embedding
of Cpad, Rint, and Lip.

Fig. 6-6 shows resulting measured and simulated -electrical

reflection coefficients of Type 1 and 2 Ge-VPDs with Z,, on Smith
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charts from 100 MHZ to 40 GHz at —1 and —4 V and extracted RC

model parameters are listed in Table 6-1.

(a) N-%ort P-|c‘>,ort
_“_
Lint Cpad
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"é?'zé'"éc‘T "%
Rs

(b)
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Fig. 6-5. (a) A modified equivalent circuit model of Ge-VPD with Zp,,

and (b) frequency responses of photogenerated current sources.
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Electrical reflection coefficients on smith chart help to understand
information of device impedance intuitively. The measurement results
in Fig. 6-6 show that, at each reverse bias voltage, Type 2 has the
smaller real part for the impedances than Type 1 but their imaginary
parts are identical at a given frequency. This is because Type 2 has
smaller R, than Type 1 but Cjare the same for both. In addition, both
Type 1 and 2 have the larger imaginary parts of their impedances for
the higher reverse bias voltage, due to smaller C; for the higher reverse
bias voltage. These analyses are consistent with extracted model
parameters. As can be seen in Table 6-1, Type 2 has smaller R than

Type 1, but they have almost same C; at each reverse bias voltages.

TABLE 6-1
EXTRACTED PARAMETERS FOR TYPE 1 AND 2 GE-VPDS
Type 1 Type 2
-1V -4V -1V -4V
Rs [Q] 140 88
G [fF] 15.9 11.6 15.9 11.6
R; [kQ] 20
Ce [fF] 6
/1 [GHz] 3.7 6.8 3.7 6.8
Ay [%] 12.7 6.2 12.7 6.2
1> [GHz] 51 51 51 51
As [%] 87.3 93.8 87.3 93.8
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Fig. 6-6. Measured and simulated electrical reflection coefficients for
Type 1 and 2 Ge-VPDs with Z,, from 100 MHZ to 40 GHz at (a) —1
and (b) 4 V.
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To determine current source model parameters of diffused (f; and 4,
for 1;) and drifted (f, and A4, for 1) photogenerated carriers in Fig. 6-
5(b), TCAD simulations are performed, and extracted model
parameters for Type 1 and 2 at —1 and —4 V are listed in Table 6-1. Each
current source model parameters are almost same, because Type 1 and
2 have almost same electric-field profiles in Ge absorption region
despite of structure modification having different R values.

At higher reverse bias voltages for Ge-VPDs, diffused
photogenerated-carrier transit time is reduced. This is because as shown
in Fig. 6-7, undepleted region areas at —4 V is smaller than at —1 V due
to fringing electric field extension. This is because highly N-doped Ge

region cannot cover intrinsic Ge region entirely.

ElectricField (V*emA-1)

vBias =1V vBias =-4V Wooreros
i-Ge 1.95e+05

1.55e+04

P*-Si —— )
Light Light I

(a) (b)

Fig. 6-7. TCAD simulated electric-field profiles of Ge-VPDs at (a) —1
and (b) 4 V.
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Fig. 6-8 shows normalized measured and simulated photodetection
frequency responses of Ge-VPDs having different R;. Simulation
results also include 3 different kinds of results with different time
constant considerations introduced in chapter 5.4: one that includes all
the factors (with 7;, 72, and 7rc), another which considers only the RC
time constant (with 7rc), and third that includes the photogenerated
carrier transit time including drift and diffusion components (with 7
and 7). From these simulations, bandwidth limiting factors and
contribution of each time constant can be investigated. The extracted
time constants are listed in Table 6-2. In Fig. 6-8, well-matched
measured and simulated photodetection frequency responses
considering all time constants represents model parameter validity. At
higher reverse bias voltage, RC time constant is reduced due to smaller
C; and photogenerated carrier transit time is also decreased due to
reduced diffused photogenerated carrier in absorption region.

These results imply that smaller R contributes photodetection
bandwidth increases due to reduced RC time constant. In addition,
limiting factors of photodetection frequency response are mainly
determined by diffused photogenerated carrier transit time (7;) and its

amount (4,) than zgc.
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Fig. 6-8. Measured and simulated photodetection frequency responses
with Zyara from 100 MHZ to 40 GHz for Type 1 Ge-VPD at (a) —1 and
(b) 4 V and Type 2 Ge-VPD at (c) -1 and (d) 4 V under —8-dBm

input optical power to Ge-VPDs.

TABLE 6-2
EXTRACTED TIME CONSTANTS FOR TYPE 1 AND 2 GE-VPD CORES
Type 1 Type 2
-1V -4V -1V -4V
Tre [ps] 33 2.5 2.3 1.7
Tiransit [PS] 4.2 3.5 4.2 3.5
Trotal [PS] 6.4 4.8 5.5 4.2
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6.2. The Effects of Si Waveguide Width of Ge-LPDs

6.2.1. Device Description

The Ge-LPDs in this dissertation are fabricated by IHP BiCMOS
photonic process and are composed of lateral highly n-doped, intrinsic
and highly p-doped layer on 220-nm top Si layer [19]. The Ge
absorption region is grown as much as the width of underlying Si
waveguide width (W) and after that, self-aligned Phosphorus (P) and
Boron (B) implantations are performed using self-aligned Si;Ny4 region.
During doping implantation, P has long diffusion tail than B due to
longer diffusion of P in Ge [38]. Then, Si cap layer is deposited on Ge
region for cobalt silicidation (CoSi;) process to reduce contact
resistance than that from IME fabrication process [30]. Therefore, Ge-
LPDs with silicidation process don’t have to need large number of
contacts that is done without silicidation, and as a result, Ge-LPDs can
have small contact resistance.

To investigate the effects of Si waveguide width of Ge-LPDs to PD
performance, four different structures of Ge-LPDs as shown in Fig. 6-
9(a) are designed by increasing Si waveguide width (W) from 50 nm to

150 nm without changing any fabrication processes [40]. When Si
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waveguide width is increased keeping the width of SizNg4, n- and p-
doped region areas are also increased, whereas that of intrinsic region is
constant. The detailed design parameters for each Ge-LPD are listed in

Fig. 6-9(b).

(b)

Type 1 2 3 4
w 09 10 11 1.2
X 0.15 0.20 0.25 0.30

[unit: pm]

Fig. 6-9. (a) Cross-section and (b) design parameters of fabricated four

types of Ge-LPDs having 4 different W and X.
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6.2.2. DC Characterizations

The origin of leakage current of reverse biased photodetector is
generally diffusion current and generation of minority carriers in the
depletion region governed by the Shockley-Read-Hall (SRH) process
[41]. In addition, leakage current can be affected by defects and
dislocations which can lead to dangling bond [43]. For Ge-LPD dc
characterization, defects and dislocations occurred in Ge-LPD are

investigated in this chapter.

Defects and Dislocations in Ge on Si

During fabrication process, several hetero-interface causes defects,
dislocations, and band discontinuity. First, misfit and threading
dislocations as shown Fig. 6-10 can be existed during Ge epitaxial
growth on Si, which caused by lattice mismatch at Ge/Si interface.
Second, dangling bonds occur at Ge/oxide and Ge/Si interfaces during
passivation on Ge regions. Third, ion beam bombards the
semiconductor substrate to implant dopants into the material, which
leads to damage of the substrate. This is why post-implantation anneal
is required to reduce defects [42]. In fact, extra non-doping ion

implantation causes increased leakage current and photodetection
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bandwidth at the same time by minority-carrier life time reduction,
which is described in [38].

These defects and dislocations can be described in terms of
electronic states in the Ge forbidden bandgap [43]. However, to figure
out how much and where they are occurred in bandgap, samples need
to be measured at each fabrication step such as Hall effect
measurements as a function of temperature or deep-level transient
spectroscopy (DLTS) measurements [44]. In other way, they can be
referred by previously identified defects and dislocations occurred in
similar process conditions such as temperature, time, atmosphere,
duration, cooling rate, activation energy, etc. [44]. However, there are
some limitations to verify with such methods using MPW services.

Because MPW services mainly give users final complete fabricated

threading
_dislocations _—=

i =i,
s
“"+"+’ Si substrate
0 006060000G

(a) (b)

Fig. 6-10. (a) Misfit dislocation in Si/Ge interface and (b) dislocations

in Ge.
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chips, but the detailed fabrication conditions are typically not disclosed

to users.

Model for Defects and Dislocations

In this dissertation, due to these limitations and lack of unique and
exhaustive model, a two-level distribution of defect model agreed by
most published results is referred [43]. As shown in Fig. 6-11, the first
level is acceptor-like level which is located above 0.07 eV from valence
band and the other one is neutral deep level is above 0.2 eV from
valence band.

Such states as discrete energy levels in the forbidden bandgap can
be described using “traps” model in TCAD Sentaurus. However, since
these energy level locations are influenced by various process

conditions, trap level can be changed accordingly.

Conduction band (E;)

3
E,=0.66 eV
Deep level
0.2eV
Shallow level
y eSS SsSsSSSSssSsssssssss=Ees 0-07 eV

Valence band (E,)

Fig. 6-11. The distribution of defect states in forbidden bandgap of Ge:
deep and shallow states [42].
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Also, the model in Fig. 6-11 is referred to specify trap levels, and
their densities (or concentrations) are roughly determined until TCAD
simulated current-voltage characteristics are matched to the measured
results as shown in Fig. 6-12. This is one of the methodologies to
determine trap concentration used in [43].

In fact, most defects and dislocations are located at the Si/Ge
mterfaces. However, their concentrations used in TCAD simulation are
assumed to be distributed same for each location in Ge region due to
lack of location information. If such a Hall effect measurement or a
deep-level transient spectroscopy (DLTS) for identifying the electronic
structure of defects are performed [42] or detailed process conditions
are arranged, their location and concentration can be specified and

determined with more improved accuracies.

Current-Voltage Characteristics

Fig. 6-12 shows measured and simulated dark current-voltage
characteristics for Ge-LPDs having different Si-waveguide width. Since
simulated results for Ge-LPDs in this chapter are very similar to each
other types, only Type 1 simulated results are shown in Fig. 6-12 with
traps (circle) and without traps (inverted triangle). The trap

concentration of 1 x 10" ecm™ and 1.5 x 10" cm™ for acceptor-like and
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neutral deep levels are used for best matching, respectively.

Based on this result, responsivities of 4 types of Ge-LPDs can be
also simulated. From that simulation, the influences of trap on PD
responsivity can be investigated using TCAD with optical generation
rates from FDTD.

From simulation without considering trap, about 0.7-A/W
responsivities have shown, but with trap, they are reduced to about 0.4
A/W under 100-uW input optical power at —2 V. It is believed that this
discrepancy is due to assumption of constant trap concentration at each
location. However, most traps are distributed at Si/Ge interfaces in
reality. Therefore, if additional information of trap distribution is
arranged, it can be expected that the responsivity can be enhanced than
before. In addition, responsivities at DC are not changed significantly
according to the width of Si waveguide. This is because absorption
coefficient is affected by length.

Consequently, dislocations and defects act as electrical traps, and
generation and recombination centers in bandgap which affects
increasing leakage current and decreasing photocurrent level [43].
Therefore, high quality of epitaxial growth and passivation are required

to reduce leakage current and increase responsivity at the same time.
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Fig. 6-12. Measured dark current-voltage characteristics for 4 types of

Ge-LPDs having different Si waveguide width and simulated dark

current results with and without trap.
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6.2.3. Frequency Response Characterizations

Frequency response of Ge-LPDs having different Si waveguide
width are investigated based on accurate equivalent circuit models.

Fig. 6-13(a) shows equivalent circuit model of Ge-LPDs without
impedance for parasitic components (Zyra). The model parameters are
extracted by measured and simulated electrical reflection coefficients
and photodetection frequency responses based on equivalent circuit
model at -2 V.

(a)

N-port P-port
(o]

l1é%lzgl%lné?cj+ R3

(b)

\AJ

Rs

A

anz)' @no) f[Hz]
=i =f

I (f)or > ()

Fig. 6-13. (a) A modified equivalent circuit model of Ge-LPD core and

(b) frequency responses of photogenerated current sources.
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Electrical S-parameters of four types of Ge-LPDs having different
Si waveguide width are measured as shown in Fig. 6-14 with a network
analyzer from 100 MHZ to 67 GHz at -2 V. Resulting measured results
are well-matched to simulated. The extracted model parameters for Ge-
LPD core are listed in Table 6-3. As Si waveguide width increases, R
decreases but Cjremains constant. This is because reduced distance
between contact and the edge of intrinsic Ge region decreases R, and
constant depletion region due to constant Si3zN; width contributes

constant Cj.

TABLE 6-3
EXTRACTED PARAMETERS FOR 4 TYPES OF GE-LPDS HAVING
DIFFERENT S1 WAVEGUIDE WIDTH

Type 1 Type 2 Type 3 Type 4
-2V
R [Q] 22 20 18 10
G [fF] 12
R; [kQ] 100
f1[GHz] 19 12.5 12 10
A [%] 10.0 10.8 13.8 16.3
f[GHz] 83 83 83 83
Az [%] 90.0 89.2 86.2 83.7
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Fig. 6-14. Measured and simulated reflection coefficients for 4 types
of Ge-LPD cores having different Si waveguide width from 100 MHZ
to 67 GHz at -2 V.
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To determine current source model parameters of diffused and
drifted photogenerated carriers in Fig. 6-13(b), TCAD simulations are
performed, and extracted model parameters for Ge-LPDs at -2 V are
listed in Table 6-3. From this, it can be observed that as Si waveguide
width is increased, diffused photogenerated carrier transit time (z7;) and
the amount (4,) are also increased.

This analysis is reasonable when relationship between diffusion
length and the width of each n- and p-doped charge neutral region are
known. This can be verified by using below equations related to

diffusion length:
Ly, =Dy 7o, and (6.1

D, = i, (’%) . 6.2)

where L, 1is diffusion length, D, diffusion coefficient, 7, the
life time, p,, mobility for electron and hole, k& Boltzmann constant,
T temperature in Kelvin, and ¢ is electric charge.

Since pu,, 1s influenced by doping concentrations and electric-
field intensities, ., is obtained by TCAD simulation for improved
accuracies. 7, 1s chosen as the slowest case of about 100 ps which is
from Type 4 in Table 6-3. From that, diffusion length of electron and

hole is calculated by 250 and 230 nm, respectively. Since Type 4 has
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about at least 300 nm charge neutral region, it can be verified that
reduced doped regions causes reducing diffusion length, and as a result,
Ge-LPD having smaller Si-waveguide width is preferred for enhanced
photodetection bandwidth.

Fig. 6-15 shows normalized measured and simulated photodetection
frequency responses of four types of Ge-LPDs. They also include 3
different simulation results considering time constants of 7, 72, and zgc.
Type 1 having the smallest Si-waveguide width among them shows the
largest photodetection bandwidth of about 70 GHz, whereas Type 4
shows the smallest of about 56 GHz. The extracted time constants are
listed in Table 6-4 and from these, Ge-LPD having small Si-waveguide
width contributes large photodetection bandwidth due to reducing

diffused photogenerated carriers.

TABLE 6-4

EXTRACTED TIME CONSTANTS FOR 4 TYPES OF GE-LPD CORES
HAVING DIFFERENT SI WAVEGUIDE WIDTH

Type 1 Type 2 Type 3 Type 4
-2V
Tre [ps] 0.87 0.84 0.82 0.72
Tiransit [PS] 2.26 2.36 2.55 2.72
Tiotal [PS] 2.58 2.68 2.85 2.99
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Fig. 6-15. Measured and simulated photodetection frequency
responses from 100 MHZ to 67 GHz for four types of Ge-LPD cores
having different Si waveguide width at —2 V.
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6.3. The Effects of N- and P-Doped Region Areas of
Ge-LPDs

6.3.1. Device Description

Fig. 6-16(a)—-(d) show the top-view and cross-section of the 4
different structures of Ge-LPDs investigated [40]. All Ge-LPDs are
composed of lateral highly n-doped, intrinsic and highly p-doped layer,
on 0.22-um top Si layer. They are fabricated using IHP BiCMOS
photonic process [19] and realized by changing the width of Si
waveguide layer underneath Ge epitaxy layer to have different portion
of n- and p- doped region areas without changing any fabrication
process [19]. As shown in Fig. 6-16, Type 1 has both narrow n- and p-
doped regions, and Type 2 has both wide n- and p-doped regions, and
Type 3 has narrow n- and wide p-doped regions, and on the contrary,
Type 4 has wide n- and narrow p-doped regions. As compared with
Type 3 and 4, Type 4 has wider doped region due to longer diffusion
tail of P than B. The design parameters for each Ge-LPD are listed in

Fig. 6-16(e).
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Fig. 6-16. (a)(d) Cross-sections and (e) design parameters for 4 types
of Ge-LPDs having different n- and p-doped region areas.

119



6.3.2. DC Characterizations

Fig. 6-17 shows dark current-forward bias voltage characteristics of
four types of Ge-LPDs as shown in Fig. 6-16(a)—(d). The slope of this
graph represents inverse of resistance for each Ge-LPD and as can be
seen in Fig. 6-17, Type 1 having narrow n- and p-doped region has
larger series resistance than any other type. This is because the distance
between the edge of intrinsic Ge region and contact determines the

value of R, and therefore, Type 1 has the largest value of R;.

10° : T T T T
5
— SL L J
< 107
)
c
o
E 10 A : : i
= —=— Meas (Type 1)
o —O— Meas (Type 2)
—4A— Meas (Type 3)
— Meas (Type 4)

1 -5
%30 0.35 040 045 050 055
Bias Voltage [V]

Fig. 6-17. Measured dark current-forward bias voltage characteristics

for 4 types of Ge-LPDs having different n- and p-doped region areas.
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Fig. 6-18 (a)—(d) shows measured and TCAD simulated dark
current-bias voltage characteristics of 4 types of Ge-LPDs. As can be
seen, simulation results without traps have huge gap from measured.
Trap induced leakage currents at Si/Ge interfaces can be one possible
reason. Trap concentrations used in simulation are listed in Table 6-5.

Based on that, responsivities of 4 types of Ge-LPDs are simulated
and the influence of trap on Ge-PD responsivity can be investigated
using TCAD with imported optical generation rates from FDTD.
Without trap, they have about 0.7-A/W responsivities, but with trap,
responsivities are reduced to 0.4 A/W under 100-uW input optical
power at —2 V. It is believed that this discrepancy is due to assuming
constant trap concentration at each location. These simulation results
also show similar responsivity characteristics, however, simulations are
performed on ignoring metal absorption effects from contact region. It
can be believed that the responsivities of Type 2, 3, and 4 will be
smaller than Type 1, because wide doped regions in these type are very
close to contact region which causes metal absorption effects much

more.
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TABLE 6-5
TRAP CONCENTRATIONS USED IN SENTAURUS DEVICE SIMULATION FOR
4 TYPES OF GE-LPDS HAVING DIFFERENT N- AND P-DOPED REGION

AREAS
Type 1 Type 2 Type 3 Type 4
Neutral
o] 1x10" | 1x10" 1x10" 1x10"
cm
Acceptor-like
[p 5 1.5x 10" | 29x10"™ | 25x10" | 2.5x 10"
cm
10 (a) Type 1 10 (b) Type 2
F|—— Meas (5 dies) F|— Meas (5 dies)
107 f|—o— TCAD sim (w/ trap) 107 f|—o—TCAD sim (w/ trap)
? S —— TCAD sim (w/o trap) 1 Sr ——TCAD sim (w/o trap)
<, 10°% 10°
T 107 i 107
e r 1
5 10°% i 10°
o 10"} 1 10"
10-13 f N L f ] 10-13 f 1 1 L
20 15 10 -05 00 05 -20 15 10 -05 0.0 0.5
1 (c) Type 3 1 (d) Type 4
10° . . : 10° T : .
—— Meas (5 dies) F|—— Meas (5 dies)
107 f|—o— TCAD sim (w/ trap) 107 f|—o— TCAD sim (w/ trap)
— —v— TCAD sim (w/o trap) F|—— TCAD sim (w/o trap)
<, 107§
T 107
o
5 10°
o 10™ 10™ N
13 13 4 5
10 0.0

45 10 05 0.0
Bias Voltage [V]

-2.0

0.5 10 -2.0

15 1.0 05
Bias Voltage [V]

Fig. 6-18. Measured dark current-voltage characteristics for 4 types of

Ge-LPDs having different n- and p-doped region areas.
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6.3.3. Frequency Response Characterizations

Frequency response of Ge-LPDs having different n- and p-doped
region areas are investigated based on accurate equivalent circuit
models. The model is same as in Fig. 6-13 and extracted model
parameters for Ge-LPD core are listed in Table 6-6 and resulting
simulated results are well-matched to measured one as shown in Fig. 6-
19. As can be seen in Table 6-6, Rs of Type 1 is about 22 Q and this is
larger than any other type and this coincides with R, analysis based on
dark current-forward bias voltage characteristics. Since the width of
SizNs for all types of Ge-LPDs is same, they have almost same

depletion width resulting in almost same C;.

TABLE 6-6
EXTRACTED PARAMETERS FOR 4 TYPES OF GE-LPD CORES
HAVING DIFFERENT N- AND P-DOPED REGION AREAS

Type 1 Type 2 Type 3 Type 4
-2V
R [Q] 22 9 8 1
G [fF] 10
R; [kQ] 100
f1[GHz] 19 12 15 10
A [%] 10.0 29.0 23.5 57.0
f[GHz] 83 83 83 83
Az [%] 90.0 71.0 76.5 43.0
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Fig. 6-19. Measured and simulated electrical reflection coefficients for
four types of Ge-LPD cores having different n- and p-doped region
areas from 100 MHZ to 40 GHz at -2 V.
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To determine current source model parameters of diffused and
drifted photogenerated carriers in Fig. 6-13(b), TCAD simulations are
performed and extracted model parameters for Ge-LPDs at -2 V are
listed in Table 6-6.

Fig. 6-20 shows normalized measured and simulated photodetection
frequency responses of four types of Ge-LPDs. They also include 3
different simulation results considering time constants of 7, 72, and zgc.
As can be seen in Fig. 6-20, Type 1 has the largest photodetection
bandwidth and this is because Type 1 having smaller n- and p-doped
region areas causes smaller diffusion length than any other type. From
Type 3 and 4, the influence of diffused photogenerated electron and
hole carriers in p- and n-doped region can be investigated, respectively.
Since Type 4 has wider doped region due to longer diffusion tail of
Phosphorus as shown in Fig. 6-21, more amounts of slow
photogenerated hole carriers limit photodetection bandwidth. On the
contrary, for Type 3, photogenerated electrons in p-doped region limit
photodetection bandwidth. However, due to shorter diffusion tail of
Boron, smaller amounts of photogenerated electrons contributes
photodetection bandwidth which can have larger bandwidth than Type

4.

125



Normalized Relative

Normalized Relative

Response [dB]

Response [dB]

(b) Type 2

3L
o Measurement result

| — Simulation result (Total)

— . - Simulation result (RC time)
«+«+ Simulation result (Transit time)

2V

| | =——Simulation result (Total)
— - -Simulation result (RC time)
«+++ Simulation result (Transit time)

o Measurement result ©

10 20 30 40 10 20 30 40
(d) Type 4
2V
o Measurement result Measurer.\"re;nt result
|— Simulation result (Total) 1L Simulation fe,s_ult (Total) ]
— - -Simulation result (RC time) — - - Simulation restit (RC time)
-+« Simulation result (Transit time) Simlflation resylt"(itt;ansit. time)
10 20 30 40 10 20 30 40

Frequency [GHZz]

Frequency [GHZ]

Fig. 6-20. Measured and simulated photodetection frequency
responses for four types of Ge-LPD cores having different n- and p-

doped region areas from 100 MHZ to 40 GHz at -2 V.
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Fig. 6-21. TCAD simulated doping profiles of Type 4 Ge-LPD having

wide n-doped region.

TABLE 6-7

EXTRACTED TIME CONSTANTS FOR 4 TYPES OF GE-LPD CORES
HAVING DIFFERENT N- AND P-DOPED REGION AREAS

Type 1 Type 2 Type 3 Type 4
-2V
TRC 0.72 0.59 0.52 0.47
Tiransit 2.26 4.22 3.19 11.75
Trotal 2.5 4.39 3.32 11.79
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6.4. Summary

In this chapter, the characteristics of several types of Ge-VPDs and
Ge-LPDs fabricated by IME and IHP fabrication process are
investigated, respectively. Two types of Ge-VPDs having different
series resistance, four types of Ge-LPDs having different Si waveguide
width, and for types of Ge-LPDs having different n- and p-doped
region areas are characterized as current-voltage, photocurrent linearity,
electrical S-parameters, and photodetection frequency responses.

These are characterized and investigated by modified equivalent
circuit model and several TCAD simulations. From these investigations,
waveguide-type Ge-PD having small series resistance is suitable for
large photocurrent operation and Ge-LPD having smaller Si-waveguide
width and smaller doping regions causes larger photodetection
bandwidth due to having smaller diffusion length. These analysis and
investigation are helpful to apply waveguide-type Ge-PD to various

kinds of Si-based applications.
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7. Conclusion

In this dissertation, several waveguide-type Ge-PDs on Si are
investigated and their characterization, simulation and modeling works
are performed specifically. Two different junction types of Ge-PDs
having vertical and lateral p-i-n junctions are realized by IME and THP
Si photonics fabrication processes, respectively. Ge-PD measurements
are done with DC, AC, and noise measurement setup to characterize
current-voltage, linearity, electrical S-parameter, photodetection
frequency response, and noise. The modified equivalent circuit model
for several types of waveguide-type Ge-PDs on Si is also introduced.
This model includes RC passive circuit components, two current
sources for photogenerated carriers experiencing diffusion and drift,
and one noise current source. Based on this equivalent circuit model
and TCAD simulation, the influence of series resistance, Si-waveguide
width, and n- and p-doped region areas on PD performances are
investigated and identified in this dissertation.

These analyses and model should be very useful for investigating
waveguide-type Ge-PDs and designing optimal integrated with

electronic circuits for a variety of Si-based applications.
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