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... Naposletku, sve ¢im se ovaj nas Zivot kazuje - misli, napori, pogledi, osmesi, reci,
uzdasi - sve to tezi ka drugoj obali, kojoj se upravlja kao ka cilju, i na kojoj tek
dobiva svoj pravi smisao. Sve to ima nesto da savlada i premosti: nered, slut ili

nesmisao. Jer sve je prelaz,most ¢iji se krajevi gube u beskonacnosti a prema kom su

svi zemljini mostovi samo decje igracke, bledi simboli.

A sva je nasa nada sa one strane...

ITvo Andrié

... In the end, everything through which this life of ours is expressed - thoughts,
efforts, glances, smiles, words, sighs - is all reaching out to another shore, as towards
its aim, and only there will it be granted its true meaning. Everywhere there is
something to overcome or to bridge: disorder, death, meaninglessness. Everything is
a transition, a bridge whose ends are lost in infinity, beside which all the bridges of
this earth are only children’s toys, pale symbols.

And all our hope lies on the other side...

ITvo Andrié, Nobel Prize for literature 1961
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CHAPTER 1

Project motivation

1.1 Motivation

In the last decades, the speed of microprocessors has been increasing exponen-
tially with time and will continue to do so for at least another decade. However,
the local computing power of the microprocessor alone does not determine the
overall speed of a system. Equally important to the processor’s bare computing
power is the speed at which data can be distributed to and from the processor.
That means that the speed of the data-input and -output channel must keep
pace with the processor’s computing power. For the future it is expected that
these data-communication channels will become the speed-bottle-neck for the
whole system.

For short and medium distance (centimeters up to hundreds of meters) the
data communication channels are usually implemented as wired electrical con-
nections. However, at high speeds major problems occur: poor impedance
matching results in distorted signals, signal losses due to the skin-effect, sig-
nificant Electro-Magnetic noise is generated which degrades the system per-
formances. For this reason, a research project named ”Fiber-to-the-chip” is

started. The main goal is to increase the data-rate in short-haul communica-
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tion by using optical fibers instead of wires. The main focus is given at the
receiver side; the objective was to design a low-cost Gb/s receiver that can be
easily integrated with the rest of electronic circuitry.

The electronics for the long distance channels is typically realized with
expensive exotic technologies: Gallium-Arsenide High-Electron-Mobility-Tran-
sistors (GaAs HEMT) [1], [2], and Indium-Phosphide Hetero-Junction-Bipolar-
Transistors (InP HBT) [3], [4]. The maximum bit-rate for these systems is
around 100 Gb/s per channel. The first reason for adequacy of these expensive
blocks is long distance links: the cost per length of the fiber is low. The second
reason for the efficiency of this solution is that a large number of users share
the links: the cost per user is low.

For the medium and short distances however, as well as for the small number
of users (fiber-to-the-home or fiber-to-the-desk) the optical receivers and trans-
mitters should not be expensive. This project aims at increasing the speed and
lowering the costs of the fully integrated optical receivers in standard CMOS
technology. These receiver chips (inside microprocessors for example) have in-
tegrated light-sensors and thus they are cheap and do not have wire-speed lim-
itations. The light shines directly onto the CMOS! That means that micropro-
cessors could be connected in networks by just using light. The result could
then be a low-cost and high-speed fully integrated optical data communication
system for distances ranging from chip-to-chip (cm range) up to up to hundreds

of meters, typical for LAN environments.

1.2 Project phases and scientific challenges

The main goal of the project is to design a low-cost optical receiver in inex-
pensive CMOS technology. The bit rate should be up to the Gigabit/second
range. The receiver alone can be used for future chip-to-chip, board-to-board
communication (A=850 nm), and in some other applications like fully integrated
CD-ROM (A=780 nm) and DVD pick-up units (A=650 nm, A=400 nm).

In order to lower the cost of the high data-rate communication, typically
short wavelength optical components (A<850 nm) are used in combination with
silica multimode fibers [6]. The optical transmission in long-distance communi-
cation is typically based on long wavelengths (1300-1600 nm) and single-mode
fiber, due to the optimal transmission parameters of the fiber in that region

[7]. Both attenuation and dispersion are low such that signals can reach larger
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distances without the need for repeaters. However, the components for these
wavelengths are very expensive for short-haul application, mainly because of the
light sources and the hybrid technology in the receiver module. In the latter,
Si-based electronics has to be combined with the GaAsP photodiode. There-
fore, the cost aspect forms a decisive argument regarding all the advantages of
fiber-optic communication.

Combining the multimode fiber with the short wavelength components will
make our system more economically attractive. Light Emitting Diodes (LEDs)
and Vertical Cavity Surface Emitting Lasers (VCSELSs) operating at 850 nm are
less expensive than lasers operating at 1300 nm and 1550 nm. They also open
the possibility of integrating a Si photodiode with the receiver front-end using
straightforward CMOS technology.

1.3 Part of the TeraHertz project

This research work has been accomplished within the framework of the Tera-
Hertz project, sponsored by the MESA+ research institute of the University of
Twente. The aim of the project is to establish interconnect between supercon-
ducting electronics on the one side and semiconductor electronics on the other,
for very high data rates. The superconductor circuits may operate at a clock
speed up to a few THz [5], whereas opto-electronic conversion of CMOS circuits
is in a few MHz range. Therefore, there is a six order of magnitude speed dif-
ference. The first attempt was to run the total system in the few GHz range,
requiring drastical improvement in speed of optical receiver in standard CMOS
technology. Besides the speed, a complicating factor is the difference in signal
levels and in operating temperature between the two. The former requires tem-
peratures running from 4-40 K, whereas CMOS technology operates mainly at
the room temperature. The voltage level of the superconducting circuits ranges
from 0.1-10 mV, whereas the CMOS circuits need at around 1 V.

The TeraHertz project combines the expertise of several research groups that
are active within the MESA+ research institute:

e Low Temperature Division (LT)

e IC-Design (ICD)

e Testable Design and Testing (TDT)

e Lightwave Devices Group (LDG)

e Applied Analysis and and Mathematical Physics (AAMP)
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These groups geared towards the acquisition, transportation and manipula-
tion of information at very high data-rates. TeraHertz program’s point of focus
is the design, fabrication and testing of a demonstrator analogue-to-digital con-
verter (ADC) suitable for wideband code division multiple access (WCDMA)
communication. As such, it provides a solid basis for future software radio appli-
cations. Besides this demonstrator, it is expected that spin-off will be generated
that is useful for other applications as well.

. You also see that people from wvery different disciplines are working
together fruitfully, like superconductor-people and semiconductor-people. That
s quite unique and it will help to establish the name and reputation of both
Terahertz and MESA+.

From interview with Gerrit Gerritsma (1 2002).

1.4 Outline of the thesis

This thesis consists of 7 chapters. The first one is the introductory chapter where
motivation for the ”Fiber-to-the-chip” project is given. The goal is to design
monolitically integrated optical receiver in straightforward CMOS technology,
for short-haul optical communication and bit-rates up to a few Gb/s. This
achievement can minimize the total cost of the system.

The second chapter gives the main motivations for using optical communica-
tion on short distances in comparison with the straightforward wired (electrical)
communication. The advantages and disadvantages of the optical communica-
tion system are presented. The following part of the chapter explains major
characteristics of light: light spectra, frequency, wavelength, rays or photons.
There the three key building blocks for optical communication system: light
sources, optical fiber, and light detectors. These blocks are also explained in
chapter 2. Light is typically created either using lasers or high-intensity LEDs.
Main characteristics as well as advantages and disadvantages of lasers and LEDs
are briefly discussed. Optical fibers as typical “medium” for optical communica-
tion are presented with their main characteristics. Finally at the receiver side,
we will present photodetectors in general, together with their requirements and
specifications. The important properties of light absorption will also be investi-
gated such as absorption coefficient and absorption depth. Related to this, the
quantum efliciency, responsivity as well as the wavelength sensitivity range for
CMOS photodiodes will be analyzed.
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Chapter 3 presents a detailed analysis of the time and frequency responses
of photodiodes in CMOS technology for A=850 nm. Physical processes inside
a photodiode are thoroughly investigated using one particular CMOS technol-
ogy; it is a standard 0.18 pm CMOS since that was the available fabrication
technology. For every high-speed photodetector there are two main parameters
that define their figure-of-merit: responsivity and bandwidth. The bandwidth
is the main limiting factor for Gb/s optical detection. For easier comparison
among the photodiodes, it is assumed that the active area of all analyzed diodes
is the same providing the same maximal responsivity. There are actually two in
nature different bandwidths of the photodiode: intrinsic (physical) and extrinsic
(electrical). The first is inversely related to the time that excess carriers need
to reach junctions and thus, to be detected at the output terminal. The second
bandwidth is related to diode capacitance as well as the input impedance of the
subsequent transimpedance amplifier. By approximation, the total bandwidth
is the lowest between these two. These bandwidths will be separately analyzed
in detail in chapter 3.

The calculated intrinsic bandwidth of typical photodiode in standard CMOS
for A=850 nm, is in the low MHz range. This is two orders of magnitude too low.
Chapter 4 presents a solution for more than 4 times bandwidth improvement
in comparison with state-of-the art detectors in standard CMOS technology
without sacrificing diode responsivity. This is achieved by using an inherently
robust analog equalizer. Complex adaptive algorithms are not required. The
proposed configuration is spread and temperature robust. Using this approach,
a 3 Gb/s data-rate for A=850 nm and 0.18 pm CMOS technology, is achieved.
This is the highest speed ever achieved with the integrated photodetector in
standard CMOS for the moderate responsivity of 0.4 A/W.

For very low wavelength A=400 nm (blue light), the light penetration depth
in silicon diode is very small (0.2 nm). Chapter 5 analyzes both time and
frequency response of photodiode structures in CMOS. Excess carriers are gen-
erated close to junctions allowing large diffusion current bandwidth (hundreds
of MHz up to a few GHz range). This diffusion current mainly determines
the total diode photocurrent. The same chapter investigates polysilicon photo-
diodes designed using NMOS and PMOS gates. The measured bandwidth of
the poly photodiode was 6 GHz, which figure was limited by the measurement
equipment. This is the highest bandwidth among all photodiodes designed in
standard CMOS technology. However, the quantum efficiency of this poly pho-
todiode is low (<8 %) due to the very small light sensitive diode volume. The
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diode active area is limited by a narrow depletion region and its depth by the
technology.

Chapter 6 analyzes the frequency behavior of photodiode in standard CMOS
in general, for the whole wavelength-sensitivity range 400 nm<A<850 nm: a gen-
eral device-layer/p-substrate diode is analyzed for various scales of the technol-
ogy. The photodiode bandwidth can be improved using the analog equalization
method independent on input wavelength,. This chapter analyzes the starting
and the maximal equalization frequencies that depends on CMOS technology
and input wavelength i.e. it depends on the roll-off in the diode frequency
characteristics.

Chapter 7 presents the most important conclusions in the thesis and gives an

overview of the publications originating from the work described in this thesis.

1.5 Main contribution of this thesis

The work presented in this thesis gives the original contribution to the Gb/s
integrated optical receivers in standard CMOS. For the first time, an integrated
photodetector and electrical amplifier for a Gb/s data-rate is designed in stan-
dard CMOS technology for A=850 nm. The achieved 3 Gb/s data-rate is more
than 4 times the data-rate of the state-of-the-art integrated CMOS optical de-
tector, and 300 times the speed of the conventional photodetector in standard
CMOS.
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CHAPTER 2

Introduction

2.1 Why optical interconnection?

For nearly forty years scientists are using light to "talk” over distance. The
birth of optical communications occurred in the 1970s with two key technol-
ogy breakthroughs. The first was the invention of the semiconductor laser in
1962 [1]. The second breakthrough happened in September 1970, when a glass
fiber with an attenuation of less than 20 dB/km was developed [2], [3]. With the
development of optical fibers with an attenuation of 20 dB/km, the threshold
to make fiber optics a viable technology for telecommunications was crossed.
The first field deployments of fiber communication systems used Multimode
Fibers (MMFs) with lasers operating in the 850 nm wavelength band. These
systems could transmit several kilometers with optical losses in the range of 2 to
3 dB/km. The total available bandwidth of standard optical fibers is enormous;
it is about 20 THz. A second generation of lasers operating at 1310 nm enabled
transmission in the second window of the optical fiber where the optical loss
is about 0.5 dB/km in a Single-Mode-Fiber (SMF). In the 1980s, the telecom
carriers started replacing all their MMF's operating at 850 nm. Another wave-

length window around 1550 nm was developed where a standard SMF has its

9
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minimum optical loss of about 0.22 dB/km.

From this small history of fibers it can be concluded that the main research
focus was on long-distance communication. Chapter 1 described that the elec-
tronics for the long distance channels is typically realized with expensive exotic
technologies such as GaAs or InP. The bit-rate for these systems is large, around
100 Gb/s per channel, with the low cost per length of the fiber and for a large

number of users.

Replacing electrical wires with optical fibers for short distances for a small
number of users is still challenging. The goal is to have low cost but high (Gb/s)
bit-rates of the system. However, the important question is should we use light

(fibers) to directly connect silicon chips and why?

A large study about this issue is published in the literature and some of the
results will be briefly presented further in this introductory chapter. In [4], [5],
[6], D. Miller tried to stress the practical benefits of optical interconnects and
drawbacks of electrical systems for very high-speed communication (>10 GHz).
His approach was to analyze the similarities and differences in optical and elec-

trical systems, which will be briefly investigated in the following subsections.

2.1.1 Electrical and Optical Interconnection - Similarities

At the most basic level, optical and electrical physics are very closely linked. In
practice, in both the electrical and optical cases, it is the electromagnetic wave

that carries a signal through a medium (see Figure 2.1).

It is important to stress that in high-speed communication, it is not electrons
that carry the signals in wires or coaxial cables; actually the signal is carried by
electromagnetic wave [4]. It is also good to note that signals in wires propagate
at the velocity of light (or somewhat lower than light velocity if coaxial cables
are filled with a dielectric). Hence it is generally incorrect to say that signals
propagate faster in optics. In fact, signals typically travel slightly slower in
optical fibers than they do in coaxial cables because the dielectric used in cables

has a lower dielectric constant than glass.

In case of electrical interconnection lines on chips, the signals do move at
a lower speed, but this speed is determined by the overall resistance (R) and

capacitance (C) of the interconnect line [7].
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Figure 2.1: Types of optical and electrical propagation and their velocity. One
possible model of the lossy line is presented.

2.1.2 Electrical and Optical Interconnection - Differences

Apart from large similarities, there are important basic differences between op-
tical and electrical physics. The most important one is the higher (carrier)

frequency and therefore a large photon energy.

The higher carrier frequency (shorter wavelength, typically in 1 pm range)
allow us to use optical fibers to send optical signals without high loss [8]. There
are small ”"wavelength windows” where the loss in the fibers (both singlemode
and multimode) is small (<1 dB/km). The dispersion in singlemode and mul-
timode fibers used in short distance communication is small too. In this way it
is possible to avoid the major loss phenomena that in general limits the capac-
ity of electrical interconnects on high frequencies: signal and clock distortion
and attenuation. The optical generation and detection for interconnection is in
principle quantum mechanical (e.g., counting photons). This is in contrast to
a classical source/detection of voltages and currents; for example, detection of
light in practice involves counting photons, not measuring electric field ampli-
tudes. Two practical consequences are that all optical interconnections provide
voltage isolation (used in opto-isolators), and optics can offer lower powers for

interconnects: it can solve the problem of matching high-impedance low-power
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devices to the low impedance (and/or higher capacitance) of electromagnetic
propagation. Due to the optical interconnection, there are no inductive voltage
drops on input/output pins and wires that exist in the electrical connection.

A signal propagating down an electrical line may start with sharply rising
and falling "edges”. However, these edges will gradually decrease because the
loss-related distortion and dispersion, as illustrated in Figure 2.1. This ”soften-
ing” of the edges makes precise extraction of timing information more difficult.
For the same communication distances, optical systems have relatively little
problem with such variations. The dispersion and loss in optical fiber are typ-
ically smaller than in electrical wires, which is explained in section 2.3.2. The
optics becomes thus increasingly attractive at high bit rates but also in higher
interconnect densities (e.g., high density edge connectors for boards, or even
very high density connections of chips), and arguments for optics become in-
creasingly strong as the number of lines on the board increases. However, the
disadvantage of optics is in the systems with optical connectors, because the
connector size is much larger than a fiber diameter.

Optics also offers several additional opportunities that have essentially no
practical analogy in the electrical case, including use of short pulses for improved
interconnect performance [9]. A very important advantage of optical fibers is
that they can be deployed in environments with large electromagnetic interfer-
ence (EMI) and radio-frequency interference (RFI), such as airports, factories,
military bases etc.

In total, the advantages of optical interconnection in comparison with the

straightforward electrical connection are summarized below, [4]:

e Immune to noise (electromagnetic interference and radio-frequency interfer-

ence

Signal Security (Difficult to tap)
e Nonconductive (does not radiate signals) - electrical isolation

e No common ground required

Freedom from short circuit and sparks

No inductive voltage drops on pins and wires

Reduced size and weight cables (but not connectors)
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Ability to have 2-D interconnects directly out of the area of the chip rather
than from the edge

Resistant to radiation and corrosion

Less restrictive in harsh environments

Low per-channel cost [2]
e Lower installation cost in future (Wavelength Division Multiplexing [10])

Despite the many advantages of fiber optic systems, there are some disadvan-
tages. Because of the relative newness of the technology, fiber optic components
are still expensive even though the prices decrease dramatically in a last couple
of years. Fiber optic transmitters (but not the receivers!) are still relatively
expensive compared to electrical interfaces. The lack of standardization in the
industry has also limited the acceptance of fiber optics. Many industries are
more comfortable with the use of electrical systems and are reluctant to switch
to fiber optics. However, a huge bandwidth advantage of the optical intercon-
nection will move the future industries more towards optics. Nevertheless, the
signal processing is typically electrical, so the interface between the electrical
and optical signals will always be required and the total speed in the system

will be limited by the electronics.

2.2 Characteristics of light

The working methods of optical communication and optical fibers depend on
basic principles of optics and the interaction of light with matter. From a
physical standpoint, light can be seen either as electromagnetic waves or as
photons. Both view points are valid and valuable, but the simplest view for
a fiber transmission is to consider light as rays travelling in straight lines and
for a light detection to see the light as a number of incident photons on the
photodetector surface.

Light is only a small part of the electromagnetic (EM) spectrum. The dif-
ference in radiation in different parts of EM spectrum is a quantity that can

be measured: length of wave/frequency of EM-field and energy of photons. In

1A 3 Gb/s data-rate optical receiver in inexpensive CMOS technology is presented in
chapter 4 of this thesis.
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Figure 2.2: Electromagnetic spectra with applications in the certain frequency
range.

some parts of the spectrum, frequency is used the most; in others wavelengths
and photon energies. In Figure 2.2 the EM spectrum is presented with typical
applications in certain spectral ranges.

In the optical world most common used light quantity is a wavelength, mea-

sured in micrometers or nanometers. It is inversely proportional to frequency f:

A= (2.1)

where c is the speed of light in the transporting medium.

2.3 Optical fiber types

Optical fibers are characterized in general by the number of modes that propa-
gate along the fiber. Basically, there are two types of fibers: single-mode fibers

and multi-mode fibers. The basic structural difference is the different core size.
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Figure 2.3: Single-mode optical fiber with typically one light ray (small core
diameter 9 um).

2.3.1 Single-mode fibers

Single-mode fibers have lower signal loss and higher information capacity (band-
width) than multimode fibers. They are capable of transferring higher amounts
of data due to low fiber dispersion 2. These fibers illustrated in Figure 2.3, are
mainly used for long-haul optical communication because of their typical loss
that is less than 0.2 dB/km.

2.3.2 Multimode Fibers

As their name implies, multimode fibers propagate more than one mode. This
is illustrated in Figure 2.4. The number of modes M, propagated depends on
the core size and numerical aperture (NA) and can be approximated by:
V2 V2
M, = 5 and e (2.2)
for step index fiber and gradient index fiber, respectively. V is known as the nor-
malized frequency, or the V-number, which relates the fiber size, the refractive

index, and the wavelength. The V-number is:

V= FT] x NA (2.3)

NA is closely related to the acceptance angle and it is approximately [8]:

NA = +/n2 —n2 =~ nysin O, 2.4
0

2Basically, dispersion is the spreading of light as light propagates along a fiber. This causes
intersymbol interference i.e. an incorrect bit detection at the fiber’s output.
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Figure 2.4: Multimode-mode optical fiber with multiple light rays (large core
diameter 50 pm). The angles of the light rays are refracted at the air/fiber
interface according to Snell’s law.

where ng and ny are refractive index of the core and cladding respectively, and
O, is the confinement angle in the fiber core. As the core size and NA increase,
the number of modes increases. Typical values of fiber core size and NA are
50 pm to 100 pm and 0.20 to 0.29, respectively.

A large core size and a higher NA have several advantages. Light is launched
into a multimode fiber with more ease. Higher NA and larger core size make it
easier to make fiber connections: during fiber splicing, core-to-core alignment
becomes less critical. Another advantage is that multimode fibers permit the
use of light-emitting diodes (LEDs). Single mode fibers typically must use laser
diodes due to their small diameter (< 10 pm). LEDs are cheaper, less complex,

and last longer and they are preferred for the large number of applications [8].

Nevertheless, multimode fibers have some disadvantages. As the number
of modes increases, the effect of modal dispersion increases. Modal dispersion
(intermodal dispersion) is important because, as the pulses spread, they can
overlap and interfere with each other, limiting data transmission speed. Typical
dispersion values for fiber are measured in nanoseconds per kilometer of fiber.

These can be translated into an analog bandwidth limit in the transmission.

For instance, if one ray travels straight through a multimode fiber and an-
other bounce back-and-forth at the acceptance angle ©. through the same fiber,

the second ray would travel further for:

11:1( ! —1) ] (2.5)

cos O,
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Figure 2.5: The analog bandwidths of the multimode fibers having core diame-
ters of 50 pm and 100 pm and electrical cable 625-F vs. fiber/cable length.

where [ is the length of the multimode fiber. The ray that goes down the center
of the fiber with speed v will reach the output 7, seconds before the the ray that
bounces at the acceptance angle:

L[ 1
TN (COS@C - 1) (2.6)

Thus, an instantaneous pulse at the start will spread out 7, seconds at the end.

The analog bandwidth of the multimode fiber is inversely proportional to the
pulse spread.

For a typical NA values of multimode fibers of 0.20 to 0.29, the acceptance
angle calculated using equation (2.4) ranges from 11.5° to 17°. If we take the
speed of the ray in optical fiber to be about 2 - 10® m/s [11], the dispersion ¢,
can be calculated from equation (2.6). The analog bandwidth of the multimode
fiber, inversely proportional to dispersion is calculated and presented in Figure
2.5.

As far as electrical cables are concerned, the attenuation Ay in dB is pro-
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portional to the length of the cable and square-root of the frequency [12], [13]:

Ay = e 3hlVT g=3kals (2.7)

where f is the frequency expressed in megahertz, k; and ky are parameters
defining the electrical cable type and [ is the cable length expressed in kilometers.
The first exponential term is due to a skin-effect and the second exponential term
is due to the dielectric loss. One should notice that the additional advantage of
optical fibers is that the fiber-loss is independent on signal frequency over their
normal operating range [11].

For a very small attenuation cable 625-F [13], k1 = 0.6058 and ko = 0.0016.
Since k1 > ko, the bandwidth frequency of the cable f.,p, can be approximated

as:
1

fcab = 400]43%12 (28)

The 625-F cable bandwidth is illustrated in Figure 2.5. For larger transmission
distances, the bandwidth of the electrical cable drops significantly in comparison
with the bandwidth of the multimode fibers.

2.3.3 Plastic optical fibers

Multimode fibers made entirely of plastic have higher losses than silica fibers.
Therefore, they have long been outweighed, especially for communication. How-
ever, they have also the advantage of being lighter, inexpensive, flexible, and
easy to handle. Since the single-mode fibers are proven unsuitable for LAN
installations (high connectors cost and costly technical expertise) plastic fibers
appear to be a possible solution: the physical characteristics meet the same
challenges as copper and glass. It has ability to withstand a bend radius of
20 mm with no change in transmission, an 1 mm bend without breaking or
damaging the fiber.

The main disadvantage of plastic fibers is their high loss. The best laboratory
fibers have loss around 40 dB/km. At 650-nm wavelength (for communication
using red LED) plastic fibers have loss of about 150 dB/km. Unlike glass-fibers,
the loss of plastic fibers is lower at shorter wavelength and is much higher in
the near infrared, as illustrated in Figure (2.6). As a result, plastic optical
fibers have only limited application. They are used mainly for flexible bundles
for image transmission and illumination, where light does not need to go far.

In communication, plastic fibers are used for short links, like within the office
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Figure 2.6: Attenuation versus wavelength for a commercial plastic multimode
step-index fiber [11]. It typically decreases with wavelength while for the single-
mode fibers it increases.

building or cars.

Another important concern is long term degradation at high operation tem-
peratures. Typically, plastic fibers can not be used in applications where the
temperature ranges up to 85°C. This leaves only a little margin with engine
compartments of car which can get hotter. Some other heat-isolators have to
be explored and used. Plastic fibers are designed similar to glass- fibers. High
index cladding (see Figures 2.3, 2.4) is around the low-index core. Commercial
plastic fibers are usually multimode because the material’s high losses makes

long-distance transmission impossible.

2.4 High intensity light sources

Light source in the fiber-optic communication system converts an electrical input
signal into an optical signal. The important parameters of the source are:

e the dimension of the light-emitting area and the radiation pattern of the
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optical bundle

e the efficiency

o the lifetime

e the effect of temperature on its transfer characteristics
Typical high-intensity light sources are lasers and LEDs. Both sources operating
at 850 nm, which is typical wavelength used for short distance communication,

are economically attractive, since they are less expensive than lasers operating
at 1300 nm and 1550 nm.

2.4.1 Lasers

A vertical cavity laser (VCSEL), formed in a single epitaxial growth, is real-
ized by sandwiching a light-emitting semiconductor diode between multi-layer
crystalline mirrors. The technologies used for VCSEL fabrication are typically
InGaN or AlGaAs. Unlike edge-emitting lasers, which require a larger wafer
area and power consumption, the laser output from a VCSEL is emitted from
a relatively small area (5-50 pm?) on the surface of the chip, directly above the
active region. The VCSEL is illustrated in Figure 2.7. The VCSELSs physical
structure yields numerous inherent advantages including: compact size and sur-
face area, high reliability, flexibility in design, ability to efficiently test each die
while still in the wafer state, low current requirements, efficient fiber coupling,
high speed modulation, and the ability to build multiple lasers on a single semi-
conductor. A big advantage of VCSELs is that they can be modulated with
very high frequencies (>50 GHz).

2.4.2 Light Emitting Diodes (LEDs)

The working principle of the LED is based on emission of photons due to re-
combination of holes and electrons in a semiconductor device. The number of
carriers present in the active LED region is proportional to the forward current
through the LED. The dimensions of the emitting area of an LED are similar
to the core diameter of the multimode fiber.

In most LEDs the light is not completely monochromatic i.e. show relatively
broad spectra. The visible light from an LED can range from red (at a wave-
length of approximately 700 nanometers) to blue-violet (about 400 nanometers).

Some LEDs emit infrared (IR) energy (850 nanometers or longer).
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Figure 2.7: VCSEL structure with light emitted from the surface of the chip.
Possible coupling with both the single-mode and multimode optical fibers.
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Figure 2.8: A LED coupled to a multimode fiber.
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2.5 Photodetectors - introduction

A silicon photodetector is in general a solid state transducer used for converting
light energy into electrical energy. The following subsections present the main

photodetector characteristics.

2.5.1 Ideal photodetector

In the ideal case, the photodetector should meet the following requirements:
* detect all incident photons,
* has the bandwidth larger than the input signal bandwidth,

* not to introduce additional noise, apart from the quantum shot-noise from

the received signal.

In most practical applications, additional requirements can be defined. The
photodetector should be small, reliable, its characteristics should not be affected
by age and environment and very important is to be cost-effective.

The requirements for ideal photodetectors are very hard to meet in reality,
and the photodetectors usually have limited bandwidths with finite response
time. They introduce unwanted noise and the efficiency of detecting incident
photons is less then 100%. The lifetime is usually limited and some detectors
degrade unacceptably as they age.

Most of the photodetectors used in the today’s communications are photon-
effect based i.e. they directly generate the photocurrent from interactions be-
tween the photon and the semiconductor material. There is huge number of
atoms in the material, about N=10?* cm™2. When light penetrates into the
detector material, there is a high probability that the semiconductor will inter-
act with an incident photon creating an electron-hole pair. Photodetectors are
grouped into four categories: photo-multipliers, photoconductors, photodiodes
and avalanche photodiodes. In this thesis the main focus will be on photodiodes.
The limitations of photodiodes in standard CMOS in their quantum efficiency

and in the bandwidth will be discussed in the following chapters.

2.5.2 Absorption of light in silicon

Once the light is absorbed in the photo-detector, electrons in the valence band

become mobile carriers in the conduction band. This process leaves behind
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mobile holes in the valence band. Basically, these two types of carriers are seen

as a photocurrent at the photodiode terminals.

Light is absorbed exponentially versus depth inside the silicon [8]. The light

intensity I inside the silicon can be approximated as:
Ioxe ™ (2.9)

where « is the wavelength dependent absorption coefficient while x is the depth
in silicon. The absorption coefficient for silicon can be approximated with the

following formula [14]:

2 3
o = 10132131 — 36.7085X + 48.1893)% — 22,5562\ 1 /1,1 (2.10)

The wavelength A of the input light signal is given in [pm].

The photodiodes in CMOS technology are sensitive only for a particular
wavelength range. The photon energy hv is wavelength dependent and it should
be larger than the band-gap of the semiconductor material (in this case silicon)
[15]. For larger wavelengths A>950 nm, photon energy is not high enough to
create an electron-hole pair, and no electrical signal can be detected. For lower
wavelengths on the other hand, A< 400 nm, excess carriers are generated very
close to a photodiode surface. The surface recombination rate is high and only a
small part of them contribute to the photocurrent. As a result, the wavelength
sensitivity range of CMOS photodiodes is A € [400 — 850] nm.

For best performance e.g. the highest speed and responsivity, the photodi-
ode should be designed to allow the largest number of photons to be absorbed
in depletion regions; in ideal case photons should not be absorbed until they
have penetrated as far as the depletion region, and should be absorbed before
penetration beyond it. The relative depth to which photon penetrates is a func-
tion of its wavelength (see chapters 3, 4 and 5). Short wavelength light (around
blue and violet) are absorbed close to the photodiode surface while those with
longer wavelength (infrared) may penetrate 10ths of micrometers deep in the

substrate.

The calculated values of the absorption coefficient are shown in Figure 2.9.
From this figure we conclude that the difference in absorption coefficient for
the two boundaries is very large: a = 7.5 x 10?2 + 5.5 x 10* cm™!. This ab-

sorption coefficient is directly related to the absorption depth inside the CMOS
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Figure 2.9: The absorption coefficient « for silicon photodiodes versus input
wavelength of the light signal A.

photodiode, as illustrated in Figure 2.10.

The light intensity drops exponentially inside silicon:
— xae 7 (2.11)

The more light is absorbed in the photodiode, the more excess carriers are
generated. We define a parameter G(z) which is the carrier generation rate as

a result of the incident light in the unity of time often modelled as:
G(z) = ®oae™** (2.12)
where ®q is the photon flux at the silicon surface generated by a monochromatic

optical source and can be further expressed as:

Py
o= 21— Ri) (2.13)

P, is the input optical power density (W/cm?), hv is the photon energy and
R; is the reflection coefficient due to the different index of reflections of the

"outside world” on the top of the silicon and the silicon itself [8]. During each
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unit of time, Py, /hv photons arrive with a frequency v. The number of generated
carrier pairs is ~ 1Py /hv resulting in a photocurrent of ~ nePy, /hv [8] (where
e is electron charge); this is often referred to as photodiode responsivity. It is

defined as the average photocurrent per unit of incident optical power:

e

R= fTZ (2.14)
The parameter 7 is quantum efficiency. The quantum efficiency is often defined
as the average number of (primary) generated electron-hole pairs per incident
photon. For every photodetector there are typically four quantum efficiency
components:

1. efficiency of light transmission to the detector (fraction of incident photons
that reach the silicon surface)

2. efficiency of light absorption by the detector (fraction of photons reaching
the silicon surface that produce electron-hole (EH) pairs)

3. quantum yield (number of EH pairs produced by each absorbed photon)

4. charge collection efficiency of the photo-detector (fraction of generated

minority carriers by presence of light, that cross the pn junction before recom-
bining).
However, during the calculations of the available output photocurrent, typically
only the first and the fourth quantum efficiency components are taken into
account. The other two components are taken to be equal to one. Typical value
of the quantum efficiency in a CMOS photodiode is about 40%-70%.

The maximum possible responsivity varies with photon energy. For n = 1,
the maximal responsivity can be simplified as: R max = A/1.24, where A in [pum].
For the wavelength sensitivity range of CMOS photodiodes 400 nm<A<850 nm,
the maximum responsivity is in the range 0.32 A/W<Rnax<0.64 A/W.

The responsivities of a typical Si photodiode, Ge photodiode and InGaAsP
photodiode as a function of wavelengths are illustrated in Figure 2.11. The
maximum responsivity is also depicted on the same figure (n = 1).

In the short-wavelength region (A = 400 nm), the value of Ry,.x decreases
more rapidly than A; this is caused by increased surface recombination for the
shallow absorbtion depth. For large wavelengths (A>850 nm) the responsivity
of the CMOS photodiodes also declines; minority carriers are generated deep
in the substrate and they are recombined with majority carriers. The highest
responsivity is for 600 nm<A<800 nm since the carriers are generated closer to

the photodiode junctions.
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Figure 2.10: The absorption of light inside photodiode in standard CMOS
technology.  The difference between 1/e-absorption depth among A =
400, 650 and 850 nm) is large; There is a causal relation between the pho-
todiode responsivity and the bandwidth.

Figure 2.11 shows that silicon photodiodes are not useful in the longer wave-
length region A>950 nm. Other materials have the advantage of a smaller
bandgap and higher mobility providing thus higher responsivity and higher
bandwidths. However, silicon photodiodes can be integrated with the rest of
the electronic circuitry which provides low-cost solution for high-speed optical

detection.
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Figure 2.11: Responsivity of a Si photodiode, a Ge photodiode and a InGaAs
photodiode as a function of the wavelength

2.6 High-speed optical receivers in CMOS

for \ = 850 nm-literature overview

This section presents a brief overview of high-speed optical receivers in CMOS
technology reported in the literature for A = 850 nm. Only a few solutions
for optical receivers are presented in standard CMOS (data-rates up to 700
Mb/s). The rest are designed using modified CMOS technology and high-voltage
solutions (data-rates up to 1 Gb/s).

2.6.1 Using standard CMOS technology

A high-speed optical detection is typically achieved in two manners: the first
one is a using ”smart” photodiode design, which includes technology exploration
and the layout design. The second one is using standard photodiodes with insuf-
ficient speed but doing signal processing afterwards in the subsequent electronic

circuitry.
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CMOS technology with feature size of 1pm

In [16], a data-rate of 622 Mb/s is achieved in 1-pm CMOS technology with
a voltage supply of 5 V; the input wavelength is A = 850 nm. The reported
sensitivity of the detector is -15.3 dBm for a bit error rate (BER) of 1079, As
comparison, the specified sensitivity for Gigabit Ethernet Standard is -17 dBm
for the same BER, [17]. Chapter 6 of this thesis describes that using this
technology with 0 V supply voltage, the calculated bandwidth of the photodiode
is about 100 MHz. With the supply voltage included (5 V), the depletion
region area increases almost three times resulting in the increased photodiode
bandwidth. In [18] it was shown that the maximum bit-rate is typically beyond
the photodiode bandwidth.

Very important features of 1 pym CMOS processes compared to a 0.18 pm
CMOS processes, that strongly determine the photodiode bandwidth and the

responsivity are:

1. the depth of the nwell is 3-4 times larger than in modern CMOS tech-
nology (4 pm). The fast diffusion current inside the nwell and fast drift cur-
rent strongly determines the overall photocurrent. In modern 0.18 pm CMOS
technology for example, the overall current is mainly determined by the slow

substrate current.

For A = 850 nm, a large portion of light (1/3) is absorbed in nwells, in
comparison with newer CMOS technologies where most of the light is absorbed
inside the substrate. The fast diffusion response inside the nwell dominates here

more to the overall photocurrent. As a result, a photodiode bandwidth is larger.

2. the supply voltage is almost three times higher (5V/1.8V); as a result the
depletion region width (depth) is about 50% higher.

3. the disadvantage of 1 pm CMOS is that it is hard to implement electronic

circuits in the GHz range.

Together with the depletion region that has a couple of pm depth inside the
epi-layer, the amount of the carriers that are generated deep in the substrate
is 5 times lower than in modern CMOS technologies®. For comparison, the
calculated photodiode bandwidth for a modern CMOS process (0.18 pm) is

only 5 MHz for A = 850 nm (see chapter 3).

3Slow diffusion of the substrate carriers that limit the photodiode bandwidth is tremen-
dously reduced (exponential light absorbtion). This will be discussed in detail in chapter
3.
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Figure 2.12: Spatially modulated light detector.

SML detector exploiting layout design

One solution in standard 0.25 pm CMOS technology where 700 Mb/s data-rate
is achieved is presented in [18],[19]. The effect of the slowly diffusing carriers
cancelled by subtracting two diode responses: immediate and deferred diode
responses; this however results in lower responsivity and hence lower sensitivity.

The principle of the SML-detector allows one to cancel the effect of the
substrate carriers with the cost of lower responsivity. The SML-detector consists
of a row of rectangular p-n junctions (fingers) alternatingly covered and non-
covered with a light blocking material, as shown in Figure 2.12. The masked
fingers connected together form the deferred (D) detector. The other fingers
connected together form the immediate (I) detector.

The slow tail in the time-response of both detectors is very similar, since
approximately the same number of the substrate carriers diffuse towards the
detectors. The fast total photodiode response is achieved by subtraction of the
two diode responses. This however results in lower responsivity (about 75% of
the input signal is lost) and hence lower sensitivity. For 300 Mb/s data-rate and
BER=10"" the reported sensitivity was -18 dBm. The detector responsivity for
700 Mb/s [19] was not reported; typically the optical power of the input signal

is even higher since the noise in the circuit is increased for higher speeds.

2.6.2 CMOS technology modification
Very high-resistance substrate

A solution for 1 Gb/s optical detection is presented in [20]. An integrated

receiver is designed in NMOS technology with a special high-resistive substrate
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which behaves as a diode intrinsic (I) region. This PIN photodiode is used as
a detector designed using n+ and p+ layers inside high-resistive n-substrate.
A large intrinsic region ensures both the high speed and the high quantum
efficiency of 82%. However, the supply voltage is -32 V. This is unrealistic

biasing in modern CMOS processes where typical supply voltage is around 1 V.

Buried oxide layer

In order to increase the photodiode bandwidth, the dominant slow substrate
diffusion current [18] can be cancelled by introducing an buried ozide layer.
The working principle is similar with silicon-on-isolator (SOI) photodetectors.
The biggest disadvantage of this technique is a reduced responsivity. A large
portion of the excess carriers generated in the substrate do not contribute to the
overall photocurrent. In [21], a bandwidth of 1 GHz is reported with the cost
of very low? responsivity of 0.04-0.09 A/W, corresponding to the sensitivity of
2 dBm to -5 dBm. As a result, the input optical power should be at least 13 dB
higher than required in Gigabit Ethernet Standard [17].
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CHAPTER 3

High-speed integrated photodiodes for
A =850 nm

This chapter presents frequency and time domain analyses of photodiode struc-
tures designed in standard CMOS technology, for A = 850 nm. For clear ex-
planation and illustration of the physical processes inside photodiode, one par-
ticular CMOS technology is analyzed in detail. A standard 0.18 ym CMOS is
chosen since that was the available fabrication technology. Choosing another
CMOS technology does not fundamentaly change the behaviour of the photodi-
ode in general*. The photodiodes are first analyzed as stand-alone detectors i.e.
without subsequent electronic circuitry. This allows the analysis of the intrin-
sic photodiode behavior. The intrinsic behavior is related to the movement (drift
and diffusion) of the generated carriers inside the diode. Based on the frequency
analysis, the intrinsic (physical) diode bandwidth is determined. In the second
part of this chapter, the diode is investigated as an “in-circuit” element, inte-
grated together with the subsequent electronics. The electrical bandwidth of the
photodiode is determined by the diode capacitance and the input impedance of
the subsequent amplifier. These two bandwidths determine the total diode band-

width which is by approzimation the lower of the two. Further, the influence

IThe impact of the technology on photodiode behavior is discussed in detail in chapter 6.

33



34 CHAPTER 3. HIGH-SPEED INTEGRATED PHOTODIODES FOR A\ = 850 NM

of the diode layout (nwell, n+, p+ finger sizes) in general, on the intrinsic,
the extrinsic and the total bandwidth are investigated; as an example, two nwell
sizes of the finger diode structure are analyzed: the minimal nwell width (2 pm)

and the nwell width much larger than minimal (10 pm).

3.1 Introduction

Depending on the wavelength of the input optical signal (400 nm<A<850 nm),
there are several applications for optical detectors:

e \ =850 nm: 10 Gigabit/sec Fiber Ethernet (standard 802.3ae, [4]), short-
haul communication (chip-to-chip, board-to-board), high-speed opto-couplers
[1].

e A\ =780 nm: CD players and recorders

e A\ =650 nm: DVD players and recorders

e )\ =400 nm: DVD - blue ray disc

e 400 nm<A<700 nm: CMOS image sensors This chapter shows that the
bandwidth of the integrated CMOS photodetectors is wavelength dependent,
structure dependent and layout dependent. It is important to notice that the
technology used in thesis is a standard CMOS i.e. there are no technology modi-
fications. The depth of the photodiode regions where light is absorbed is related
to the photodiode structure; in this chapter various photodiode structures are
studied in detail:

e nwell/p-substrate

e n+/p-substrate

e p+/nwell /p-substrate

e p+/nwell The size of the lateral depletion region in photodiodes depends
on the well-technology. Thereby, the total depletion region contribution to the
overall photocurrent is also different. There are two well technologies that will
be analyzed in this chapter:

o twin-well with adjoined wells and

o triple-well with separate wells technology. For A=600-850 nm, the light
penetration depth is larger than 6 pum (90% of the absorbed light, [1]. For
modern CMOS technologies, for example with 0.18 pm feature size, the deepest
junctions are located close to the photodiode surface (typically 1-2 pm away from
the surface). Bellow the junction, there is a substrate where a large portion of

the light is absorbed. Thereby, the substrate current response is very important
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in the total diode response. Two different kinds of p-substrate are analyzed:

e high-resistance substrate

e low-resistance substrate
The width of the photodiode regions located close to the surface (nwell, n+, de-
pletion regions) can in general be optimized for the best photodiode performance
(maximal bandwidth and responsivity). The diode can comprise a number of
nwells, n+ fingers, or it can be designed as a single photodiode i.e. with the
maximal nwell/n+ width. This is illustrated in Figure 3.1. The influence of the
nwell/n+/p+ geometry on photodiode bandwidth will be calculated in general.
Two different geometries will be discussed in detail:

e minimal nwell/n+ width Lymi,. Typically for standard CMOS, a minimal
width is twice the nwell/n+ depth. For 0.18 pm, Lynin=2 pm.

e nwell/n+ width much larger than the nwell/n+ depth: L,=10 pm.
where L, is the width of the nwell/n+/p+ regions. The designed photodiodes

should achieve maximal bandwidth while still satisfying the required responsiv-
2

ity=.

A typically used figure-of-merit for photodetectors is the responsivity-band-
width product [8]. For easier comparison among photodiodes, the following
assumptions are taken:

x fingered photodiodes are considered in general, to have the nwell/n+
stripes with different sizes. The nwell/n+ regions are placed at minimal distance
defined by the technology 2. In this manner, the junction area is maximized for
the fixed width of the stripes.

x the active (light sensitive) area of all diodes is identical. The active area
corresponds to the illuminated silicon area (with no light covers). Therefore,
the absorbed input optical power is the same, as well as the maximal possible
responsivity for all structures. As a result, the photodiodes performance is
compared using their bandwidth.

* for simplicity of calculation, the photocurrent generated inside pwells that
are chosen to have always the minimum size, will not be calculated separately.
Instead, the calculated current inside nwells is taken to be larger for the ratio
between the wells: Iwenn = Inwen (1 + nwellg,e ) /pwelly,,.

* all junctions in photodiodes are step-junctions

2The photocurrent value is related to the diode responsivity as well as the amplification of
the subsequent electronic circuitry [8].

3Larger distances between nwells decrease a carrier-gradient of the excess carriers inside p-
regions i.e. decrease the diffusion speed of these carriers and limits the total diode bandwidth.
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LIGHT

l P substrate

Figure 3.1: Photodiode structures in standard CMOS technology.

* the diode parameters such as doping concentrations, carrier lifetime etc.
are taken from the standard Philips 0.18 pm CMOS process.

* nwell /p-substrate photodiode with adjoined wells and low-resistance sub-
strate is the reference for the other analyzed photodiode structures. For easier
comparison of the photodiode performances, their frequency response is nor-
malized with a DC photocurrent density (Jpc) of the reference photodiode.
This chapter is organized as follows. In the first part of the chapter, a photodiode
is analyzed as a stand-alone device. The intrinsic (physical) behavior of CMOS
photodiodes for the aforementioned diode structures and layouts is analyzed.
The analysis uses the calculated frequency and time responses of the diode
with Dirac pulse as the input optical signal. Both responses will be thoroughly
investigated. The calculations of the drift current profile in the depletion region
and the diffusion current profiles in the remaining n- and p-regions are presented.
The overall photocurrent is the sum of the drift and the diffusion currents. The
frequency behavior of the overall photocurrent gives insight into the maximum

intrinsic bandwidth of the photodiode.

In the second part of the chapter, the photodiode is investigated as an ”in-
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circuit” element, integrated together with the subsequent transimpedance am-
plifier (TTA). The diode capacitance and TIA’s input capacitance together with
the TIA’s input resistance gives an extrinsic bandwidth. This bandwidth will
be here referred to as electrical diode bandwidth. For the constant input re-
sistance of the TIA, the larger the diode capacitance the smaller the electrical
bandwidth. This capacitance is directly related to the diode layout i.e. re-
lated to the nwell size. However, larger nwell size decreases the intrinsic diode
bandwidth, which will be presented further in this chapter. This chapter will
show the trade-off in the diode layout design for the maximal total photodiode
bandwidth.

3.2 Bandwidth of photodiodes in CMOS

A main topic of the chapter is the frequency response of photodiodes designed
in 0.18 pym CMOS. In this way it is possible to predict the diode behavior in the
frequency range of interest. Thus, the most suitable photodiode can be chosen
for a certain application prior to the circuit fabrication and testing. In this
manner, the total cost of the designed system can typically be minimized.
First, a nwell/p-substrate diode with high-resistive substrate and separate-
well technology is analyzed in the frequency domain and in the time domain.
The high-resistive substrate is chosen for simplicity of calculation in comparison
with low-resistance substrate. After this, the frequency and time responses of
nwell /p-substrate photodiode with low-resistance substrate will be calculated.
This low-resistance substrate is used for a photodiode fabrication, and for this
reason the later diode structure will serve as a reference for the other analyzed

photodiode structures.

3.2.1 Intrinsic (physical) bandwidth

The intrinsic diode characteristic is related to the behavior of the excess carriers
inside the photodiode. These carriers are moving inside the photodiode either
by drift (inside depletion regions) or by diffusion (outside depletion region). In
general, the photodiode response is the sum of the drift current I 455, and the

diffusion currents I qis, :

Ting, o = Z Laigr, + Lavise, for k€ [nwell, n+, p+, p-substrate]. (3.1
k
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Figure 3.2: Finger nwell/p photodiode structure with high resistance substrate
and twin-wells in standard CMOS technology.

For better understanding of the total diode response, the frequency response of
every current component will be separately presented. The excess carrier profiles
and further the currents of the different photodiode regions, are calculated by
taking the Laplace transform of the diffusion equations in the time domain, [1].

This provides insight in the frequency domain behavior of CMOS photodiodes.

Nwell/p-substrate photodiode with high-resistance substrate in twin-

well technology

This section presents a frequency analysis of the finger nwell /p-substrate pho-
todiode, shown in Figure 3.2. The number of fingers N, is determined by the
photodiode dimension in y-direction Y (see Figure 3.2), and the technology
(minimal nwell/pwell finger width Lyi,). This number can take every value in

the range:

N = {_J where L € [Lunin, Y] (3.2)
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Nwell diffusion current

The nwell diffusion current shown in equation (3.1), is solved analytically for an
impulse light radiation, in two-dimensions using a method similar to that in [1].
From the hole carrier profile, the current density is calculated at the border of
the depletion region since the excess holes are collected there as a photocurrent.

The transport of the diffusive holes inside the photodiode is described by
the diffusion equation [2]:

Ppu(t,z,y)  pult,z,y
+ D, 6(y2 )— (Tp )—I—G(t,x,y) (3.3)

O?pu(t, z,y)
Ox2

Opn(t, z,y)
ot

:Dp

where py(t,z,y) is the excess minority carrier concentration inside the nwell,
D, is the diffusion coefficient of the holes in the n-doped layer and 7, is the
minority-carrier lifetime. Using equation 2.12 the hole generation rate G(t, z,y)

can be expressed as:

G(t,z,y) = a®o(t)e” *|1e0,L.] (3.4)

where « is given in equation (2.10), and @ in equation (2.13). The two-
dimensional (z,y) calculation of the hole-profile is carried out because the depth
of the nwell region is comparable with its width. There are four boundary con-
ditions for the hole-profile: two in the z-direction and two in the y-direction, as
shown in Figure 3.3.

For the first boundary condition, the photodiode surface is assumed to be
reflective i.e. the normal component of the gradient of the carrier density is
zero. This is because the surface recombination process is far slower than a
1/MHz or a 1/GHz time-responses considered in this thesis. On the other three

boundaries with depletion region, the electron densities are assumed to be zero:

Opn
w=0=0 puleer. =0 3.5
o |z=0 Pole=rL, (3.5)
pn|y=0 =0 pn|y=Ly =0 (36)

The equation 3.3 is partial differential equation in time (¢) and space domain
(z,y). The carrier profile p, is calculated first by taking the Laplace transform
of the diffusion equation (3.3). In this manner the carrier profile is transformed

in the frequency domain s. The obtained diffusion equation will be further
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Figure 3.3: The boundary conditions for hole densities inside nwell.

solved in the space domain (z,y). In order to solve this equation analytically,
the most suitable method is to use Discrete Fourier series in the space domain.
This is certainly valid for y-direction where nwell/pwell represents light/no-
light periodic function. The carrier distribution function p, and the carrier
generation function G are rewritten as a product of two Fourier series, one of a
square wave in the a-direction (with index n) and the other of a square wave in
the y-direction (with index m). Each of these decomposed terms of G(s) drives

one of the terms of decomposed of py:

pn(s,z,y)  16al v L3 i i (2n — Dr(~1)"7 e L= 4 2aL,
= 272 —1)2.2
Do (s) Dy = — 4o L +(2n—1)2%rn
2m —1 2n —1

sin(( mL )Wy)cos(( n2L )7793)

X Y - (3.7

(2n — 127212 (2m —1)*x°L2 3.7

(2m —1) % + v +s+1

The Fourier series is composed of odd sine and cosine terms. The even Fourier

terms (full sines and cosines) do not contribute to the nwell current response
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because the total area below the curves is zero. The odd sine and cosine terms
are truncated sine and cosine functions, and the area below these curves is

non-zero. This is illustrated in Figure 3.4.

Once the carrier profile is calculated, the hole-current frequency response
can be determined for each set of indexes n and m (from equation (3.7)). The
total contributed current is the integral of the current through the two side-walls

and the bottom layers. The final expression for the nwell diffusion current is:

JHL“(S) 6L2 i i (2n — V)me=oLs 4+ (— I)WQI@
o(s) - o1 40212 + (2n — 1)272
2Lm 1 L, 2n—1
it L :
L,2n—-1 2L, (2m—1) 38)
(2n —1)?72L2  (2m —1)*x?L2 .
L+ 1+ 57

+
412 2

The total nwell response is the double sum of the n and m one-pole responses
with the wavelength-dependent amplitudes. The nwell amplitude response is
illustrated in Figure 3.5 and the nwell phase response in Figure 3.6. The total
response is shown in Figure 3.7. The former Figure illustrates that the amplitude
of higher Fourier terms decreases with n and m while the poles are placed further
on the frequency axes. The sum of all components gives the total nwell response
with an unusually slow roll-of (~10 dB/decade). This is an feature of the nwell

diffusion process that will be explored more in chapter 4 of this thesis.

The bandwidth of the nwell diffusion current is determined using equation
(3.8) and introducing certain simplifications as given in [1]. The slowest and the
dominant contribution to the nwell current corresponds to the case n = m = 1.
The amplitude of the other contributions decrease quadratic with n and m.

From equation (3.8), the -3 dB bandwidth frequency can be approximated with:

pox (i) (@) (@) @) e

The only difference in the equation above in comparison with the bandwidth

equation given in [1] is that wavelength (A) dependence is introduced. Equation
(3.9) shows that the bandwidth of the nwell current is directly proportional to
the diffusion constant of holes D,,, which is further proportional to the mobility
of holes [15]. The higher the mobility, the faster the holes can reach the edges
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Figure 3.4: Minority carrier profile inside nwell in a) z-direction and b) y direc-
tions.
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Figure 3.5: Amplitude of the double Fourier series of the nwell diffusion current
for the vertical and the lateral nwell direction. A total nwell diffusion current
is the sum of all terms with indices m and n, respectively.
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Figure 3.6: Phase of the double Fourier series of the nwell diffusion current for
the vertical and the lateral nwell direction. A total nwell diffusion current is the
sum of all terms with indices m and n, respectively.
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Figure 3.7: The total amplitude and phase of the nwell diffusion current.
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[um]

Figure 3.8: The calculated hole diffusion profile inside nwell with 2pm size,
under incident light pulse (10 ps pulse-width). This profile is calculated after 1
ps, 16 ps, 36 ps, 100 ps.

of the depletion region. Thereby, the response is faster i.e. nwell diffusion
bandwidth is higher.

The terms in the bracket concerning the depth L, and the width L, can
be explained using Figure 3.8 and Figure 3.9. From the calculated frequency
response, the time response of the nwell region is calculated using the inverse
Laplace transform of equation (3.8).

The holes diffuse towards junctions due to the gradient of the hole concen-
tration. The gradient is maximum over the minimum distance to the junctions.
Thereby, the holes choose "minimal paths” towards the junctions. If L,=2L,
the hole in the top-middle position of the nwell can diffuse left, right or down
with the equal probability since they are all "minimal paths”. The nwell size in
y-direction is twice the size in z-direction and for that reason the first bracket
term is with 1/(2L,).

The third term inside the brackets corresponds to the diffusion length of the
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Figure 3.9: The calculated hole diffusion profile inside nwell with 10 pm size,
under incident light pulse (10 ps pulse-width). The lateral nwell dimension is
obviously less important for the diffusion process.

holes L. Typically in CMOS technology, the diffusion length is much larger
than the minimum side of the nwell and its contribution in the equation (3.9) is
small. Tt is clear that both the layout (lateral size) and the technology (related to
the nwell depth and the doping concentration) are very important and determine
the nwell diffusion bandwidth.

High-resistance substrate current

The second photocurrent component that is analyzed in this chapter is the
substrate current. The frequency and the time responses of this current are
presented further in this section.

A diffusion process of electrons generated in substrate below the depletion
region areas is different in comparison with the diffusion of electrons generated

outside these areas. However, the designed photodiodes in this thesis have the
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minimal technological distance between the nwell/n+ and for the simplicity
of the substrate current calculation, it is assumed that the depletion region is
everywhere above the substrate; thus, the diffusion process is the same for all

minority electrons.

The substrate current results from the excess minority electrons that diffuse
either towards upper allocated junctions (with the nwell or n+) or deeper in the

substrate where they are recombined.
The substrate current frequency response on a Dirac light pulse is solved
using one-dimensional (vertical) diffusion equation [15]:
ony(t, ) *ny(t,z)  np(t, o)

5 =D, 922 + p + G(t, x) (3.10)

where n,(z, t) is the excess electron concentration inside the substrate, D,, is the
diffusion coefficient of the electrons and 7,, being the minority-carrier lifetime.

The electron generation rate G(t,x) using equation (2.12) is:

G(t,z) = a®y (t)e_a(Ll""d)e_'m |,’E€[0,Lfnt] (3.11)

where Ly, is the finite substrate depth where the light is almost completely
absorbed (99%), and d is the depletion region depth (see Figure 3.2).

There are two boundary conditions for the minority electrons in the z-
direction; the first boundary is at the substrate top and the second at Lgys.
Both boundary conditions are taken to be zero since the carriers are either

removed by the junctions or they are recombined:

Nplemo = 0 (3.12)
Nple=Ly, = 0 (3.13)

For A\ = 850 nm the chosen bottom boundary L¢,; = 60 pm, where 99% of the

light is absorbed. Larger values for L,y leads to a slower response [18].

In order to solve equation (3.10), the Laplace transform of the equation is
taken first. This is similar to the solving procedure given in [1]. The carrier
profile n, (¢, x) is transformed to ny(s,z) in the frequency domain. The carrier
profile function n, and the carrier generation function G(s) are rewritten as the
product of a Fourier series of a square wave in the z-direction (with index n).

Each of these decomposed terms of G(s) corresponds to the one of the terms of
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decomposed of ny(s,x). For each set of indexes n a carrier profile is calculated

and expressed as:

. (mrx)
e} n sin 7
fnt
np(s,z) = 2a®(s)T Z ) . T
n=1 (QQLfnt + 7127T2)Dn D_ + ﬁ + LQ—
n fnt

n

(3.14)

The carrier profile is a sum of n-sine signals that differs in amplitude for a factor
0 /(02 Ty + n?).
Further, the substrate current is determined from these carrier profiles. The

total contributed current is the current through the upper depletion region:

ony(s,x
Jsubs(s) = er%h:O
s 200eP —a(Ly+d),,2.,.2
-y acd(s)e n 7; ——  (3.15)
S n-m
n=1 Ly (0 L2,y +n?7?) (D—n L_i " m)

The total substrate response is the sum of n Fourier terms with amplitudes that
depend on the wavelength («). The higher the indic n, the further the pole of
the corresponding Fourier component. This is illustrated in Figure 3.10. The
sum of all components gives the total substrate response with a slow roll-of (~10
dB/decade).

The calculation of the substrate current response can be simplified by tak-
ing the infinite substrate depth, as given in [1]. This solution corresponds to
the worst-case solution i.e. with the lowest substrate-current bandwidth. The

calculated photocurrent is expressed as:

1
Jsu S = Ln —ola — 3.16
bs(s) = ealne V14 st +aly ( )

This equation also shows a low current response decay with 10 dB/decade.
The inverse Laplace transform of the equation (3.15) is used to calculate
the substrate current impulse response as a function of time. The result is
illustrated in Figure 3.11. The diffusion process is slow and electrons need time
(tens of ns) to reach the junctions located close to the photodiode surface. A
certain number of carriers will also diffuse deeper into the substrate and do not

contribute to the overall photocurrent.
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Figure 3.10: Frequency response of the substrate diffusion current. It is a sum

of n one-pole sine-Fourier components.
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t=1 ps t=6 ns

t=15 ps t=100 ns

14 i3
x 10 cm'3 x 10 cm

Figure 3.11: The calculated substrate diffusion profile inside p-substrate (depth
80 nm), under incident light pulse (10 ps pulse-width). This profile is calculated
after 1 ps, 6 ns, 15 ns, 100 ns.
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Depletion region response (drift response)

The third photocurrent component in equation (3.1), is the drift current inside
the depletion regions in the vertical and lateral directions. The drift current is

directly related to the depletion volume in which carriers are generated:

Jaep = Pe ([6_0‘]:’” - €_a(L”+d)]M +[1 - e—a(h”@) (3.17)
effiag effyer

where Aem,, and Aeg,,, are the effective lateral and vertical depletion region
areas in comparison with the total photodiode area Aioia. For the twin-wells
technology with the adjoined wells, the vertical depletion region is much smaller
than the lateral one, so for simplicity of calculations in this thesis it will be
neglected. Typically, the drift current bandwidth is much larger than the dif-
fusion current bandwidth; hence, for simpler calculations the drift current is
taken to be independent on frequency. This is certainly valid for frequencies up
to f3aparitt=0.4 vs/W, [8], where vy is saturation velocity of charge carriers and
W is the depletion region depth. For 0.18 pm CMOS technology, this frequency
is f3aBdrife=8 — 10 GHz.

Total photodiode intrinsic characteristics

The sum of all diffusion and drift current components in the previous sections
presents the total intrinsic photocurrent response of the nwell /p-substrate diode.
Figure 3.12 shows the calculated responses of the two finger nwell /p-substrate
diodes. The first response is for minimal nwell width, which is typically twice
the nwell depth in CMOS technology; for 0.18 pm CMOS it is 2 pm. The second
response is for the nwell width much larger than its depth i.e. for the nwell width
of 10 nm. Both responses are calculated for A = 850 nm. The values for the
parameters in the analytical expressions were directly obtained from the process
technology parameters for a fully standard 0.18 pm CMOS process.

For A = 850 nm, the substrate current typically dominates the overall pho-
tocurrent frequency behavior up to a few hundreds of MHz (illustrated in Fig-
ure 3.12). Generated electrons need a few microseconds time to diffuse towards
the junctions and limit the substrate current bandwidth (-3 dB) to about 5 MHz.
The nwell diffusion current has a larger bandwidth that is mainly determined by
the length of the shortest side of the nwell. For the narrow nwell with L, = 2 pm,

the shortest sides are both lateral and vertical dimensions. The calculated band-
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Figure 3.12: The calculated total photocurrent response of nwell/p-substrate
photodiode with high-resistance substrate in a twin-well technology: 2 nm (solid
lines) and 10 pm nwell size (dashed lines) for A = 850 nm.
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width is fsaBowen = 930 MHz. For wide nwell with L, = 10 pm, the shortest
side is the nwell depth only, and the charge gradient is lower than in the previ-
= 450 MHz. Thus,
the larger the nwell width L,, in comparison with its depth L, (L, > 2L,),

ous case. The calculated bandwidth in this case is f3qB,,.,
the lower the influence of the nwell-width on its bandwidth. The overall max-
imal intrinsic bandwidth is 5 MHz. This bandwidth is almost independent on
the nwell geometry due to the dominant and size independent substrate current
contribution: the fast diffusion response in the nwells and the fast drift response

are overshadowed by the large substrate current.

Roll-of in the frequency characteristics

The overall intrinsic photodiode response shows a slow decay due to the combi-
nation of the three current components. It follows the dominant component in

the frequency domain, as shown in Figure 3.12.

The roll-off of the total photocurrent response in the beginning (around
the -3 dB point) follows the one of the substrate current response. For higher
decades, the total roll-of is smaller in comparison with the substrate roll-of, due
to the larger influence of the fast nwell and the depletion region currents. The
maximal roll-off value for the frequencies between the -3dB frequency and the
lower GHz range is about 5.7 dB/decade for L, = 10 pm and 5.2 dB/decade
for L, = 2 pm, as illustrated in Figure 3.12. In the low-GHz range, the roll-off
is lower (about 4.7 dB/decade) and it decreases with the frequency since the

”flat” depletion region response dominates the overall photocurrent.

Nwell /p-substrate photodiode with low-resistance substrate

In standard CMOS processes, the circuit designers can typically choose between
"high” or ”low”-resistance substrate. This section analyses the photodiode fre-
quency behavior of the nwell/p-substrate with a low-resistance substrate illus-
trated in Figure 3.13.

The only difference between this diode and the previously analyzed photo-
diode is in the substrate current response. This response is solved again using
one-dimensional (vertical) diffusion equation. The two ”p” layers are placed
at the top of each other (see Figure 3.13) and the movement of the minority

electrons in both layers is described with two diffusion equations:
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Figure 3.13: Finger nwell/p photodiode structure with low-resistance substrate
and twin-wells in standard CMOS technology.

2
anpg 0 Np2 Np2 ’
gt = DH 81‘2 - Tp2 —|—G2(t,$)

where the electron generation rate at ¢ = 0, in the top substrate layer G (¢, x)

and in the bottom substrate layer Ga(t, z) can be expressed as:

Gi(t,z) = Oé‘I’O(t)efa(L’”er)e*M)\ze[o,Lepi]

A (3.19)
Gso(t,z) = a@o(t)e_aLeP‘e_w)|z€[0’oo]

where d is the depth of the depletion region, and Lep; the depth of the p-epi
layer.

In order to calculate the substrate current response in the frequency do-
main (s), once again the Laplace transform of the diffusion equation (3.18) is
taken. Between the two substrate layers there is a boundary condition related to
both the current density and the minority carrier concentration [9]. Due to the

continuity of currents, the current densities are equal between the two layers:
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Onp1(s, ) Onpa(s, x)
_qulpa—x|I:chi - _quZI)aixLE:chi (320)
The second boundary condition is related to the continuity of the concentration

of the minority carriers:
nP1(87 Lepi) = Np2 (87 Lepi) (321)

The other two boundary conditions for both electron densities at the bottom
of the depletion region, x = 0, and at the infinite substrate depth, x = oo, are
taken to be zero. The infinitely large substrate is taken in order to avoid long
and complex calculations [1].

The electrons generated deep in the low-resistance substrate have a higher
probability of recombination than in the high-resistance substrate due to the
higher doping concentration. The recombined carriers do not contribute to the
overall photocurrent. On one side the photo-responsivity decreases, but on the
other side, the diffusion current bandwidth increases *.

Following the procedure described previously in this section, the total current
response is calculated and the result is presented in Figure 3.14. In compari-
son with high-resistance substrate photodiode, more carriers diffuse towards the
substrate bottom resulting in a lower diode DC responsivity. Therefore, the DC
current is lower, but the overall bandwidth is higher. The calculated normal-
ized amplitude of the overall photocurrent is 3.5 dB lower but with 2.3 times
higher cutoff frequency: 8 MHz. The photodiode geometry has again almost no
influence on the bandwidth due to the substrate current domination.

The roll-of in the total frequency response for all decades after -3 dB fre-
quency is 1-2 dB larger (see Figure 3.14) in comparison to low-resistance sub-
strate diodes. The maximal calculated roll-off value for the frequencies between
the -3dB frequency and the lower GHz range is about 5.6 dB/decade for L,=10
pm and 4.7 dB/decade for L,=2 pm, as illustrated in Figure 3.14.

3.2.2 Comparison between simulations and measurements

A finger nwell/p-substrate photodiode with 2 nm nwell width was fabricated
in a standard 0.18 pm twin-well CMOS technology. The chip-micrograph is
shown in Figure 3.15°. The overall photodiode area is 50 x 50 pm?. The nwells

4There is no need to wait a long time for this carriers to be collected as a photocurrent.
5The technology has five metal layers and one polyscilicon layer available.
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Figure 3.14: The calculated amplitude response of nwell/p-substrate photodiode
with low-resistance substrate in a twin-well technology: 2 pm (solid lines) and
10 p nwell size (dashed lines) for A = 850 nm.
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are connected with metal-2 and pwells with metal-1. The total metal area is
about 13% of the total photodiode area meaning that the input light signal is
decreased for 13%.

The responsivity of the photodiode shown in Figure 3.15 is measured first
with the DC optical signal. The photoresponsivity and the frequency response
are measured using on-chip measurements®. The diode is connected toa 1 V DC-
supply using a bias-tee. A semiconductor parameter analyzer (SPA) HP4146B
is used as the supply. The voltage and current compliances were set in order
to avoid incorrect biasing. Using the SPA it was possible to monitor the diode
characteristics thus, to check the correct contacting between the probes and
bondpads.

The calculated photoresponsivity of the diode using equation (2.10), includ-
ing the metal-coverage and without the light reflection R (defined in chapter 2)
was 0.56 A/W. The exact amount of reflection depends on the thickness of the
dielectric stack of layers between the silicon and the air. In the best case, these
layers are transparent for the 850nm light and eliminate the reflection com-
pletely by forming an antireflection coating d = A/4 nyop [15], where nyp is the
refractive index of the top transparent layer. In the worst case the reflection is
not removed and effective amount of optical power incident to a photodiode is
Pt = 2/3 - Py. Due to this uncertainty, the photocurrent values for a differ-
ent wavelengths can vary by one-third, as shown in Figure 3.16. The expected
responsivity values range between 0.4 A/W-0.56 A/W.

An 850-nm VCSEL is used as a light source for testing the responsivity. The
light was coupled from the laser to the photodiode using multimode fiber with
50 pm core-diameter. The fiber length is 1 m. The optical power is chosen in
the range from 10pW (-20 dBm)”, up to 120 uW (-9.2 dBm). The DC optical
power at the fiber’s output is measured using HP 8153A Lightwave Multimeter.
With the responsivity of 0.4 A/W, and the metal area of 13% the calculated
photocurrent is in the range from Ipnoto = 3.5pA-42pA and with 0.56 A/W, the
photocurrent is Iphoto = 4.9 BA-59 pA. The measured photocurrent is shown
in Figure 3.16. This measured current values correspond more to the maximal
light reflection. However, the diode responsivity is possibly reduced due to the
positioning misalignment.

For the frequency response measurements, the insertion loss of RF cable

is measured first in order to compensate for this loss. Then, the frequency

6The fabricated nwell/p-substrate photodiode was not packaged.
7-17 dBm sensitivity is specified as the Gigabit Ethernet standard.
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Figure 3.15: a) Layout of nwell/p-substrate photodiode with 2 pm nwell-width
in standard CMOS technology b) chip-micrograph.
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Figure 3.16: The measured DC photocurrent of nwell/p-substrate photodiode
for A = 850 nm.
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Figure 3.17: The measured (line) and calculated (dashed line) responses of a
finger nwell/p-substrate photodiode with 2 pm nwell-size, A = 850 nm.
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Figure 3.18: A finger nwell/p-substrate photodiode structure with high resis-
tance substrate and separate-wells standard CMOS technology.

dependence of the output laser signal is compensated up to the frequency of
interest (2 GHz). Further, the frequency response of the diode for A = 850 nm
is measured from 10 kHz up to 2 GHz using an E4404E Spectrum Analyzer. The
measured and the calculated frequency responses are presented in Figure 3.17.
Both responses show a slow decay after the -3 dB point which was described in
the previous sections of this chapter. The calculated results using the process

technology parameters comply well with the measurements.

Separate wells and high-resistance substrate

A separate well-CMOS technology combined with the high-resistance substrate
is also used [1]; this photodiode structure is presented in Figure 3.18. The
lateral depletion region between nwells is significantly increased. Therefore,
the calculated amplitude of the drift current response in the depletion regions
is higher in comparison to the adjoined-well diode. The overall photodiode

bandwidth remains about 5 MHz because of the dominant substrate current
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Figure 3.19: The calculated amplitude response of nwell /p-substrate photodiode
with high-resistance substrate in a separate-wells technology: 2 pm (solid lines)
and 10 pm nwell size (dashed lines) for A = 850 nm.

contribution. On the other side, the depletion region response is dominant in
higher decades and the roll-of in the total intrinsic diode characteristic is 1-2 dB
lower in comparison with one in the twin well technology. The total photodiode
intrinsic response in shown in Figure 3.19.

The maximal roll-off value in the photocurrent response is about 5.4 dB/de-
cade for L,=10 pm and 5.0 dB/decade for L,=2 pm, as illustrated in Figure
3.19. In the low-GHz range, the roll-off is lowest among the previously discussed
diodes (<4 dB/decade).

3.2.3 N+ /p-substrate diode

This photodiode structure resembles a scaled-down of the nwell/p-substrate
junction and it is presented in Figure 3.20. Therefore, the photocurrent re-
sponse of this diode is similar with the one calculated for the nwell /p-substrate
photodiode in the previous sections.

The response of the n™ region is obtained by replacing the diffusion length
L, with the L in the equation 3.8 as well as diffusion coefficient D,, with Dy,

(corresponding to the doping of the n+ region). Since the doping concentration
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Figure 3.20: Finger n+/p-substrate photodiode in CMOS technology with high-
resistance substrate.

of the shallow n' is much higher than in the n-well, the diffusion length L, will
be much smaller [3]. The size of the n* diffusion layer towards the substrate
L, is also lower. The maximum frequency response is determined mainly by
the depth of the n+. In comparison with the n-well region, the holes’ diffusion
bandwidth is increased while the contribution to the overall current response is
decreased because of the larger contribution of the slow substrate current (see
Figure 3.20). The depletion region contribution is slightly larger because it is
located closer to the diode surface, but its influence in the total current response

is not changed significantly.

3.2.4 P+ /nwell/p-substrate photodiode with low

-resistance substrate in adjoined-well technology

The p+/nwell/p-substrate photodiode consists of two diodes: p+/nwell and
nwell /p-substrate. The former photodiode is sort of complement of the pre-

viously discussed n+/p-substrate diode. This photodiode structure is illus-
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Figure 3.21: Finger p+/nwell/p-substrate photodiode structure in standard
CMOS technology with low-resistance substrate and adjoined-wells.

trated in Figure 3.21. There are two vertical junctions (p+/nwell and nwell/p-
substrate), and for this reason the diode is often referred to as double photodiode.
The diffusion current responses are again calculated using a two-dimensional dif-
fusion equation similar to those in 3.8. The main difference in comparison with
the nwell/psubstrate and n+/p-substrate photodiode analyzed in previous sec-
tion is a diffusion response inside nwell region. The boundary conditions for the
holes density on every nwell side are shown in Figure 3.22. They are zero since
the nwell is enclosed by junctions:

pn|z7y@ boundary — 0 (322)

The calculated current response of the nwell is given in equation (3.23):
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Figure 3.22: The boundary conditions for the hole density inside nwell for the
double-photodiode.
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where Lo = Ly — Ly — dos.

For the p+ region, the electron current response is calculated using the
nwell response in nwell /p-substrate diode and changing diffusion coefficient and
diffusion length as well the depth of the junction: (Dpi — D1, Lp1 — Ln1, and
L, — L,1). The substrate current response for both diodes is the same due to
the same nwell depths and the same doping concentrations.

The total frequency response of the double-photodiode is calculated for two
nwell/p+ sizes: first, the nwell width is twice its depth, L, = 2 pm, and sec-
ond, the nwell width is much larger than its depth, L, = 10 pm. The input
wavelength is A = 850 nm. The results are presented in Figure 3.23. This
picture illustrates that the bandwidths of p+ and nwell currents are mainly de-
termined by the low physical depth of the junctions (2L,1,2L, < L,); changing
nwell and p+ widths has almost no effect on the cutoff frequency. The band-
width of the junction-framed nwell current is f3gnwen = 5 GHz for L, = 2 pm,
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and fiapnwenl = 4.2 GHz for L, = 10 pm. That is more than twice the nwell
bandwidth of the nwell/p-substrate diode. The distances towards the junctions
are lower providing a higher charge gradient and higher net transport in the
diffusion process. The current bandwidth of the p+ region is lower than the
bandwidth of the nwell current; the calculated value is about 3 GHz for all
nwell/p+ widths, (the depth of the p+ is smaller than its width, and it mainly
determines the bandwidth). The p+ surface is reflective for the carriers®. They
are repelled back to the other three p+ sides with the junctions. Thus, these
carriers need extra time to start contributing to the overall photocurrent. The
calculated intrinsic photodiode bandwidth is 4.6 MHz, and the nwell/p+ widths
have no influence on it (see Figure 3.23).

The maximal roll-off value in the photocurrent response is located in the
first GHz decade its value is 4.0 dB. This is valid for both diode geometries, as
illustrated in Figure 3.23. In the 1-1000 MHz range, the roll-off per decade is
1-2 dB lower than in nwell/p-substrate diode: the value is about 3.5 dB/decade.

The time impulse response of the hole diffusion profile inside nwell is again
calculated using the Inverse Laplace transform of equation (3.23). This profile
is calculated after 1 ps, 6 ps, 15 ps, 100 ps and illustrated in Figure 3.24. The
nwell region is completely surrounded by junctions; for this reason the hole-
carrier profile diminish much faster than in the case of the hole profile inside
the nwell for the nwell /p-substrate photodiode (see Figure 3.8).

In Table 3.1 and Table 3.2, the bandwidths and the responses of nwell/p-
substrate and double-photodiode structures with two different kinds of substrate
and two different geometries are summarized. The diode responses are normal-
ized on the response of the nwell /p-substrate photodiode in twin-well technology

and with low-resistance substrate.

3.2.5 Finger p+/nwell photodiode

This photodiode structure is obtained by disconnecting the p-substrate in the
double-photodiode, as illustrated in Figure 3.25. In this way, it is possible
to achieve a high intrinsic bandwidth of the photodiode. The responsivity is
however lower than in the other two diode structures because the substrate
excess carriers do not contribute the overall photocurrent. For A = 850 nm, the

calculated responsivity of this photodiode is 18 dB lower (see Figure 3.26).

The surface recombination process is far slower than the 1/MHz and 1/GHz time responses

8considered in this thesis.
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Figure 3.23: The calculated amplitude response of p+/nwell/p-substrate photo-
diode with low-resistance substrate in a adjoined-wells technology: 2 pm (solid
lines) and 10 pm nwell size (dashed lines) for A = 850 nm.

The charge movement inside the nwell is constant in the lateral direction
since there is no lateral current towards the substrate, (the substrate is discon-
nected). Thus, the nwell width has no influence on the nwell diffusion band-
width.

The nwell diffusion response is calculated using a one-dimensional diffusion
equation, similar to equation 3.10 given in section 3.2.1. The hole density at the
top of the nwell ( below the depletion region towards p+) is taken to be zero
while the gradient of the holes density at the nwell bottom is zero since there
is no current flowing. The current response of the nwell is given in equation
(3.24):
> 2 e@Lg(e_a(Lﬂ +da) _ e_O‘LIQ)

anellg = §

— o2n — 1)272L?
n=1 Le (()p +s7p + 1)

(3.24)

L2

e

where Le = sz — Lacl — dg.
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Figure 3.24: The calculated concentration of the excess carriers inside nwell for
p+/nwell /p-substrate photodiode (effective depth 0.6 um), under incident light
pulse (10 ps pulse-width). This profile is calculated after 1 ps, 6 ps, 15 ps,
100 ps.

The amount of the nwell current contributing to the overall photocurrent
is the same as in the p+/nwell/p-substrate photodiode, but its bandwidth is
five times lower: f3agnwen=1 GHz. The carriers moving towards p-substrate
are repelled back and need extra time to diffuse to the top of the nwell where
they sink into the junction. This effect causes the decrease in photocurrent
bandwidth. The diffusion current response inside p+ is the same as in the
double-photodiode. The frequency responses of two finger p+/nwell diodes with
2 pm and 10 pm nwell sizes, for A = 850 nm are shown in Figure 3.26.

The overall intrinsic photocurrent bandwidth is about 1 GHz, meaning that
this photodiode structure has the highest bandwidth among all photodiodes
discussed in the previous sections of this chapter. However, the photocurrent
value is small; it is 18 dB lower due to a very low diode responsivity. For proper
signal detection, the required optical power has to be more than one order of

magnitude higher than typically specified for short-haul optical communication
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Figure 3.25: Cross-section of p+/nwell photodiode.
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Figure 3.26: The calculated amplitude response of p+/nwell photodiodes with:
2 pm (solid lines) and 10 pm nwell size (dashed lines) for A = 850 nm.
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Table 3.1: The bandwidth and responsivity of nwell/p-substrate photodiode

with various substrates

A = 850nm A = 600nm
Ly=2ym L,=10pm | L, =2uym L, = 10pm
nwell BW 930MHz 450MHz 930MHz 450MHz
depl BW (V, =1 V) 10GHz 10GHz 10GHz 10GHz
high-resistance substrate
separate-wells
subs BW 3.5MHz 3.5MHz 18MHz 18MHz
total BW 4 .5MHz 4 .5MHz 90MHz 90MHz
maximal roll-of/decade 5 5.4 4 5
normalized responsivity 3dB 3dB 4.3dB 4.3dB
low-resistance substrate
separate-wells
subs BW 5MHz 5MHz 28MHz 28MHz
total BW 8MHz 8MHz 160MHz 150MHz
maximal roll-of/decade 4.5 5.2 4 4.6
normalized responsivity 0dB 0dB 3.5dB 3.5dB
high-resistance substrate
adjoined-wells
subs BW 3.5MHz 3.5MHz 18MHz 18MHz
total BW 3.5MHz 3.5MHz 75MHz 75MHz
maximal roll-of/decade 5.2 5.7 4.7 4.8
normalized responsivity 3dB 3dB 4.3dB 4.3dB
low-resistance substrate
adjoined-wells
subs BW 5MHz 5MHz 28MHz 28MHz
total BW 8MHz 8MHz 160MHz 150MHz
maximal roll-of/decade 4.9 5.7 4.6 5
normalized responsivity 0dB 0dB 3.5dB 3.5dB

[4]. This photodiode structure is comparable with photodiodes designed in
Silicon-On-Insulator technology. The analyses in this section showed that for
A = 850 nm, such photodiodes have bandwidth in the low GHz range, but

very low responsivity; thereby, they can not be used in optical communication

systems.
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Table 3.2: The bandwidth and responsivity of p+/nwell/p-substrate photodiode

with various substrates

A = 850nm A = 600nm
Ly,=2ym L,=10pm | Ly =2um L, = 10pm
p+ BW 3.4GHz 2.9GHz 3.4GHz 2.9GHz
nwell bBW 6GHz 5.2GHz 6GHz 5.2GHz
depl BW (V=1 V) 10GHz 10GHz 10GHz 10GHz
p-epi substrate
single-well
subs BW 3.5MHz 3.5MHz 18MHz 18MHz
total BW 5MHz 5MHz 100MHz 100MHz
maximal roll-of/decade 4.7 4.7 3.5 4
normalized responsivity 3dB 3dB 4.3dB 4.3dB
two p-layers substrate
single-well
subs BW 5MHz 5MHz 28MHz 28MHz
total BW 8MHz 8MHz 190MHz 190MHz
maximal roll-of/decade 3.7 3.7 3.5 3.9
normalized responsivity 0dB 0dB 3.5dB 3.5dB
p—epi substrate
twin-well
subs BW 3.5MHz 3.5MHz 18MHz 18MHz
total bBW 4.5MHz 4.5MHz 85MHz 85MHz
maximal roll-of/decade 5.0 5.0 4 4.2
normalized responsivity 3dB 3dB 4.3dB 4.3dB
two p-layers substrate
twin-well
subs BW 5MHz 5MHz 28MHz 28MHz
total BW 8MHz 8MHz 190MHz 190MHz
maximal roll-of/decade 4 4.2 3.9 4.2
normalized responsivity 0dB 0dB 3.5dB 3.5dB

3.2.6 Extrinsic (electrical) photodiode bandwidth

Apart from the intrinsic bandwidth of the ”stand-alone” photodiode, the in-

circuit photodiode bandwidth is also determined by the extrinsic (electrical)

bandwidth. This bandwidth is determined by the diode and interconnect ca-

pacitance in combination with the pre-amplifier’s input resistance.

The capacitance of high-speed photodiodes depends on the diode area and it

is typically in the pF range (using a multimode fiber connection the diode area is
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50x50 pm?). Table 3.3 shows the calculated values of the parasitic capacitances
for two nwell widths of nwell /p-substrate and double photodiode in the 0.18 pm
CMOS technology: the first nwell width is twice its depth L, = 2L, = 2 pm,
and the second with is much higher than the nwell depth L, = 10 pym.

For the photodiodes in the separate wells technology, the width of the lat-
eral depletion region is much larger than for the diodes in twin-well technology
with adjoined wells. The doping concentration of the pwells is about two orders
of magnitude larger than in high-resistance substrate. Hence, the calculated
depletion region width towards pwells is 7 times smaller. The total diode ca-
pacitance is 5-7 times larger for a adjoined-well process in comparison with the

separate-well process.

Table 3.3: Parasitic capacitance for different photodiode structures and geome-
tries

| ‘Ly:2,um Lyleum’
nwell/p-substrate

separate-wells 0.28 pF 0.27 pF

adjoined-wells 1.6 pF 0.62 pF
p*t/nwell/p-substrate

separate-wells 2.0 pF 1.8 pF

adjoined-wells 3.60 pF 2.20 pF

For all photodiodes discussed in this chapter, there are two general obser-
vations about their electrical bandwidth. First, by decreasing the diode nwell
width (for a constant diode area), the total junction area of the photodiode
increases. As a result, the diode capacitance increases. Second, the implemen-
tation of twin-well technology increases diode capacitance too. This implemen-

tation particularly changes the nwell/p-substrate diode capacitance.

According to Table 3.3, a nwell/p-substrate photodiode in separate-well tech-
nology has the lowest capacitance. The calculated value is about 10 times lower
than the capacitance of the adjoined-well double-photodiode. For a reasonably
low input impedance of the pre-amplifier, the electrical photodiode bandwidth
is about 10 GHz for 0.18 pnm CMOS.
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Figure 3.27: Total photodiode frequency response including the intrinsic and
the extrinsic frequency responses.

3.3 Total photodiode bandwidth

The total frequency response of the integrated photodiode with a transimpedance
amplifier is the product of the intrinsic and extrinsic photodiode responses. The
total diode bandwidth is by approximation the lower between the intrinsic and
the extrinsic bandwidth f3qBtotal ™ min|f3dBintrinsics f3dBextrinsic]- 10 order to
keep the extrinsic bandwidth in the GHz range, for pF diode capacitance, a
subsequent transimpedance amplifier (TTIA) should be designed to have a low
input impedance. Figure 3.27 shows the total frequency response of nwell/p-
substrate photodiode. The intrinsic diode bandwidth clearly dominates the total
bandwidth.

Using the p+/nwell photodiode, the total diode bandwidth can be in the
low GHz range. However, this diode has 3-4 times (12 dB) lower responsivity in
comparison with the other photodiode structures. Thus, the TIA configuration
should be chosen according to both the required optical receiver’s sensitivity

(sets a very high demands) and the amplifier’s bandwidth.
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For the other three photodiodes structures (nwell/p-substrate, n+ /p-substrate
and p+/nwell/p-substrate) using low input resistance TIA’s, the calculated elec-
trical bandwidths will be larger than the calculated intrinsic diode bandwidths.

Thus, the parasitic capacitance has almost no influence on their total band-
width.

3.3.1 Noise in photodiodes

The noise generated by a photodiode operating under reverse bias, is a com-
bination of shot noise and Johnson noise. Shot noise is generated by random
fluctuations of current flowing through the device. This noise is discovered in
tubes in 1918 by Walter Schottky who associated this noise with direct current
flow. In fact, it is required that there be dc current flow or there is no shot
noise. The dc current is a combination of dark current (I,,) and quantum noise
(Ign). Quantum noise results from the random generation of electrons by the

incident optical radiation. The shot noise is given as [15]:

i2 = (2q(I; + Iyn) BW) (3.25)
where 42 is the shot-noise current, and BW is bandwidth of interest.

The Johnson noise (thermal noise) is due to the load resistance of the pho-
todiode as well as the ambient temperature [8]. The Johnson noise is given
by:

- 4KTBW
@:(_7?_) (3.26)
where R presents the resistance at its output.

The total noise current i,,ise is the root mean square sum of the individual

noise current contributions:

2 g0 = 02 2 (3.27)

In order to investigate which of the two noise sources is dominant in the optical
detection, the ratio between the rms values of the Johnson noise current and

shot noise current is taken:
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i2 6T
e 3.28
Zz Q(Ir +an)R ( )
1
~ (3.29)

20, + Im)R

The data-rate of interest in this thesis are in the low Gb/s, so the electrical
pole at the photodiode output 1/(CajodeR) should larger than 1 GHz. The
capacitance of the CMOS photodiode Cgioqe is related to the photodiode area,
which corresponds to the diameter of the multimode fiber 50 x 50pm?2. Table
3.3 shows that the diode capacitance Cy;oqe is in the pF range. As a result, the
resistance R at the diode output should be smaller than 160 2. Substituting
this value for R into equation (3.29), the dc current is obtained, for which the

ratio between the rms noise currents is equal to 1:

g =1 ! 3.30
R (TS T .
= L+ Ig = 312pA (3.31)

The measured dark current of the photodiode using Semiconductor Parameter
Analyzer HP 4146B is less than 1 nA, for the -1 V bias voltage. Therefore,
the effect of the dark current is negligible for the diode shot noise. The dc
current is determined by the de photocurrent (quantum noise). The laser used
in experiments presented in this thesis emits the light with the modulation index
m smaller than one: m = 0.2. As a result, the dc photocurrent is larger than the
signal current. In practical applications, the modulation index is higher since
the laser is operated around the threshold current not to dissipate the power
when the signal is not transmitted.

Equation (3.31) shows that for dc currents smaller than 312 pA; the Johnson
noise in the photodiode is larger than the shot noise. The next paragraph
describes the practical dc currents that can be expected in the optical detection.

The specified sensitivity of the optical detector in the Gigabit Ethernet stan-
dard [4] is -17 dBm average power, which corresponds to the P, = 40 pW peak-
to-peak power. Chapter 2 described that the maximum photodiode responsivity
for A\ = 850 nm is Ry,ax=0.63 A/W. Thereby, the maximum ac photocurrent
Iphac 18 Iphpyo = RmaxPin = 25.2 pA. The ratio between ac photocurrent (signal
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current) and the dc current (noise current) gives the modulation index of the
input signal. If the dc current has the previously calculated value of 312 pA the
shot noise current is equal to the Johnson noise current if the modulation index

m is:

~ IphAc

~ = 0. 32
m o R 0.08 (3.32)

This modulation index is small and it can cause high power consumption
since the information is carried out only in a very small portion of light. In
practical applications the modulation index m is much higher (> 0.25). As a
result, the dc current will be much lower than 312 pA, since the signal amplitude
is already defined with Gigabit Ethernet standard. Therefore, the Johnson noise

of the photodiode will be larger (and dominant) in comparison to the shot noise.

3.4 Summary and Conclusions

This chapter analyzed the frequency and the time responses of different pho-
todiode structures designed in standard CMOS technology, for A = 850 nm.
For clear explanation of the physical processes inside photodiode, the available
0.18 pm CMOS technology was chosen to be analyzed in detail, which does
not fundamentally influence the photodiode behavior in general. It is a stan-
dard 0.18 pm CMOS since that was the available fabrication technology. The
photodiodes are first analyzed as stand-alone detectors i.e. without subsequent
electronic circuitry. This allows an analysis of the intrinsic photodiode behav-
ior. The intrinsic behavior is related to the movement (drift and diffusion) of
the generated carriers inside the diode. Based on the frequency analysis, an
intrinsic (physical) diode bandwidth is determined. In the second part of this
chapter, the diode is investigated as an ”in-circuit” element, integrated together
with the subsequent electronics. The electrical bandwidth of the diode is de-
termined by the diode capacitance and the input impedance of the subsequent
amplifier. These two bandwidths determines the total diode bandwidth which
is by approximation the lower of the two.

The most often used figure-of-merit for optical detectors is responsivity-
bandwidth product. For easier comparison among photodiodes, it is assumed
that all photodiode have the same active area, which provides the same maximal
responsivity. Thereby, the photodiode performances are compared according to
their bandwidth.
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The first part of the chapter analyses the intrinsic frequency response of
the different photodiode structures in 0.18 pm CMOS technology, for 850 nm
wavelength: 1) nwell/p-substrate, 2) n+/p-substrate, 3) p+/nwell/p-substrate
and 4) p+/nwell. The wavelength of A = 850 nm is now-days in the standard
for short-haul fiber communication, for example Gigabit Ethernet standard.

The intrinsic bandwidths of the photodiode structures 1),2) and 3) are almost
the same, in the low MHz range. It is mainly determined by the bandwidth of the
substrate current which dominate the overall response. The light penetration
depth is about 30 pm (90% of the light is absorbed), and most of the excess
carriers are generated in the substrate.

For the structure 4), there is no p-substrate contribution and the response
is fast (in the GHz range). However, the responsivity of the photodiode is
significantly lower (10 times) which makes it unsuitable for practical applications
(the sensitivity of the whole optical receiver is reduced for the same amount).
In order to increase the bandwidth of the presented diode structures in the GHz
range, the proposed method in chapter 4 of this thesis can be used.

The high-resistance and low-resistance p-substrate also determines the pho-
todiode bandwidth. Inside the low-resistance substrate, a larger number of
carriers are recombined in comparison with a high-resistance substrate. For
this reason, the overall photocurrent is lower on one side, but on the other
side the overall response is faster due to the recombination of the carriers that
are diffusing later in time. The calculated normalized amplitude of the overall
photocurrent is -2 dB with 3 times higher total intrinsic bandwidth: 8 MHz.
The temperature influence on the photodiode characteristics will be analyzed
in chapter 4.

In the second part of the chapter, the extrinsic (electrical) photodiode band-
width is discussed. It is determined by both the input capacitance (the diode
capacitance and the input capacitance of the TIA) and the input impedance
of the TIA. Both have to be minimized for the maximal electrical bandwidth.
The diode capacitance is strongly dependent on the diode area (50x50 pm?)
and the diode structure, and it is larger than 0.6 pF. For the maximal electrical
bandwidth, the input impedance of the TIA thus, has to be minimized.

For a typical input impedance of the TTA the electrical bandwidth is in the
GHz range; therefore it is much larger than the intrinsic photodiode bandwidth
for most of the analyzed structures. The minimal parasitic capacitance and
thus, the highest electrical bandwidth is achieved with maximal nwell width

(using single photodiode).
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CHAPTER 4

Bandwidth improvement

This chapter presents bandwidth improvement of integrated photodiodes in stan-
dard CMOS, such that they can be used for Gb/s optical detection. This improve-
ment is achieved by using an inherently robust analog equalizer that compensates
(in gain and phase) for the photodiode roll-off in the range from 1 MHz to 1
GHz. The important feature of the equalization method is that complex adaptive

algorithms are not required.

4.1 Introduction

Chapter 3 described the frequency and time responses of photodiodes in stan-
dard CMOS for A = 850 nm. The photodiodes were considered first as stand-
alone devices, which allowed an intrinsic diode response calculation. This re-
sponse was also calculated in general for any nwell width in the diode layout,
while the examples of two nwell/n+/p+ sizes are discussed in detail (minimum
width and nwell width much larger than the minimum). Further in chapter
3, the diode is considered as an ”in-circuit” device, integrated together with
the electronic circuitry. This allowed the calculation of an electrical (extrinsic)

diode response. From the intrinsic and extrinsic diode responses, it is possi-

79
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ble to calculate the intrinsic and extrinsic diode bandwidths. The total diode
bandwidth is by approximation minimum between these two.

Chapter 3 showed that diode intrinsic frequency characteristics has low roll-
off up to the low GHz range. This range is determined by the drift bandwidth
f3dBdritt = 0.4 vs/W, where v, is the saturation velocity of excess carriers and W
is the depletion region depth. From the drift bandwidth on, the diode response
has high roll-off (>20 dB/decade). For 0.18um CMOS, the calculated drift
bandwidth is about 8 GHz. The electrical diode frequency characteristics has a
higher roll-off; from the electrical bandwidth frequency on, the total roll-off is
also >20 dB/decade, due to the electrical poles domination.

This chapter presents an analog equalization method for bandwidth improve-
ment of integrated CMOS photodiodes using the low roll-off feature in the fre-
quency characteristics. The achieved photodiode bandwidth is in the low GHz
range, which was limited by the electrical diode bandwidth. The first part of
this chapter explains the design of the integrated photodiode and pre-amplifier
for the largest bandwidth improvement. It includes both the optimization of
the photodiode layout (nwell-width) and the design of transimpedance amplifier
(TTA). Once the photodiode and the TIA are optimized, a subsequent analog
equalizer is designed.

Important in the design of equalizers is spread both on the characteristic
to be compensated and on the equalizer itself. The robustness of the proposed
method on spread as well as temperature of the environment is described in
the second part of this chapter. The frequency behavior of the pre-amplifier
is analyzed using the total equalized frequency response. The time domain
response of the pre-amplifier was used to investigate the total responsivity while
the a bit error rate is measured using digital data analyzer. Section 4.3.1 gives
the simulation results and section 4.3.1 the time-domain measurements on the
pre-amplifier. Even though a signal-to-noise ratio can be deduced using eye-
diagrams, it is more accurate to evaluate the receiver with a bit error rate

(BER) measurement. This is analyzed in section 4.2.2.

4.2 Pre-amplifier

For large data-rates (hundreds of Mb/s) and for wavelength of A = 850 nm,
a typical photodiode in standard CMOS causes severe intersymbol interference

(IST) due to its limited bandwidth [1]. In literature, the most common solution
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Figure 4.1: Block-diagram of integrated photodiode and preamplifier system
using an analog equalizer.

for reducing a ISI is an adaptive equalization in the analog or in the digital do-
main. Equalization has been widely used in communications applications such
as voice-band modems, wireless [2], digital subscriber lines, and ISDN [3], and
even at rates close to 500 Mb/s in disk drives [4], [5]. For fiber optics communi-
cation, adaptive equalization is typically used for fiber dispersion compensation
[6].

This section presents an analog equalizer that compensates (in gain and
phase) for the diode photocurrent decay in the range from f3qp,, .. (typically
in the MHz range) to 1 GHz. The electrical bandwidth frequency is larger than
the compensation frequency in order not to add no extra attenuation to the low
roll-off intrinsic compensation®.

For the maximum equalization range?, the electrical diode bandwidth should
be as large as possible. This bandwidth is maximized by minimizing both the
input resistance of the subsequent TIA and the photodiode capacitance. The
former one typically increases the power consumption of the pre-amplifier.

The proposed pre-amplifier is presented first as a block-diagram in Fig-

ure 4.1. The difference in comparison with the straightforward pre-amplifier

11t is certainly possible to use an analog equalizer further in the GHz range where roll-off/
decade is >10 dB. However, because of the spread in both the diode and the equalizer, the
output signal decreases, which increases bit error rate, as shown in chapter 6. Therefore, some
adaptive algorithms are needed. A proposed method in this thesis avoid implementation of
such a complex algorithms at cost of speed.

2A larger equalization range can provide higher data-rates.
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configuration in the optical receiver [7], is that an analog equalizer is placed
after the transimpedance amplifier (TTA). In this manner the signal-to-noise
ratio (SNR) is maximized [6]. In the following sections, the design of every

pre-amplifier stage will be separately discussed.

4.2.1 Photodiode and TTA design

Chapter 3 showed that a photodiode with minimal finger size has the highest
intrinsic bandwidth and also the lowest roll-off per decade. Because of the
maximal diode capacitance, the electrical diode bandwidth does have demand
on input resistance of the TIA. Increasing the finger (nwell) size results in the
lower capacitance and higher electrical bandwidth. The total roll-off in the diode
characteristics is then 2-3 dB higher up to the low GHz range (see Figure 3.11),
which decreases the maximum equalization frequency, as shown in chapter 6.

Subsequent to the photodiode, the transimpedance amplifier (TTA) is typi-
cally used current-to-voltage convertor for any optical receiver. The advantage
is its high bandwidth, low noise, ease of biasing, and its relative insensitivity
to photodiode and parasitic capacitance (having low input resistance). Typi-
cally, during the TTA design, the main tradeoffs are in sensitivity (due to noise),
speed (bandwidth) and transimpedance gain. The transimpedance gain is typi-
cally equal to the feedback resistor for large open-circuit amplifications [8]. If the
output voltage signal is small, further amplification is done by a post-amplifier.
A large feedback resistance increases the gain, but at the same time, reduces
the amplifiers’ bandwidth by increasing the input resistance of the preamplifier
8]

In general, there are two transistor configurations for a TTA design: com-
mon source (CS) and common gate (CG) [8], [9]; they are shown in Figure
4.2. The implementation of one of the two configurations depends on the TTA
performances: required transimpedance, bandwidth, noise, power consumption.

The calculated capacitances of the photodiodes shown in Table 3.3 imply
that the input impedance of the TIA, independent on configuration should be
low. For the CG-stage, the input impedance is approximated by: Z iz~A,/R||1/gm1,
where A, is the voltage gain. The input impedance can be decreased by increas-
ing the amplification of the second amplifier stage. This amplifier is used in [10],
as the regulated cascode (RGC) configuration, shown in Figure 4.3. The RGC
mechanism enhances the input transonductance by the voltage gain gy Ry,. As

a result, the input impedance of the amplifier is very low (R;, =0) and the ef-
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Figure 4.2: Low input impedance transimpedance amplifiers a) common source,
b) common gate amplifier.

fect of the large input capacitance is minimized. However, there can be a large
stability problem of the amplifier since there are two poles in the loop.

The main issue in the pre-amplifier design was to show the feasibility of
the proposed diode bandwidth enhancement by using an analog equalizer. The
rest of the electronic circuitry should be design without taking risk of circuit
instability. Therefore, the authors have chosen a CS TIA configuration with
one amplifier stage. If the transimpedance is not sufficient, a number of voltage
amplifiers should be added subsequently to the designed TIA. This amplifier
also met the bandwidth requirements (4 GHz) which is shown in the following

subsection.

4.2.2 TIA design

Chapter 3 showed that the measured photocurrent from the nwell/p-substrate
photodiode for 25 pW (-19 dBm average optical power) input optical signal is
10.2 pA. This corresponds to a diode responsivity of 0.41 A/W. The TIA should
be designed such that the signal-to-noise ratio (S/N) is still sufficient for the

required bit-error-rate at the certain speed (data-rate).

BER and Inter Symbol Interference

In high-speed data-communication, the achievable data-rates are closely linked

to proper bit detection. Today’s optical links requires bit error rates (BER)< 107!
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Figure 4.3: Schematic diagram of the RGC input stage.

[11]. The lower the signal-to-noise ratios (SNR) and the higher the intersymbol

interference, the higher the bit error rates.

The amount of inter-symbol interference and consequently the theoretical
bit error rates of the proposed pre-amplifier are calculated using the procedure
described in [1]. We considered a baseband binary data at the transmitter side
while a fixed threshold level is used to detect both logic levels (typically half
the output value). The time domain current impulse response J(t) is obtained
from the inverse Laplace transform of the calculated total frequency response

of photocurrent. The rms signal for a bit-period T}, is calculated as [1]:

S— / T JWH () — H(t — Ty)dt (4.1)

where H denotes Heaviside function. Further, the bit error rate is determined

as:

1 5
BER = —erfe [ ——2 42
D (./1513+N2> “.2)

where IS, is statistical variance of inter-symbol interference, S and N are rms
signal and noise respectively. As given in [1], the probability of having a digital
one n bits before the actual symbol is P(n) = 1/2.

Figure 4.4 shows the random bitstream BER of the equalized signal for sev-

eral signal-to-noise levels. The data-rate is normalized on the electrical band-
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Figure 4.4: Bit error rate vs. normalized data-rate for several signal-to-noise ra-
tios (S/N). Data-rate is normalized on total electrical bandwidth of the system
(1.5 GHz).

width of the total system. For 1.5 GHz electrical bandwidth, and specified
BER= 10"'!, the achievable data-rates are determined by signal-to-noise ratios
(see Figure 4.4).

After calculating the theoretical BER for different data-rates and S/N ratios,
the next step is to design the TIA. Figure 4.4 showes that BER=10"'2 can be
achieved with data-rate of 3 Gb/s, and a signal-to-noise ratio S/N = 8.

The calculated rms value of the square input signal is S = 1/v/2-10.2 pA~
8 nA. For a S/N = 8 and a bandwidth of 1 GHz, the calculated rms value of the
input referred noise is Iy = 28 pA/ VHz. Using Figure 4.5, the input referred

current noise can be approximated as:

S

B B+ 15 +2- 1% (4.3)
4]€T2gm1 4]€T29m2 -2 9m1 4kT

— 4.4

( 3 3 YR

where g1 and gn2 are the transconductances of transistors M; and Ms. The
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Figure 4.5: The simplified noise model of the CS TIA.

input PMOS transistor in the current mirror is designed to have the same aspect-
ratio as the output one. As a result, the transconductances of both transistors
will be approximately equal. For the simplicity of the noise calculation, as shown
in Figure 4.5, we approximated that the output PMOST is twice as noisy 2 12—112
The input and output impedances are approximated to Z i, =Zout”~1/gm1. The
equation (4.4) shows that the input referred noise is directly proportional to
the transistors’ transconductances and inversely proportional to the feedback

resistor R.

For the amplifier bandwidth performance, the input impedance is calculated

as:

7 Ro + R+ SRR()CO (4 5)
me sCinRo + sC iy R+ s2C;u RRgCo + 1 + sRoCo + gmRo '

where Ry and C are output resistance and capacitance of the transistor My, Ciy,
is total input capacitance of the amplifier, which is the sum of diode capacitance

Cliode and input capacitance of the TIA Crya. For very low frequencies (s~0),
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the input impedance is:
Ry+ R 1

Zin = Thonk = om (4.6)
This input impedance should be constant in the frequency range of interest (up
to equalization frequency). Table 3.3 show the nwell/p-substrate photodiode
capacitance for 2 pm nwell width and 50 pmx 50 pm area. This area corresponds
to the diameter of the multimode fiber. The capacitance is C' gjoqe = 1.6 pF.
The required bandwidth is larger than 2 GHz, meaning that the input resistance
of the TTA should be lower than 50 © (~1/gy1). However, the input capacitance
of the TTA Crra should be added to the total input capacitance, which results
in a lower input resistance. The lower resistance is achieved by increasing the
gm1 value.

The transconductance g1 can be increased by either increasing the aspect
ratio W/L of the transistor or by increasing the bias current [8]. The larger
the aspect-ratio of the input transistor, the larger the g, but also the input
capacitance of the TTA Crya. This capacitance can start dominating the total
input capacitance Cj,, which deteriorates the input signal. In best case, the gy,
should be increased until the ratio gp, /Ci, is maximized. The bias current I is
in the low mA range for the required g,,1 value (< 40€2). This bias current flows
also through PMOS transistor My which has large gn2; this transconductance
is comparable to the value of g1 so the transistor Ms has also significant noise
contribution, as shown in equation (4.4).

For the better mirror-performances the length of the transistor Ms should
be larger than minimal. Knowing that the drain current is in the mA range,
the aspect. The biasing current flowing through PMOS transistor is in the
mA range, and the larger the current the lower the output impedance of the
PMOS as shown in Figure 4.6. Thus, the larger the g2, the smaller its output
impedance, and higher the input impedance of the TTA (from equation 4.5); as
a result the bandwidth of the TIA decreases.

The larger the g1 and gyo the larger is the input referred noise in the
circuit, as shown in equation 4.4. The larger the g, of the transistors M; and
M, the larger the bias current Ip. This results in higher power consumption
of the circuit. Typical power consumption of the pre-amplifier is in the range
5 mW-20 mW [1], [9].

For the 1/g,, < 40, the TTA is designed in several steps. If the transistor
M, is chosen to have the aspect ratio W/L=62/0.18 and overdrive-voltage of
Vgt1=0.35 V, the calculated value for g,~30 mS. The input capacitance of
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Figure 4.6: The influence of the output resistance and capacitance of the
PMOST Ms showed in Figure 4.5a, on the TIA’s input impedance.

the TTA is 150 fF, including the Miller capacitance at the TTA’s input. The
biasing current is 6 mA. The transistor M is biased such that Vyio > Vaer =
—1.05 V. With a current of 6 mA, the transistors are sized Wy /Ly=170/0.3 (non-
minimal gate length for better mirror-performance). The output resistance of
these transistors is approximately Ry=1.7 k{2 and the capacitance is 130 fF.
Inserting these values in the equation for the total input impedance of the TIA
(4.5), the maximum transresistance value is only R = 350 Q.

One way to increase the transresistance, is to increase the gy, of the input
transistor to 35 mS i.e. the aspect ratio is W/L=78/0.18 for the overdrive volt-
age of Vy¢1=0.35 V. The input capacitance of the TIA is slightly increased®. The
bias current is consequently increased to 7 mA. This allowed the transimpedance
gain of 0.9 k€2. However, this transimpedance value was not sufficient, and volt-
age amplifier should be placed after the TIA. For the best performance, the
biasing of the subsequent stage is such that the overdrive voltage of the M;
transitor in TTA is decreased to Vj;1=0.15 V. The aspect ratio of the transistor
M, is W/L=133/0.18, and the transconductance g, =45 mS. The calculated in-
put resistance of the TTA is 22 2, and the bandwidth of the TTA is 2.5 GHz. The
calculated power consumption of the TIA is 12.6 mW. The bias current is large
enough to overdrive the DC offset photocurrent. The output signal from the
VCSELSs is usually with modulation index of 0.2 [12]. With photo-responsivity
of 0.41 A/W, the calculated DC photocurrent for 25 pW AC optical power is
56 1A, which is less than 1% of the input bias current. Using equation (4.4),

3still mainly determined by the photodiode capacitance.
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Figure 4.7: The analog equalizer transfer characteristics: unity gain path
summarized with 4 high-pass sections.

the calculated input referred noise is 10 pA/ v/Hz, which is lower than required.
However, in the detail noise calculation the noise source of the input PMOS tran-
sistor in the current mirror should be included as well as the input impedance of
the next stage of the TTA. Nevertheless, the calculated noise value leaves enough
margin for the required signal-to-noise ratio S/N = 8. One should also notice

that the designed TIA is similar to a LNA configuration presented in [13].

4.2.3 Equalizer design

Once the electrical diode bandwidth is optimized, an analog equalizer is de-
signed as the next stage of the pre-amplifier. Chapter 3 described that the total
frequency response of the photodiode is the sum of the frequency responses
of particular diode regions. This implies that the equalizer should also be de-
signed as the sum of several high-pass filters responses with an overall low roll-up
(~ 5 dB/decade). The equalization characteristics in this thesis is inverse of the
calculated frequency characteristics of the implemented photodiode. One way
to mimic a low roll-up characteristics is summation of the outputs of four par-
allel first-order high-pass filters (HPF); this is illustrated in Figure 4.1. The

equalizer characteristic is illustrated in Figure 4.7.
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Figure 4.8: The analog equalizer from Figure 4.7 including parasitic capaci-
tances.

One way to realize the analog equalizer is to use a source degeneration (SD)
stage with low-pass filter sections in its source [6]; this configuration is shown
in Figure 4.8. For unity gain of the amplifier, Rp = Rg, the transfer function

Vout/V in of the equalizer can be written as:

Vout ~_—(1 sRDC’1 SRDCQ SRD03 SRDC4 (4 7)
Vin - 14+ sR1Cy 1+ sRyCy 1+ sR3Cs 1+ sR4Cy '

The output pole wy, of the SD stage itself is determined by the output capaci-
tance Coy and the resistance in the drain Rp: f, = 1/RpCoy. This pole should
be high enough not to interfere with the equalization range of the photodiode
characteristics, fp > f3dB...-

The lower the Rp, the higher the bandwidth of the SD stage. However, a
lower Rp results in lower resistance values R; 4 (see equation 4.7) necessary to
provide the required roll-up in the characteristics. For fixed 1/R;. 4C1.. 4 poles,
and lower values of Ry 4 of the equalizer, the capacitance values are higher;

this will result in more area consumption in the chip, but also a better noise
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performance.

According to the diode frequency characteristics shown in Figure 3.14, the
total amplitude drop up to 1 GHz is about 15 dB. In order to obtain proper
equalization characteristics, the ratio Rp/Ry in equation (4.7) has to be about
4. This is achieved either with large Rp or with a low R4 values. The lower the
Ry, the lower the impedance in the source of source-degeneration (SD) stage.
On high frequencies where the gate-source capacitance Cygg,,. starts to dominate,
the low source impedance lowers the input impedance of the SD. As a result,
the bandwidth is decreased. This input impedance of the source-degeneration

stage can be expressed as:

Zin = Rl Zeq + 51+ G B 2] (148)

5Cs
where Zeq = Z1||22||Z5||Z4 is the impedance of the HP filter stages, and Z; =
R; +1/(sC;), for i = {1,2,3,4}. For rather constant input impedance in the
frequency range of interest, Cgs should be as small as possible and Z.q should
be much larger than Rg. Small Cgs is related to the small transistor aspect
ratio (W/L) which on the other side can limit the g, and the accuracy of the

transfer function (4.7).

According to the previous analyzes, for area and power efficiency reasons,
the highest zero can be implemented in the circuit using e.g. inductive peaking
stage [14], as shown in Figure 4.9. The g,,Cgs combination of the transistor M,
together with resistor R, in a certain frequency range behaves as an inductor.

The impedance in the drain of transistor M; is given as:

1 1+ sRC 4
Zq =
Imp 1+sC gS/gmMp

(4.9)

where R > 1/gy,. In this manner the circuit with the analog equalizer with
one inductive peaking stage and the source degeneration with the first three
poles of the equalizer is designed. The overall circuit is shown in Figure 4.9.
The simulated frequency response at the pre-amplifier’s output, including the

photodiode, is shown in Figure 4.10.

With the circuit of Figure 4.9 it is fairly straightforward to compensate the
diode characteristic for frequencies where the roll-off is low (for <5 dB/decade).
The equalizer’s frequency response is band-limited in order to prevent out of

band high-frequency noise from being added to a signal [15].
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Figure 4.9: The circuit topology of the preamplifier including the analog equal-
izer.

4.2.4 Robustness on spread and temperature

This chapter presents a major advantage of the proposed pre-amplifier circuit
with the analog equalizer: its robustness on spread and temperature. First,
the robustness on typical £20% spread in RC components of the equalizer is

analyzed.

A common feature for the calculated characteristics of different photodi-
ode structures shown in Figures 3.12, 3.13, 3.19 and 3.23 is a very low roll-off
(Rog < 6 dB/decade). The roll-off in these characteristics is compensated by
implementing inverse equalization characteristics, as shown in Figure 4.11. Nev-
ertheless, there is a spread in the equalizer components that changes the poles
in the equalizer characteristics for +p, where p is the spread value, typically in
the range {—0.2,0.2}. As a result, there will be amplitude shifts in the equalized

characteristics, which is shown in Figure 4.11.

The maximum amplitude shift Agpig (expressed in dB) can be calculated as:
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Figure 4.10: The simulated amplitude and phase responses of the photodiode
and pre-amplifier after the analog equalizer.
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Figure 4.11: The stylistic plot of the amplitude shift in the equalized (total)
characteristics due to the RC' spread in the equalizer. The amplitude shift is
roll-off (Rog) dependent.
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3, the maximum amplitude shift up to 1 GHz range is lower than +0.5 dB for
+20% RC spread in the equalizer. The small amplitude shift slightly modifies
the output signal as well as the total bit-error rate in the system, as shown in
equations (4.1) and (4.2).

In optical communication systems and optical detection in general, there is
always specified value for BER [11], [16], [17]. Adapting the modified BER value
back to the specified one, results in the change of the data-rate. Using equations
(4.1) and (4.2), the BER is calculated for a total amplitude shift of 0.5 dB (the
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Figure 4.12: A change in BER due to the amplitude shift in the equalized photo-
diode characteristics. The data-rate is normalized with the upper equalization
frequency.

amplitude characteristics has the roll-off of 6 dB/decade). The result is shown
in Figure 4.12. The BER is increased only ABER~10%°. Adopting this BER
value to its original one (without RC' spread), the maximum data-rate decreases
6 %. Therefore, the proposed pre-amplifier is very robust on the spread, due to

the low roll-off in the diode characteristics.

Robustness on temperature

The frequency characteristics of the photodiodes analyzed in chapter 3, is calcu-
lated again following the same procedure with the included change of the tem-
perature in environment. The temperature range is taken to be T' = 250-350 K.
The temperature dependent terms in photocurrent equations (3.8), (3.15) and
(3.23) are diffusion lengths L, and L,. The diffusion lengths are defined as
L., = \/m [18], where D, , is the diffusion coefficient of the n, p minor-
ity carriers respectively and 7, ;, is the minority carrier lifetime. The diffusion
coefficients are presented with equations (4.11), (4.12). These coefficients are
product of the term that linearly depend on temperature and the mobility of the

minority carriers. These mobilities are also temperature dependent as shown in
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equations (4.13), (4.14) [18]. The nominator of the second terms in both equa-
tions decreases dominantly with temperature (with 7-2-33). As a result, the
overall mobility of the minority carriers drops with temperature which is shown
in Figure 4.13. The same figure presents that the higher the doping concentra-
tion (N, Ng), the lower the decrease of the mobilities with temperature. The
doping concentrations in CMOS photodiodes are such that the mobility depen-
dence counteracts the linear temperature dependence in diffusion coefficients.
Figure 4.13 shows that the change of the diffusion coeflicients with temper-
ature is maximal for the lowest doped substrate. For the nwell and p+ regions,
the diffusion coefficient does not change more than 20%. The corresponding
diffusion lengths L, ;, having a square-root dependence on the diffusion coeffi-
cients, will have even smaller temperature dependence. Inserting the values of
the diffusion lengths in the photocurrent equations (3.8), (3.15) and (3.23), the
deterministic gain error is only 0.2 — 0.3 dB/decade. This implies that proposed

pre-amplifier is temperature robust too.

kT
DII(NaaT) = 7Mn(Na7T) (411)
kT
DP(NdaT) = 7/’[’P(Nd7T) (412)
7.4.-1087-233
pn(Na, T) = 887057 4 ~ (4.13)
1 730.882670.146
*126- 1017¢2-4 n
1.36 - 1037233
pp(N,T) = 54.3t;%57 + (4.14)

Ng

1 - -
T o35 10

0.88¢, 0140
where k is the Boltzman constant, N,, Nq are the doping concentrations of the

p and n-region in the photodiode, and ¢,, = T'/300.

4.3 Results

The integrated photodiode and pre-amplifier were fabricated in a standard
0.18 pm CMOS technology. The technology has five metal layers and one polysil-
icon layer available. The chip micrograph of the integrated nwell/p-substrate
photodiode and the pre-amplifier is shown in Figure 4.15. The total circuit area

is 145 x 305 pm?2. The overall area including bondpads is 0.7 x 0.4 mm?.
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A minimal nwell-width finger photodiode (2 um) is used as a photodetector
(illustrated in Figure 3.2). The size of the photodiode is 50 x 50m? correspond-
ing to the diameter of the multimode fiber used to couple the light from laser
to the chip. The calculated diode capacitance is 1.6 pF. The input resistance of
the TIA, realized as a common source stage with resistive feedback, is 33 €.

An 850-nm VCSEL is used as a light source for testing the system per-
formance. The 50 Q output buffer (shown in Figure 4.9) is AC coupled to
the input of the digital oscilloscope with the external coupling capacitance of
Cext = 0.47 pF. The bias voltage is 1.8 V.

Figure 4.16 shows the eye diagram of the integrated pre-amplifier without
and with the analog equalizer. For the system without equalizer, the calcu-
lated maximal speed for BER<107!! is 10 Mb/s. However, an eye-diagram for
50 Mb/s input with BER= 10~7 is measured since that is a minimal speed of
the used digital data analyzer. The input light power is 25uW peak-to-peak,
which is -19 dBm average optical power. For comparison, the required optical
signal power for Gigabit Fiber Ethernet systems [11] is about -17 dBm, meaning
that the used optical power is sufficient.

It is important to notice that this is the AC optical power of the signal.
Typically, the index modulation of of the lasers are between 0.2-0.5. The VCSEL
LV1001, A = 850 nm, produced by OEPIC company [12], that is used in our
experiment has index of modulation about 0.2. Thereby, the biasing point of
the laser is such that the DC optical power is four times larger than AC power.
This DC optical power causes a DC photocurrent that behaves as offset current.

The eye-diagram shown in Figure 4.16b presents the achieved 3 Gb/s using
the analog equalizer in the pre-amplifier. The input light power (AC) is again 25
nW peak-to-peak and the achieved BER<10~!!. This is an order of magnitude
larger BER than calculated (107'2). This difference is due to the noise in the
circuit supply, but also due to the limiting amplifier. The BER measurements
are described in section 4.3.2. The complete receiver consumes approximately
34 mW + 16 mW for the 50 2 output buffer realized as a common source stage
(see Figure 4.9).

4.3.1 Robustness of the pre-amplifier:

simulations and measurements

Section 4.2.4 showed that the big advantage of proposed pre-amplifier circuit

with an analog equalizer is its robustness on spread and temperature. In order to
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Figure 4.15: Chip micrograph of the integrated nwell/p-substrate photodiode
and pre-amplifier with an analog equalizer in a fully standard CMOS.

confirm this, a number of simulations and measurements are presented further

in the following sections section.

A. Robustness on spread - simulations

The effect of typical £20% spread in the RC' components of the equalizer on the
total transfer characteristics, is presented first with asymptotic approximation
shown in Figure 4.17. Due to the low roll-off in the photodiode characteristics,
the total amplitude shift is less than +0.5 dB. This is also confirmed with a
simulated symbol response (in time) of the pre-amplifier. The spread included is
+20% and the obtained result is presented in Figure 4.18. This figure illustrates
that the robustness against the spread is high i.e. the equalization is spread
insensitive, for the expected spread during fabrication in standard CMOS.
The same simulations were done including +50% component spread in the
equalizer. First, it is assumed that there is no spread in the equalizer com-
ponents RChiter;q..,- Lhen the spread is included in the equalizer components
RCiter with spread- The simulation results are presented in Figure 4.19. This fig-
ure shows that for RC spread of +30% the output signal amplitude is changed
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Figure 4.16: Eye-diagram of the nwell/p-substrate CMOS photodiodes a)
without equalizer 50 Mb/s, BER=10"7, b) with an analog equalizer 3Gb/s,
BER=10"11.
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Figure 4.17: The asymptotic approximation of the +20% RC spread-effect in
the equalizer on the total pre-amplifier transfer characteristics. The amplitude
shift is less than £0.5 dB.

only 10%. However, the maximum output signal is very dependent on the bi-
asing Rpias of the circuit shown in Figure 4.7, which is further sensitive on the
spread. For the expected +20% spread in biasing resistances, the maximum

output signal can change up to 20% (see Figure 4.19).

B. Robustness on spread - measurements

The robustness of the pre-amplifier circuit on spread is confirmed with the
measurements on the circuit shown in Figure 4.15. During the chip-layout
design, all RC filter components are placed as a number of smaller components
(fingers) connected using the highest metal layer. Removing some of this metal-
layer connections, the RC values can be changed. In the experiment, we changed
the values for £20% after the fabrication using the Focused Ion Beam (FIB). The
eye-diagrams are measured at the output of the pre-amplifier for 3 Gb/s data-

rate, and the results are shown in Figure 4.20. In order to compare this measured
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results with the simulation, the simulated curve with the included spread in the
equalizer RCHiter with spread, i shifted down the biasing curve Rpijaging. This is
illustrated in Figure 4.19. The Rpiasing curve includes the spread influence of the
source degeneration (SD) resistances Rp, Rg and the resistance of the PMOS
amplifier in front of the SD stage (see Figure 4.9). The measured results show
that the circuit is not optimized for the maximum output signal. The values
of the biasing resistors should be improved (changed for about -25%, or using
even different biasing) for the better circuit performance.

According to Figure 4.20, the eye-diagram amplitude including the modified
RC values in the equalizer, is changed less than 6%. Therefore, these measure-

ments confirm a high robustness of the pre-amplifier on spread in the equalizer.

C. Pre-amplifier with various photodiode structures

In order to measure the impact of photodiode spread, the optical detector circuit
was also implemented using a different photodiode, with the same pre-amplifier
circuit. This section presents the pre-amplifier integrated with p+/nwell/p-
substrate photodiode (double photodiode). The same pre-amplifier and analog
equalizer used with nwell/p-substrate diode (shown in Figure 4.9) are used here.
The filter parameters in the equalizer are thus, not optimized for the double
photodiode characteristics shown in Figure 3.23. In this manner, the feasibility
of the implementation of the pre-amplifier with other photodiode structures is
tested. The result is presented in Figure 4.21.

The achieved data-rate is 2.5 Gb/s with 38.5 pW optical power. With the
expense of approximately 2 dB higher input optical power, but without opti-
mizing the equalizer, a very high data-rate is achieved. By optimizing the HF
filter parameters, the simulated data-rate of the system is also 3 Gb/s for the

previously used optical power of 25 pW.

4.3.2 BER measurements

In the proposed pre-amplifier, an approximate value of the signal-to-noise ratio
can be deduced from Figure 4.16. However, having some intersymbol interfer-
ence, the receiver is evaluated with a BER measurement.

An 850 nm VCSEL LV1001 from OEPIC company [12] is used as a light
source for measuring the BER of the integrated pre-amplifier and photodiode
showed in Figure 4.15. The light was coupled from the laser to the photodiode

using multimode fiber with 50 pm core-diameter. The fiber length is 1 m.
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Figure 4.20: Eye diagrams on 3 Gb/s data-rate of the pre-amplifiers including
a) +20%RC spread and b) —20%RC spread in the equalizer. BER is 10710,
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Figure 4.21: 2.5 Gb/s eye-diagram of the p+/nwell/p-substrate CMOS photodi-
odes with same analog equalizer used for nwell /p-substrate diode, BER=10"11.
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Figure 4.24: The photo of the measurements set-up for BER measurements.



4.4. CONCLUSIONS AND SUMMARY 107

The AC optical power at the fiber’s output is deduced by measuring the DC
optical power around the operating point of the laser. The bias is changed for
the values of the modulation voltages. The optical power is measured using
HP 8153A Lightwave Multimeter. The shape of the output signal and the AC
optical power were also measured using the reference photoreceiver PT1003
from OEPIC company, which consists of a PIN photodetector, integrated with
an InGaPHBT transimpedance amplifier (TIA). The maximum operating data-
rate of this reference photoreceiver is 10 Gb/s.

For easier handling, the chip was glued on the larger surface, in our case glass.
The on-chip measurements were done using probe-station. The output voltage
is measurements using GSG probe ACP40 (for up to 40 GHz). The insertion
loss of the coaxial cable, used to measured the output signal, is calibrated up to
4 GHz. The chip is supplied with DC voltage using Eye-pass probe [19] which
should provide a stable-supply in the frequency range of interest (the specified
frequency range is up to 20 GHz). The DC current supply was set using coaxial
cables and GS pico-probes.

The multimode laser was mounted on a micro-manipulator of the probe-
station perpendicularly to the chip, as shown in Figure 4.24. This manipulator
allows better alignment between the fiber and the photodiode.

The laser was modulated with the pseudorandom bitstream of 231-1 from the
MP1632C digital data analyzer (generator/analyzer platform). Since the swing
of the signal at the pre-amplifier’s output was not large enough for the proper
BER measurements, a limiting amplifier was placed after the pre-amplifier as
shown in Figure 4.23. The limiting amplifier is an L1001 fabricated by OEPIC
company. The input and output resistance of the amplifier are 502 and the
operating frequency between 100 kHz up to 5 GHz.

Figure 4.22 shows the measured BER versus average light input power for
3 Gb/s. The sensitivity at the BER of 107! is around -19 dBm, which is
2 dBm better than the one defined in the Gigabit Ethernet standard for short-

haul optical communications [11].

4.4 Conclusions and Summary

The proposed optical detector architecture with an analog equalizer, increases
the bandwidth of the state of the art CMOS detector [1] by 4.5 times for
A = 850 nm, without reducing the photo-respounsivity. A 3 Gb/s data-rate is
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achieved with 25 pW peak-to-peak light input power and BER<10~!'. With
respect to conventional CMOS detectors [20] almost three orders of magnitude
higher data-rates are achieved. This data-rate is over a factor 4 higher than
that of state-of-the-art fully integrated CMOS detectors for A = 850 nm.

The high-speed optical detector with an analog equalizer is very robust.
Firstly, it was shown that due to the low roll-off of the photodiode characteris-
tics, the robustness against spread is high. Secondly, the change in temperature
results in a very small change in the diffusion coefficient as well as the lifetime
of the minority carriers. Therefore, robustness on the temperature is high too.
Thirdly, it was shown that the equalization is robust for photodiode spread by
using different CMOS photodiode structures and layouts. The proposed op-
tical detector can be implemented for the whole wavelength sensitivity range
A =400 — 850 nm, (discussed in detail in chapter 6). For lower wavelengths in
this range, the equalization is required over a smaller frequency range, since the
roll-off starts at higher frequencies. The proposed design is also implementable

in any CMOS technology which is discussed in chapter 6 of this thesis.
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CHAPTER D

High-speed photodiodes for A\ = 400 nm

This chapter presents both time domain and frequency domain analyzes of monosil-
icon and polysilicon photodiodes in a standard 0.18 ym CMOS technology, for
A =400 nm.

For monosilicon diodes, the maximum calculated intrinsic bandwidth is up
to 6 GHz. The photodiodes designed in twin-well technology have smaller band-
width (mazimum up to 8 GHz) because of the limited size of the vertical depletion
region (fast drift current contributes less to the overall photocurrent). Measure-
ments on p+/nwell/p-substrate photodiode designed in 0.18 ym CMOS, showed
that the total diode bandwidth is 1.7 GHz, which was limited by the electrical
diode bandwidth.

This chapter presents also a lateral polysilicon photodiode that has an intrin-
sic bandwidth far in the GHz range. The electrical bandwidth is also high due
to a very small parasitic capacitance (<0.1 pF). For X\ = 400 nm, the achieved
quantum efficiency is only 2.5% due to a very small light sensitive diode volume.
The diode active area is limited by a narrow depletion region and small depth is

limited by the technology.

111
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Figure 5.1: Light absorbtion in silicon photodiode for A = 400 nm.

5.1 Introduction

Chapter 2, section 2.9, showed that the lower the wavelength of the input signal,
the higher the light absorption coefficient . For the boundaries of the CMOS
sensitivity range A€[400,850] nm, the difference in light penetration depth is
almost 70 times. At the lower boundary (A = 400 nm), the 1/e-absorption
depth is only about 0.2 pm. In both previous and modern CMOS processes
(up to 0.13 pm technology), this depth is certainly less than or equal to the
shallowest junction available (n+ or p+). Hence, the whole amount of light is
absorbed very close to the diode surface. As a result, the overall photocurrent
is determined by the (fast) diffusion inside n+/p+/nwell regions and the drift
photocurrent generated in the vertical depletion regions as shown in Figure 5.1.

The responsivity of a CMOS photodiode and consequently the photocurrent,
is low for A = 400 nm as shown in chapter 2, Figure 2.11. The energy of the
incoming photons is hv and for the same input optical power P, the number
of photons P,,/hv is minimal. Therefore, the photocurrent is also minimal.
Moreover, the surface recombination process is now very important for A =
400 nm. Due to the low light-penetration depth, the surface recombination of
the carriers becomes significant i.e. it is 30% larger [1] than for wavelengths
with larger penetration depths (depths larger than 600 nm). The maximum
photodiode responsivity is about 0.23 A/W.

Due to the very low penetration depth of the light, the lateral photodiode
structure becomes important in the overall photodiode response [2], [3]. There

are two main advantages of using lateral structures:
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o for the diodes with large intrinsic (depletion) region most of the carriers
are generated in this region. As a result, the total photodiode bandwidth can
be in tents of GHz range. For the diodes without a significant intrinsic layer,
carriers are generated in the n-region and the p-region close to the diode surface.
Depending on the depth of the n and p-regions, the diffusion of these carriers
can be fast, which results in higher diode bandwidth; this will be shown in the
following part of this chapter.

e a surface recombination is less dominant for the carriers generated inci-
dently in the vertical depletion region. The lateral photodiodes in standard
CMOS technology with maximal vertical junctions can be designed by making
the nwell not adjunct to the pwell; this provides large depletion region between
nwell(n+) and p-epi layer. However, the available fabrication process for a pho-
todiode was twin-well CMOS with one complementary mask for nwell and pwell.
Thereby, the designed diodes have narrow vertical depletion regions since the
doping concentration of the pwell is typically much higher than the one in p-epi.
The total drift current contribution is smaller, which according to analysis in
chapter 3, results in a lower total diode bandwidth. Nevertheless, this band-
width is still in 100ths of MHz up to a few GHz range. Both the frequency and
the time response of the twin-well photodiodes are investigated in sections 5.2,
5.3 and 5.5. For comparison, a separate-well nwell/p-substrate photodiode is

analyzed in section 5.4.

5.2 Finger nwell/p-substrate diode in adjoined-
well technology

The nwell/p-substrate diode in twin-well technology is illustrated in Figure
5.2. In this chapter we present the photodiode frequency response and time
response on a Dirac light pulse for A = 400 nm. Both responses are calculated
following the procedure explained in chapter 3. The absorption depth of light
is lower than the junction depths so the substrate does not contribute to the
overall photocurrent. The overall photocurrent is determined mainly by a nwell
diffusion current plus a small drift current generated in vertical depletion regions
between wells. The diffusion current generated inside the pwell (with excess
electrons) is considered as a part of the nwell current with the amplitude that
corresponds to the ratio between the nwell and pwell size.

A few ps after the incident light pulse, most of the excess carriers are gener-
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Figure 5.2: Finger nwell/p photodiode structure with low resistance substrate
and adjoined-wells in standard CMOS technology.

ated in the upper side of the nwells i.e. in the area close to the photodiode sur-
face. At that time, the largest gradient of hole density is towards the nwell-side
junctions. Further in time, a large number of holes diffuses towards the nwell
bottom-junction due to the excess carrier concentration gradient. However, the
diffusion process, as discussed in chapter 3 for A=850 nm, takes now longer until
the first carriers need to reach the nwell-bottom junction. Even then, the hole
gradient towards the nwell-bottom is lower than the hole gradient toward the
nwell-side, as shown in Figure 5.3. Therefore, the lateral dimension of the nwell
mainly determines the diffusion speed; it is the most important dimension in

the diffusion process inside nwell for A = 400 nm.

The total photocurrent is the sum of the diffusion current presented with
equation 3.8, and the drift current given in equation 3.17 in chapter 3. The
nwell /p-substrate photodiode frequency response is illustrated in Figure 5.4.
The response is normalized with its DC photocurrent on 400 nm. Figure 5.4

shows the importance of the nwell width on the diode intrinsic bandwidth. This
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Figure 5.3: The calculated hole diffusion profile inside the nwell for a minimum
nwell width, 2 pm, under incident light pulse (A = 400 nm, 10 ps pulse-width).
This profile is calculated after 1 ps, 20 ps, 60 ps, 200 ps.
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bandwidth is 700 MHz when nwell width is minimum ! (2pm) and 370 MHz
when nwell width is much larger then its depth, 10 pm. Therefore, for mazimum

intrinsic bandwidth, the diode nwell size should be minimal.

5.3 Finger n+ /nwell/p-substrate diode

In standard CMOS technology, it is possible to place a shallow n layer (n+), at
the top of the nwell region as shown in Figure 5.5. This section presents the
large influence of n+ layer inside the nwell on the total photocurrent response
for A = 400 nm.

The depth of the n+ layer in standard 0.18 pm CMOS technology is larger
than the 1/e-absorbtion depth of A\ = 400 nm. The frequency response of the
n+/nwell diffusion current is calculated using the system of two two-dimensional
diffusion equations, similar to those given in equation 3.10. Nevertheless, the
electron doping concentration should be changed for the hole doping concentra-
tion and corresponding vertical positions of the p-substrate layers are inter-
changed with the vertical positions of the nwell/n+ regions.

In order to solve the obtained system of equations, two boundary conditions
between the two n-layers are used, plus the one boundary at the n+ top and
the boundary at nwell bottom, as shown in Figure 5.6. These conditions are
related to both the current density and the minority carrier concentration. Due
to the continuity of currents, the current densities are equal in a plane between
the two layers:

_qulap%;x,s)h:Lw = _qDPQ%%;(x’S)‘:E:LH_F (5.1)

The second boundary condition is related to the continuity of the concen-

tration of the minority carriers:

Pn+ (Ln+a S) = pnwell(Ln+7 5) (52)

where Ly is the depth of the n+ region, and s denotes frequency domain. The
photodiode surface is again assumed to be reflective i.e. the hole gradient at the
diode surface is taken to be zero, since the recombination process is far slower
than the MHz or GHz frequencies of interest in this thesis. The other boundary

condition for the hole concentration at the nwell bottom is zero.

n standard CMOS minimum nwell width is typically twice its depth.
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Figure 5.4: The calculated total photocurrent response of nwell/p-substrate

photodiodes in a twin-well technology for the minimum nwell width (solid-line)
and nwell width much larger than its depth 10pm (dashed-line) for A = 400 nm.
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Figure 5.5: Finger nwell/p-substrate photodiode with n+ layer at the top of the
n-well region.

The total n+/nwell p-substrate frequency response for A = 400 nm is il-
lustrated in Figure 5.7. A maximum bandwidth of this photodiode is about
300 MHz for 2 pm nwell width and 170 MHz only for 10 pm nwell width. These
bandwidth are twice as low as the corresponding bandwidths of the photodiode
without n+ layer because the diffusion constant Dy, is twice as low for the n+4
region than Dy, for the nwell region due to the higher majority carrier concentra-
tion. Thus, a highly doped n+ region at the top of the nwell (nwell/p-substrate
diode) decreases maximum intrinsic bandwidth for more than two times.
Electrical bandwidth
For the photodiode area of 50 x 50 um?, corresponding to the core-diameter
of the multimode fiber, the calculated photodiode capacitance from the process

technology parameters is given in Table 3.3. It ranges from 0.6-1.6 pF for 10 pm
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Figure 5.6: The boundary conditions for the calculations of nwell/n+ diffusion
curent.

and 2 pm nwell size, respectively. For the input resistance of the subsequent
transimpedance amplifier lower than 130 €2, the extrinsic photodiode bandwidth
is larger than the intrinsic diode bandwidth. For larger transimpedances, the
nwell size i.e. photodiode capacitance does influence the total photodiode band-
width. The lower the nwell width, the lower the electrical bandwidth.

5.3.1 Time domain measurements

The calculated total photodiode bandwidth is confirmed with measurements.
The diode is fabricated in standard 0.18 pm CMOS with minimum nwell-width
2 pm. The diode layout is presented in Figure 5.8. On the transmitter side, a
picosecond blue-light laser with A = 400 nm was used. The light was focused
into a multimode fiber using a system of lenses, as shown in Figure 5.9. The
pulse width of the picosecond laser is 200 ps and the power is 1 mW. The output
of the n+ /nwell p-substrate photodiode is presented in Figure 5.10. This output
voltage is measured using RF pico-probe and coaxial cable which was terminated

with 5082 of the oscilloscope.
Using Figure 5.10, the photodiode bandwidth is calculated using rising edge

7, and falling edge 77, with a simplified formula [2]:
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Figure 5.7: The calculated intrinsic photocurrent response of nwell/p-substrate
photodiode in a twin-well technology with n+ layer at the top (solid line) and
without n+ layer (dashed-dot line) for A = 400 nm. This current is calculated
for two nwell widths: minimum nwell width that is typically twice its depth in
standard CMOS (2 pm), and nwell width much larger than its depth (10 pm).

In(9)

P (5.3)

deB =

The obtained bandwidth value is 280 MHz. Figure 5.7 shows that the calcu-
lated bandwidth is about 300 MHz; hence, the measured photodiode bandwidth

closely corresponds to the calculated bandwidth.

5.4 Finger n+ /p-substrate photodiode in

separate-well technology

The frequency analysis of n+ /p-substrate photodiode is similar to the previously

analyzed photodiode. However, the main difference is in the size of the vertical
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Figure 5.9: Focusing the light from the picosecond blue laser into the multimode
fiber by using system of lenses.
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Figure 5.10: Transient response of the nwell/n+ p-substrate photodiode on
200 ps input light pulse(A = 400 nm) with a 50 Q load resistor.

depletion regions between n+ fingers and p-epi region; here it is larger, which
results in a faster total intrinsic response. The calculated intrinsic bandwidth
for this photodiode is 6 GHz. In [2], a 9-finger n+/p-substrate photodiode is
presented for high-speed data rate. The photodiode was designed in standard
1-um CMOS technology. The doping concentration of the epitaxial layer in
CMOS technology that they are using is very low (< 10! ecm™3). On the
other hand, the doping concentration of the shallow n+ region is very high
( 10%° cm™3) resulting in the large depletion region. The measured bandwidth
for 400 nm wavelength was 470 MHz and it is limited by the electrical photodiode
bandwidth (the resistance subsequent to the photodiode is 1 k2).
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Figure 5.11: The calculated total photocurrent response of p+/nwell/p-
substrate photodiode in a adjoined-well technology with 2 nm nwell size (solid-
line) and 10 pm nwell size (dashed-line) for A = 400 nm.

5.5 Finger p+4/nwell/p-substrate in
adjoined-well technology

The double photodiode structure, p+/nwell/p-substrate, was already analyzed
for A=850 nm, in chapter 3, section 3.2.4. This section investigates the frequency
response of this photodiode on a Dirac light pulse for A = 400 nm, using the
same analyzes from chapter 3. First, the calculated intrinsic response is shown

in Figure 5.11.

Most of the carriers are again generated close to the photodiode surface
inside p+ region and vertical depletion regions. The depth of the p+ region
is low (<0.3 pm) so most of the carriers are generated close to p+ bottom
junctions. Thereby, the diffusion process is fast and the calculated bandwidth
using equation (3.8) is 2 GHz. The total calculated bandwidth including the

drift current in vertical junctions is 2.8 GHz.
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FElectrical bandwidth

For a photodiode area of 50 x 50 um?, the calculated photodiode capacitance
from the process technology parameters is given in Table 3.3. It ranges from
2.2 pF-3.6 pF for 10 pm and 2 pm p+/nwell size, respectively. For the input
resistance of the subsequent transimpedance amplifier (TTA) lower than 15 €,
the extrinsic photodiode bandwidth is larger than intrinsic diode bandwidth.
This low input resistance value can be realized typically with the cost of larger
power consumption and also area consumption [4]. For the minimal input ca-
pacitance the photodiode capacitance should also be minimal; this is achieved

by designing a single p+/nwell/p-substrate photodiode (without fingers).

5.5.1 Time domain measurements

The response of the single p+/nwell /p-substrate diode is measured in the time
domain. The top view of this photodiode is shown in Figure 5.12. A picosecond
blue-light laser with A = 400 nm was used as a transmitter. The pulse width
of the picosecond laser is 200 ps and the maximum optical power is 1 mW.
The output signal is measured using RF pico-probe and the coaxial cable termi-
nated with 50 €2 load of oscilloscope. The bondpads for n-contact and p-contact
and reversed in comparison with previous diode. Therefore, the output voltage

presented in Figure 5.13 is also inverted.

According to the time response, the approximated bandwidth of the single
p+/nwell/p-substrate photodiode using equation (5.3) is 1.4 GHz. The calcu-
lated electrical diode bandwidth (first order) including diode capacitance and
the output impedance (Rou=50 2, Ci,=1.7 pF) is 1.7 GHz. Thereby, there
is 20% difference between the measurements and simulation. This difference
is even lower if the bondpad capacitances (~100 fF) are also included in the

bandwidth calculation.

In real applications, typically there is a transimpedance amplifier subsequent
to a photodiode. Designing the TTA with low input impedance (<252) the
total bandwidth of the photodiode is equal to the intrinsic diode bandwidth of
2.8 GHz. Therefore, this photodiode can be used for Gb/s data-rate optical

detection, for input wavelength A = 400 nm.
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Figure 5.12: Top view of the single p+/nwell/p-substrate photodiode.

5.6 p+/nwell photodiode

Another type of photodiode is p+/nwell diode, presented in chapter 3. For
A = 400 nm, the excess carriers are generated close to the photodiode surface
i.e. close to the p+/nwell junction. As a result, the diode substrate will not
contribute to the overall photocurrent. By disconnecting the substrate, the pho-
todiode capacitance decreases. Therefore, the electrical photodiode bandwidth
is larger with no responsivity penalty.

The width of p+/nwell fingers does not influence the intrinsic photodiode
bandwidth because of the shallow depth of the p+ region, as was described in
chapter 3, section 5.5. On the other side, the larger the size of the p+/nwell
fingers the lower the diode capacitance. Thereby the maximum intrinsic and ex-
trinsic bandwidth are obtained using one nwell finger i.e. using a single p+/nwell
photodiode.

For A = 400 nm, the light penetration depth (< 0.2 nm) is typically lower
than nwell depth. Thereby, cancelling p-substrate will not influence the overall
photodiode responsivity. The calculated frequency response is similar to that

illustrated in Figure 5.13.
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Figure 5.13: Transient response of p+/nwell/p-substrate photodiode on 200 ps
input light pulse(A = 400 nm) using a 50 2 output resistor.

The calculated capacitance of the single p+/nwell photodiode with the di-
mensions of 50 pm x 50 pm is 1.7 pF for 0.18 pnm CMOS. For the input resistance
of the subsequent TIA lower than 30 €2 the electrical diode bandwidth is larger
than the intrinsic diode bandwidth. The total photodiode bandwidth is thus

equal to the intrinsic bandwidth.

5.7 Polysilicon photodiode

In nowadays MOS transistor processes, there is a polycrystalline silicon (polysili-
con) layer above the silicon-oxide exploited as a gate terminal for both NMOST
and PMOST. The doping concentration of that polysilicon layer is high (1 -
102%cm~3) with the doping charge corresponding to a type of the MOS tran-
sistor. Using this two opposite types of polysilicon we made a p-n junction,

creating thus lateral polysilicon diode (Figure 5.14.).
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Figure 5.14: Lateral polysilicon photodiode in CMOS technology.

The paramount advantage of polysilicon photodiode in comparison with the
monosilicon one is that there are no slow-diffusive carriers coming from the
substrate. This is valid for all wavelengths of interest.

The total diode response is the sum of two responses: fast drift current inside
depletion region and fast diffusion current inside n+ and p+. The latter is due
to a high doping concentration inside n+ and p+. The lifetime of the excess
carriers is low (ps range [5]), the diffusion lengths L, ,, are short (300 nm) [5])
and only those carriers generated close enough to the junctions are collected as
a photocurrent. The rest of the excess carriers are recombined.

The main differences of polysilicon in comparison with monosilicon photo-
diode concerning a photo-responsivity and a data-rate are:

e the absorption coefficient « is four times the absorption coefficient of
monosilicon photodiodes [5], [6], (for the same material depth, the responsivity
of polysilicon diode is higher for all wavelengths A € [400, 850] nm)

e the electron mobility p,, is approximately four times lower than the mobil-
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ity of monosilicon photodiode [7], which can limit the bandwidth of the polysil-

icon photodiodes.

The depth of the poly layer in standard CMOS technology is typically less than
600 nm. Therefore, the polysilicon layer is sensitive mainly for lower wavelengths
(A < 600 nm).

The first lateral pn junction in polysilicon found in literature was designed
and investigated by J. Manoliu in 1972 [8]. The dopant concentrations on both
sides are very high, about 2 — 5 x 10'cm™2. Compared to the p-n junctions in
a single-crystal Si, polysilicon diodes carry much higher current densities. For
many years after, the knowledge on polysilicon diodes’ behavior was maturing
and in 1994 [7], a thorough theoretical and numerical analyzes on this diode
is presented while the obtained results showed good agreement with the mea-
surements. High leakage current in a polydiode was explained with the field
enhanced effect, where a large number of carriers typically trapped in the grain
boundaries, are released due to a high electric field. The analysis on this effects

is out of scope of this thesis, and the reader should refer to [7].

The lateral polysilicon photodiode is often implemented for Electrostatic
discharge (ESD) protection [9] due to high Zener-effect on relatively low volt-
ages (2-3 V). According to literature, the PIN polysilicon photodiode is first
introduced as a high-speed photodetector in 1994 [10]. The time-response mea-
surements using the high power pulse-laser with A = 514 nm, showed that the
cut-off frequency of their polysilicon photodiode was 5 GHz. The doping con-

centrations of n+ and p+ poly regions were very high 3.3 -102%cm=3.

In 1997, the PIN polysilicon resonant-cavity photodiode with silicon-oxide
Bragg reflectors was introduced with a speed in the GHz range [11]. Doping
concentrations of n+ poly is 2 - 102° and p+ poly 4 - 10'°cm 3. The absorption
thickness of the polysilicon was 500 nm which is 8 times higher in comparison
with the previously reported poly-diodes. This also implies that this photodiode
is suitable for wavelengths in the range between A € [400, 600] nm. For the upper
boundary, the maximal amount of the absorbed light is about 50%. In [11], a
quantum efficiency of 40% is reported for input wavelength light A = 640 nm.
The responsivity measurements as well as the high frequency measurements for

A = 400 nm were not presented in the paper.
In this chapter we present lateral polysilicon photodiode in standard CMOS
technology. The main difference in comparison with the diode in [10] and [11]

is in following:
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Figure 5.15: Measured DC current (without light) of ”jagged” polysilicon
photodiode in standard CMOS technology. The lateral diode dimensions are
45 x 45 pm.

e there is no intrinsic (low doped or undoped poly) layer between n+ and p+

regions; as a result, a light sensitive area is smaller.
e a depth of the poly-diode is 0.2 pm i.e. smaller than reported ones;

e designed in standard CMOS technology, this poly-diode can be easily inte-
grated with the rest of the electronic circuitry. This is very suitable for
low-cost, high-speed optical detector design. Moreover, an array of detec-
tors can be easily designed which increases the overall data-rate for the
cost of minimal chip area (simple embedding). This is valid for all silicon

photodiodes.

Figure 5.15 shows the diode I-V characteristic. The large leakage current is
due to grain-boundary trap-assisted band-to-band tunnelling and field-enhanced
emission [7].

During the chip processing the masks for the n+ and p+ layers shown in
Figure 5.14 are not perfectly aligned. This might influence the size of effective
width of polydiode depletion region. However, measurements on number of

devices on the same wafer showed that the effects of misalignment as seen as
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spread in sensitivity were not observed. It is also important that the measured
chips are exposed on the different reticles.

The carrier lifetime in polysilicon diode depends on recombination rates of
holes and electrons and it is proportional to the concentration of recombination
centers [8]. It is also inversely proportional to the grain size of polysilicon. In
0.18 um CMOS technology, the grain size is about 50-60 nm [12], which causes
the carrier lifetime to be very short, about 7, ;, = 50 ps [5]. Since in this case the
diffusion speed of carriers is mainly determined by their lifetime, the diffusion
bandwidth will be far in the GHz range.

5.7.1 Pulse response of poly photodiode

The major speed limitation in all monosilicon photodiodes lies in the very slow
diffusion of excess carriers generated deep into the substrate when using long-
wavelength light. This section analyzes the intrinsic processes in the poly photo-
diode including the drift and the diffusion of carriers inside the depletion region
as well as the diffusion of carriers outside this region. The latter is not negligible
for narrow poly photodiodes without an intrinsic region.

The current response of polysilicon detector is mainly determined by the
minority carrier lifetimes 7,, and 7, saturation drift velocities v and diffusion of
minority carriers inside depletion region; the last one is important if the width of
the depletion region is larger than excess carrier diffusion lengths [10]. If n(z,t)
is the excess electron concentration and p(z,t) is the excess hole concentration,
the transport of these carriers inside the junction can be described with drift-

diffusion equations as [13],[10]:

on(z,t) D *n(z,t)

on(z,t)  n(z,t)
Opx,t) & p(x,t) Op(x,t)  plz,t)
51 = D, 02 U - +g(t,x) (5.4)

where 7, and 7, are the excess carrier lifetimes, Dy, Dyn1, Dy, and Dy, are the
diffusion coefficient of the electrons and holes outside and inside depletion region,
respectively, g(x,t) is the volume generation rate due to a light input, and v,
and v , are the hole and electron drift velocities. In general, these velocities
depend on the electric field. Since the photodiode is reversely biased, there is

strong electric field inside the depletion region so drift velocities are maintained
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at their saturation values.

When the input light pulse is incident on the device, the generation rate

g(z,t) is:

(1 —e oK)

9(z,t) = ®(1 = R)[H(z) - H(z - L)

o(t) (5.5)
where @ is the incident light flux, R is reflectivity of the surface, K is the depth
of the polysilicon layer, [ is the width of the polysilicon layer, « is absorption

coefficient and H and ¢ are Heaviside and Dirac pulses, respectively.

One way to solve drift-differential equations is first to simplify them by
two substitutions. The substitution n(z,t) = exp(—t/7,)N(z,t) is placed into
thedrift-diffusion equation (5.4), where 7, is the electron recombination lifetime.

This reduces this equation to:

ON(z,1) O*N (z,t) ON (z,1)
ot Ox> ox
Then, substituting ( = z+wv, t and = ¢ into equation 5.5, the following partial

:Dn

t oy +g(t,x) (5.6)

differential equation is obtained

ON(E,0) O’N(¢,6)
— = =D, — ,0 5.7
50 oc TG0 (5.7)
The above equation is a well-know equation of thermal conduction [13] and the

final solution (after restoring the variables) is:

n(e )= (1 — Re— =)

1 L —xF vt x + vyt (5'8)
x— |lerf | —— | +erf | ———
2 2v/D,t 2V Dyt

A similar analytic expression follows for holes, by simply replacing +wv, with
Fvp and Dy, with Dy,

The associated photocurrent 4;(t) can be obtained by volume integration
[10] of the conduction current density which consists of the photo-generated
carriers moving over the graded depletion region, and dividing the result by the

depletion region width L :
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i) = 40— )

(1 —e=oK)
T(I)H(t)

_t (5.9)
X Z e T [El(tvvjaDj) + E2(t7vj7Dj)]
J=n,p
where W is the width of the poly photodiode (see Figure 5.14). The func-
tions E(t,v;, D;) and Ea(t,v;, D;) are defined in terms of error functions and

exponential functions, respectively:

v;t
El(t,’l]j7 DJ) = —(Dj + v?t)erf <2 J_D]t)

L — vt
—%erf < Y [vit —v; L + Dj]

2+/Djt

+%erf (L it [vFt + v; L + Dj]

2,/D;t

vi\/Djt (L —v;t)?
Es(t,0;,D;) = UiV Uit [exp(—ij)
7 Q 4Dt
(L + ,th)Q th2
AL AV ) _
e ) ey

+exp(— ) (5.10)
For the case where the diffusion inside the junction is negligible and excess
carrier lifetime is longer than the carrier transit time (as is the case for CMOS
poly-diodes without an intrinsic layer), the impulse response of the polysilicon

diode can be simplified to:

i (D)= (1 — R)(l%mé(t) S (L —utH(L—vt) (511

Jj=n,p

where L is the length of the poly photodiode (see Figure 5.14).

For polydiodes with a large intrinsic layer, the recombination lifetime is much
shorter than the transit time and the impulse response is given in [10]. In gen-
eral, the time response of the CMOS poly photodiode on any input light signal
can be calculated by means of convolution between the signal and the impulse
response [13]. In this manner, the photocurrent due to Gaussian irradiation (in
time) is obtained by convolving the input with i;(¢). Here we assumed that

the time duration of the input Gaussian pulse is 100 ps, and the width of de-
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Figure 5.16: Simulated drift current time response on input Gaussian light
pulse with 100 ps time duration (FWHM). Diffusion inside depletion region is
neglected.

pletion region L is 100 nm, which is realistic in standard CMOS processes due
to the high doping concentrations of n-poly and p-poly regions. The result is
presented in Figure 5.16. This figure shows that the time response of depletion
region of poly diode, with neglected diffusion, is as fast as the input Gaussian

pulse. Therefore, there is no speed limitation far in a GHz range.

Because of the narrow depletion region, the diffusion length of the excess
carriers is larger than the depletion region width and there are almost no carriers
recombined in this region. Moreover, the excess carrier profile n, p(z,t) is almost
constant and the simplified formula for the drift frequency f = 0.4vs/L can be
used. The calculation presented in this section are however useful for the lateral
photodiodes with larger depletion widths (> 1 pm).

If the recombination process dominates the response of the polysilicon diode,
one can take the recombination time much shorter than the transit time. Thereby,

the impulse current response of the lateral polysilicon diode can be expressed
as [13]:

i(t) = hVLL(l — R)[1 — exp(—aK)]6(t) Z vj exp(%) (5.12)

j=n,p 7
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Figure 5.17: The boundary conditions for the diffusion current inside polysilicon
diode.

5.7.2 Diffusion current outside the depletion region

If the polysilicon photodiode is realized using two highly (inversely) doped re-
gions without an intrinsic layer in between, the width of the depletion region is
very small and the diffusion current outside of this region will also contribute
the overall photocurrent. This diffusion current is calculated in the n-region and
p-region using the procedure similar to those explained in chapter 3. Here, the
one-dimensional lateral diffusion equation is solved. Starting from the diffusion
equations, the carrier profile is calculated using the boundary conditions shown
in Figure 5.17:
e the excess carriers concentration on the edge of depletion region is zero.
e the excess carriers concentration on the diffusion distance L;, j=n,p is
zZero.
From the calculated carrier profile, the diffusion current can be further calcu-

lated at the border of the depletion region:

2,271t
is(t) = dqW LD K ZZ Lj ~lO+Cm-1)r)3 (5.13)

m j= nvP

If the photodiode consists of N n-p fingers, the total photocurrent iy is directly

proportional to the number of fingers, itor = N - i2(t). Due to the exponential
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Figure 5.18: ”Jagged” poly photodiode with an order of magnitude larger light
sensitive area in comparison with a single poly photodiode. The lateral diode
dimensions are 45 x 45 pym.

term in the equation 5.13, the speed of the diffusive response is mainly deter-
mined by the lifetime of the excess carriers. Noting that this lifetime is short (50
ps), the response speed of diffusion current component will be in hundreds of
ps range. The overall photocurrent is obtained as the sum of drift and diffusion

currents.

5.8 Frequency characterization of the

polysilicon photodiode

The light sensitive part of a poly photodiode consist only of a small depletion
region area plus the area outside this region proportional to a diffusion length
of holes and electrons. This diffusion length is very small in comparison with
that in a monosilicon diode. The depth of the polysilicon in standard CMOS
technology (K in Figure 5.14) is only about 0.2um and it also contributes to the
poor responsivity of poly photodiode on vertical incident light. According to

this, a single polydiode would have very small active area and very low quantum
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Figure 5.19: Layout of ”jagged” poly photodiode designed to increase the overall
light sensitive area.

efficiency (<1 %). In order to increase an active photodiode area, a ”jagged”
polysilicon diode consisting of a number of polydiodes connected in parallel was
designed (Figure 5.18.). The calculated overall active area is about 13 times
larger than that in the single polydiode. This implies that the expected output
signal is 22 dB larger than in a single polydiode. However, there are rounding

effects at the many corners in the poly p-n structure that decreases this value.

The poly-diode is designed in standard 0.18 pm CMOS technology, and the
diode-layout is shown in Figure 5.19. The measurements of the photocurrent
showed that the photocurrent is 17 dB larger than the measured photocurrent
of the single polysilicon photodiode. As expected, the depletion area increased

less than proportional.

The frequency response of the photocurrent is measured using Agilent E4404E
Spectrum Analyzer. The response of the polysilicon photodiode is measured
from 1 MHz up to 6 GHz. For frequencies up to 1 GHz, the signal from the
photodiode was amplified using a Minicircuits ZFL 1000LN 0.1-1000 MHz am-
plifier. For frequencies above, we used 0.5-26.5 GHz Agilent 83017A Microwave

system amplifier.

The transmitter part consist of the 850 nm 10 Gb/s VCSEL and its driver
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Figure 5.20: Frequency response of de-embedded polysilicon photodiode.

amplifier. An HP 8665B frequency synthesizer was used as a modulating signal
source up to 6 GHz. The signal was coupled into the photodiode using the

multimode fiber with 50 pm core diameter.

The same setup is for calibration purposes used to measure a reference pho-
todiode (Tektronix SA-42) response, which has according to specifications, 7
GHz-3 dB frequency. The response of the reference diode in the setup is pre-
sented in Figure 5.20.

The polysilicon photodiode frequency characteristic was de-embedded out of
the parasitic bondpad capacitance and parasitic capacitance of the picoprobes.
The de-embedded frequency characteristic is presented in Figure 5.20. The
characteristics is almost flat up to 6 GHz, meaning that the measured bandwidth
of the polydiode is even larger. The high intrinsic (physical) bandwidth is due
to a short excess carrier lifetime (about 50 ps [5]). The calculated capacitance of
the poly-diode using the 0.18 ym technology parameters is small ~ 0.2 pF, which

can result in the large electrical bandwidth (depending on the input resistance).
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5.8.1 Noise in polysilicon photodiodes

Large leakage current in polysilicon photodiodes for rather low values of reverse
voltages (20pA for 1.5 V) can cause large noise of the photodiode. For this rea-

son, the following section presents a leakage current in a polysilicon photodiode.

5.8.2 Dark leakage current in the polysilicon diode

Figure 5.15 shows the diode reverse I-V characteristic. The leakage current is
large as a result of the grain-boundary trap-assisted band-to-band tunnelling
and field-enhanced emission rate [8], [14]. Also, since the doping concentration
of both diode regions is high the width of the depletion region is very small,
even though the junction behaves as a graded one. The reverse current is given
with [7]:

e = thkTw%%:R)exp KE%)”(VRJFVI))%"} (5.14)
where
9 qa 5
a= <32 ‘i) (5.15)
with a [em~%] is the dopant concentration gradient and Vg and V4, are applied

and built-in potentials voltages respectively. Ej is a threshold electric field in
the depletion region from which the emission amplification becomes significant
(depends on the temperature and on the material nature), vy, is thermal velocity
often given as vy, = \/i’)k:T/Te,h where m., h is the mass of the electron or hole,
n; is intrinsic carrier concentration, o is an effective capture cross-section [cm?],
Wa(VRr) is depletion region width [cm], L, is the grain size in polysilicon [cm],
N is the grain boundary trap density [cm_QeV_l] and n is the exponential
argument which generally varies between 0 and 1.5.

The above equation includes field enhancement of the emission rates of traps
in the depletion region [15]. The value of Ey depends also on the junction area.
In our case we took the approximated value of Ey = 2-10% V/cm. H.C. de Graaf
et. al. showed in [16] that the trap energy distribution Ny is U-shaped with the
broad minimum around mid-gap. For most purposes it can be approximated by
a homogeneous distribution with N; = 3 —5-10° cm~2eV~!. The capture-
cross section for polysilicon is about o = 10~'°cm?, and the thermal velocity is
about 1.2 - 10° m/sec.
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According to both the calculations and the measurements of the reverse
diode characteristic, one can conclude that if the reverse voltage value is higher
than 0.7 V, the leakage current is higher than 500 nA. The high leakage cur-
rent multiplied by the GHz bandwidth results in a high shot-noise value. This
value together with additional Johnson noise, decreases the sensitivity of the
polysilicon photodiode. For higher voltages (>1.5 V), the value of the leakage
current can be even higher than the magnitude of the photocurrent, and this
poly-diodes can be used only in high optical-power applications like detection

of pulsed light signals and for trigger applications.

5.9 Time domain measurements

The characterization of the polysilicon photodiode is also performed in the time
domain. Firstly, a picosecond laser with A = 650 nm was used as a transmitter.
The pulse width of the picosecond laser is 200 ps and the peak optical power
is 1 mW (0 dBm). This rather large optical power was necessary due to the
low quantum efficiency of poly-diode, which will be shown in section 5.10 of
this chapter. The light was coupled from the laser to the poly-diode using
multimode fiber with 50 pm core-diameter. The poly-diode was not packaged,
and ”on-chip” measurements were done using RF probes. The diode DC biasing
of Vg=-0.5 V, was provided using a bias-tee. The larger (negative) voltages
causes large leakage currents (> 0.5uA), as shown in Figure 5.15. This leakage
currents can be even larger than the photocurrent, and thus strongly limit the
bit-detection which is shown in the following part of the chapter.

The alignment of the fiber on the photodiode was done using micro-mani-
pulators of the probe-station. By shining the light from the pulse-laser, the RF
signal from the poly photodiode shown in Figure 5.18 is measured first without
the external amplifier. However, the signal from the photodiode was too weak
to be seen at the digital oscilloscope with the minimal sensitivity of 1 mV/div.
For this reason, the external amplifier with 750 Q transimpedance was placed
after the photodiode, and the result is shown in Figure 5.21. The maximum
measured output voltage is 1.2 mV, meaning that the maximum photocurrent
is 1.6 pA. Since the maximum input optical power is 1 mW, the poly-diode
responsivity as well as its quantum efficiency is clearly very low. The exact
numbers are given in section 5.10.

The pulse width in Figure 5.21 is about 1 ns which is larger than calculated
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Figure 5.21: Transient response of poly photodiode on 200 ps input light pulse
(transimpedance 750 ©, A = 650 nm).

in previous sections of this chapter. This can be explain with a fact that poly-
diode is embedded inside the resistances, capacitances and inductances of the
bondpads, connectors, and series resistances of the diode itself. In order to
de-embedd [10] the poly-diode we used the Tektronix SA-42 photodetector with
7 GHz-3 dB performance. The same TIA and coaxial cables are used for the
measurements. The measured time response of this photodetector on 650 nm,

is presented in Figure 5.22.

Having a reference diode response within the measurements set-up (embed-
ded), and calculating the diode response according to its manufacture specifi-
cations (de-embedded), it is possible to calibrate out the measurements set-up
(de-embedding). The time-domain convolution between the de-embedded diode
response Rgecemb and the de-embedding Ry results in the embedded diode re-
sponse Remp, presented with Fredholm integral [17]:

R () = [ " Rucent(t — 1) Ra(2)dz (5.16)
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Figure 5.22: Transient response of the reference photodiode (7 GHz-3 dB, tran-
simpedance 750 ohm, A = 650 nm) and its convolution with the difference
between embedded and de-embedded poly photodiode)

In order to do the de-embedding i.e. calibrating out the measurement equip-
ment, the equation above has to be solved for Rq(z). This is a complex decon-
volution problem that can be only solved numerically [17]. The problem should
be discretize in order to obtain a structured (Toeplitz) matrix. This matrix can
speed up the computations with the FFT algorithm. Nevertheless, one still need
to add regularization. To circumvent this complex solving algorithms, we took
the de-embedding Ry as a sum of complex exponential functions, which were
adapted such that the equation (5.16) is satisfied. The parasitic capacitances of

the bondpads were also included.

Further, the convolution between a reference diode signal and the de-emb-
edding Ry is calculated and the result is shown in Figure 5.22. The estimated
speed of the de-embedded polysilicon photodiode is at least as fast as a reference

diode which has 7 GHz cutoff frequency.

Secondly, a picosecond laser with A = 400 nm was used as a transmitter and
the output signal from the polysilicon photodiode is presented in Figure 5.23.
The signal shape is similar to that shown in Figure 5.22 with four times larger

signal amplitude. This complies with the earlier (theoretical) findings reported
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Figure 5.23: Transient response of embedded poly photodiode on 200 ps input
light pulse (transimpedance 750 Q, A = 400 nm).

in chapter 2, Figure 2.9, since the absorbtion coefficient of light in polysilicon

is four time larger.

5.10 Quantum efficiency and sensitivity

An important feature of polysilicon is that the light absorption depth is four
times larger than in monosilicon. Therefore, for the same depth of the polysili-
con and silicon material, the expected quantum efficiency (QE) is larger for the
polysilicon [5]. Previous chapters showed that the photocurrent of the polysil-
icon photodiode is 1.6 pA for 1 mW input optical power. The calculated re-
sponsivity of the poly photodiode is thus only 1.6 mA/W. The metal coverage
area of the polydiode shown in Figure 5.19 is 15 %, meaning that the optical
power absorbed by the active area of the poly-diode is 8.5 mW. However, the
respousivity of the poly-diode is still very low. Using equation (2.14) from sec-
tion 2.5.2, the maximum calculated responsivity (n=1) for A = 650 nm is 0.52

A/W. By dividing the calculated poly-diode responsivity and the maximum re-
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sponsivity, the calculated quantum efficiency is only 7 = 0.3%. For blue-light
A = 400 nm, the calculated photocurrent is 8 pA for 1 mW optical power; this
results in the responsivity of 8 mA/W. The maximum calculated responsivity
for A = 400 nm is 0.32 A/W. Therefore, the calculated quantum efficiency is
thus n = 2.5%.

Using simplified formula for the maximum achievable quantum efficiency for
both wavelengths fmax ~ 1 — =X the calculated values are 21% and 97% re-
spectively. The active (light sensitive) detector area A is can be approximately
determined using the following equation:

Atot

MNmeas = Mmax —
Aeff

(5.17)

where Aot is a total photodiode area. For the simplicity of calculations, the bot-
tom reflection of light is neglected as well as the reflection on the air /semiconductor
interface. The calculated value of the active poly-diode area is less than 2% im-
plying very thin depletion regions as well as the small diffusion area outside

it2.

BER and S/N ratio

For 25 pW peak-to-peak input optical power (-19 dBm average optical power)
which is specified in the Gigabit Ethernet standard, the calculated photocurrent
of the polydiode for 650 nm and 1.6 mA /W responsivity is 40 nA. For Vi = —0.5
V reverse bias of the polydiode, the measured leakage current is 180 nA. In this
subsection, we present the data-rate and the bit-error-rate analyzes using the
procedure explained in chapter 3, with the assumption that the subsequent TIA
is noise-free. The signal is already calculated (40 nA) and in order to calculate
the noise, we use equation (3.25). To achieve S/N=8 i.e. a noise current
of 5 nA, the bandwidth of the polydiode for -19 dBm input optical power is
limited to only ~400 MHz. With the included noise in the subsequent TIA, the
calculated bandwidth is decreased. Moreover, for larger bias voltages (Vg >-1
V), the leakage current of the poly-diode increases dramatically as shown in
Figure 5.15. This large leakage can limit the poly-diode bandwidth in the low
MHz range.

The improvement of the quantum efficiency in poly-diodes is typically done

using two methods. First, it is increased by building the light reflectors i.e.

2Multiplying the maximum quantum efficiency nmax with the calculated active poly-diode
area 21% - 2% the poly-diode quantum efficiency for A = 650 nm is about 0.4%.
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design a resonant-cavity photodiode [11]. This is however not available in stan-
dard CMOS technology. The second method is to design a PIN poly photodiode
[10], which includes non-doped polysilicon layer, which is also not available in
standard CMOS technology.

5.11 Conclusion

For the lower boundary of the CMOS wavelength-sensitivity range A = 400 nm,
the bandwidth of the photodiodes in 0.18 pm CMOS technology is in the range
of 170 MHz up to 6 GHz.

The maximum intrinsic bandwidth of 6 GHz, is achieved with nwell/p-
substrate photodiode designed in separate-well technology because of the max-
imum depletion region area. Using the adjoined-well technology, the maximum
calculated intrinsic bandwidth is achieved using single p+ /nwell photodiode and
it is up to 3 GHz. This diode structure is obtained by disconnecting the diode
substrate. The influence of the nwell/p+ width (number of fingers) is negligible
on the intrinsic bandwidth, because the small p+ depth is the minimal (and
most important) distance for the diffusion process. The number of nwell/p+
fingers however, does influence the overall bandwidth: the higher the number of
fingersi.e. the lower the nwell/p+ width, the higher the photodiode capacitance.
Consequently, the electrical bandwidth decreases.

For the nwell/p-substrate photodiode in the adjoined-well technology, the
nwell width is very important in the diode intrinsic bandwidth. The highest
calculated bandwidth is 700 MHz achieved with a minimal nwell-width (2 pm).
Larger nwell widths decrease the diode intrinsic bandwidth by almost a factor
two. In addition, the n+ layer, which may exist at the top of the nwell, decreases
the diode bandwidth further by a factor two. This is because the high majority
carrier concentration inside n+ decreases the minority carrier diffusion constant
and thus, the bandwidth. The maximum bandwidth of nwell/p-substrate pho-
todiode is obtained with the minimum width of the nwell region and without
the n+ layer at the nwell-top.

In the second half of this chapter a lateral polysilicon photodiode in stan-
dard 0.18 pm CMOS technology is analyzed. The analytical calculations, and
the measurements in the frequency and the time domain showed that polysil-
icon photodiode has very large bandwidth f3qp > 6 GHz. Due to the small

excess carrier lifetime, the slow diffusion limitation on the intrinsic (physical)
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polydiode bandwidth is negligible. The electrical bandwidth limitation is also
minimal: the small diode parasitic capacitance is proportional to the low depth
of the polysilicon layer. The big advantage of polydiode is that the parasitic
capacitance towards the substrate is also very low because of the thick field
oxide layer in comparison with the conventional thin gate oxide.

The disadvantage of the polydiode in standard CMOS technology is the low
quantum efficiency (<2.5 %). This is because of the very small light sensitive
area: the width of the depletion region is small because of the high doping con-
centrations of the n-region and p-region. The depth of the poly-diode is limited
by the technology. The ”out of junctions” active diode area is also small due to
the small diffusion lengths of the excess carriers. These diffusion lengths are de-
termined by the short carrier lifetime (50 ps). However, the quantum efficiency
can be improved by building light reflectors i.e. to design a resonant-cavity
photodiode. Another method is to design of PIN poly photodiode with large
intrinsic (light sensitive) area. Nevertheless, these methods are not included in
standard CMOS technology.
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CHAPTER O

High-speed integrated photodiodes for
400 nm<A <850 nm and for various

CMOS technologies

This chapter analyzes the frequency behavior of photodiode in standard CMOS
in general for the whole wavelength-sensitivity range 400 nm<A<850 nm. The
mazimum junction depths are taken between 4 pum and 0.05 um, which corre-
spond to older and the new-coming CMOS technologies. Independent on CMOS
technology, for all wavelengths for which 99% of the light is absorbed in the area
above the maximum junction depth, the lower the wavelength, the smaller the
total photocurrent and the lower the diode bandwidth. This bandwidth is however
still in the hundreds of MHz range.

For the wavelengths with the 1/e-absorption depth much larger than the deep-
est junction depth, the substrate current dominates the total response. The larger
the wavelength, the lower the photodiode bandwidth. Minimum photodiode band-
width is limited in the low MHz range. The bandwidth of the photodiodes can be
improved using the analog equalization method, given in chapter 4. This chap-
ter analyzes the starting and the maximal equalization frequencies depending on

CMOS technology and input wavelength.
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6.1 Introduction

Chapters 3 and 5 showed that the photodiode intrinsic bandwidth increases
more than two orders of magnitude when the input wavelength ranges from 850
nm to 400 nm. For 850 nm, the substrate current dominates the total response
of the photodiode designed in standard CMOS technology. The bandwidth of
the substrate current is limited in the low MHz range and so is the total diode
bandwidth. Chapter 3 described that the photodiode layout (nwell width) does
not influence the total diode bandwidth for A = 850 nm. On the other hand,
chapter 5 described that for A = 400 nm, the nwell width is very important
for the total bandwidth. The smaller the width, the larger the bandwidth.
The substrate has no influence on the photocurrent, since there are no carriers

generated in this diode region.

This chapter analyzes the frequency response of CMOS photodiode in gen-
eral for the whole wavelength sensitivity range 400nm<A<850 nm. For this
purpose, a device-layer/p-substrate photodiode is introduced in Figure 6.1. De-
vice layers are those that make an active semiconductor device (diodes in this
case), like nwell, n+ and p+ layers and this layer is assumed as the top layer of
CMOS photodiode. The influence of different photodiode regions on the total
photocurrent will be also analyzed in detail. The depth of the device-layer is in

the range from 4 pm to 0.05 pm.

In the second part of the chapter, using the calculated frequency behavior
of the photodiode, we will calculate the maximum equalization frequency i.e.
maximum bandwidth improvement of a CMOS photodiode by using an analog

equalization method explained in chapter 4.

Equation 3.1, can be rewritten as a function of CMOS technology-scale i.e.
function of the corresponding depth of the device-layer L., as well as input
wavelength A. In general, all photocurrent components defined with equation
(3.1) are also dependent on the dimensions of the corresponding diode regions.
However, to stress the importance of the technology and wavelength on the total
diode response, these two parameters are written in equation (6.1). For the case
where the device-layer depth is lower than the light absorption depth 1/, all

diode layers contribute to the overall photocurrent:
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Figure 6.1: A general photodiode in standard CMOS technology.
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where Tgifr, (Lz, A) and ITayist (L, A) are the amplitudes of the diffusion and the
drift regions of photodiode and sgig, and sarigz are the poles of the diffusion
currents and drift current, respectively. Chapter 3 described that diffusion pro-
cesses in general have a low roll-of (~10 dB/decade). For this reason, the drift
currents are approximated here as square-root pole functions. This also provides
easier understanding of the total photodiode behavior.

For device-layer depth larger than the light absorption depth 1/«, the total
photocurrent consists of the diffusion current in the device-layer and the drift
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current in the vertical and lateral depletion regions. The diffusion current is
presented with equation (3.8), and the drift current with equation (3.17). The
following sections of this chapter present the photocurrent components from
equation (6.1) as well as the total photocurrent of the device-layer/p-substrate
photodiode as a function of CMOS technology and input wavelength. The am-
plitude of the photocurrent components will be normalized with the amplitude
of the total photocurrent I;,;. The input wavelength takes any value from the
range 400 nm<A<850 nm.

6.1.1 Device layer - photocurrent amplitude

The first photocurrent component from equation (6.1) that is analyzed, is the
device-layer diffusion current. This section investigates in particular mazimum
amplitude of this diffusion current, as a function of the CMOS technology and
wavelength. The quantum efficiency is assumed to be maximal (n=100 %).

The amplitude of the device-layer photocurrent is calculated following the
procedure given in section 3.2.1. That section analyzed the nwell diffusion
current as a function of frequency. Replacing the hole diffusion length L, in
equation (3.8) with general diffusion length Lgen, the maximum amplitude of
the diffusion current in the device-layer (nwell, n+ or p+) is obtained when
sTp K 1t

(2n—1)—1

el? 2 (2n— Dmwe s 4 (=1)" = aL
o gen j : I
Laitp, (Las ) = 32®0 Z 402L2 4+ (2n — 1)272

20,1 1 L, 2n-1
L, 2n—1 2L, (2m — 1)2
(2n — 1)2 L3, (2m—1)*m2L%,,
12 L2 !

(6.2)

where L, and L, are the corresponding width and length of the device-layer
(shown in Figure 6.1) and [ is the distance between subsequent device-layers.
The diffusion length Lge, mainly depends on a doping concentration of the
layer [1].

The calculated device-layer current Iqig,, (L, A) is illustrated in Figure 6.2.
For all wavelengths for which the 1/e-absorption depth is larger than the device-
layer depth L., the larger the wavelength, the lower the photocurrent of the
device-layer. On the other side, for the wavelengths for which the light is almost
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Figure 6.2: The normalized photocurrent of device-layer region versus layer
depth (technology dependent) and input wavelength, for device-layer/p--
substrate photodiode. The device-layer photocurrent is normalized with a total
diode photocurrent.

completely absorbed in the device-layer (99%), the photocurrent corresponds to
the diode responsivity shown in Figure 2.11.
Apart from the maximum photocurrent, the other parameter of interest in

the device-layer response is its bandwidth 1/(27sqisy, )-

6.1.2 Device layer - photocurrent bandwidth

The device-layer current is the diffusion current of minority carriers. The band-
width of the diffusion current depends on the wavelength and CMOS technol-
ogy. For easier understanding of this dependence, first a light absorption' inside
the device-layer is illustrated in Figure 6.3. For all wavelengths with the 1/e-
absorption depth larger than device-layer depth L, (L, < 1/aj,1/az), the

light absorption inside device layer is almost constant with a distance:

exp(—aqz) =~ exp(—agz) =~ Const. (6.3)

ILight is absorbed exponentially inside the photodiode as explained in chapter 2.
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Therefore, the excess carrier concentration gradient towards the junctions can
be taken to be independent on input wavelength, [2]. Chapter 3 explained that
device-layer bandwidth is proportional to the excess carrier concentration gra-
dient. This gradient is constant, and the bandwidth is wavelength-independent;

it can be expressed using equation (3.8) as:

() (L)) e
f3dB 9 <2L1; =+ I, + Lyon (6.4)

where Dgey is the general diffusion constant of the excess carriers.

Figure 6.3 shows that for wavelengths with the 1/e-absorption depth smaller
than the device-layer depth (L, ), the total photocurrent is generated completely
in the layer. For very small wavelengths A4, A5, the light is completely absorbed
inside the layer. The lower the wavelength, the further the distance between the
deepest generated carriers and the junction. The excess carrier concentration
gradient drops which results in the smaller bandwidth, as shown in chapter 3.
Nevertheless, for A4, A5, the change in excess concentration gradient with the
wavelength is still small, since the deepest carriers are generated away from the
bottom junction. The bandwidth dependence on the input wavelength can be
approximated from equation (3.8), with ()\/)\1/6)1/3, where A/, is the wave-
length with 1/e-absorption depth equal to the layer depth L,:

A \? 7Dy 1\2 /1)\2 1\?
o () 22 () + () + () o

For very small device-layer depths (< 0.2um), the doping concentration of the

layer is usually higher. As a result, the diffusion constant of the minority car-
riers is smaller [1]. The device-layer bandwidth, presented in equation (6.5)
is proportional to the ratio Dgen/L, and Dgen/L,. This bandwidth increases
with the downscaling of the device-layer: the diffusion constant Dge, decreases

"slowly” in comparison with the downscaling of L, and L.

Chapter 3 described that the maximal bandwidth is achieved with the min-
imum device-layer width. Typically, the minimum device-layer width in stan-
dard CMOS is twice the layer depth. This is therefore an assumption taken in
this section for the calculation of the maximum device-layer bandwidth as the
function of technology. The bandwidth is calculated using equation (6.5) and
the result is illustrated in Figure 6.4. For larger layer-depths the device-layer
bandwidth decreases, as shown in equations 6.4 and 6.5.
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Figure 6.3: Normalized light intensity inside the device-layer region for different
wavelengths: A5 <Ag<A3<Aa<A1.
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Figure 6.4: Bandwidth of device-layer diffusion current versus layer depth (tech-
nology dependent) and input wavelength. It is assumed that the device-layer
width is twice its depth L,=2L,.
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Up to this point, it can be concluded that for wavelengths with the 1/e ab-
sorbtion depth larger than device-layer depth, the bandwidth and the photocur-
rent of the device-layer are opposite in nature. The lower the layer depth, the
higher the bandwidth, but the lower the photocurrent in the device-layer. This
results in the smaller contribution to the overall photocurrent. For wavelengths
for which the light is completely absorbed in the device-layer, the bandwidth
and the photocurrent are proportional in nature. The lower the wavelength,
the lower the photocurrent (due to the lower responsivity, see chapter 2), and
the lower the device-layer bandwidth (since the majority of the carriers are
generated further from the bottom junction).

The influence of the other diode regions, the substrate and the depletion
regions, on the total photocurrent is analyzed in the following sections of this
chapter. The substrate photocurrent and drift photocurrent will be again calcu-
lated for CMOS technology in general, and for the whole wavelength sensitivity

range.

6.1.3 Substrate current-photocurrent amplitude

The largest part of the photodiode in standard CMOS technology is its sub-
strate. Chapter 3 described the substrate current response for A = 850 nm.
Light penetration depth for this wavelength is about 30 pm. Therefore, for all
recent and future CMOS technologies (feature-size <0.5 pm) in general, sub-
strate current has the largest contribution on the overall photocurrent. Chapter
3 analyzed two types of p-substrate: high-resistance and low-resistance sub-
strates. It was shown that the calculated photodiode bandwidth is larger for
low-resistance substrate: typically slow-diffusion carriers generated far away (20
nm) from the junctions need ps time to reach these junctions. However, inside
low-resistance substrate they are recombined and do not contribute to the to-
tal photocurrent. On the other side the photocurrent is lower because of the
recombined carriers.

Chapter 5 described a photodiode behavior on A = 400 nm. Most of the
carriers are generated close to a photodiode surface i.e. close to diode junctions.
These carriers diffuse faster towards junctions and the bandwidth is in hundreds
of MHz range. The influence of the substrate current on the overall photocurrent
is negligible.

This section presents substrate current response of the photodiode in CMOS

technology for the whole wavelength sensitivity range. Firstly, amplitude of the
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substrate photocurrent Iy, . (Lz, A) from equation (6.1) is calculated for high-

resistance substrate, using the simplified equation (3.16), from section 3.2.1:

1
al,

Idiffsubs (Lm )‘> = eaLne_aLm (66)

The result is shown in Figure 6.5. Secondly, the photocurrent is calculated
for low-resistance substrate using the procedure explained in chapter 3, sec-
tion 3.2.1. For the easier comparison with the first substrate type, the result is
also illustrated in Figure 6.5.

For all wavelengths having the absorbtion depth smaller or equal to the depth
of the epi-layer Lep; (see Figure 6.1) in low resistance-substrate, the substrate
photocurrent is comparable for both substrate types due to the similar ”active”
diode layers. The depth of the epi-layer is assumed to be three times larger than
device-layer depth, which is the case for the available 0.18 pnm CMOS technology.
For wavelengths with absorbtion depths larger than the depth of epi-layer, the
photocurrent for low-resistance substrate decreases: the larger the wavelength,

the larger the number of the recombined carriers.

6.1.4 Substrate current-photocurrent bandwidth

Chapter 3 showed that the substrate current bandwidth does not depend on
the device-layer depth i.e. it is independent on CMOS technology. In order to
explain this, we can use Figure 6.6. Changing the depth of the device-layer for
constant input wavelength has the same effect as changing the intensity of the

input signal i.e. changing the photon flux from ®; to ®,:

Drem 2 = By BT = Pye” M (6.7)

In [1] and [3] it was shown that photodiode bandwidth does not dependent on
the intensity of the input light signal. Therefore, the substrate current bandwidth
1s independent on CMOS technology. It only depends on the input wavelength.
Using the equation (3.15) in chapter 3, and substituting the corresponding dif-
fusion lengths for electrons in high-resistive and low-resistive substrates L
and L,2, the bandwidth of the substrate current is calculated and presented in
Figure 6.7.

For the wavelengths having the absorbtion depth smaller or equal to the
depth of the epi-layer Lcpi, the diffusion lengths for both substrate types are
comparable. Thereby, the bandwidth for both substrate types, Sainigh(La, M)
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Figure 6.5: Normalized photocurrent of the substrate versus device-layer depth
(technology dependent) and input wavelength, for photodiode in standard
CMOS. The depth of the Lcp; is assumed to be three times larger than the
device-layer depth. The substrate current is normalized with the total diode
current.

and Sdiffiow Lz, A) are also comparable. For all other wavelengths, the band-

width of the low-resistive substrate current is higher.

6.1.5 Depletion region current

Independent on CMOS technology, the depth of the lateral depletion region to-
wards substrate and the width of the vertical depletion regions is rather constant
since it is mainly determined by the concentration of the lower-doped region, in
this case the substrate. However, the absorbed amount of light changes in both
depletion regions with the technology and wavelength. The depth of the verti-
cal depletion region decreases with new technologies (lower device-layer depth),

and the lateral depletion region is located closer to the diode surface.

The amplitude of depletion region photocurrent g (L, A) (from equation

(6.1)) as a function of technology and wavelength, can be calculated as:
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Figure 6.6: Normalized light intensity inside the substrate for different wave-
lengths: Az<Ao<A;.
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Figure 6.7: A bandwidth of substrate diffusion current versus device-layer depth
(technology dependent) and input wavelength.
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Figure 6.8: Normalized photocurrent of the depletion region versus device-layer
depth (technology dependent) and input wavelength. A depletion region current
is normalized with the total photocurrent.
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The result is illustrated in Figure 6.8.

Chapter 2, described that light is absorbed exponentially inside a photodi-
ode. Thereby, the lower the wavelength as well as the lower the device-layer
depth, the larger the value of the drift photocurrent inside depletion region.
This is illustrated in Figure 6.8.

6.1.6 Depletion region - photocurrent bandwidth

The bandwidth of the depletion region current (drift current) is typically an
order of magnitude higher than the bandwidth of diffusion currents in the pho-
todiode [2]. For this reason, chapters 3, 4 and 5, assumed that the drift current
is independent on frequency. In this chapter, for better accuracy the depletion
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region current is approximated as an one-pole function in the frequency domain
(see equation 6.1) with the bandwidth:
1 0.4

o odri Lm7>\ ~ — .
27‘(‘5d ft( ) - (6 9)

since the depletion region behavior is similar to that in capacitor. In the equa-
tion (6.9), 7y represents the average carrier transit-time.

For a long wavelength light, A1, A2 (see Figure 6.3), there is a uniform carrier
generation inside the depletion region. The average transit time is ¢, = W/2v,
where v is the velocity of the slower carriers. For a large electric fields, velocity
of both types of carriers are saturated, [1] around the same value: v, = ve = vs.

For short wavelength light A4, A5 shown in Figure 6.3, the electron-hole pairs
are generated near the upper, device-layer side of depletion region. In this case,
it is the holes which must travel across the depletion region. A transit time is
related to the velocity of holes vy, and it is twice the average transient time due
to the twice as large distance: t; = W/vy. Thereby, for the case when carriers
are generated closer to the upper-side of the depletion region, the bandwidth
is half the bandwidth for the uniform carrier generation. In standard CMOS
technology, the drift bandwidth is typically 5-10 GHz.

6.1.7 Total photocurrent

Previous sections analyzed the photocurrent components of photodiode in CMOS
technology for the whole wavelength sensitivity range. The sum of all compo-
nents gives the total photocurrent, as shown in equation 6.1. Maximum pho-
tocurrent for any wavelength is almost independent on CMOS structure i.e.
independent on CMOS technology [4]. This is explained with the fact that the
quantum efficiency is determined mainly by absorption coefficient o and the
diffusion length of the minority carriers [1].

For device-layer depths larger than absorption depth of light, oL, >1, the
total photocurrent is mainly determined by device-layer diffusion plus the drift
current from the vertical depletion region. For twin-well technology, the influ-
ence of this vertical depletion region is almost negligible. For the input wave-
lengths 650 nm< A < 850 nm, independent on the CMOS technology, the total
photocurrent is determined by the diffusion currents and the drift current.

Photodiode bandwidth is however dependent on both the technology and
the wavelength. This bandwidth is calculated numerically as a -3 dB fre-
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Figure 6.9: The total intrinsic bandwidth of general device-layer/p-substrate
photodiode in standard CMOS versus device-layer depth and input wavelength.
This bandwidth determines the starting equalization frequency.

quency of the total photocurrent given in equation (6.1). The bandwidth
is calculated for both the minimum and the maximum device-layer widths,
L, = 2L, and L,>L, = 50 pm (corresponding to the core of the multimode
fiber), respectively and the result is presented in Figure 6.9.

The lower the device-layer depth, the larger the excess carrier concentration
gradient towards the bottom junction. As a result, the diode bandwidth is larger
[2]. The drift current of the vertical depletion regions between the diode fingers
(see Figure 6.1), is important only for a minimal device-layer width; for the
maximal layer-width, the lateral depletion area in comparison with the device-
layer area is almost negligible. The maximal calculated bandwidth is lower
than 200 MHz and mainly determined by diffusion processes. The minimum
bandwidth is in the low MHz range, which is typically the case for the deep
absorption depths of light (> 15 nm). Then, the slow diffusive substrate carriers
dominate the overall response.
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6.2 Bandwidth improvement-analog equalization

6.2.1 Equalization range

Chapter 4 showed that using an analog equalizer, the bandwidth of integrated
photodiodes in standard CMOS can typically be improved up to the low GHz
range. A slow "roll-off” in the intrinsic diode response is compensated by a slow
"roll-up” obtained as a sum of high-pass filter responses. Maximum equalization
frequency is determined by the electrical diode bandwidth. The equalized diode
characteristics was robust on typical 20% RC spread in the equalizer, due to
the very slow roll-off (< 5 dB/decade).

This section presents the starting and the maximum equalization frequency
of CMOS photodiodes including the +20% RC spread in the equalizer, for the
whole wavelength sensitivity range. In general, frequency characteristics and
equalization range of CMOS photodiode strongly depend on the technology and
input wavelength.

A starting equalization frequency is located below the intrinsic photodiode
bandwidth. Namely, the starting compensation frequency corresponds to the
roll-off start in photodiode characteristics. The intrinsic diode bandwidth for
the whole wavelength sensitivity range is illustrated in Figure 6.9. The lower the
intrinsic bandwidth, the larger the equalization range for the same maximum

equalization frequency.

6.2.2 R(C spread and maximum equalization range

The roll-off in photodiode frequency characteristics is technology and wave-
length dependent which can be concluded by solving equation (6.1) for any
technology-wavelength case. Chapter 4 showed that due to a spread in the equal-
izer, there is an amplitude shift in the equalized characteristics which changes
the output signal as well as the total bit-error rate (BER) in the system. Us-
ing equations (4.1) and (4.2), the BER is calculated for the total amplitude
shift of 0 dB, 0.4 dB, 0.8 dB and 1.2 dB, which corresponds to the roll-offs
of 0 dB/decade, 5 dB/decade, 10 dB/decade and 15 dB/decade. The result is
shown in Figure 6.10. For very low roll-off (~ 5 dB/decade), BER is increased
only ABER~10%4. Adopting this BER value to its original one (without RC
spread), the maximum data-rate decreases 5 %. However, for a 0.8 dB am-
plitude shift, the BER is increased 10! = 102. Changing this BER value to
its original one (without amplitude shift) the data-rate decreases 15 %. For a
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Figure 6.10: A change in BER versus amplitude shift in the equalized photo-
diode characteristics. The data-rate is normalized with the upper equalization
frequency. Depending on the roll-off in the diode transfer characteristics i.e.
depending on a CMOS technology and input wavelength, there are different
amplitude shifts for a typical +20% spread in RC' components of the equalizer.

1.2 dB amplitude shift, the data-rate decreases about 30 %. We can conclude
that for larger roll-off values, there are larger amplitude shifts in the equalized

characteristics and the BER increases.

The lower the tolerant amplitude shift, the lower the lower the maximum

equalization frequency fiax, as shown in Figure 6.11.

Maximum equalization frequency is calculated first for a minimum device-
layer width, which is taken to be twice its depth. As a first step, the total
photocurrent characteristics are calculated using equation (6.1) for the whole
wavelength sensitivity range; the device-layer depth of device-layer/p-substrate
diode is changed from 0.05 pm + 4 pm. From this characteristics, the corre-
sponding roll-offs are deduced. With respect to the these roll-offs, and including
the +20 % RC spread, the maximum amplitude shift is calculated using equa-
tion (4.10). This amplitude shift determines the maximal equalization frequency
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Figure 6.11: An amplitude shift in equalized characteristics due to RC spread
in equalizer. A maximum tolerant amplitude shift determines the maximum
equalization frequency (fmax1, fmax2, fmax3)-

as shown in Figure 6.11. The maximum equalization frequencies for two am-
plitude shifts in the equalized characteristics: 0.4 dB and 0.8 dB, are presented
in Figure 6.12 a) and b). The maximum equalization frequencies below 1 GHz
are not presented, since we are interested mainly in solutions for Gb/s optical

detection.

Further, the maximum equalization frequency is calculated for the maximum
device-layer width i.e. for the single-photodiode. The result is shown in Figure
6.13 a) and b). The drift bandwidth fa.g determines the maximum possible

equalization frequency.

For wavelengths with the absorbtion depth smaller than device-layer depth
al, >1, the maximum equalization frequency has the lowest value among all
analyzed wavelengths and technologies. The photodiode characteristic is deter-
mined mainly by diffusion inside the device-layer. Chapter 5 showed that roll-off
in the diffusion characteristic approximately corresponds to the one-pole func-
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tion (20 dB/decade) for the minimum device-layer width, and to the triple-pole
function for maximum device-layer width. The equalization of these curves is
very sensitive on RC' spread because of the large amplitude shift. Therefore,
the maximum equalization frequency is situated close to the -3 dB bandwidth
frequency of photodiode. The bandwidth improvement is minimum.

For wavelengths with the 1/e absorbtion depth larger than device-layer depth
aL, < 1, all diffusion and drift current components determines the roll-of in
the photodiode characteristics, as shown previously in this chapter. Chapter 3
described that for these wavelengths, the roll-off in the diode characteristics is
low (< 5 dB) up to the drift-bandwidth frequency faitr shown in Figures 6.12
and 6.13 (typically up to 8 GHz). The equalization frequency is then mazimum.
These maximum frequencies are illustrated in Figures 6.12, and 6.13, for the
minimum and the maximum device-layer widths, respectively.

For a minimal device-layer width, the maximum equalization frequency is
equal or higher than for the maximum device-layer width (single photodiode).
This is because of the lower roll-off in its frequency characteristics which allows
higher equalization frequency (for typical +£20% spread).

According to the analyzes in this section, the maximum equalization fre-
quency is determined by intrinsic processes inside photodiode: for aL, > 1, it
is mainly determined by device-layer diffusion, and for aL, < 1 by the drift
bandwidth.

Electrical diode bandwidth

The maximum equalization frequency analyzed in the previous section is de-
termined by intrinsic processes inside photodiode. In order to preserve this max-
imum equalization frequency, the electrical diode bandwidth should be larger.

Chapter 3 showed that a photodiode in twin-well technology with adjoined-
wells has a much higher capacitance than in separate-well technology. For con-
stant ratio between the width and the depth of the device-layer L, /L, = K,
the total diode capacitance is independent on CMOS technology:

KL, 7Y
Cdiode = €0€TTKL$ (610)
YZ
= Q6 (6.11)

where Y and Z are the photodiode dimensions in y and z-directions, and with

the assumption that the substrate doping concentration is almost independent
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on technology (d=const). However, for larger values of K, the photodiode
capacitance decreases. As a result, the electrical diode bandwidth increases.
A minimum capacitance is achieved using single device-layer diode i.e. taking

the maximum value of K.

6.3 Summary and Conclusions

The intrinsic frequency characteristics of CMOS photodiode is dependent on
both the input wavelength and the technology. Consequently, the diode intrinsic
bandwidth strongly depends on these two parameters. The maximum diode
bandwidth without equalization is achieved using:

e minimal wavelength, A = 400 nm. The bandwidth is 8 GHz i.e. approxi-
mately equal to the diffusion photodiode bandwidth.

e technology for which the device-layer depth corresponds to the absorption
depth of light, 1/a400.

For other input wavelengths and technologies, it is possible to achieve band-
width improvement using the analog equalization method, explained in chap-
ter 4. This bandwidth improvement is however wavelength, technology and
device-layer width dependent.

For the device-layer depths larger than 1/e absorbtion depth of light oL, > 1,
the intrinsic diode response is determined by device-layer diffusion and the drift
current of the vertical depletion region. This drift current is important only
for a minimal device-layer width. For a maximal layer-width, the vertical de-
pletion area in comparison with the device-layer area is almost negligible. The
roll-off for a minimal layer-width is about 15 dB/decade, while for a maxi-
mal device layer width (50 pm) it corresponds to a triple-pole characteristics
(~60 dB/decade). The larger the roll-off, the larger the amplitude shift in the
equalized characteristics due to the +20% RC spread in the equalizer. This
amplitude shifts lowers the bit-error-rate in the system. The change in BER for
15 dB/decade roll-off is ABER = 103, which reflects in the data-rate decrease
of 25%. The maximum equalization frequency is situated close to the diffusion
bandwidth frequency and the bandwidth improvement is minimal.

For the device-layer depths smaller than absorbtion depth of light aL, <1,
the roll-off in the intrinsic diode characteristics is < 10 dB/decade. The calcu-
lated amplitude shift for the 5 dB/decade roll-off is 0.4 dB. This shift increases
BER for ABER = 10%4, while for 10 dB/decade, the roll-off is 0.8 dB and
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ABER = 10*°, assuming 20 % RC spread. The effective data-rates are de-
creased for 5% and 15% respectively. We can conclude that for low roll-off
of <5 dB/decade, there is very small change in the BER and the data-rate,
so the system is very robust on the spread in the equalizer components. The
maximum equalization frequency is determined by the drift bandwidth i.e. up
to a 8-10 GHz range. For this reason, the bandwidth improvement of CMOS
photodiode is mazximal.

For the minimal device-layer width, the maximum equalization frequency
is higher than for the maximum device-layer width (single photodiode) due to
the lower roll-off in the frequency characteristics. This low roll-off allows higher
equalization frequency for typical £20% RC spread in the equalizer components.
The maximum equalization frequency is determined by intrinsic processes inside
photodiode. For low wavelengths it is determined by device-layer diffusion, and
for large wavelengths by the drift bandwidth.

According to analyzes in this section, the maximum bandwidth improvement
can also be achieved using single photodiode. This significantly simplifies layout

design and maximize light-sensitive area due to the minimal metal contact area.
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CHAPTER 7

Conclusions

7.1 Summary and Conclusions

7.1.1 Chapter 1: Motivation

The motivation of the project fiber-to-the-chip is presented in chapter 1. In the
future high-speed communication system (> 20 Gb/s), the optical interconnect
may become important since straightforward electrical connections suffers from
poor impedance matching (results in distorted signals), crosstalk and significant

Electro-Magnetic noise which degrades the system performances.

The main goal of the project was to design high-speed (Gb/s range) and
low-cost optical receiver for short-haul communication. Fast receivers were al-
ready available, but their cost was two orders of magnitude too high since they
are designed in expensive technologies like InP or InGaAs. For low cost and
simple integration with electronic circuitry, an inexpensive CMOS technology
was viable candidate for the design; it is nowadays a straightforward technology
for all digital systems and processors. However, a disadvantage of the CMOS
photo-receiver is limited speed of the photodetector. It is typically more than
two orders of magnitude too low (10 Mb/s).
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7.1.2 Chapter 2: Introduction

Apart from the EM interference, a number of optical interconnection advantages
in comparison with the straightforward wired connection are summarized in
chapter 2. Further in the chapter, an overview of an optical communication
system consisting of transmitter, optical fiber and receiver is presented. On the
transmission side, typically used light sources are LEDs and lasers. In the last
couple of years, widely used laser are VCSELs, which can emit light from a
relatively small area (5-25 microns) on the surface of the chip, directly above

the active region. In this way, a compact size and high reliability are achieved.

Single-mode fibers (small core size) and multimode fibers (large core size) are
used as transmission media in the system. The latter has higher dispersion that
limits the data-rate and it is mainly used for short-haul communication. Never-
theless, for short-haul communication, a multimode fiber has some advantages:
light is launched into a multimode fiber with more ease. The higher numer-
ical aperture and the larger core size make fiber connections straightforward.
Moreover, during fiber splicing, core-to-core alignment becomes less critical.
Another advantage is that multimode fibers permit the use of light-emitting
diodes (LEDs).

On the receiver side, the requirements of the ideal photodetector are also
presented. In addition, main parameters in the photodetection process are
discussed: responsivity, quantum efficiency, absorption depth and absorption

coefficient.

7.1.3 Chapter 3: High-speed photodiodes for A=850 nm

A typical figure-of-merit for photodetector is its bandwidth-responsivity prod-
uct. For A=850 nm, the bandwidth of the photodiodes in standard CMOS is
in the low MHz range, which is the main limiting factor for the Gb/s optical
detection. A common feature of the frequency characteristics of the analyzed
photodiodes is a low roll-of (<5 dB/decade) in the frequency range up to a few
GHz. This stems from the fact that total photocurrent is the sum of the diffusion
currents having low roll-offs ( 10 dB/decade) and the drift current which has
by approximation "flat” frequency response up to the 10 GHz range. The low
roll-off feature is used for the bandwidth improvement of CMOS photodiodes

by using analog equalization explained in chapter 4.
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7.1.4 Chapter 4: Bandwidth improvement

Using an analog equalizer that compensates (in both gain and phase) the low
roll-off of the photodiode frequency decay, the bandwidth of the integrated pho-
todiode in standard CMOS was increased more than two orders of magnitude.
In this way it was possible to achieve the Gb/s optical detection in standard
CMOS technology. The important feature of the proposed solution is that com-
plex adaptive algorithms are not required. A 3 Gb/s bit-rate is achieved with
BER< 107! and average input optical power of P;,=25 uW (-19 dBm). This
is over half an order of magnitude speed-increase in comparison with a state-of-
the-art photodetectors. The proposed pre-amplifier with the analog equalizer
is spread and temperature robust: due to the low roll-of, shift of +20% in the
RC-network of the equalizer does not influence the output amplitude more than
4+0.4 dB. This changes the BER for ABER = 10%4 i.e. the bit-rate is changed
5% only. Spread robustness is confirmed using both the simulations and the
measurements. An on-chip RC network is designed as a number of RC fin-
gers connected with the highest metal layer. Using Focused Ion Beam it was
possible to choose RC' values by removing the highest metal layer. The measure-
ments showed that with +20% change in the RC values, the output amplitude
is changed no more than 6%. The measured BER=< 10~!° with average input
optical power of 25 yW.

7.1.5 Chapter 5: High-speed photodiodes for A=400 nm

This chapter presented time and frequency behaviors of photodiodes in standard
0.18 pm CMOS for A=400 nm. Due to the low light-penetration depth (<0.2
pum), most of the excess carriers are generated close to the diode surface. The
total photocurrent is mainly determined by the diffusion current of the top
photodiode layer(s). The diffusion bandwidth is high (up to 5 GHz) since the
distance between the generated carriers and the junctions is small (< lum).
This allows high minority concentration-gradient and thus fast diffusion process.
The total diode bandwidth is about 5 GHz too. This diodes can be used for
the low Gb/s optical detection without using analog equalizer. The photodiode
frequency characteristics for 400 nm wavelength have high roll-off: 15 dB/decade
for the minimal nwell width (2 pm) and 60 dB/decade for the maximum nwell
width (50 pgm). This large roll-off enables significant bandwidth improvement
Using analog equalizer, which is shown in chapter 6 of this thesis.

In this chapter we presented also a lateral polysilicon photodiode that has a
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frequency bandwidth far in the GHz range: the measured bandwidth of the poly
photodiode was 6 GHz, which figure was limited by the measurement equipment.
However, the quantum efficiency of poly-diodes is very low (< 8 %) due to the
very small diode active area: the depletion region is very small due to the lack

of intrinsic layer and the diode depth is limited by the technology.

7.1.6 Chapter 6: High-speed photodiodes for
400 nm< <850 nm

This chapter analyzes frequency response of photodiode in CMOS technology
in general, for the whole wavelength sensitivity range 400 nm<A<850 nm. The
maximum calculated diode bandwidth without equalization is 8 GHz (for the
moderate diode responsivity 0.4 A/W), and it is achieved with the minimum
wavelength A = 400 nm, and minimum device-layer width.

For other input wavelengths and technologies, it was possible to achieve
bandwidth improvement using the analog equalization method from chapter 4.
This bandwidth improvement was also wavelength, technology and device-layer
width dependent. For the wavelengths having absorbtion depth smaller than
device-layer depth, the intrinsic diode response is mainly determined by device-
layer diffusion. The roll-off for the minimal layer width corresponds approxi-
mately to one-pole frequency characteristic ( 20 dB/decade). For larger layer-
widths, the roll-off increases up to triple-pole characteristic (60 dB/decade).
After equalization and including the RC' spread, there are amplitude shifts in
the equalized characteristics larger than 1.5 dB. This causes the change in BER
for more than 102 =103, i.e. the decrease in effective bit-rate is more than 30%.
Thus, the possible bandwidth improvement is minimal.

For wavelengths having the absorbtion depth larger than device-layer depth
(aLy<1), the roll-off in the intrinsic diode characteristic is relatively low
(<10 dB/decade). For 5 dB/decade roll-off and £20% RC' spread, the change
in bit-rate is only 5 %. The equalization method explained in chapter 4 is then
very robust on RC spread in the equalizer and the bandwidth improvement is
large; maximum bandwidth improvement i.e. maximum equalization frequency
is determined by the drift bandwidth frequency (up to 8 ~ 10 GHz).

In addition to the maximum bandwidth improvement, the electrical diode
bandwidth should be maximal i.e. it should be typically larger than drift diode
bandwidth. In this way, the electrical bandwidth will not limit the maximum

equalization frequency which is then determined by intrinsic processes inside
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photodiode: for low wavelengths it is determined by device-layer diffusion band-
width, and for large wavelengths by the drift bandwidth. For the maximum elec-
trical bandwidth, a photodiode should be designed to have minimal capacitance

e. a single photodiode should be used.
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Summary

This thesis describes high-speed photodiodes in standard CMOS technology
which allow monolithic integration of optical receivers for short-haul commu-
nication. The electronics for (multiple users) long-haul communication is very
expensive (InP, GaAs), but the usage is justified by the large number of users.
For short distance communication, the number of users is small, and more
cost-effective solutions were needed. An integrated optical receiver in standard
CMOS technology is a viable candidate. As a result, the optical communica-
tion can be enabled directly to CMOS chips. Moreover, there is a possibility
to implement matrices of optical detectors that operate on many parallel opti-
cal channels. Using parallel channels, the overall data-rate is significantly in-
creased. An important advantage of monolythically integrated optical receiver
is that ground-bounce issues and bond-wire inductance-capacitance problems
are largely eliminated.

The first part of the thesis presents the advantages of optical communication
in comparison with the copper-wired communication. The main disadvantage of
the latter one is that at high data-rates major problems occur: poor impedance
matching results in distorted signals, signal losses due to conduction and ra-
diation losses, significant Electro-Magnetic interference noise which degrades
the system performances. Using optical communication system these problems
are circumvented. The main focus of the thesis is given at the receiver side;

the objective was to design a low-cost Gb/s optical detector that can be easily
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integrated with the rest of electronic circuitry.

As specified in the short-haul optical communication standard, the transmit-
ted light has A = 850 nm wavelength. However, on this wavelength the speed
of the photodiodes in standard CMOS is in the low MHz range. Therefore,
it is the speed limiting component in the overall Gb/s optical receiver design.
This low speed is intrinsic to CMOS photodiodes, due to the occurrence of slow
diffusive carriers. Designing p+/nwell photodiode (ignoring the p-substrate),
the photodiode bandwidth is in the low GHz range, but the responsivity is very
low: 18 dBm smaller than specified in communication standard, which makes
them non-applicable for short-haul communication. On the other side, photo-
diodes that meet the specified responsivity have bandwidth that is two orders
of magnitude too low.

A solution for increasing the bandwidth for more than two orders of mag-
nitude is introduced in chapter 4. Using an analog equalizer, which equalizes
in gain and phase the photodiode intrinsic characteristics, the bandwidth is in-
creased more than two orders of magnitude. The presented circuit enables usage
of the slow photodiodes for data-rates in the low GHz range, without reducing
responsivity. The analytical analyses and a number of measurements are pre-
sented illustrating the correct operation and robustness of the proposed method.
Although the presented design is for A = 850 nm, the aproach is suitable for all
wavelengths in the CMOS senistivity range from A = 400 — 850 nm.



Samenvatting

Dit proefschrift beschrijft het ontwerp van hoge snelheids fotodiodes in een
standaard CMOS technologie. Het doel is monolithische integratie van optische
ontvangers voor hoge snelheids communicatie over korte afstanden.

Voor lange afstands optische communicatie waar InP en GaAs technologie
wordt gebruikt worden de hoge kosten van de zender en ontvanger gerecht-
vaardigd door het grote aantal gebruikers.

Voor korte afstands optische communicatie is het aantal gebruikers veel
kleiner, en is er behoefte aan een goedkopere oplossing. Een geintegreerde optis-
che ontvanger, gerealiseerd in een standaard CMOS proces is hier een haalbaar
alternatief.

Behalve de voordelen van prijstechnische aard biedt een optische ontvanger
in CMOS nog andere voordelen: omdat een matrix aan optische ontvangers op
een IC gerealiseerd kan worden, wordt grootschalig parallellisme, teneinde de
communicatiesnelheid nog verder te verhogen, mogelijk. Een ander voordeel
van een geintegreerde optische ontvanger is dat de ontvanger in de directe nabi-
jheid van de verdere bewerkingselektronica geplaatst kan worden, en er zo veel
parasitaire problemen voorkomen worden.

In het eerste deel van dit proefschrift wordt korte-afstands optische communi-
catie vergeleken met klassieke elektrische communicatie. Het blijkt dat optische
communicatie, vooral bij hogere datasnelheden, veel voordelen biedt. Minder

verlies, eenvoudigere detectie door het grotendeels uitblijven van vervorming, en
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minder problemen met overspraak veroorzaakt door EM straling behoren tot de
belangrijkste. De nadruk van het eerste deel ligt op de optische ontvanger; het
doel was het ontwerp van een prijsgunstige Gb/s optische detector die eenvoudig
met de rest van de signaalverwerkende elektronica geintegreerd kon worden.

De standaarden voor korte-afstands optische communicatie specificeren dat
het gebruikte licht een golflengte heeft van A = 850 nm. Dit is voor een CMOS
fotodiode ongunstig; gangbare ontwerpen halen een bandbreedte van slechts
enkele MHz vanwege de langzame diffusie van mobiele ladingsdragers in het
CMOS. De beperkte snelheid van de fotodiode is hiermee een van de belangri-
jkste knelpunten bij de realisatie van een Gb/s optisch communicatiesysteem in
CMOS.

De bandbreedte van een CMOS fotodiode kan vergroot worden tot het lage
GHz gebied door gebruik te maken van een p+/nwell fotodiode (waarbij het
p-substraat genegeerd wordt), maar dit gaat ten koste van de gevoeligheid. Er
zijn ontwerpen bekend die weliswaar de benodigde snelheid halen, maar met
18 dB minder gevoeligheid dan vereist. Dit maakt ze als ontvanger voor korte-
afstands communicatie onbruikbaar. Aan de andere kant bestaan er fotodiodes
die wel de vereiste gevoeligheid bezitten, maar een bandbreedte die twee ordes
van grootte te klein is.

In hoofdstuk vier presenteren we een oplossing die tegelijkertijd aan de band-
breedte en aan de gevoeligheidseis voldoet. Met behulp van een analoge equal-
izer die de amplitude en fasekarakteristiek van de fotodiode compenseert, blijken
we de bandbreedte van de fotodiode met meer dan twee ordes van grootte te
kunnen vergroten, zonder dat dit ten kostte gaat van de gevoeligheid. Hier-
mee is de gepresenteerde schakeling geschikt voor gebruik tot snelheden van een
paar GHz.

Aan de hand van zowel een analytische beschouwing als meetresultaten wordt
gedemonstreerd dat de gepresenteerde oplossing naar behoren functioneert en
ook robuust is. Hoewel het huidige prototype werkt op A = 850 nm, is de meth-
ode geschikt voor alle golflengten waar CMOS gevoelig is, van A = 400 — 850 nm.
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