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ABSTRACT

Silicon-Indium-Gallium-Arsenide Avalanche Photodetectors
by

Aaron Roe Hawkins

Current optical communications systems rely heavily on avalanche
photodetectors (APDs) to detect light exiting an optical fiber. APDs have two
functions, the absorption and conversion of light to an electrical signal and the
amplification of that signal through avalanche multiplication. With the
advantage of internal amplification, the speed and sensitivity performance of
APDs are unmatched by other types of detectors.

An ideal APD would use a material as an absorber with a high optical
absorption coefficient to obtain high quantum efficiencies. A material used as a
multiplier should have dissimilar electron and hole ionization coefficients. Very
large or very small ratios (k) of these coefficients result in fast multiplication
action with little signal noise. Given these criteria, the two materials of choice
would be InGaAs, which has a very high optical absorption coefficient in the
visible and near-infrared regimes, and silicon, which has the lowest k value
reported for any semiconductor.

InGaAs and silicon are not a natural fit, although they would make a
desirable combination. Joining dissimilar semiconductors like these through

conventional epitaxy has proved in the past to be extremely difficult. A new
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processing method known as wafer fusion has provided a path for their
integration, however. This dissertation describes the fabrication of InGaAs-
silicon APDs using the wafer fusion technique. Several generations of devices
are described along with their electrical characteristics. InGaAs-silicon PIN
detectors were also created, providing valuable information about the nature of
the fused interface. Theoretical models and designs are also providing for
describing the operation of the InGaAs-silicon APD. Such characteristics as
voltage and temperature sensitivity, noise, and bandwidth are calculated. The
theoretical results as well as measurements from fabricated detectors confirm the
potential of InGaAs-silicon APDs to surpass the performance of present
avalanche photodiodes made from other materials. This includes APDs
operating at the important wavelengths of 1.3 and 1.55 pm used for optical fiber

communications.
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Chapter 1

Introduction and Motivation

1.0 A New Detector

A silicon-indium-gallium-arsenide avalanche photodetector (InGaAs-
silicon APD) is a semiconductor device made for the purpose of optical
detection. This detector follows in a long line of man-made inventions and
biological organs devoted to detecting the presence of light. The ability to
sense light, or see, is 2 necessity of advanced life on our planet. A dividing line
can be drawn between lesser organisms with no response to light and all other
higher animal life that have at least primitive optical registration. Biological
light detection is not just limited to marmnmals, birds, and fish, however. Even
some single cell microbes react to light stimulus. Their reaction is the most
basic of all light detection - they know simply whether light is present or not -
on or off. There are many possibilities between this detector and the most
sophisticated detector ever known - the human eye. The eye certainly detects
the basic presence of light but also detects light levels with an incredible
dynamic range. Optical wavelengths are also registered by the eye and show up
as different colors in the brain. This is all done, of course, in a huge array that

allows for the detection of images and objects in a dynamic “real time” display.



One use of optical detection that has advanced incredibly in the 20th
century is optical communication. It is for this specific application that the
InGaAs-silicon APD was invented. Although neither this nor any other detector
can match the complexity of the human eye, it is not the best instrument for
efficient optical communication, although throughout history eyes were used
because no other detector was available. Optical communication boils down to
detecting a light signal from a source transmitting information. This
information could take the form of digital signals - on or off - or analog signals
with variations in light intensity. We will never know what the first digital
optical communication was. Perhaps it was a fire used to signal a waming or a
victory. Early sailors were wamed of impending danger by lighthouses and
flashed Morse code to other ships using flashes of light. The American
Revolution even saw its share of digital optical communication via the famous
“one if by land, two if by sea” signal waming of British troop movements. A
light sensitive microbe, however, could have picked up all of these signals, just
as well as the human eye.

To do the simplest optical communication, all that is needed is a light
source and a detector that produces a signal to indicate when light is present and
when it is not. The way this is accomplished in many detectors is through the
photoelectric effect - light strikes matter and its energy is converted to electron

energy producing heat or electrical current. In the human eye light strikes cones



in the retina stimulating electrical signals to the brain. With the advancement of
technology including the study and use of electricity, it became conceivable to
try to duplicate this action in a man made device. One such device still in use
today is the photomultiplier tube (PMT). The PMT utilizes the photoelectric
effect by collecting electrons accelerated off of a metal surface when it is
illuminated by light. With the advent of solid-state devices and the
semiconductor era, advances in man-made detectors accelerated. Using ultra
high purity semiconductor scientists have been able to create detectors with
incredible sensitivities to light and mind boggling speeds. These detectors were
designed around one purpose - optical communication and they excel at the
simple task of sensing whether light is on or off and producing an electrical
pulse to indicate this. Current state of the art detectors can perform this task
over 10 billion times a second using a variety of light wavelengths.

Figure 1.1 is an elementary illustration of the elements required for
optical communication. First a light source is needed to impart the information.
This could be a light bulb, a light emitting diode, or even a laser. The light
simply has to be modulated to transfer data. The light must then pass through
some transport medium such as air, a vacuum, or an optical fiber. Whatever the
medium, this usually results in a loss of light intensity as photons travel through
it. At the end of a length of transport medium sits the optical detector. As

stated above, this might be a human eye or a man made detector like a PMT. A



more likely detector these days, however, would be a solid-state PIN detector or
avalanche photodiode (APD)'. This dissertation will concentrate on the latter of
these devices, the APD. Here we will formalize the introduction of a new type
of APD made by joining two very different semiconductors together, silicon
and indium-gallium-arsenide, to take advantage of their material properties.
Many of the mechanisms and designs for this detector have been built upon
APDs made previously from other material combinations. The aim of the
InGaAs-silicon APD is to improve on the performance of those previous

devices and to increase the capacity of optical communication - to see faster and

farther.
N\ | /7
/7 | AN
Light Source Transport Medium Detector
(laser, LED, (optical fiber, air, (APD, PIN,
lightbulb, etc.) vacuum, etc) PMT, eye, etc.)

Figure 1.1 - The elements needed to make a basic optical communication system.

1.1 Optical Fiber Communications Systems



The real driving force behind detector development at the end of the
20th century has been the advent of optical fiber. These tiny strands of ultra-
pure glass can now carry light signals further than anyone thought possible fifty
years ago. Back then a good argument could not be made for the widespread
use of optical communications systems. Radio waves and electrical signals
could be transmitted much farther and with more information than light pulses
that lacked a true medium besides the open air for transport. Optical fiber
provided the medium that light needed to establish its preeminence in
communication technology. Light traveling through fiber could be pulsed at
seemingly limitless rates pushing bandwidths for information orders of
magnitude higher than achievable with existing copper wire. Improvements in
fiber manufacturing dropped the optical loss due to light absorption and led to
longer transmission distances (tens of kilometers) before amplification was
required.

Successful fiber-optic communication systems required very specialized
components to serve as optical sources and optical detectors. The first necessity
was for these devices to be able to couple light into the fiter and collect light
out of the fiber efficiently. This is no small task given optical fiber’s small
dimensions - about 10 pm in core diameter for today’s advanced fibers. This
required the device dimensions for sources and detectors to be on the same

order and also spawned a new research field - fiber optic packaging, the linking



of fiber with electrical components. Using semiconductor devices with small
dimensions does have an intrinsic advantage, however. Decreasing device size
decreases the capacitance of a semiconductor source or detector, thus increasing
the achievable operation frequency. Semiconductor lasers and detectors are
being put in today’s optical systems with operating frequencies of 10 GHz -
only achievable with extremely low capacitances.

Another requirement dictated by optical fiber is the wavelength of the
light traveling through it. In selecting a wavelength for a fiber optic system, the
preference would be the wavelength that could travel furthest down the fiber
before losing its intensity. What has become standard optical fiber consists
essentially of silicon dioxide. Light traveling through this medium will
experience scattering losses as well as absorption as it propagates. All visible
and near-infrared light can be used in optical fiber, but for silicon dioxide based
fiber, two wavelengths, 1.3 um and 1.55 pm, travel with the lowest loss. These
wavelengths have become important targets for optoelectronic devices. Other
wavelengths are usually reserved for short fiber length applications. The quest
to create lasers that produce 1.3 and 1.55 pum light and detectors to detect that
light, has driven heavily the compound semiconductor field. The earliest single
element semiconductors, silicon and germanium, could not be used for lasers at
this wavelength and the perforrnance of germanium based detectors was soon

eclipsed by PINs and APDs made from other materials. Temary and quaternary
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mixtures of indium, gallium, arsenic, aluminum, and phosphorous along with
GaAs and InP substrates are now the standard building blocks for
optoelectronics.

One of the great advantages of optical fiber is the long distance span
possible between a source and a detector. Light traveling in a fiber between
these components experiences more and more intensity loss the further it goes.
In order to stretch these lengths and still have a sufficient signal to detect at the
end of a fiber, optical sources need to put out large amounts of light and
detectors need to be very sensitive. A large research effort has been devoted to
semiconductor lasers to serve as sources for these systems. A wide variety of
lasers are now available that produce light at the 1.3 and 1.55 um wavelengths
with high output powers. Power into the fiber at the source end is now 10 mW
or more for commercial lasers. At the other end of the fiber, in which this
dissertation is more concemned, sit semiconductor detectors and the supporting
electronics for their operation. The detector and electronics are often packaged
together as a “receiver”. A good receiver is expected to take a very dim optical
signal from a fiber and produce an electrical signal with the same pattern that
can then used by other circuits. In essence, the less light necessary to produce a
usable electrical pattern, the better the receiver.

Common to all receivers is an electrical amplifier that serves a dual role.

First it converts the electric signal produced by a detector from a current swing



into a voltage swing. Solid state detectors produce signals that are essentially
changes in total current flowing through them at a given voltage. The change in
current is caused by light striking the detector and producing elecwrons, creating
additional current flow. A detector’s off state produces a low current flow and
its on state a higher current, the level of which of course depends on the amount
of light incident on the device. This current difference must be changed into a
voltage difference before it can be sent out of the receiver to other circuits. The
second function of an amplifier in a receiver is the amplification of the original
signal. The amplification or gain available is limited however by the noise
figure of the amplifier. This means a certain input power level into the
amplifier is required or the output signal from the receiver will contain too
many errors.

Current optical fiber receivers use one of two types of solid-state
detectors, PINs or APDs. Both of these detectors are sensitive to light at 1.3
and 1.55 pum and are constructed from basically the same materials. A PIN
detector or diode, refers simply to the doping structure of the device - P being a
p-type doping region, I an intrinsic or undoped semiconductor region, and N an
n-type doped region. The detector is operated under reverse bias so that light
incident on the I region produces electrons and holes that get swept toward the
diodes anode and cathode producing a photocurrent. An avalanche photodiode,

or APD, perforrns the same function as a PIN but has a more complicated



structure that gives it the added capability of producing intermal gain. The APD
has an I region where electrons and holes are produced but also has a
multiplication region where avalanche multiplication gain takes place. Figure
1.2 illustrates the action that takes place within an optical receiver using both a
PIN and APD detector. Light exits an optical fiber hitting the detector. An
electrical signal is produced by the detector that has variations in the current
level. An amplifier then produces an amplified signal with voltage variations.
The key difference between receivers built with the two detectors is that due to
the APD intermal gain, the APD receiver in general requires a lower level

optical signal to produce the same electrical signal.

I PIN Electrical la:r[;liﬁlec'i |
arge electrica sngna
Optical Fiber opncj signal electrical signal Amplifier
e o R

amplified

APD Clectrical signal Electrical  ¢jectrical signal

small
" with APD gam Amoplifier

Optical Fiber optical signal

s

Figure 1.2 - The receiving end of an optical fiber communication system. The use of

both a PIN and an APD detector are illustrated.



Optical system designers are often presented with the choice between using a
PIN based receiver and an APD receiver. Due to its internal gain, the APD in
general needs less incident light to produce the same electrical signal than does
a PIN detector. There is added signal noise associated with the gain in the
APD, however, so in some cases a PIN is preferred. The APD gain is only
advantageous if the photon noise and avalanche multiplication noise levels are
below the circuit noise for the receiver’s amplifier.’ For a given amplifier and
data rate, there will be a given optical input strength below which the use an
APD will increase the signal to noise ratio for the receiver. The term
“sensitivity” is used to quantify the performance of an optical receiver.
Sensitivity is the minimum optical input signal necessary to produce an
electrical output signal with less than a required number of errors. In general,
current commercial APD receivers operating at 2.5 GBit/s made from InP and
InGaAs semiconductors need about ten times less light to produce the same
electrical signal than do PIN receivers. Figure 1.3 shows the receiver sensitivity
increase gained by switching from an InGaAs/InP PIN to an InGaAs/InP APD
while using the same amplifier’. The sensitivity advantage increases with data
rate as can be seen.

The decision to use an APD or a PIN in a system is often not only
dictated by device performance but also by cost. APDs are more difficult to

fabricate and require more sophisticated bias circuitry and so the price of using
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Figure 1.3 - Experimental results for the increase in sensitivity using an InP based APD

versus using an InP based PIN in an optical receiver at different data rates".

an APD is higher than a PIN. When placing APD receivers in a system,
designers will use them only when the sensitivity requirements are beyond what
a PIN receiver can handle. Short stretches of fiber with plenty of output power
are left to PINs while the long-haul stretches where signal power is a premium
rely on APDs. As illustrated by Figure 1.3, the APD sensitivitity advantage is

more pronounced at higher data rates and the use of the use of APDs is also
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more prevelant in faster data rate systems. Another technology competing with
APDs are erbium doped fiber amplifiers’. These can be used to increase the
input power on an optical signal immediately before being detected by a
receiver. The use of a fiber amplifier together with a PIN receiver can be used
for lengths of fiber beyond the reach of APD receivers alone’. The cost of
optical amplifiers, however, exceeds the cost of APD receivers. As a result, in
the current state of optical communication systems, APD based receivers have
found an important niche as a relatively low cost component for long-haul fiber

applications - a niche that will remain into the foreseeable future.

1.2 Avalanche Photodiodes

An APD has two functions, the absorption and conversion of light to an
electrical signal and the amplification of that signal through avalanche
multiplication. The avalanche multiplication feature is what separates an APD
from all other detectors. These devices are notoriously difficult to construct
because they operate at very high voltages and electric fields. Their principle of
operation is based on impact ionization in which a carrier, either an electron or
a hole, is accelerated at high speeds in an electric field and then collides with an
atom in a crystal lattice. The force of the collision ejects an electron from the
valance band to the conduction band and leaves behind a hole. The original

carrier as well as the newly created ones are then free to repeat this process
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within a high field region. Although the principle is the same, the ionization
process proceeds differently in different semiconductors. In some
semiconductors, electrons are more likely than holes to experience ionization
collisions. In other semiconductors the opposite is true and for some materials,
electrons and holes are about equally as likely to ionize.

Two examples of the extreme differences possible for ionizing
characteristics are displayed by silicon and indium phosphide (InP). Electrons
in silicon are much more likely to experience ionizing collisions than holes. In
InP, holes are more likely than electrons to ionize but only about twice as
likely. Figure 1.4 illustrates the implications of these properties. The figure
represents both silicon and InP in a high electric field region. In the case of
silicon, an electron entering the region travels a certain distance and then has an
ionizing collision and produces an electron-hole pair. The newly created hole is
swept out of the high field region without ionizing. (Its probability of ionizing
is extremely low). The original and ionized electrons then travel further in the
field and both produce additional ionized electron-hole pairs. As before, the
holes are swept out of the region without ionizing but the electrons continue on
and ionize yet again. This process could of course go on many times and build
on itself (avalanche). The created electron-hole pairs translate to additional
current flowing out of the region producing what is known as avalanche gain.

In general though, very few holes produce ionizing collisions. The case for InP

13



is much different where electrons and holes are both fairly likely to ionize. This
means that an incident electron could create an electron-hole pair and the hole
could then produce an ionized pair. From this pair, the electron could then
produce an additional pair. This process could, of course, continue in any
number of random ways creating additional carrier pairs and avalanche gain.
Stated in a general way, the silicon ionization process is much more ordered

while the InP process is more random.
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Figure 1.4 - The avalanche multiplication process in silicon and InP. The regions
between the P+ and N+ dopings are assumed to be under an electric field so that
positively charged holes travel to the left and electrons to the right. The creation of an
electron-hole pair signifies an ionization event has occurred. In silicon holes are shown

to create no ionization events, in reality they do produce ionizations but with a much
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lower probability than electrons. For InP the electron and hole ionization lengths are

drawn as equal, but are actually different by a factor of about two.

The more ordered silicon ionization process has many implications for
the performance of APDs made from this material versus APDs made from
semiconductors like InP. First of all, the multiplication process in silicon
happens at a faster rate than in InP. In the example illustrated by Figure 1.4,
electrons transit through the high field region in unison and the process is over
when the last holes have been swept from the region. In the InP case, electrons
and holes are produced at different points within the high field region and at
different times after the first carriers are injected. The process is not complete
until the last few carriers make it out of the region without ionizing. The whole
action is something like a ball bouncing between two walls many times before
losing its energy and falling to the ground. Because of this, the InP avalanche
multiplication process takes longer to produce the same number of electron hole
pairs. In terms of devices, this means APDs built from silicon can operate at
higher speeds while maintaining the same gain as their InP counterparts.

Another device characteristic that stems from the ionization properties is
the noise involved in the multiplication process. As shown in Figure 1.4, InP
ionization is much more random than that of silicon. Some injected electrons

could produce 10 ionization events and others no ionizations. This leads to
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much greater signal noise associated with InP multiplication versus the more
ordered silicon type. In addition, InP detectors are more sensitive to voltage
and temperature changes than silicon as will be shown in later chapters.

Creating the APD with the best avalanche multiplication properties
essentially means finding a semiconductor with ionization properties similar to
that of silicon. That is, a semiconductor in which one of the carrier types,
electrons or holes, ionizes much more readily than the other carrier type. The
most common measure of the ionization probability of electrons and holes are
the ionization coefficients, c for electrons, and 8 for holes. Figure 1.5 plots the
ionization coefficients for four common semiconductors, GaAs, InGaAs, InP
and silicon. The ionization coefficient is electric field dependent for all
semiconductors as shown. The graph illustrates the large disparity between a
and B for silicon, especially at low electric fields. For InP the coefficients have
a ratio of about 2:1, also true for InGaAs. In GaAs, o and B are approximately
equal. In fact, there is no semiconductor known in which the difference in
coefficients is as large as that in silicon, making silicon the first choice for an
avalanche multiplication material and the first choice when constructing an

APD, no other factors considered.
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Figure 1.5 - Electrons and hole ionization coefficients versus electric field for the

following semiconductors: silicon’, InP®, InGaAs’, and GaAs".

1.3 Existing Avalanche Photodiodes
There is one important property that precludes silicon from being the

only semiconductor from which APDs were made - the optical absorption
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coefficient. This refers to how much light of a given wavelength is absorbed
and converted to electron-hole pairs in a given distance. A graph of absorption
coefficients for five different semiconductors is shown in Figure 1.6. As can be

seen, silicon has fairly significant absorption in the UV and visible wavelengths
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Figure 1.6 - Optical absorption coefficient" versus wavelenghth for the

following semiconductors: silicon, InP, GaAs, InGaAs, and germanium.
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(less than 0.7 pm) but its absorption drops off quickly in the near infrared. By
1.0 um in wavelength, silicon absorption is almost non-existent. GaAs and InP
cut off before 1.0 um as well. Germanium and In, Ga, ,As exhibit significant
absorption in the near infrared with InGaAs displaying the highest absorption
coefficient in this region. The significant absorption region for InGaAs also
includes the wavelengths of 1.3 and 1.55 um, so important when working with
optical fiber.

Because silicon is practically invisible at 1.3 and 1.55 pum, building
silicon only APDs to operate there is a bad idea. No matter how good the
multiplication process, without any photocurrent generated by an absorption
layer there is no optical detection. Very good silicon APDs have been"” and are
being built"*", and from the beginning the avalanche multiplication process was
defined using silicon", but their operation is limited to wavelengths below 1.0
pm. Germanium APDs also developed very early® and were able to operate in
the infrared regime out to 1.55 um. As data rates increased and performance
specifications became more demanding, In,Ga, ,As and its host substrate InP
began to emerge as the material system of choice for APDs" operating past 1.0
pm. Although InP is less than an ideal material in which to produce avalanche
multiplication, InGaAs is readily grown on it through crystal epitaxy, and it
does make a better multiplying region than InGaAs alone. Sophisticated

designs emerged that separated the absorption and multiplication regions in the
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APD (SAM)"™" and then provided a grading layer between the regions
(SAGM)®. Due to their superior performance, InGaAs/InP APDs are the
detector of choice in optical communication systems, for which receiver
sensitivity is of primary concem™. Research on epitaxially grown APDs
continues to advance, especially with designs intended for use at 10 GBit/s and
beyond. A superlattice APD™ has been proposed and designed that tailors the
effective ionization coefficients in the multiplication layer in order to achieve
higher speeds and lower noise. Resonant cavity APDs™ have also been
demonstrated that use very thin absorption layers between mirrors to decrease

carrier transit times and maintain high quantum efficiency.

1.4 The Optimum APD Using InGaAs and Silicon

The superior avalanche multiplication properties of silicon, and the
superb optical absorption properties of InGaAs in the near-infrared lead to an
obvious question. What if they could be somehow combined? What about an
InGaAs-silicon APD? Such a detector would combine the best of both worlds
so to speak. One might speculate on the increased speed of the detector over
existing InGaAs/InP APDs. Higher gains might also be possible due to the less
noisy amplification in silicon versus InP. Figure 1.7 illustrates both existing
APDs and a proposed InGaAs-silicon APD with an InGaAs absorption layer

and a silicon multiplication layer. Such a device is certainly attractive, but
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Figure 1.7 - Material composition of existing APDs and the proposed InGaAs-silicon
APD. Existing APDs operating in the infrared out to 1.55 um use an InGaAs
absorption and InP gain region. Silicon APDs operating at visible wavelengths use
silicon for both absorption and gain, while the proposed APD would use an InGaAs

absorption region and silicon gain region.

seemingly impossible to fabricate. InGaAs, which grows readily on InP
because of the lattice match between the two semiconductors, does not grow so
readily on silicon. Scientists who have tried such a growth have ended up with
InGaAs layers full of defects and strains - not tolerable in APD fabrication.
Attempting to create an InGaAs-silicon APD through epitaxial growth

most likely would be impossible, no matter how much the growth process was
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refined. In the early 1990’s however, research was being done on a method that
might just allow for the integration of InGaAs and silicon. Semiconductors of
different composition and lattice constants were being bonded together
successfully using a technique called wafer fusion. Electrically and
mechanically stable bonds between semiconductors were reported and suddenly
a path for the creation of an InGaAs-silicon APD was opened up. Although a
possible method existed, the integration of InGaAs and silicon certainly did not
happen overnight. Wafer fusion of individual material systems requires
intricacies that only countless experiments can reveal. After about one year of
attempts, it did happen however in 1995. Even when semiconductors were
being successfully wafer fused, a lot of work was required in learming how to
fabricate an APD from these materials. Silicon and InGaAs are not a “natural”
fit and neither is the device processing used for them. Most silicon devices are
fabricated using very high temperature doping and oxide growth steps, while
InGaAs can withstand only relatively low temperature processing. Finding
processes that worked for both materials was another barrier to creating

working APDs.

1.5 Dissertation Layout
This dissertation was meant to give a broad look at many aspects of the

InGaAs-silicon detector. In doing so, about the first half of the chapters are
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devoted to the design and theoretical equations that explain the operation of the
device. Much is borrowed from existing work on APDs which have been very
well explored, but there are also new equations and calculations derived with
specific implications for this particular detector. The main purpose of the first
chapters is to optimize the design of InGaAs-silicon APDs, delineate inherent
limitations, and quantify the advantages over existing detectors. The second
part of the dissertation could be termed experimental, with fabrication and
measurement results shown for real InGaAs-silicon devices. These results
include material considerations like scattered ion mass spectroscopy (SIMS)
and tunneling electrton microscope (TEM) scans as well as electrical
characterizations.

Chapter 2 introduces APD design and reviews existing silicon and
InGaAs/InP APDs. Key parameters for the design of an InGaAs-silicon APD
are also explored. Chapter 3 lays out the groundwork for the avalanche
multiplication process in an APD including the classical APD gain equations.
These will be used throughout the chapters that follow to quantify APD gain.
Chapter 4 utilizes the gain equations to derive a relationship for the voltage
sensitivity of the gain. Temperature sensitivity is also explored and
comparisons made for silicon versus other semiconductors. Chapter 5 explores
the bandwidth and noise characteristics of APDs and specifically an InGaAs-

silicon APD. Calculations show that for these parameters, using silicon for
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avalanche multiplication has its biggest advantages. Chapter 6 focuses on wafer
fusion, the enabling technology for this new detector and includes
characterization of the fused interface between InGaAs and silicon. Chapter 7
reports on the fabrication and measurement of PIN detectors made by fusing
InGaAs and silicon. These devices provide an easy way to qualify the fused
interface for use as a detector and also help in optimizing the fusion process.
Chapter 8 finally reports on three generations of InGaAs-silicon APDs. This
includes device design, fabrication, and electrical characterization. Many
parameters are reported including a record setting gain-bandwidth number - a

benchmark for APD performance.
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Chapter 2

Design Considerations

2.0 Introduction

An avalanche photodetector is certainly one of the most difficult solid
state devices to construct. By its nature, it operates in the avalanche
multiplication region that designers of other devices do their best to avoid.
What others refer to as avalanche breakdown, the APD utilizes as gain. To even
reach such regimes, an APD requires high applied biases and consequently high
electric fields while in operation. The necessity of very high electric fields
often makes it very difficult to maintain low leakage currents through a diode.
An added difficulty is that leakage currents required for a good APD are very
low compared to other devices, usually in the nanoamp range, even at hundreds
of volts of applied bias. Low dark current is of course just one of the many
requirements in creating a useful APD. In this chapter these requirements will
first be outlined, then a description will be made of existing silicon and
InGaAs/InP APD designs, and finally the initial design concepts of an InGaAs-

silicon APD will be examined.

2.1 Requirements for a Useful APD

29



As was mentioned above, one of the first requirements for an APD is a
low leakage, or dark current. APDs are usually employed in very low light
level applications. The dark current of the detector needs to be at least near the
level of the photocurrent generated by incident photons. This light level of
course depends on the application, but typical pre-gain dark currents in good
commercial detectors are below 10 nA. Achieving such low dark currents
requires very careful design and device fabrication as well as excellent
semiconductor material. Electric fields also need to be carefully controlled
especially in small bandgap materials, and device perimeters given special
attention.

A second requirement in any successful detector design is a high
quantum efficiency. This parameter quantifies the detector’s ability to absorb
light and convert it into electrical current. The semiconductor serving as the
absorber-converter will absorb a percentage of incident light based on its
thickness and absorption coefficient for a given wavelength. Obviously, the
thicker the absorbing material, the more conversion of light to electrons. A
very thick absorption layer also has its downsides, however. First of all it
increases the total voltage needed to bias the detector correctly. In addition,
thicker layers make the detector slower due to increased carrier transit times. A

detector designer must balance the need for high quantum efficiency and the
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necessary operating frequency. Of course the material with the largest optical
absorption coefficient available should also be used as the absorber-converter.

Another aspect of the device speed that must be accounted for is the
thickness of any multiplication layer in the detector. In a few APD designs, the
absorbing semiconductor layer also serves as the avalanche multiplication layer.
Most advanced detectors, however, utilize a separate layer for absorption and
multiplication. In either case, the multiplication process also has an effect on
the maximum operation frequency. Thinner layers lead to higher speeds but
can be more difficult to fabricate and have more signal noise. Both absorption
layer thickness and multiplication layer thickness must be chosen to fit within
the total voltage limitations, speed requirements, and necessary quantum
efficiency.

An aspect of device design often overlooked in initial photonic device
design is their ease of manufacturing and packaging. An idea may look great in
simulation, but unless it can be readily made it will remain forever only on
paper. A key part of creating an APD is correctly doping layers of materials,
one on top of the other. Achieving the correct doping levels can be very
challenging. Slight variations in doping or layer thicknesses can make APD
substrates unusable. A reproducible process must allow for reasonable error in
the fabrication technologies available. A good APD structure also requires

good ohmic contacts to both n and p contact regions to keep the circuit
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resistance low. High resistance devices limit the speed of a detector and in
APDs can limit the achievable current gains. Finally, all devices must be
packaged to operate in the real world. Contact pads need to be large enough to
bond to and detector area needs to be large enough to couple light or optical
fiber correctly. Device geometry must also be such as to lend itself to easy

integration with other electronics.

2.2 Design of Silicon APDs

Silicon avalanche photodiodes have been built for many years and have
certainly undergone many refinements'. Typical applications for these APDs
are at visible wavelengths with very low light levels. To maximize the
performance of these diodes, most commercial APDs utilize a separate layer for
absorption and one for multiplication. To absorb enough light, most silicon
APDs have to be quite thick, on the order of 10 um or more, with most of the
total thickness due to the absorption region. The absorption and multiplication
regions are distinguished by the electric field level in each during operation.
The absorption region can operate at low fields, usually below 100 kV/cm,
while the multiplication region requires higher fields that can range between
200 kV/cm and 500 kV/cm depending on the layer thickness. The electric field
is manipulated in silicon by placing a p doped layer between the absorbing and

multiplying layers. Under reverse bias, the p doping forces the field higher in
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the latter region. Because the device layers are very thick and the required
electric fields large, most silicon APDs operate at very high voltages. It is
difficult to find this type of detector operating at less than 150 V and many
require as much as 1500 V. Despite this high voltage, silicon APDs made of
high quality material still maintain very low dark currents and detect very faint
signals.

Figure 2.1 illustrates two common silicon APD structures. The first is a
planar structure™* that is constructed using dopant diffusion or a combination
of diffusion and epitaxial growth. In the case of all diffusion, fabrication begins
with an undoped or very low doped silicon substrate. The substrate is thinned
to the required thickness of the device and boron is diffused into the backside to
form a p+ region that serves as the anode for the diode. Once the anode and
undoped silicon regions have been formed, a thermal oxide diffusion mask is
deposited on the front side of the wafer. Windows are opened and boron is
diffused into the top silicon surface, forming a p type layer to a thickness
determined by the diffusion time and temperature. A larger window is then
opened in the diffusion mask and phosphorous is diffused into the surface. The
phosphorous diffusion depth is shallower than the boron but at a higher doping
level. This creates a top n+ layer in the silicon that serves as the cathode for the
device. The oxide diffusion mask also serves as a passivating layer for the

silicon surface and prevents any edge leakage current. Additional passivation
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layers and ring contacts are often added to further reduce leakage currents.
Aluminum is added as the metallic contact to both the cathode and anode with a
window in the anode for illumination.

When operating, the planar diode is reversed biased. This creates a
large triangular shaped field profile in the p-doped region between the cathode
and undoped silicon. When the bias is high enough, all of the p doping will be
depleted and the field will quickly deplete through to the p+ silicon anode.
Further bias increases the field in both the p region and the undoped region. The
undoped region serves as the light absorbing region, and the p-doped region is
the avalanche multiplier. Photons are incident through the thin p+ anode on the
absorbing region and converted to electrons. Due to reverse bias, these
electrons are swept towards the p doped multiplication region. Here the fields
are much higher than in the absorption region and ionization occurs leading to
avalanche gain. One of the main advantages of this structure is that the electric
fields are kept isolated away from any surfaces due to the planar structure. In
effect the device is encapsulated by the high resistivity, undoped layer. Of
course one of the drawbacks of the structure is that the absorbing layer must be
very wide to allow for any wafer handling. Variations can of course be made to
the basic planar design, including top illuminated detectors constructed using

epitaxial growth on n+ substrates.
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Another class of silicon structures, the beveled APD’, uses etching and
epitaxy to create a detector as illustrated in Figure 2.1. Fabrication begins with
an n+ substrate. A p-doped layer is grown first which will serve as the
multiplication layer. A thick layer of undoped material is then grown which
serves as the detector’s absorption layer. Finally a p+ layer is added to the top
of the structure to serve as an anode. Individual devices are made by first
depositing a masking layer on the back n+ silicon. Mesas are etched into the
mask layer and then the silicon is wet etched around the mesa mask. The
silicon etchant naturally undercuts the mask to form the desired bevel shape
around the structure. After etching, the bevel edge is encapsulated to protect it
from moisture and aluminum contacts are deposited on the cathode and anode
layers. A window is maintained in the aluminum contacting the p+ region so
that light can penetrate to the absorber. In operation the beveled APD is
reversed biased like the planar structure. Incident photons strike the silicon
creating electron-hole pairs. The electrons migrate toward the p silicon
multiplication region under a high electric field. The APD is designed to be
broader at the anode and smaller at the cathode so as to prevent any high field
lines at the etched surface. The electric field is effectively isolated away from
any edges as in the planar APD case. An advantage of this structure is that it
does not rely on any hard to control diffusion steps. Its disadvantage is that it

does not lend itself well to wafer level processing. Once the bevel has been
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created in the diode, it has separated itself from the rest of the wafer. These
types of APDs must usually be large enough to handle individually. The planar
and beveled structures outlined here are of course only a sample of the large
array of available structures. The important p+ feature that most of them have

in common however is the doping layer sequence: to undoped to p then to n+.
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Figure 2.1 - Cross-sections of two types of silicon APDs. The planar structure provides
device isolation though dopant diffusion while the beveled structure relies upon

chemical etching.
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2.3 Design of InGaAs/InP APDs

InGaAs/InP layer APDs were created to do the job silicon APDs could
not - detect light in the near infrared. With the rise of optical fiber
communications has come the rise of the InGaAs/InP APD to detect the critical
wavelengths of 1.3 and 1.55 um. Had the low dispersion and loss wavelengths
in fiber been in the visible, it would be safe to say that InGaAs/InP APD would
be a rather uninteresting, neglected device. The laws of nature make the rules,
however, and the demand for higher performance optical systems has fueled the
demand for better and better near-infrared APDs. Like silicon APDs, the III-V
detectors utilize separate regions for absorption and multiplication (SAM APD).
The heterojunction between InGaAs and InP has also led to a third specialized
layer, an InGaAsP grading layer to grade the valance band between the two.
Modermn commercial devices are usually referred to as SAGM (Separate
Avalanche Grading and Multiplication layer) APDs*’". These layers are not only
distinguished by their doping as in silicon, but also their material composition.
Using a separate absorption layer allows for a very abrupt injection point of
photogenerated carriers into the multiplication layer. The layers are also
optimized for their functions - InGaAs as an absorber, InGaAsP for grading,
and InP as the best multiplier lattice matched to InGaAs. In real world
applications these detectors are run with gains of around ten, which is optimal

for the performance of the device. Gains higher than ten create too much signal
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noise. Typical operational voltages are from 50 to 75 Volts and the active
layers are much thinner than in most silicon APDs. Layers are thin to obtain the
necessary operation frequencies that can reach as high as 10 GHz in some
InGaAs/InP structures. The design of a good InGaAs-InP APD is in many ways
opposite to the design of a silicon APD. In silicon, the desired avalanching
carriers are electrons because the ionization coefficient is larger for electrons
than holes. InP represents the opposite case, where holes do most of the
ionizing. InP based APDs are designed to force holes into a high electric field.
Figure 2.2 shows two designs for an InGaAs/InP APD. The first is a
planar structure most common in commercial devices, especially those
operating at 2.5 GHz and below. The most difficult aspect of building this type
of detector is precise epitaxial growth required to get the layer dopings and
thicknesses correct. The growth starts with an n+ InP substrate on which a very
low doped n- InP buffer layer is grown. This is followed by a low doped n-
In,,,Ga, ,As layer that serves as the absorption region. This is followed by an n
type InGaAsP grading layer which maintains the InP lattice constant but grades
the valance band between InP and InGaAs. Above this in an n doped InP layer
that eventually serves as the multiplication layer for the APD. The thickness
and doping of this layer is the most critical. Dopings that are too high yield

detectors that break down before depleting all the way through the device.
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Dopings that are too low create fields in the absorption layer that are too high
when the detector is biased to desired gain levels.

Upon the successful epitaxial growth of an APD layer structure,
individual detectors are created by first depositing a dielectric layer on the top
surface. The dielectric serves both as a surface passivation and as a diffusion
mask. Windows are etched in the dielectric and the p dopant zinc is diffused
into the top InP layer. The temperature and time of the process can tailor the
total amount of zinc diffused. With the proper timing, a p+ layer is created in
the InP leaving just the right thickness of n type InP below it from the original
layer. The p+ InP serves as the anode for the detector and n-type InP layer
sandwiched between the anode and the grading layer forms the multiplication
region of the APD. A p metal contact such as Au:Zn is deposited onto the
anode region, and an n metal contact like Au:Ge is deposited on the n+
substrate which serves as the cathode. Windows are maintained on the backside
of the wafer to allow infrared light to pass through the InP substrate, which is
invisible to the near-IR, and be absorbed in the InGaAs region. The detector is
operated in reverse bias. As voltage is applied, the low doped n- InP and
InGaAs regions are quickly depleted through. The electric field profile then
rises linearly as the InGaAsP layer is depleted through. The electric field rises
linearly again as the n doped InP multiplication layer is biased to depletion.

Upon depletion of the n charge between the anode and cathode, the electric field
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has the desired shape with the highest field present in the avalanche
multiplication layer and the lowest field in the absorbing layer. The field is
confined laterally by the p-n junction formed by the zinc diffusion as well as the
low resistivity n- InGaAs and InP.

Figure 2.2 also illustrates a mesa type InGaAs/InP APD. This detector
also utilizes sophisticated epitaxial growth. The layers are much the same as
those for the planar device except that the growth is done on a p+ substrate.
The n InP multiplication layer is grown first followed by the n InGaAsP grading
layer, the n- InGaAs absorption layer, and finally an n- InP buffer layer and n+
InP cathode. Individual detectors are made by depositing a mask layer on the
wafer surface then etching mesas in the mask. A mesa structure is then etched
through the III-V layers down to the p+ InP substrate. The semiconductor
etchants naturally undercut the top mask layer to give the device a desirable
shape. Much like the beveled silicon APD, when this mesa detector is reversed
biased, high field lines will remain away from the etched surfaces due to its
geometry. After etching, the mesa sidewalls are encapsulated by a dielectric
layer and metal contacts applied to the cathode and anode. Like the planar
APD, the mesa APD is backside illuminated through the InP substrate. The
main advantage of the mesa structure is that it eliminates the need for any

dopant diffusion. This allows for more precise control of the layer thicknesses



and dopings - very critical for the highest speed APDs where layers are made

very thin.
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Figure 2.2 - Cross-section of two types of InGaAs/InP APDs. Both devices rely on
epitaxy to create the layer structure. The planar structure provides device isolation

through dopant diffusion while the mesa structure is created through chemical etching.

2.4 Designing an InGaAs-Silicon APD
The design for the fused InGaAs-silicon APD borrows from both the

silicon and InGaAs/InP structures. The fused detector will use electrons as the
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main ionizing carrier so in this respect the layer structure resembles a silicon
APD with electrons being forced from the absorbing layer into the
multiplication layer. Like the InGaAs/InP APD, the fused APD uses absorption

and multiplication layers of completely different semiconductors and can utilize
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Figure 2.3 - Desired electric field profile in an InGaAs-silicon APD. The field in the
InGaAs should be kept below 100 kV/cm. The field in the silicon multiplication layer

will vary according to the layer thickness but in most cases should be over 250 kV/cm.
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sharp material interfaces created by epitaxial growth. Without going into great
detail about the specific parameters of InGaAs-silicon APD fabrication which is
covered in Chapter 8, the remainder of this chapter will focus on what could be
termed the “doping knob” parameter in the APD. Like its silicon and
InGaAs/InP counterparts, the InGaAs-silicon APD requires a high electric field
in the silicon multiplication layer, while maintaining a low field in the InGaAs
absorption layer. This will be accomplished by placing a p doping between the
InGaAs and the silicon layers. The total dose of the doping will essentially
determnine the difference in the electric field profiles of the two regions. The
desired field profile is illustrated in Figure 2.3. To avoid tunneling breakdown
in the InGaAs, the field needs to be kept below 100 kV/cm, while the field in
the silicon is made high enough to reach the desired avalanche gains. Although
the necessary field is thickness dependent, fields of around 300 kV/cm are
required for thicknesses around 3.0 pm.

There are several options in applying the *“‘doping knob” or p doping
layer between the silicon and InGaAs layers. The first possibility is the growth
of a p type layer on the top of the silicon multiplication layer. When the
InGaAs is later integrated onto the wafer, the p layer will be sandwiched
between. The drawback to this approach is that epitaxial growth of the desired
silicon p layer is very hard to control. Most silicon epitaxial processes occur at

temperatures around 1000°C and have been designed for rapid deposition of
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thick layers. To have an effective “doping knob” the amount of doping in the p
layer has to be very precisely controlled in a very thin layer, requirements not in
harmony with most silicon growth reactors. Another possible solution that is
more viable is the implantation of the desired p type doping. Implantation
doses can be specified and measured very accurately. Their doping profiles are
also well understood and routinely modeled. This method also allows itself
more easily to “tuning” of the correct doping where identical wafers can be

implanted with different doses to hone in on just the right electric field profile.

2.5 Feasibility of InGaAs-Silicon APD Construction

Using ion implantation as a “doping knob” in the InGaAs-silicon APD,
a calculation can be done to examine the feasibility of creating such a detector
given the current state of growth and processing technology. To make this
calculation, the following assumptions are made. First the detector structure
consists of an InGaAs layer on a silicon epitaxial layer targeted at 2.5 um thick.
The total field in the InGaAs must remain below 100 kV/cm. The operating
gain in the silicon is assumed to be 30. The parameters that will have some
process variation are the epitaxial thickness and the implant dose. The doping
transition from the low-doped epitaxial layer to the highly doped substrate will
not necessarily be sharp. There is typically a 500 nm transition region between

doping levels of 10" cm™ and 10" cm>. Any variation in this transition region
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is assumed in the thickness variation of the epitaxial layer. Evaluating how
much the layer thickness and implant can vary will consist of first determining
the necessary electric field to achieve a gain of 30 for each thickness between
2.3 and 2.7 microns, an 8% thickness variation from the target. This is done
using known ionization coefficients and the gain equation derived in Chapter 3°.
Once the necessary electric field E; is calculated, an implant dose can be
calculated to create such a field. For the device to operate correctly, the implant
dose must create a voltage difference between the InGaAs and the silicon
between E; and E; - 100 kV/cm. This will ensure that a gain of 30 can be
achieved in the detector and the full implant dose will be depleted under
operational bias, allowing carriers to flow freely between the InGaAs and
silicon layers. The values for E; and E; - 100 kV/cm establish a window of
operation for the implant dose at a given thickness.

The results of the feasibility calculation are shown in Figure 2.4. The
top solid line illustrates the maximum implant dose allowed - that which would
create a field of E; in the silicon layer. In this case there is very little field
across the silicon but the implant dose has been completely depleted. The
bottom line illustrates the minimum implant dose allowed, which would create a
field of E; - 100 kV/cm. This latter case would allow for an additional 100
kV/cm of electric field to be placed on both the InGaAs layer and the silicon

layer so as to reach the desired avalanche gain. As can be seen from the graph,
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the 100 kV/cm window allows for a relatively loose accuracy for the implant
doping. The dashed line indicates the variation of implant allowed so as to

allow for desired operation for any thickness between 2.3 and 2.7 pm. This 8%
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Figure 2.4 - Construction feasibility calculation for InGaAs-silicon APDs created
through ion implantation. The two solid lines represent the maximum and minimum
implant dosage allowed to make a correctly operating detector for a given multiplication
layer thickness.
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thickness variation requires only better than a 16% implant dose accuracy.
Both of these variations are well within the specified ranges for commercial
epitaxial growers and implantation houses. Typically growers will commit to a
+/- 3-4% accuracy and implanters to +/- 2%. It appears that the InGaAs-silicon
structure is well within the standard technology limits.

It is interesting to compare the tolerances necessary to create an InGaAs-
silicon APD with those of creating an InGaAs/InP APD. The difficulty in
creating the InP APD is getting the InP multiplication layer thickness and
doping just right, as illustrated in Figure 2.2 above. To determine how accurate
these need to be, calculations were made for the field necessary to obtain a
multiplication gain of 10 for InP at different thicknesses around a target
thickness of 0.7 um. This thickness is close to where commercial APDs are
grown, and as shown in Chapter 5, will have gain-bandwidths similar to the
thicker silicon layer represented above. The same 100 kV/cm electric field
window is assumed as for the InGaAs-silicon APD. This leads to a doping
range required for a given thickness. The target is for all the doping in the n
doped region to be depleted when the necessary electric field falls within the
100 kV/cm window. Again known InP ionization coefficients’ were used in the
calculation along with the gain equation from Chapter 3. Figure 2.5 shows the
required doping versus thickness. As can be seen there is not much room for

variation with the epitaxial growth. Even a 5% thickness variation requires a
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better than 2% doping level accuracy. These are both very challenging
specifications on a reactor, and make the implantation scheme for the InGaAs-

silicon detector very attractive.
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Figure 2.5 - Required doping accuracy in the InP multiplication layer of an InGaAs/InP
APD. The top and bottom solid lines represent maximum and minimum dopings
allowed to create an operational detector at a given multiplication layer thickness. The

multiplication layer was assumed to have a constant n-type doping.
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2.6 Conclusions

In this chapter designs for existing silicon and InGaAs/InP APDs were
reviewed. With these devices as a springboard, a very important parameter of
the InGaAs-silicon APD was examined - the implanted p dose which serves as a
doping knob for the detector. Using different implant doses the electric field
can be manipulated and optimized. Results of calculations for the feasibility of
this approach were illustrated and discussed. It appears that using an
implantation will allow the InGaAs-silicon hybrid to be fabricated with much

greater control than currently exists with InGaAs/InP devices.
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Chapter 3

Avalanche Photodiode Gain Equations

3.0 Introduction

Although it is a diode, with only two contacts, an avalanche
photodetector is still a very sophisticated semiconductor device. It
distinguishes itself from most detectors because of its intemal gain arising from
the avalanche effect. It is different from devices like light sensitive
phototransistors because it is has only two contacts. Due to this diode structure
it is possible to inject very small currents into APD multiplication layers and
still see gain. Attempting to simulate an APDs operation by using a PIN
detector and an amplifier will not produce the same results. If low light levels
are input, the small current created in the detector will be lost in the noise and
leakage current of the amplifier. The gain produced in an APD can have very
little noise and can occur very fast, making APDs applicable both to low signal
as well as high frequency applications.

The method for producing gain in an APD is of course avalanche
multiplication. This effect occurs in all known semiconductors when they are
subjected to high enough electric fields. Designers of most devices try hard to

avoid avalanching. In transistors for example a thin region reverse biased too
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high can create huge leakage currents and the device is said to have broken
down. The same effect then takes on two different names. If it is desired, as in
an APD, it is referred to as avalanche multiplication, if it is avoided, which is
most of the time, it is called avalanche breakdown. Whatever the name, the
effect showed up very early in the history of semiconductor devices and so has
been well studied. In this chapter, a brief description of the avalanche
mechanism will be explained as it relates to impact ionization. Ionization
coefficients will then be presented and their role in the avalanche gain equations
derived. Finally the method of measuring ionization coefficients for different

semiconductors will be outlined.

3.1 The Gain Mechanism

Impact ionization is the basic mechanism whereby avalanche gain may
be created. This effect occurs in a semiconductor when a free carrier, electron
or hole, is accelerated to high velocities in a high electric field. Such high-
energy carriers may collide with atoms within a crystal lattice. If their energy is
high enough, the impact can push an electron from a valance site on the
impacted atom into the conduction band. This jump creates a vacancy or hole
in the valence band. There is a minimum amount of energy needed by an
impacting electron in order to create this electron-hole pair. The minimum

energy, E__, depends on the bandgap of the material between the valence and
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conduction bands. It is no surprise then that small band gap semiconductors
like InAs require very low electric fields to initiate ionizations, whereas wide-
gap semiconductors like GaP require much higher fields.

The minimum ionization energy, E__, is different for electrons and holes
in most semiconductors. In Chapter 1, silicon was alluded too as the most
desirable ionizing semiconductor based on the fact that electrons ionized in
silicon much more readily than holes. There is no simple explanation for why
this is and no one criterion that makes some semiconductors desirable
ionization materials and others undesirable. Ionization energies are very
complex functions of band structure, densities of state, phonon interaction, and
effective masses. Many methods have been presented to calculate these
energies and have been compiled and summarized by Capasso'. The one
feature in silicon that may distinguish it from other semiconductors is its second
conduction band located very close to the first, effectively increasing the
electron state density. Because there a difference in E_ for electrons and holes
in most semiconductors, ionization rates or coefficients are often used in
describing the process for the two carriers. o is used to describe the electron
ionization coefficient and P the ionization coefficient for holes. These
quantities refer to the reciprocal of the average distance a carrier must travel in
an electric field to acquire enough energy to produce an ionizing collision. o

and B have units of cm” and are strongly dependent on the strength of the
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electric field. Important to note too is that they are really a statistical average of
the necessary distance for ionization collisions. Impact of an electron with an
atom in a lattice is a random event and does not necessarily occur after any
given length of travel. The only requirement is that the electron has traveled a
sufficient distance to acquire the minimum energy E__. Only by averaging the
distance traveled by many of electrons can accurate ionization coefficients be
arrived at. Computing ionization coefficients based on models of a
semiconductor’s band structure can be very difficult. = Experimental
measurements based on methods described in Section 3.3 are more desirable
when constructing real devices.

The previous paragraph describes what could be termed a classical view
of impact ionization in which a semiconductor has an intrinsic set of ionization
coefficients for a given electric field. It is worth noting, however, that recent
work™ has shown that this may not be an accurate approach in some situations.
Very thin multiplication layers under high electric fields are not necessarily
well described by classic coefficients. Such layers might require considering
non-localized effects that account for a carrier’s path of travel to accurately
calculate the avalanche gain mechanism. In general, layer thicknesses below
200 nm would fall into this category. The calculations done in this dissertation

rely on classical ionization coefficients due to the relatively thick multiplication
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layers of interest here. As layer thicknesses decrease though, a non-localized
approach will become more and more important.

Based on the ionization impact mechanism, the concept of avalanche
gain quickly follows. Carriers in a high field region travel an average distance
l/a or 1/ and build up enough energy to cause an ionization event. If an
electron inisated that event, afterwards two electrons and a hole exist. The
electrons are then accelerated in the opposite direction of the elecaric field while
the hole is accelerated with the electric field. After another average distance
l/a for the electrons and 1/ for the holes, three new ionization events take
place creating three new electron hole pairs yielding a total of five electrons and
four holes. This process can then continue until the carriers have run out of
room in the high field region and can then create no more ionization events.
When the elecric field region is long enough to allow for at least one ionization
to occur, multiplication is said to have taken place because what began with
only one electron or hole has tumed into the original carrier plus an electron-
hole pair. Because the process is exponential in its mechanism, if the electric
field region is long enough to allow for multiple ionizations to occur, the
number of electrons and holes in the region can multiply very rapidly, or
avalanche. Computing the total number of electrons and holes created can
quickly become overwhelming. This is especially complicated by the electrons

and holes flowing in opposite directions. Holes created by an original
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electron’s ionization event can produce electrons in a subsequent ionization that
lag behind the original electron and must be accounted for. Trying to account
for each and every electron and hole is possible in a Monte-Carlo simulation,
but there is an easier approach. Assuming that many electrons and holes are
first injected into a high field multiplication region and many more are created
there, the average current injected and then produced can be used to compute
and define a total current gain based on the ionization mechanism. This
approach will make use of the ionization coefficients with their built in

statistical averages and is derived in Section 3.2.

3.2 Deriving the Gain Equations

In order to derive an equation to describe the gain produced by the
avalanche multiplication process, we follow the analysis of Webb et. al."*. This
is an averaged approach with conventional ionization coefficients, non-local
theories™ are more complicated and are not necessary in the long avalanche
regions described here. To begin with, the currents entering and leaving a
multiplication region will be closely studied. In this derivation, the
multiplication layer is assumed to be of high quality (few defects) and the
current densities through the layer are assumed to be small, reducing any effects
of electric field screening by carriers. Figure 3.1 represents a semiconductor

region with an electric field across it. In this particular diagram, the electric
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field is in the direction opposite that of the directional variable x. Electrons in
the field will drift in the direction opposite the electric field, while holes will
drift with the electric field. All currents into and out of the region will be in the
direction of the electric field, with J (d) and J (0) the current densities for holes
into and out of the field region and J (d) and J (0) the current densities for
electrons into and out of the region. The total width of the region under an
electric field is d and the electric field strength is taken as arbitrary and can vary

as a function of x.

Electric Field

|
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Figure 3.1 - A semiconductor region under an electric field such that holes travel in the

-x direction and electrons in the +x direction. The width of the region under the electric
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field is d and J (0), J (0), Jp(d), and J (0) represent the current densities for electrons and

holes into and out of the region.

The first step in the gain equation derivation is to write down the
differential equations that describe what is happening within the electric field
region. The hole current and electron currents change within the region but the
magnitude of their rate of change must remain the same for every position x.
This is because for every conduction band electron that is created, there must be
a hole created. For the electron current, the change in the current at a position x
can be written as

dl,[dx = a(x)J(x)+B(x)J(x). (3.1)
The first term in the equation represents the change created by ionizing
electrons. The a(x) term is the ionization coefficient for electrons described
earlier and in this case is x dependent because the electric field may vary with x.
This term is multiplied by the electron current J (x). The B(x) term is the
ionization coefficient for holes which is also x dependent and is multiplied by
the hole current at x, J (x). Terms for electrons and hole initiated ionization
must be included because in both cases an electron is produced. The
differential equation for holes is very similar to that of electrons except for a
sign change indicating the opposite direction of travel for these carriers. This

differential equation is written as
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—dJ,[dx =a(x)J,(x)+B(x)] (x) (3.2)

Again there are terms representing electron and hole initiated ionization because
both cases lead to the production of a hole.

In solving these differential equations two cases will be important for
APDs, pure electron and pure hole injection into the high field region. Most
SAM APD structures simulate this situation well using one layer to absorb light
and convert it into elecwons and holes, and another layer to multiply either
electrons or holes that are injected into it. The first case to be examined is pure
electron injection. Referring to Figure 3.1, the electron current is injected at
x=0 and increases with increasing x, while at d their is no hole injection so
J(d)=0. To maintain charge neutrality under dc conditions the total current
must remain constant at any point x so that

J=J,()+J,(x)= J (d) = constant. (3.3)
The gain created by ionization for electron injection within the region from O to
d is defined by the amount of charge created and exiting the region at x=d
divided by the electrons injected at x=0, or
M =J (d)/J,(0). 34)

To solve the differential equation for electron injection, Equation 3.3, is

substituted into Equation 3.1 to become

g&'fr')ﬂa(x)—ﬁ(x»h(x) =B}/, (). (3.5)



This is an ordinary differential equation with a solution given by the following:

s, (d)exp[—j( a(x )- Bx ))dx'}dy +4,(0)
0 .

Jy(x) == e 7 (3.6)
exp| - [(a)- B yax |
0

Given the definition of gain from Equation 3.4, Equation 3.6 can be written for

the case x=d as
AC I L
n - d d x *
0 exp{—f (a(x)-ﬁ(x»dx}-jﬁ(x)exp[-j(a(x’)—ﬂ(r ))dt}tr
0 0 0

3.7
This equation can be written in a more simple form utilizing integration by

parts. The second term in the denominator can be rewritten as follows:

fﬂ(x)exp{—f(am - B(x ]dx = }ﬂ(x)expﬁﬂ(r )dx }exl{—j ax )dr]dx

(3.8)

Integrating by parts this becomes
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= exp[-_:f(a - ﬂ)dx} -1+ Iaexp{—j(a - B)dx'}tx . 3.9)

Substituting this relation into Equation 3.7 yields the final generalized formula

for injected electron gain

M (3.10)

1
1 —Tacxp{—f(a - B)dx :lldx

A similar equation can be derived for hole initiated gain that is given by

1
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P

Both of these equations are very general for injected carriers entering a
multiplication region and allow for a varying electric field. A special case that
can also be derived is when the electric field throughout the multiplication layer
is constant. This case is considered by using constant values for the ionization
coefficients o and PB. Constant field multiplication regions are a good
approximation in many APDs, especially those made from silicon because it is
possible to create layers with low background impurity densities. For constant

coefficients, the gain equation 3.10 and 3.11 become:

1 _(a-Blexp(d(a-p)) (3.12)
S be(-xa-p)] @ -Bewld(a-F) |

I+
a
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.y 1 _ (B- a)exp(d(B- a))

& l+ﬁ§a[exp(—x(ﬁ— a))I - B-aexp(d(B-a))

(3.13)

These equations will be utilized in this chapter as well as in succeeding chapters
to quantify APD gain. The two assumptions that must hold true for 3.12 and
3.13 to be accurate are the injection of only one type of carrier into a
multiplication layer and an electric field within the layer that is relatively

constant.

3.3 Measuring Ionization Coefficients

The gain equations derived in Section 3.2 are highly dependent on the
ionization coefficients o and . As stated above, there is not a good model for
calculating these coefficients and they must be experimentally measured. To do
so, the gain equations will be utilized along with specially designed diode
structures. These diodes must meet the following criteria in order to provide
accurate coefficients based on the gain equations. First pure electron and hole
injection must be allowed for in the diode. This is often accomplished by
illuminating a diode from either the p or n doped side. This is illustrated in
Figure 8 for the case of a PIN structure, where for electron injection high energy
light is illuminated from the P+ side. This creates electron-hole pairs very close
to the surface and electrons are injected into the undoped region while holes are
swept to the anode. To create hole injection, high-energy light is incident on
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the surface of the N+ side of the diode. Electron-hole pairs are created, with the
holes injected into the undoped region and the electrons being swept out to the
cathode. Using very high energy light with a short optical absorption length,
close to pure carrier injection can be created. The total photocurrent created in
the diode must also be known very accurately in order to determine a number

for the avalanche gain.

Electron Ionization Coefficient Hole Ionization Coefficient
Al Al
undoped :N-+ — P _*E undoped 'N
] 1 e hv
! : !
1 1 ] I
> —P
E- E
Field Feld

Figure 3.2 - Typical schemes used for measuring the electron and hole ionization
coefficients. A semiconductor structure with an undoped region between very thin P+

and N+ layer is used. To measure electron ionization, light shines from the P+ side,



injecting electrons into the undoped layer. Hole ionization is measured by shining light
from the N+ side, injecting holes into the undoped layer.

For the PIN structures in Figure 3.2, another criteria that must be met is
an almost constant electric field profile in the undoped region. For this field to
be constant, there must be minimal residual doping in this region. Without any
doping in this region, when the diode is reverse biased, this part of the detector
is quickly depleted through and the electric field remains constant versus
position as additional voltage is applied. As epitaxial growth techniques
continue to improve, PIN structures come closer and closer to this ideal.
Silicon PINs can now be grown with undoped layers with greater than 10,000
Q-cm resistivities. In addition to having a very low doped layer, the thickness
of the layer must also be very accurately known so that the electric field in the
device can be determined. Ionization coefficients are direct functions of electric
field and without precise knowledge of the field, values for cc and B are of little
value. Figure 3.2, illustrates the type of diode necessary for these
measurements as well as the preferred electric field profile under reverse bias.

For the case of electron injection, the electron gain M, can be calculated
simply by dividing the total current measured for a given electric field J by the
photocurrent created by incident light. M, versus E (electric field) can then be
plotted for the semiconductor. The case for hole injection is much the same

with M, equal to the total current J at a given field divided by the incident
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photocurrent. Once the quantities M, and M, are known, the ionization
coefficients can be computed using the following relations derived from the
gain equations. From equations 3.12 and 3.13, M,, M,, a, and B can be related
by

M,= M exp(d(x-B)). (3.14)

Using this relation and substituting into 3.12, the following can be determined

M
(a -/3)-1‘;‘L
M,=———2. (3.15)
a-p—=
M
P
Further substitutions yield
[ m-1 ]
a:lln(M")L M, lJ. (3.16)
d \M, | M,-M,
Solving for B gives
[ m -1 ] -
ﬂzim( m) o1l ﬂe_l)a, B17)
d '\ M )| M-, |\ M, -1

Much work has been devoted to the accurate measurement of ionization
coefficients for various semiconductors. Although this is often a difficult task,
precise knowledge of coefficients gives the APD designer a powerful tool.
Semiconductor layer thicknesses and dopings can be designed around required
gains and voltages, and as will be shown in Chapter 5 even bandwidths and

noise figures can be predicted by these coefficients.
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3.4 Gain Versus Electric Field

The gain equations from Section 3.2 can be utilized along with
previously measured ionization coefficients’ ® to create plots of gain versus
electric field. Figure 3.3 demonstrates what these curves look like for silicon
and indium phosphide for various multiplication layer thicknesses.
Multiplication layers refer to the constant high electric field regions created by
placing an undoped semiconductor layer between n and p doped layers. These
curves are specific to silicon and InP but do have characteristics that are
demonstrated by all semiconductors. First of all, avalanche gain increases
monotonically with electric field strength. The rate of rise of the avalanche gain
also increases with e-field. Thicker multiplication layers require lower electric
fields to achieve the same gains than do thinner layers. This is easily explained
by considering the minimum ionization energy E_,. Thicker layers allow for
more carrier travel distance to achieve this energy so a lower net field is
required. Figure 3.2 also illustrates how two different semiconductors can have
different gain characteristics. Compared to silicon, InP requires a higher
electric field to achieve equal gains for given multiplication layers and the gain
curves are much “sharper”. These sharper curves show up because the gain in
InP is more electric field sensitive than that in silicon - something explained in

greater depth in Chapter 4.
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Figure 3.3 - Avalanche gain versus electric field strength for multiplication layers made

from silicon and InP. For both types of semiconductors, four different multiplication

layer thicknesses are plotted.

3.5 Conclusions
This chapter reviewed the classical derivation of the gain mechanism for

impact ionization. Equations were given for gain as a function of ionization
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coefficients and multiplication layer thickness. The ionization coefficients are
highly dependent on electric field and an accurate determination of these
coefficients must be done experimentally. A method for their measurement was
also described which is based on the gain produced by photocurrents created on
either side of a PIN structure. Based on previously published ionization
coefficients, a plot of avalanche gain versus electric field was made for InP and
silicon. In the chapters that follow, further aspects of the gain mechanism will
be explored - with derivations starting at the gain equation from this chapter.
The same ionization coefficients used here will also be utilized to quantify gain

sensitivity, signal noise, and frequency bandwidth.
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Chapter 4

Voltage and Temperature Sensitivity

4.0 Introduction

Two of the most basic and important characteristics of any avalanche
photodetector are its voltage and temperature sensitivity as a function of gain.
The significance of voltage sensitivity becomes very evident the first time one
looks at a plot of current versus bias for an APD. As shown in Chapter 3, the
avalanche gain in a semiconductor is dependent on the electric field present. In
the real world, varying the electric field, and in turn the avalanche gain, is done
by applying different voltages across a given thickness of a semiconductor. At
low voltages, the electric fields are low enough that no avalanche gain is
produced. Photocurrent produced by incident light on a semiconductor with a
low electric field is said to have a gain of one. When more voltage is applied,
increasing the electric field, *““avalanching™ begins to occur. Photocurrents are
magnified by the amount of gain provided for by the increased voltage. A
photocurrent versus voltage curve has some characteristics that are the same for
all APDs. There is initially a range of voltages starting from zero volts where
the curve looks flat because the gain is essentially equal to one. As voltages

increase, the photocurrent curve begins to “roll over” and increase
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monotonically with increasing voltage. The rate of increase becomes larger and
larger as bias increases. The exact nature of this curve is different for every
semiconductor. Some materials have extremely sharp gain versus voltage
curves where the gain seems to go from one to nearly infinity in a very small
voltage span. Other semiconductors have much more gradual curves and the
transition to very high gains occurs in a large voltage span. In building solid
state devices, the latter characteristic is usually preferred. A larger voltage span
translates into greater control of the gain in a device and makes operating at
very high gains conceivable. Given the option of a detector that required a
constant voltage of 60 V +/- .01 V and a detector that required 60 V +/- 1 V to
achieve the same gain, very few circuit designers would accept the challenge of
the more sensitive device.

The understanding of the nature of the gain versus voltage curve for a
semiconductor is vital in the design of an APD. One would like to be able to
understand and predict how voltage sensitive a given material will be when
used in a detector. Any APD can achieve a gain as large as 100, but only a
voltage insensitive detector could maintain this gain over long periods of time.
Voltage sensitivity will in effect help to determine the maximum gains the
device can be used at. In this chapter, a derivation will be made that will show
why different semiconductors are more voltage sensitive than others. The

derivation begins with the APD gain equations explained in Chapter 3 and
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yields a comparison of different materials based on k, the ratio of hole
ionization to electron ionization coefficients. Comparisons are made for silicon
and indium phosphide which represent the most common semiconductors used
for APD avalanche gain.

Another important characteristic that determines how well APDs operate
in real world environments is the temperature sensitivity as a function of gain.
In all semiconductors, the ionization process is temperature dependent. In
general, for the same electric field a higher temperature produces less avalanche
gain and higher gains are much more sensitive to temperature shifts. Again,
just how the gain changes versus temperature is different for each
semiconductor. Some have gains that change very little as the temperature
varies while others have wild gain swings as temperature varies. It is easy to
realize how this can effect where an APD can be deployed. Even for the most
temperature insensitive APDs, some type of temperature control is usually
needed. A fiber optic repeater station in the middle of the desert with 40°C
temperature swings could kill any highly biased detector. There is a big
difference, however, in maintaining a +/- 1°C temperature variation that a
robust detector might need and a +/- .01°C variation that a more delicate
detector requires.

A derivation for temperature sensitivity, similar to that made for voltage

sensitivity will also be made in this chapter. The starting point will again be the
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APD gain equations from Chapter 3. The ionization coefficient ratio k will play
an important role in comparing the differences between semiconductors and
which will be more temperature sensitive. Silicon and indium phosphide will

be specifically examined because of their prominent roles in the APD world.

4.1 Experimental and Theoretical Gain versus Voltage Curves

The best way to illustrate the differences between the gain curves of two
semiconductors is simply to plot both on the same graph. Experimental gain
versus voltage curves are shown in Figure 4.1 for silicon' and InP’. These
curves are for a silicon device with a 30 pum absorption layer and a 2 pm
multiplication layer. The InP detector has a 3 um absorption layer and a 2 um
multiplication layer. Both curves show the expected profile for gain versus
voltage, a flat region with gain equal to one at low electric fields, and a “rolling
over” region where the gain increases faster and faster as voltage increases.
The first temptation is to look at these curves and conclude that the silicon
diode has vastly superior gain sensitivity characteristics. As we can see, the
increase from 10 to 20 in the InP diode occurs in about a 1 volt span, but for the
silicon this change occurs in a 45 volt span. This is not a fair comparison,
however, because the silicon diode has a different saructure than that of the InP
detector. In order to achieve high quantum efficiencies, the silicon diode

requires a much thicker absorption region (30 gm versus 3 pm for the
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InP/InGaAs diode). The voltage across the entire device includes the voltage
across the absorption region as well as the multiplication region. In the case of

the silicon diode, most of the voltage is dropped across the absorption region
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Figure 4.1 - Measured avalanche multiplication gain versus reverse bias curves for
silicon and InP diodes. The silicon diode has a 30 pum absorption layer and a 2.0 um
multiplication layer. The InP diode has a 3.0 um absorption layer and a 2.0 um

multiplication layer.
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and does not contribute to the avalanche gain mechanism. To do a true
comparison of the voltage sensitivity would require a silicon and InP APD of
the same layer thicknesses. This of course is difficult to find. A silicon APD
with a thin absorption layer is not very useful due to its low quantum efficiency
and so is rarely fabricated.

The lack of comparable real silicon and InP APDs is motivation for a
theoretical model of their gain versus voltage characteristics. This of course is
done easily enough using the APD gain equations from Chapter 3. By using a
given multiplication layer thickness we can easily convert an applied bias to an
electric field and then plot gain versus bias for that thickness. This is done for
silicon and InP in Figure 4.2. Measured ionization coefficients from previous
literature®* were used for the plots. The accuracy of the plots are dependent on
the accuracy of the ionization coefficients, but the coefficients used are
reasonably similar to those reported by other researchers. The gain versus bias
plots illustrate many things about the nature of the gain curve as well as provide
a fair comparison of voltage sensitivity for InP and Si - voltage sensitivity only
across the multiplication region.

The first thing to notice about the curves in Figure 4.2, are the
differences in the voltages needed to achieve comparable gains for
multiplication layers of different widths. Thinner layers require less voltage to

achieve equal gains although the required electric fields are higher. The second
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obvious feature of the graph is how the gain curves are more “gradual” or less
voltage sensitive for thicker layers. One reason for this is that the thicker
regions require more voltage to cause an equal change in electric field. A

second effect is simply that thinner layers operating under higher electric fields
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Figure 4.2 - Avalanche multiplication gain versus applied voltage across silicon and

InP multiplication layers. Four multiplication layer widths are shown for the two

semiconductors.
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are more sensitive to equivalent changes in the electric field. In addition to the
differences in multiplication layer thicknesses, it is important to notice the
differences in the curves for silicon and InP. At the same thicknesses, InP
diodes require about 30% more voltage to achieve the same gain as silicon
devices. It is usually desirable when designing systems, to use as low a voltage
as possible on individual devices. In this category then, silicon is the clear
winner over InP. Another distinct advantage to the silicon multiplication layer
is also clearly illustrated - the voltage sensitivity. For equal multiplication layer
thicknesses there is a more gradual gain curve for silicon devices, especially at
gains over 10. For example, a 2.5 um silicon layer requires over 5 volts to
move from a gain of 10 to 100, whereas a 2.5 um InP layer needs only about 1

volts to make the same jump.

4.2 A Closer Look at Gain Versus Voltage

Figure 4.2 makes clear what was suspected from the experimental APD
curves regarding voltage sensitivity. The figure also inspires new questions.
Silicon is less voltage sensitive than InP, but by how much? What is the nature
of the gain versus voltage curve? Does gain increase as voltage squared, an
exponent, or maybe some other power? Is there a general parameter that

determines which semiconductors have better gain-voltage characteristics. All

78



of these questions can be answered with some mathematics, which draw out the
fruits of the original APD gain equations’.

A voltage sensitivity derivation begins by assuming a simple model for
an avalanche photodetector with separate absorption and multiplication (SAM)
layers. In such a model any photogenerated electron-hole pairs are produced in
the absorption region. One of the carrier types, electrons or holes, is then
injected into the multiplication region where impact ionization takes place.
Also assumed is that the electric field is constant in the region, a good
approximation for minimally doped semiconductors. The electric field across
this multiplication region is then simply V/w, where V is the applied voltage.
The multiplication gain M for injected carriers is given by the gain equation

from Chapter 3:

_(a—ppe?)
M @B

4.1)

This gain equation is valid for electrons injected in a multiplication region. The
gain for injected holes is obtained simply by exchanging a's and B's. To
really understand the dependence of gain on voltage first requires

differentiating to obtain dM/dV, the rate of change of voltage versus gain. This

will reveal just how steep the curve is and how it changes with voltage.
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(4.2)
This expression is exact and completely general. Unfortunately it does not
reveal anything obvious about the dM/dV relation. Making the equation more
workable requires the following approximation for high gains, the accuracy of

which increases with increasing M,
a-p”@B) ¢ _ 4.3)

Using this approximation and k = B/ &, it can be shown that

aM __M> raa( 1) .g_e[w_é)} (4.4)

dv (k )Lav\

Equation 4.4 is valid for electron initiated gain. For hole initiated gain, the

equivalent equation is

am_ M2 (9B 1) daf 1)
v k-p|avl”” ] av(w a)_l (4.3).

These equations can be further simplified by recognizing that the ionization

coefficients a and B are usually described by the empirical formulas

a= ale—a% and ﬂ = ble_%

where E is the electric field in the

2
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multiplication region. Using these relations as well as Equation 4.3, results in

the following for electron initiated gain:

M M*( -kink Y[, 1 1
dv - V2L(k_l)2)l_(a2 bZk)w a(az"bz)J. (4.6)

A further approximation can be made for electron initiated gain where w >>
I/ and hole initiated gain equation where w >> 1/8. These relations lead to

the following:

M M* ( —klnk)

VoV (k_l)z}(az‘b.’.k)' 4.7
dM _ Mm% [ _kink ( _a
v~ v? w[(k—l)z] b= ) (4.8)

for electron and hole initiated gain, respectively. Due to their simplicity these
equations are useful in explaining the gain sensitivity dependence for APDs.
To examine how accurate they are after all the approximations that were made,
Figures 4.3 and 4.4 show a comparison of dM/dV for an exact solution and then
the approximations (Equations 4.4, 4.5, 4.7 and 4.8). Plots are shown for InP
and silicon at two different thicknesses. Ionization coefficient parameters were
taken from existing literature as in Figure 4.2. As can be seen from the graphs,
Equations 4.4 and 4.5 agree very well with an exact solution. Equations 4.7 and
4.8 are less accurate but are still good approximations.

The simplicity of equations 4.7 and 4.8 reveal first that dM/dV increases
as gain squared, not surprising after viewing the fast rise of a typical gain curve.
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Figure 4.3 - dM/dV as a function of gain for a silicon avalanche multiplication layer.
Plots are shown for two different layer thicknesses. The solid line represents the exact
solution, the dotted line is the approximation given by Equation 4.5, and the dotted and

dashed line is the approximation given by Equation 4.8
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Figure 4.4 - dM/dV as a function of gain for an InP avalanche multiplication layer.
Curves for two multiplication layer thicknesses are shown. The solid line represents
the exact solution, the dotted line is the approximation given by Equation 4.4, and the

dotted and dashed line is the approximation given by Equation 4.7.
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These expressions also expose the dependence of dM/dV on the material
parameter k. This combined with the following facts about the constants in

equations 4.7 and 4.8, allows one to make some sweeping conclusions about
gain sensitivity. The constants 2, and b, are both on the order of 106 V/cm for
many materials, in fact the quantity a3 - bok or b - ay/k is ~1x106 V/cm at the
electric fields most APDs operate. Table I shows experimental values of k, ap,
b2 and either a3 - bok or b; - az/k (depending on whether k>1 or k<1) for several
materials measured between a range of electric field values. The value of k is

for an electric field in the middle of the measured range.

TABLEI. k, az,bz and either a3 - bok or by - ap/k for materials listed.

Material k a by as -bokor
by - ap/k
Si® .002 1.24x106 2.71x106 1.2x106
Ge' 1.6 1.4x106 1.27x106 .43x106
InP* 1.9 3.10x106 2.56x106 .93x106
[ng.53Gap.47As’ 42 1.86x106 2.06x106 1.0x106
Ing.14Gao.g6AS’ 2.9 3.6x106 2.7x106 1.5x106
Ing.89Gao.11As0.74P026° .13 3.2x106 3.07x106 2.8x 106
GaAs/AlGaAs .14 1.7x106 2.17x106 1.4x106

Superlattice"
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Figure 4.5 shows a plot of dM/dV(V2/M2) versus k for various

thicknesses at a gain of 100 assuming the 1x106 V/cm value for the constants in

the expression outlined in Table 1. As the graph shows, as k approaches 1, the
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from Equations 4.7 and 4.8.
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gain sensitivity increases rapidly. This explains why gain versus voltage curves
in silicon have a more gradual curvature than those for InP, as illustrated in
Figure 4.2, given that the k value for InP is much closer to 1 than the k value for

silicon. If the above assumption for the constant values a2 and b2 are valid for

any material. Equations 4.7 and 4.8 can also be used to determine k based on a

plot of dAM/dV(V2/M?2).

4.3 Temperature Sensitivity Derivation

We now tumn our attention towards an in depth look at the temperature
sensitivity of the gain in an avalanche photodetector. As was stated earlier,
changes in temperature cause changes in the impact ionizations of carmiers in a
semiconductor. Just how much these ionization events are effected will
determine the temperature sensitivity of a device. Temperature effects are not
only important in extreme environments where optical systems are deployed.
Even devices operating in a “room temperature” laboratory environment can
experience temperature changes due to self heating when large amounts of
electrical current flow through them. This will show up as a drift in avalanche
gain over time as higher temperatures produce states with less gain. It is
obviously important then to have active temperature control of an operating
APD and very desirable to have a detector with the lowest temperature
sensitivity possible.
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The treatment of temperature sensitivity will begin with the gain
equations for APDs from Chapter 3. Embedded within these equations are the
ionization coefficients that provide specific parameters for individual
semiconductors. To obtain a temperature dependence these ionization
coefficients must include some temperature information. The most widely
studied semiconductor for APD applications is silicon and a large amount of
data is available on its ionization coefficients. Included in this data is how the

ionization coefficients vary with temperature. Conradi determined that the

—(ax+ayT) =(b2+b5T)
coefficients could be written as a=ae £ and B=be £ . This

reflects the fact that the ionization coefficients become smaller at higher
temperatures. Figure 4.6 illuswrates how the gain changes with temperature
based on the Conradi coefficients. As expected higher temperatures shift the
gain curve, in effect requiring more applied voltage to produce the same gain.
This is due to the decrease in the ionization coefficients. Another aspect of the
graph to notice is that higher gains are more sensitive to temperature changes.
For example, an APD operating at 23°C at a gain of 100 will see its gain
decrease to 20 when the temperature is raised to 50°C. The same APD

operating at 23°C and a gain of 10 will only see a gain decrease to 7 when the

temperature is raised to 50°C.
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Figure 4.6 - Avalanche multiplication gain versus reverse bias for a silicon diode.

Curves are plotted for four different operational temperatures and were generated using

the Condradi coefficients.

Now we will develop a formalism for temperature sensitivity similar to
that for voltage sensitivity. We will base the derivation on Conradi’s

temperature dependence. Again we assume a simple model for an avalanche
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photodetector with separate absorption and multiplication (SAM) layers.
Photogenerated electron-hole pairs are produced in the absorption region, and
one type of carrier is then injected into the multiplication region where impact
ionization takes place. Beginning with equation 4.1 for gain, the change of gain

with temperature dM/dT can be written as the following:

da
dM _ ol Tor P or e (o aﬂ) e Pwaf da @)

dr [(a—ﬂ) (a s\ Por o)t T@-p) \ar “ar

—— - —

(4.9)
This expression is exact and completely general. Unfortunately it reveals little
about the dM/dT relation. To make the equation more workable, we can use the
approximation for high gains found in equation 4.3. Using this and the relation
k =B/, it can be shown that

2 T 1
o =(;1M_ I)LZ?-( v—) "Zﬁ{w'_;) ;- @O

Equation 4.10 is valid for electron initiated gain. For hole initiated gain the

equivalent expression is the following

av _ e [9p( 1) daf 1)1
dT (k—l)LaT( “B)” ar(w a)J' @1D.

To simplify these equations further, we use the empirical formulas for

~(a:+asT) (b2 +57)
ionization coefficientsa =ae £ and B=be £ , where E is the
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electric field in the multiplication region and T is the temperature of the device.
Using these relations as well as Equation 4.3 yields the following for electron

initiated gain

dM Ml( —ka [

=l Gk o b)) @.12).

We can make a further approximation for electron initiated gain where w >>

I/ and hole initiated gain where w >> 1/B. These relations lead to the

following
dM  M>*( —klnk )
= - . 4.
il E [(k—l)z)(b’k %) @13
dM M?*( kink \(_al_
dT ~ E ((k-l)l) k b’)’ @19

for electron and hole initiated gain, respectively. These equations are very
revealing in what they teach us about temperature sensitivity but we still must
examine how accurate they are. As one might notice, neither 4.13 nor 4.14 are
dependent on temperature whereas the exact solution 4.9 is. Any check of
accuracy must include different temperatures to ensure that the temperature
dependence of dM/dT is minimal. Figure 4.7 plots dM/dT versus gain for the
exact solution from equation 4.9 at temperatures of 23°C and 200°C and the
approximation from equation 4.13 using a 1.0 pm silicon multiplication layer.
Conradi’s ionization coefficients are used for both curves. For the

approximation, k=1/7 and E= 300kV/cm were used. As Figure 4.7 illustrates,
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Figure 4.7 - dM/AT versus avalanche multiplication gain for a silicon multiplication
layer. The exact solution from Equation 4.9 at temperatures of 23°C and 200°C and are
plotted along with the approximation from equation 4.13. In generating the curves, a
1.0 pm silicon multiplication layer was assumed and Conradi’s ionization coefficients
were used. For the approximation, k=1/7, E= 300kV/cm, b,=1.1x10", and a,=1.3x10"

were used.
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the approximation is remarkably accurate even for a large temperature range.
The figure also quantifies what was stated earlier about the sensitivity versus
gain - the higher the gain the more temperature sensitive.

Given that approximations 4.13 and 4.14 have been shown to be very
accurate in describing temperature sensitivity, we would now like to make some
generalizations for all semiconductors based on the parameter k. The key to
generalizing 4.13 and 4.14 will be in assuming that the constants b,k - a, and
a/k - b, will in general be very similar for all semiconductors, to same type of
assumption that was done in Section 4.2. This is difficult to prove absolutely,
however, because of the lack of temperature dependent data for ionization
coefficients of semiconductors other than silicon and InP. For now, it can be
shown that for these two materials the constants are similar, allowing for direct
comparison. Using the data from Taguchi” at several temperatures, we can
compute values for a, and b, for InP of a,=1.9x10’ Vem'C" and b,=1.8x10’
Vem'C'. Conradi’s values for silicon are a=1.3x10’ Vem'C" and b,= 1.1x10’°
Vem'C'.  This yields a constant of b,k —a, =-1.3x10° Vem'C" for silicon
with electron injection and a,/ k —b, =—0.85x10°> Vcm''C" for InP with hole
injection. Based on these numbers, we will make the assumption then that in

general the constant b,k - a, for electron injection and a/k - b, for hole injection

dM E
is approximately -1.0x10> Vem'C"'. Figure 4.8 shows a plot of T 3 Vetus
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Figure 4.8 - %T——E- versus k plotted using Equations 4.13 and 4.14. The assumed

value of -1.0x10° Vem™'C" was used for the constant bk - a, for electron injection and

a/k - b, for hole injection.

k using the assumed value of the constant and equations 4.13 and 4.14. As the

plot shows, the closer the k value is to 1, the more temperature sensitive the

gain in the device will be. A semiconductor like silicon with a low value for k

93



will have much less sensitivity to temperature variations than InP for example
with a k value of around two. Other semiconductors like GaAs whose k ratio

approaches one should be very sensitive to temperature.

4.4 Conclusions

In conclusion, we have derived several important relations to explain
APD voltage and temperature sensitivity. Although these equations are based

on a simplified APD structure, the trends should be valid for more complex

devices. We have shown that dM/dV and dM/dT vary as a function of M2 .
The other quantities in our equations remain relatively constant at significant
gains. We have also derived the relation of gain sensitivity to k and can
conclude that APDs made from materials with k ratios much larger or smaller
than one will result in devices less sensitive to voltage and temperature
variations. These conclusions have important ramifications for Silicon/InGaAs
APDs. Silicon, whose k ratio is lower than any know semiconductor will be the
best possible avalanche multiplication layer in regards to these first important
properties. We can expect then a clear advantage of silicon/InGaAs APDs over

InP/InGaAs APDs in voltage and temperature sensitivity.
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Chapter 5

Noise and Bandwidth

5.0 Introduction

This chapter will focus on probably the two factors that give the
InGaAs-silicon APD the largest advantage over existing near infrared avalanche
photodiodes. In comparing APDs, they cannot be judged simply by comparing
the highest achievable gain a detector is capable of. It could be said that all
APDs could reach extremely high gains given tight enough bias controls. The
more important measure is whether or not APD gain is usable. This is
determined by two things, the noise produced by the detector and the speed of
operation or frequency bandwidth. These two properties are intimately linked
to the ionization process within a semiconductor and can be directly related to
the ionization coefficients o and .

Examining the ionization process as described in Section 1.2, it becomes
clear how avalanche multiplication can lead to increased signal noise.
Ionization is a very random event for an individual carrier as it travels through a
high electric field region. An ionizing collision can occur whenever a carrier
has obtained a minimum ionization energy E_,, but such a collision does not

necessary occur exactly after an energy E__ has been achieved. As a result,
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different camriers will experience different numbers of collisions and effectively
different gains. The random nature of the process is accentuated in
semiconductors in which both electrons and holes are likely to ionize. Forward
moving electrons and backward moving holes can create ionization events
throughout the width of a multiplication layer. This results in a very random
process and in effect a noisy one if a signal is being amplified by the APD. The
noise added to a signal by the avalanche multiplication process is always
greater than the simple shot noise associated with transit across a semiconductor
layer. This added or excess noise in an APD is denoted as F and is a function of
k, the ratio of the hole and electron ionization coefficients. Excess noise
increases monotonically with the amount of gain produced in a detector and the
amount of noise created is a very important consideration in communications
systems. The signal noise level out of the detector needs to be less than the
noise level in the electrical amplifiers that follow the APD. In existing systems
utilizing InGaAs/InP APDs, noise factors limit the operation gain on detectors
to around 10. Operating at lower gains requires a higher input light level and
reduces the device’s sensitivity. Gains higher than 10 have noise levels so high
that larger optical signals are again required, limiting the device’s sensitivity.
Section 5.1 will summarize the derived relationship for excess noise versus k,

the ionization ratio. A clear advantage will be shown for silicon multiplication
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layers. Section 5.2 will show plots for the noise equations and illustrate their
dependence on k, gain, and multiplication layer width.

Like the noise in an APD, the limits on operating speed or bandwidth
can also be explained by examining the multiplication process described in
Section 1.2. The electron entering the multiplication regions can represent an
input signal. Two extreme cases are illustrated, one in which only electrons
have ionizing collisions and another in which electrons and holes ionize at
equal rates. In the first case, all elecwons are swept to the right and holes to the
left. Due to the fact that holes do not ionize, even holes produced from
ionization events on the far edge of the multiplication region travel back across
the region without producing ionization events of their own. In effect then the
time required for the multiplication process to be completed is the total time for
an electron to transit the region plus the time for a hole to transit a region. The
second case, with equal ionization coefficients, is much more complicated. As
illustrated in Section 1.2, with electrons and holes both ionizing, the initial
signal appears to ricochet back and forth within the region as ionized electrons
and holes are created on both ends. A first look at this case might lead to the
conclusion that the process would never end and the multiplication time would
be infinite. In the real world however, solid-state events are rarely eternal and
this one too would come to an end. Individual electrons and holes would

eventually travel out of the region without ionizing due to the random nature of
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that event and multiplication would cease. The time for this multiplication
would obviously be much longer than the earlier case however. No
semiconductor fits exactly into these two extremes - all lie somewhere in
between. Silicon’s electrons have much higher ionization probabilities than do
its holes, but some holes do ionize. InP’s electrons and hole probabilities aren’t
equal, the holes are more than twice as likely to ionize as the electrons. The
larger the difference between hole and electron coefficients, the faster the
multiplication time but for these semiconductors it lies between the transit time
limit and the very, very long *ricocheting” signal limit. The speed of the
process has a direct bearing on the signal frequency for which the detector can
be used. As will be shown in later sections, the frequency limit is dependent on
many factors including the operation gain, the multiplication layer thickness,
and the RC limits of a given detector. These sections will also illustrate the
relationship between the frequency limit and k, the ionization coefficient ratio.
Device performance for APDs made from different materials can then be

compared by plotting their frequency dependence on gain.

5.1 Noise Equations
The following equations for the noise produced in an avalanche
multiplication process follow the derivation by McIntyre'? and are accurate

under the following assumptions. First, as in Section 3.2, a multiplication
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region is assumed to exist which consists of semiconductor layer of distance d
under a constant electric field. Electrons representing a signal are injected from
the left of the region at x=0 while any injected holes enter at x = d. This
situation represents closely what occurs in an APD with separate light
absorption and multiplication layers. It is also assumed that only one type of
camrier is injected into the region for a given semiconductor. When using
silicon, electrons would be injected and for InP holes injected. Given this
situation, @, the noise spectral density, can be derived by starting with d¢ the

differential noise density. In a differential distance dx, d$ can be written as
do(x)=2qM’(x)dl,(x), (5.1)
where q is the electron charge, M(x) is the gain at a point x, and [ (x) is the hole

current at a point x. Integrating this equation from O to d yields
|‘ d
2 2 dI 2
¢0=2q LO)M*©) +1,(d)M*(d)+ [ =2 M* (x)dx (52)
1 ) dx j

where [ (0) and I (d) are integration constants representing injected currents into
the multiplication region. Equation 5.2 can be further reduced using integration
by parts on the integral, first recognizing the relationship for the differential
current (Equation 3.1) and using the following relationship for differential gain:

amxy _
e =(a-B)M(x). (5.3)
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Upon substitution and integration it can be shown for injected electrons and k <

1

0= 2qIM 1 a- k)( M 1 (5.4)

or forinjected holes and k > 1

[ a-kfM-1\*1]
o=2ani | B 1 69

Here I, is the current injected into the multiplication region, M is the
multiplication of the injected current, and k is the ionization coefficient ratio
B/a. Equations 5.4 and 5.5 can both be written as

¢ =2ql, M*F (5.6)
where the first part of the term is due to multiplied input shot noise and F is
defined as the excess noise due to the avalanche multiplication process. F could
also be defined as the ratio of total noise to shot noise in an APD. For electron

initiated gain, the excess noise factor F, is given by
[ )( M-1\?1
F=M|1-(1-%k —) 5.7
, I_ ( I7; _l (5.7)

and for hole initiated gain F, is given by

T

5.2 A Look at the Gain Relations
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With the equations derived in 5.1 for excess noise, plots can be made to
illustrate the dependence on gain, multiplication layer thickness, and material.
Figure 5.1 shows a plot of the excess noise factor F, for injected electrons into a

silicon multiplication layer of various thicknesses. This plot was made by using
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Multiplication Gain

Figure 5.1 - Excess noise factor versus avalanche multiplication gain for a silicon
multiplication layer. Five different layer thicknesses are shown and the curves were

generated using Equation 5.7 and published ionization coefficients.’
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reported values’ for the ionization coefficients of silicon to obtain values of k at
a given gain. As shown by the figure, increases in the gain causes increases in
the noise. For all thicknesses, F, remains fairly low, around two for gains up to
ten. Above gains of ten, the curves begin to separate and the excess noise
begins to change more rapidly. In the worst case, for a layer thickness of 0.5
pm and a gain of 100, the excess noise factor is still less than 15. Thicknesses
above 1.0 pm have noise factors less than ten for gains up to 100. Figures that
follow will show that this is quite good compared to InP.

For large values of gain, the excess noise factor approaches F_ = kM, the
ionization coefficient ratio times the gain. The value for k can often be
determined by using this relationship for excess noise at high gains. The curves
indicate that the thicker multiplication layers have lower noise factors, and in
effect lower k values. This can be understood by remembering that ionization
coefficients are very electric field dependent and in silicon the k ratio gets
larger at higher electric fields. The thinner multiplication layers require higher
fields than thicker layer to produce equivalent gains. Thus as a function of
gain, thicker regions have lower k values and lower excess noise values. This is
true for all semiconductors based on the noise model set forth here. If noise
was the only consideration, multiplication regions would be made very thick to
take advantage of the lowest noise operation possible. There are many other

factors that come into play however that dictate the multiplication region
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thickness such as operating voltage and bandwidth. In both of these cases a
thinner region gives more desirable results. The correct choice for thickness is

in general the thickest layer that still operates in the desired bandwidth and

voltage range.
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Figure 5.2 - Excess noise factor versus avalanche multiplication gain for an InP
multiplication layer. Three different layer thicknesses are shown and the curves were

generated using Equation 5.8 and published ionization coefficients".
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Figure 5.2 shows a plot of F, for InP as a function of gain for various
multiplication layer thicknesses. This graph was made by using reported
values® for the ionization coefficients at a given gain to obtain the correct k
value. As with the plot for silicon shown in Figure 5.1, the excess noise factor
increases with gain. This case shows a much faster rise in the excess noise at
lower gains however. The excess noise values at a gain of 10 are near those of
silicon at a gain of 100. The InP gain curves in this case approach the limit
where F = M/k as M becomes large and this limit is quite accurate for InP even
at gains as low as ten. Another difference between the silicon curves in Figure
5.1 and those in Figure 5.2 is the relative insensitivity of the excess noise factor
to multiplication layer thickness for InP. The 0.5 pum and 2.5 pm thickness
cases are not dramatically different. This indicates that the k value does not
vary much from the thick to thin layer cases in InP.

The curves in Figures 5.1 and 5.2 are based on the theoretical model for
excess noise factor. Another comparison can be made using experimental
curves for InP’ and silicon APDs. Figure 5.3 shows F, versus gain measured on
an APD with an InP multiplication layer approximately 2.0 um thick. F, is
shown for a silicon multiplication layer of around the same thickness. These
plots are shown on a linear scale in the x and y axis as opposed to a log-log

scale as before. As the graph shows, the silicon device has a much lower excess
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noise factor. At a gain of 100, its noise is comparable to an InP APD at a gain

of 10.

The noise models as well as experimental results show a clear advantage

for using silicon as a multiplication layer over InP. In essence, a silicon APD

Excess Noise Factor

Silicon APD

60 80 100
APD Gain

Figure 5.3 - Measured excess noise factor versus gain for one APD with an InP*

multiplication layer and another with a silicon’ multiplication layer. The multiplication

layers were both approximately 2.0 um thick.
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can run at 10 times the gain of an InP APD and still maintain the same noise
level. This could well translate into an increase in the sensitivity*>"® of an APD
detector used for optical communication systems since less light would be
needed to produce an equivalent electrical signal. This would mean longer lines
of optical fiber could be stretched between an optical transmitter and receiver

with an equivalent performance.

5.3 The Groundwork for Bandwidth Equations

The frequency response for an APD will be shown in later sections to be
a very complex function involving the ionization coefficients for a given
semiconductor. In order to calculate an accurate bandwidth, accurate values for
these coefficients must be known. As stated previously, these ionization
coefficients vary with electric field and experiments to determine these
coefficients by measuring carrier multiplication (Section 3.3) have yielded
widely different results'"'*" for silicon. This is especially true at high electric
fields. One reason for the discrepancies is that the APDs used to make these
measurements utilized the same region for multiplication and absorption. A
very exact knowledge of electric field profiles and device structures are required
to make an accurate determination of ionization coefficients. Obtaining exact
numbers for electric fields and thicknesses can be difficult for the thin

semiconductor layers required to measure gain at high fields. Figure 5.4 shows
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the differences in the ionization coefficients reported by three experimentalists.
Theoretical models for the silicon ionization coefficients have also been

13.15.16.17

reported , but their accuracy depends on the experimental values one

believes.

Ionization Coefficients from 3 different Sources
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Figure 5.4 - Experimental silicon ionization coefficients versus electric field reported
by three different authors, Grant, Webb, and Marsland.
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An altemative method for determnining the ionization coefficients is to
measure the electron to hole coefficient ratio, k, using noise versus gain

measurements as was alluded to in Section 3.2. The individual coefficients at
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Figure 5.5 - New silicon ionization coefficients derived from Kaneda’s experimental
data, plotted versus electric field (Equations 5.9 and 5.10). Coefficients previously

reported by Webb and Grant are also plotted.
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different electric fields can then be determined based on the width of the
multiplication region. This method should be much more accurate at high
electric fields. Keneda' did measurements of the ratio, k, in silicon using a
*“reach-through™ ssructure similar to a SAM APD. The multiplication layers
were relatively thin for these reach-through structures allowing for
measurements of a number of detectors at high electric fields. Based on the
measurements by Keneda, new electron and hole ionization coefficients have

been computed for silicon”. The values for these coefficients are given by the

following equations
o =1.04 x 108 exp(-1.08 x 10° / E) (5.9)
6 6
B=0.45x10"exp(-1.97x10"/ E) (5.10)

where E is the electric field in units of V/cm. These coefficients are shown
along with those measured by Grant and Webb in Figure 5.5.

An important measure of the accuracy of ionization coefficients is how
well they predict the k ratio at a given electric field. Figure 5.6 plots k ratio
versus electric field for all of the coefficients shown in Figure 5.5.
Experimental k values are also plotted, taken from Kaneda’s noise
measurements on reach-through silicon diodes. As can be seen, in the region
from 300 kV/cm to 500 kV/cm the new coefficients from Equations 5.9 and
5.10 most accurately reflect the measured k values. Grant’s coefficients predict

k values much too high in this range and Webb’s coefficients were not intended
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for fields above 250 kV/cm. The coefficients derived from the Keneda data
should be more applicable in computing the frequency response of InGaAs-

silicon APDs for several reasons. First of all the values will be accurate at high

electric fields
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Figure 5.6 - k ratio versus electric field for three sets of ionization coefficients. The

solid line represents the new coefficients calculated from Kaneda's data (Equations 5.9
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and 5.10), the dotted line comes from Grant's coefficients, and the dotted and dashed
line is calculated from Webb’s coefficients. Kaneda's experimental data is shown by

the solid circles.

where very fast APDs will be required to operate. In order to calculate ultimate
bandwidth in the InGaAs-silicon APD, accuracy at these fields is crucial. A
second argument for using the Keneda data stems from the similarities in the
structures between the devices he measured and the InGaAs-silicon design
(Chapter 2). Both utilize thin multiplication layers and almost pure electron
injection. Silicon APDs used in other experiments had thicker multiplication
layers, mainly because their absorption layers were very thick and thinning up
the multiplication layer did not improve the speed significantly - high frequency
operation was not the end goal. For the InGaAs-silicon APD to see its ultimate
potential, it must operate in the GHz frequency domain, a region foreign to
most silicon-only APDs.

The calculations done in Sections 5.4 and 5.5 use the new coefficients
derived from Kaneda’s data. All of the other silicon APD curves generated up
to this point used previously published ionization coefficients’. There are
several reasons for this. First of all, the previous results would not change
significantly with different coefficients. Using accurate coefficients for thin

multiplication layers is more important for frequency response calculations,

113



especially when comparing them with experimental data. Examining the
different coefficients in Figure 5.5 and 5.6, the new coefficients give the most
“optimistic” view of silicon - the lowest k ratio. This brings up a second reason
why previously reported coefficients were used - they represent a conservative
measure. Showing silicon’s superiority with a “worst case” scenario is more
credible than presenting calculations one might argue are superior only because
they are based on optimistic coefficients tailored for that purpose. Using the
new coefficients to determine frequency response seemed appropriate, however,

since there was experimental data available to verify the calculations (Chapter

8).

5.4 Gain-bandwidth Equations - Effective Multiplication Plane Method

The first approach used for calculating bandwidth for InGaAs-silicon
APDs was the effective multiplication plane method put forth by Wu'’. In this
approach carriers created through the multiplication process were assumed to
have all been created at a distance Ad from the edge of the transition between
the absorption layer and the multiplication layer in a SAM APD. This approach
was more sophisticated than those presented previously which either ignored
the contribution of secondary carriers® (created through multiplication action) or
assumed that contributions from transit time effects, multiplication buildup

time, and any carrier trapping were independent of each other”. While the latter
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approaches were applicable to APDs with thin multiplication layers and
triangular electric field profiles, they are not adequate for InGaAs-silicon APDs
with comparatively thick multiplication layers. The equations that follow
represent analytical expressions for frequency response for any APD with a
separate absorption and multiplication layer. In this treatment, electrons are
assumed to be the predominant ionizing carriers. Additional assumptions are
that incident light strikes the absorption region through a transparent
multiplication layer. = Absorption layer thickness is given by w_ and
multiplication layer thickness by d. These layers are assumed to be fully
depleted so that the full depletion width is givenby w = w,_+d.

The frequency response derivation begins by writing the photocurrent as
P00 =Ly, N(t)+v P(t)+ v,N,(0) + v,P,(1)] (5.11)
w

where v, and v, are the electron and hole saturated drift velocities, and N(t),
P(t), N(t), and P (t), are the total number of uncollected photogenerated primary
electrons, primary holes, secondary electrons, and secondary holes in the
depletion region, respectively. In the frequency domain, the signal current can
be expressed as

gV N(w) +v, N(a))+v P(w)+v P.(w)
l-w° LC+J£DC(R, +R))

(5.12)

t(a))-

where L is the parasitic inductance, C is the total device capacitance, R, the

series resistance, R, the load resistance, and N@), P(w), 1\7‘((0), and P,(w)
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are the Fourier transformms of N(t), P(t), N (t), and P(t) respectively. The
normalized frequency response is given by the signal current divided by the dc

photocurrent or i (w)/i (0). And the dc photocurrent can be written as
P
i,(O):q—Z‘-’-ﬂ-M[l—exp(—aawa)] (5.13)

where n is the quantum efficiency of the absorption layer, P, is the input signal

power, M the dc gain in the APD, and o, the optical absorption coefficient in

the absorption layer. The frequency response can then be written as

L(w) _ hv % 1
i,(0) nPM[l-exp(-a,w,)] 1-w’LC+ joRC

5 vV () +v,N,(0) + v,P(0) +v,P,(0)

w

(5.14)

To evaluate the frequency response, Fourier transforms must be performed on
each of the expressions describing carriers generated by an input optical signal.

The impulse response for an APD illuminated from the multiplication layer side
is given by
N(t) = % [1-exp(—a,w,) Ju(r) - u(t - 12)]
Hexp(—a,v, (t —t,)) —exp(=a,w, ) [u(t—t,) —u(t—t,—t;)]
(5.15)

P(t) = "713-[1 —exp(@,v, (t —1,) Ju(t) - u(t —1,)] (5.16)
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f[l —exp(—a,v, (t—t, ))Iu(t =) —u(—t —t )]] [ = 1
P(t) _ 1P, |+t - exp(-om Tt -t~ 1) —ut-13] | & LMD, |
M,—=1  hv  +[exp(-a,v,(t—1))— exp(—Q,w,)]x (M-1)z,
[u(t = t5) —u(t -1, - 15)] J

(5.17)

[ [t - exp(—cc,v, (¢ — 1)) Jult — 1,) —ue - t:)]]

A";’(‘)l ='i7'—’:;{ Hexp(-av,(t - 1,)) —exp(-av,(t—1,)] '}
lx[u(t —t)—u(t -t —1;)] J
_ =t
, P, [lexe-am -y -exp-aowa] -7, |
hv ix[u(r—t, —t)—u(t—t, - 1;)] j (M -1z,
(5.18)
(d < w + 2Ad)
or
Nty _ 1B, [[L-exp-av, ¢~ 1, D Jute ~ 1) —ute— 1, - r3)]1
M-1 hv 1+[1 —exp(—a,w,) Ju(t—1,— 1) —u(t—1,)] J
:
TP, {[eXP(-a.,vu(t-tz))-eXP(—a.,wa) ® N ar-z, 1) J
hv | X[u(t-t,)-u(t—1t, - 1;)] (M -1z,
(5.19)
(d 2w, + 2Ad)
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where t,=Ad/v,, t,=d/v,, t, =w/v,, t, = w/v, t, =w/v +Ad/v, + Ad/v,,and T,
is the avalanche buildup time constant of the APD given by

1

v+v

Th =

I l(expl-—Jf [a(x )- B(x)|ax }lx (5.20).

K is a correction factor that varies with B/a and the ratio of the saturation
velocities.” The t_° term contains the information about the multiplication
properties of the semiconductor through the ionization coefficients. The

Fourier transforms of the impulse responses are given by

[1=expCaWy) | oxpi— jwd 1 v,) 1
nP I jo |
N(w) T' 1 | - (5:21)
v |-x[l —-exp(—a,w, — jow, /vn)( )J
jo+a,y,
~ nP, [1- —exp(—jaw, /v,) exp( jow v, )— exp(—aowa)-l
Pw)= ,
hv L jw jo-ay, J
(5.22)
P(w)
M( l) v —2exp(— ijd)[l exp(—a w, — jow, /v )]
1 1 '

) 1
[ exp—jocw, + Ad) 1v,) jo jo+ay, |1+ joM-1T,

(5.23)
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N(®) _ 1B, oxpl - jwdd)[L - exp(~at,w, - jaw, Iv,)]

M-1 hv
: 1 L 1
x[1 - —ja(d+ Ad)/ -_—-
[ - exp(-jax A jo +ay, |1+ jo(M -z,

(5.29)

These expressions provide analytical expressions for the frequency
response, but they are not the perfect solution. Their accuracy depends to a
large degree on the selection of the Ad parameter that places the multiplication
plane within the multiplication region. There is no way to know exactly what
this quantity should be for a given APD. In practice the equations would be fit
to experimental data, shifting the Ad parameter until the theoretical curves
matched experimental ones. To predict bandwidths for unknown structures
really requires first constructing and measuring a device typifying the structure
in question. A measure for Ad can then be made and projections made for
similar structures. This can be very useful for some situations and can provide
additional insight into the multiplication properties of the detector. A plot of 3-
dB bandwidth versus gain created using the effective-plane method is shown in
Figure 5.8. The 3-dB bandwidth was determined at a given gain for an InGaAs-
silicon APD with a 0.5 um multiplication layer and a 1.0 pxm absorption layer.
Ad was assumed to be 0.3 um in this case. These results are plotted with those
created from a more exact approach described in Section 5.5 to show their

similarities. Both types of curves are discussed and compared in Section 5.6.
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5.5 Gain-bandwidth Equasions - Hollenhorst approach

The effective-plane equations provide a good first look at frequency
response in simple APD structures. The equations can also be modified to take
into account more and more complex layer structures, but this necessarily
complicates the math. This solution will always be lacking however because of
the assumption that multiplicasion all occurs at one place and because that place
is not really well defined. Fortunately a more exact method was developed by
Hollenhorst® and independently by Kahraman™. This approach though not
great for modeling very complex devices, is very applicable for InGaAs-silicon
APDs with only two layers and relatively uniform electric field profiles”®. The
Hollenhorst approach is more mathematically difficult than the effective-plane
method, but it eliminates the nagging assumption of multiplication at only one
plane by allowing for ionization events throughout the multiplication layer. In
the equations that follow, the intent is not to rigorously describe the Hollenhorst
method, but to provide a brief outline, pointing towards references to render
more exact description of some parameters. Perhaps more importantly, in
Section 5.6 that follows curves generated by this method are shown and
discussed.

Hollenhorst’s method uses vector and matrix notation to keep track of

current density flowing into and out of a semiconductor region. Using his
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notation, the current density components at a given frequency can be written as

the following equation

r"pl] erp n-"_JpO_I FS

a1 )™ Tnp  Tan | Jno ] I_Sn | (5.25)

or more simply

— - -
J1=TJp+ S . (5.26)

Here p and n are used to designate hole and electron components. T is a current

transfer matrix that varies with different layers depending on whether they are

N
multiplying layers or absorption layers. S is a source current vector which

represents current created from absorption of optical light. J ., J , J,, and J,

represent the electron and hole currents into and out of a region as illustrated in

_)
Figure 5.7(a). The electrode current density due to Jg is given by the equation

- -
(W) ‘-(U Jo+V) (5.27)

-

where w is the depletion layer thickness of the APD and U = LUP _I is a vector
n

that relates the proportionality of the left-hand current densities (J, and J ;) and
the electrode current. This vector takes into account mechanisms such as
avalanche gain that add to or diminish the current densities in transitioning
across the region. V represents the contribution to the current caused by optical

absorption. Detailed expressions have been derived by Hollenhorst™ for the
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- -
quantities T, §, U, and V applicable for layers most commonly used in the

construction of APDs. Hollenhorst assumes that holes propagate in the +x

direction and electrons in the -x direction as in Figure 5.7(a).

A two-layer device such as the InGaAs-silicon APD shown in Figure
5.7(b) fits quite naturally into the Hollenhorst derivations. The important

quantities relating current densities from x=0 to x = w are given by the

InGaAs-silicon APD

J J
L()» <Qe Pl» glecgogl Silicon [InGaAs
o o1 urren ym gm
n +@> p» Hole m T2, U2
b Current U%, Vo
X=X() X=X1 x=0 x=d x-w
—>
AR VARYd
FARNY; s 1 Liod Lo Ui
[Jpl J ’-TPP J J Lp J
nl np
(a) (b)

Figure 5.7 (a) Electron and hole current densities in a uniforrn semiconductor layer of
length x,. Current transport through this layer is described by the transmission matrix

_)
T, and the source vector S. (b) A two layer InGaAs-silicon APD with a silicon

multiplication layer of width d and an InGaAs absorption layer of width w-d.
Transmission through the multiplication layer is described by the terms with the m

superscript, transmission through the absorption layer by the a superscript.
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following, according to the composition rules of Equation 8 in Reference 23.

T = T4T™ (5.28)
- - -
s=5% ™=0 (5.29)
- -
ot =w™T + wtItm (5.30)
v=v% (v =0) (5.31)

The superscripts a and m represent absorption and multiplication terms

ﬁ
respectively. The transfer matrix T and proportionality vector U have

elements taking into account the optical absorption as well as avalanche

__)
multiplication. The source vector S and quantity V have only absorption layer

components since it is assumed no optical absorption occurs in the silicon
multiplication layer. A remaining relation that must be considered is that for

injected currents from the left and right side of the detector structure defined as

_)
Jin = I_ Jp 2 J Using this quantity the electrode current can be rewritten as
n

1 - =
I(w)=;(p-.li,,+ o). (5.32)

This designates the electrode current as a combination of currents from injected
sources and optical sources. For the InGaAs-silicon APD, the assumption is

made that the contribution from injected currents is small (low dark currents).
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Given Equations 5.26 through 5.32, the following equation can be written that

express the electrode current that results from photon absorption (&/w):

[( aga) qa ]

1 UsSp) s

Hw)=—|| V¥~ nanJ_ n (U,’l" +UZTZ'H) l. (5.33)
A nn nn ]

The quantities within the brackets are all given in Reference 23. The dc
electrode current is given by Equation 5.11. Including parasitic effects, the

frequency response of the detector illustrated in Figure 5.6(b) can be written as

1 (W)
1-w2LC + jwRC 1(0)

Frequency Response= (5.34)

where L is the inductance, C the total capacitance, and R the sum of the series
and load resistances. A combination of these equations was used to create the

graphs for various aspects of bandwidth plotted in the next section.

5.6 Bandwidth Plots for InGaAs-silicon APDs

With the methods for determining bandwidth outlined in Sections 5.4
and 5.5, plots can be made to determine the performance to be expected from
the InGaAs-silicon APD along with comparing this to known InP APDs. The
first plot shown in Figure 5.8 is a typical measure for avalanche photodiodes.
The graph plots 3-dB bandwidth (the bandwidth for which the current response

has dropped 3-dB from the DC value) versus gain. Four curves are shown. The
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first was generated using the effective-plane method based on an InGaAs-
silicon APD with a 0.5 pm multiplication layer and a 1.0 um absorption layer.
The next curves were generated using the Hollenhorst method for InGaAs-
silicon APDs with 0.4 pum and 1.0 pm multiplication layers, and 1.0 pm
absorption layers. The final curve is an experimental one for an InGaAs/InP
APD with a 0.5 pm multiplication layer and 2.0 pm absorption layer®
(experimental plots for InGaAs-silicon APDs will be shown in Chapter 8). The
silicon plots in the figure illustrate the classic gain-bandwidth curves typical for
APDs. There is an initial portion of the curve that remains relatively flat out to
a given gain and the bandwidth is limited by parasitic or transit time effects. In
the case of the silicon based APDs this region ends around a gain of 20. There
is then a gradual roll-off of the bandwidth that asymptotes to an ultimate gain-
bandwidth product. This roll off occurs as avalanche multiplication build-up
time becomes longer than either the RC time constants or simple transit times.
The gain-bandwidth product is simply the bandwidth at a given gain times that
gain, and all APDs have an ultimate gain-bandwidth product. The 0.4 pum and
1.0 pm silicon based diodes in Figure 24 have ultimate gain-bandwidths of
around 500 GHz and 320 GHz respectively, while the InP based APD has an
ultimate gain-bandwidth of 70 GHz. Interesting to note are the differences

between the curves in the figure. APDs with more narrow multiplication
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Figure 5.8 - 3-dB bandwidth versus gain for InGaAs-silicon and InGaAs/InP APDs.

The InGaAs-silicon curves are theoretical, generated using the effective-plane and

Hollenhorst methods. The silicon diodes were assumed to have a 1.0 pum InGaAs layer

and silicon layer thicknesses as indicated on the plot.

The InGaAs/InP curve was

measured using an APD with a 2.0 InGaAs layer and a 0.5 pm InP multiplication layer.
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regions should exhibit higher bandwidths and higher gain-bandwidth products,
as in the differences between the 0.4 um and 1.0 pum curves generated using
Hollenhorst’s method. The curve from the effective-plane method actually
indicates higher bandwidth than the thinner diode from the Hollenhorst method.
This illustrates the shortcoming of the effective-plane theory, where not all of
the multiplication effects are accounted for. The curve also illustrates the
essential differences between the silicon based multiplication layer and the InP
one. Even at a gain of four, the InP bandwidth is beginning to decrease. This
decrease is once again dictated by the ionization coefficient ratio k. The
ultimate gain-bandwidth product for APDs with predominantly electron

ionization can be shown to reach the value given by

1
B = 5.35).
“ nxk(w/vp+wlvy) (5:35)

Silicon with its very disparate ionization coefficients can thus achieve very high
gain-bandwidths, much higher than possible in InP. This has important
implications in commercial fiber optic systems operating at 2.5 and 10 GHz.
For 2.5 GHz systems, silicon based APDs could operate at higher gains than InP
diodes while maintaining the required 2.5 GHz bandwidth. This is aue for 10
GHz systems as well, for which it is difficult to build an InP APD with any gain

at 10 GHz.
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Speed is not the only important parameter for an APD. If it were, APDs
would be made extremely thin to shorten any transit times. Speed is always
balanced by quantum efficiency when selecting device thickness however.
Very thin diodes have almost no optical absorption. Thick diodes have lots of
light absorption, but can have limited bandwidths. Figure 5.9 examines the
balance between speed and quantum efficiency for an InGaAs-silicon APD.
Curves were generated using Hollenhorst’s approach, which show quantum
efficiency versus ultimate gain-bandwidth for incident 1.3 pum light. Four
modeled devices are plotted with different thicknesses represented by their 3-dB
bandwidth at a gain of ten. The 3 GHz curve represents the case in which either
the InGaAs absorption layer or the silicon layer is fairly thick. If the InGaAs
layer is thick, the quantum efficiency is very high and the silicon must be very
thin, pushing the gain-bandwidth very high. If the InGaAs layer is thin, the
silicon layer must be quite thick to drop the bandwidth to 3 GHz and so the
gain-bandwidth drops fairly low. The 10 GHz case is very different. There is a
limit to the amount of InGaAs one may use and still operate at 10 GHz. For
quantum efficiencies above 0.6, the silicon must be quite thin leading to high
gain-bandwidths. Even with very little InGaAs and low quantum efficiencies,
the gain-bandwidth must be quite high (thin silicon layer) to operate at 10 GHz.
This curve demonstrates that high quantum efficiency InGaAs-silicon APDs are

certainly possible however, even at a 10 GHz operating frequency.
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Figure 5.9 - Quantum efficiency versus gain-bandwidth product for InGaAs-silicon
APDs illuminated with 1.3 um light. Curves were calculated using the Hollenhorst
approach. Four modeled devices are plotted. The thickness ratio between InGaAs and

silicon was calculated to maintain a constant 3-dB bandwidth at a gain of ten.

129



Another way to examine the ultimate performance of an InGaAs-silicon.
APD is found in Figure 5.10. This is a plot of ultimate gain-bandwidth product

versus multiplication layer thickness, assuming a 1.0 pm absorption layer, a
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Figure 5.10 - Gain-bandwidth product for InGaAs-silicon and InGaAs/InP APDs
versus multiplication layer thickness. The Hollenhorst approach was used for

calculating gain-bandwidth assuming a 1.0 um InGaAs absorption layer.
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constant electric field profile in the multiplication layer, and using
Hollenhorst’s theory to generate the curve. Also plotted is the expected
performance of a similar InP diode. The graph indicates the clear superiority of
silicon. For example, with a 0.5 pm multiplication layer, the gain-bandwidth
product achievable in silicon is five times higher than in InP. If the
multiplication layer in InGaAs-silicon APDs can be made thin enough, the gain

bandwidth product could conceivably be over 600 GHz.

5.7 Conclusion

This chapter has shown the expected noise and bandwidth characteristics
of the InGaAs-silicon APD and demonstrated what should be its superiority
over existing InGaAs/InP diodes. The equations for excess noise caused by
multiplication were derived and silicon had effectively an order of magnitude
less noise than InP at the same operating gains. The bandwidth and gain-
bandwidth of these two types of diodes were also examined. The importance of
accurate ionization coefficients was first discussed and new coefficients
applicable to the InGaAs-silicon APD were presented. Two methods for
calculating bandwidth were then presented, the effective-plane method, and the
Hollenhorst method based on a current transfer matrix. The Hollenhorst
technique, though more complicated, yields more accurate results for simple

InGaAs-silicon structures. Both approaches, however, predict very high

131



bandwidths and gain-bandwidths for these detectors. Ultimate gain-bandwidth
in silicon based APDs was shown to be nearly five times higher than for InP

based diodes.
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Chapter 6

Wafer Fusion

6.0 Introduction

Up to this point, we have explained in depth the advantages of using
silicon and InGaAs together in an avalanche photodiode, but have paid little
attention to how such a diode could be made. We now turn our attention to this
rather challenging problem. A detector made from these materials will require
some stringent characteristics. First, current must readily pass through the two
materials and through any interface between them. If this were not necessary,
glue or epoxy could be used to integrate the materials together. A second
requirement is that we must be able to apply an electric field across both the
InGaAs and the silicon. The electric field dictates carmmier movement when bias
is applied. We would also like to control the electric field profile and maintain
low fields in the InGaAs layer and high fields in the silicon layer. Without this
requirement, we might conceive of simply connecting the two materials with a
metallic solder layer.

Yet another requirement, especially for an avalanche photodiode, is the
need for semiconductor layers without defects. High electric fields present in

these diodes break down along any defects and cause increases in dark current.
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With too many defects the dark currents become so high that the detectors are
unusable. This low defect requirement excludes epitaxial growth as a
possibility for combining InGaAs with silicon, because of the lattice mismatch
between the two semiconductors. Crystal growers who have tried to grow
compound semiconductors on silicon have found that beyond a “critical
thickness” the strain created by the two crystals attempting to “fit” together
creates threading dislocations that propagate through an epitaxial layer. The
critical thickness varies for each pair of semiconductors', but for InGaAs and
silicon should be less than 10 nm. Forming threading dislocations relieves the
strain caused by the growth, but create just the type of electrical defect that
destroys photodetector performance. Despite the problems associated with such
epitaxial growth, some groups have tried to create PIN detectors using an
InGaAs layer grown on silicon.’ The dark currents in these devices are very
high, however, even at very low electric fields.

A final requirement for effectively combining InGaAs and silicon is that
any interface between the two must be of high quality. This means it must be
robust enough to stand up to further device fabrication steps such as wet
etching, plasma etching, and dielectric deposition. The interface must also
freely pass current between the materials and not add to dark current through
defects that exist only at the interface. The interface must also have no voids or

regions where there is no contact between the two semiconductors. To achieve
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such an interface would seem to require a chemical bond between the
semiconductors, strong enough to bind them together physically and to allow
the sharing of electrons for current transfer. Simple Van der Waals bonding,
another integration technique, would in this respect fall short.

Until recently, it might have seemed impossible to effectively combine
two such disparate materials as silicon and InGaAs while maintaining high
quality crystal layers. That has changed, however, with the development of a
technique known as wafer fusion’. The process, which will be described below,
yields high quality material layers and interfaces. Previously wafer fusion has
allowed the integration of materials such as InP and GaAs*’, InP and GaN°,
AlGalnP and GaP’, and InP and silicon®. This technique has also now been
used in the direct integration of InGaAs and silicon, paving the way for the
creation of an InGaAs-silicon APD. In this chapter, some of the results of
InGaAs to silicon fusion will be shown as well as some first looks at the

InGaAs-silicon interface.

6.1 The Process

The wafer fusion process can be summarized in four stages. The first of
these stages is the epitaxial growth of bonding layers. For example, in InGaAs
to silicon fusion, lattice matching InGaAs layers are grown on InP substrates.

Successful fusions have been done using both MBE and MOCVD grown [I-V
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layers. The growth substrate, in this case InP, is usually removed after the
fusion process leaving only the grown layer attached to another wafer. The
silicon substrate can also have an epitaxial layer grown on it as well, although
this is not necessary. Other examples of epitaxial layers grown for fusion are
AlGaAs/GaAs layers grown on a GaAs substrate later fused to an InP substrate.
Sophisticated wafer growths may be used to provide features such as etch stops
or waveguides.

After the correct epitaxial growths are completed and the host substrates
chosen, the next step towards fusion is the careful preparation of the wafer
surfaces. As one might imagine, any organic residues or particles on the wafers
will prevent the semiconductor atoms from corning into contact with each other.
These and other particles must be carefully removed either through wet etches
or plasma cleans. Only after wafers are free from particles are they ready to be
placed in contact. This is done as one polished surface is placed atop another.
If the surfaces have been properly prepared, Van der Waals bonding will occur
joining the two substrates. This direct bond must now be converted to a
chemical bond through the fusion process.

Wafer fusion of InGaAs to silicon is accomplished by placing the two
directly bonded wafers (InP with an InGaAs epitaxial layer, and silicon) under
high pressures of several hundred MPa. The wafers are then placed in a

hydrogen rich environment and the temperature is raised to 650°C, near the
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epitaxial growth temperature of the InGaAs. The wafers are kept at this
elevated temperature for 20 minutes and then returned to room temperature.
The interface between the InGaAs and silicon has then become chemically
bonded and the crystal lattices have attempted to align themselves as illustrated
by TEM (tunneling electron microscope) scans. Effects of fusing at different
temperatures and in different atmospheres are discussed in Sections 7.4-7.6.
The completion of the fusion process has created a chemical bond

between the InGaAs and silicon that is very robust and can withstand severe

(1) Wafer Fusion (2) InP Removal (3) Further
Processing Steps
0.3 GPa Pressure
o
o
o o °° ©0 o
o o o o °

650° C HCIL:DI (3:1)
20 min 30 min
H2 Atmosphere

Figure 6.1 - Elementary look at the use of wafer fusion to create an InGaAs-silicon

hybrid substrate for the creation of InGaAs-silicon APDs. Fusion occurs at high
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temperatures and pressures in a H, atmosphere. The InP substrate is then removed from

the InGaAs layer initially grown on it, leaving material layers for creating an APD.

processing steps. In order to make the new structure useful, the first of these
process steps is the removal of the InP substrate on which the InGaAs was
grown. This is done using hydrochloric acid that vigorously etches InP but
leaves InGaAs untouched. When the InP is gone, we are left with what appears
to be a smooth epitaxial layer of InGaAs on a silicon substrate. Further device
processing can proceed from this point, essentially treating the InGaAs as if it
had been grown on the silicon. Figure 6.1 illustrates the steps involved going
from the fusion process to a silicon wafer with a new material layer attached to

it.

6.2 Results - SEMs and TEMs

The development of a wafer fusion process for a specific material
system often requires a great deal of trial and error. It is important to have a
measure of the extent of the bonding between two materials, or if there is any
bonding at all. The first method for evaluating bonds is the SEM (scanning
electron microscope) scan. Such scans are made when the wafer fusion process
is complete and either before or after a substrate has been etched away. SEM

scans can even be used to evaluate the bonding of wafers without an epitaxial
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layer, for example an InP wafer fused to a silicon wafer. The first step in
making a scan is to cleave the substrate along a crystallographic axis to produce
a flat surface on which to perform a side-view scan. The bonded wafers can be
placed in the SEM at this point, but it is often difficult to distinguish one
material from another, especially for two weil bonded layers. Usually a better
approach is a type of “stain etch” that will distinguish one material from
another. The wafer is placed in a chemical solution that etches one of the
semiconductors very slightly, producing an indention at the interface that is
much easier to see in the SEM. This method is the most effective for very thin

layers sandwiched in between layers that will not etch in the *“stain etch”

x4Bk BO37 18kVY 1om

Figure 6.2 - SEM micrograph of the junction for fused InGaAs and silicon. The
InGaAs was subjected to a slight stain etch and the material interface is visible as a

brightness change in the middle of the photo.
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solution. This “stain etch” method also helps to accentuate any fusion gaps in
the wafers. Any weakly or partially bonded interfaces will quickly be attacked
by the etchant and show up as black voids. Figure 6.2 shows an SEM of an
InGaAs and silicon fused interface. The InGaAs has been subjected to a slight
stain etch. The interface between the materials can be faintly made out, the
InGaAs appearing lighter and the silicon darker in the scan. This is of course an
example of a successful fusion run without any visible voids or irregularities at
the interface.

A more difficult, but probably more important evaluasion tool for wafer
fusion is the TEM. These pictures allow views of the crystallographic
interfaces on an atomic scale to provide a close up look at the interactions
taking place. The TEMs shown in this chapter are cross sections of interfaces
made by slicing across an interface and then thinning the cross section. Figure
6.3 shows a TEM view of a wafer created by attempting to epitaxially grow
GaAs on silicon'. This picture was included to illustrate the type of interface
unacceptable for the creation of a device. The first feature to notice in the
figure is the white amorphous looking layer right at the interface. Crystal
structure breaks down as GaAs tries and fails to conform to the silicon lattice
constant. Above this amorphous layer are threading dislocations that propagate
diagonally toward the GaAs surface. These results are typical for III-V layers

grown on silicon and the defects created would be disastrous for an APD.
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In contrast to the TEM produced by the epitaxial growth of GaAs on
silicon, Figure 6.4 shows a scan of an InGaAs layer fused to silicon (TEM scan
made at UCSB by Ryan Naomi). The first important difference is the lack of an
amorphous layer at the material interface. Instead there is a continuation of the
crystal lattice right through the interface suggesting chemical bonding between
the materials. There is also the absence of any threading dislocations that were
so prominent in Figure 6.3. What are present are edge dislocations sitting at the

interface. These occur in regularly spaced intervals and accommodate the

Figure 6.3 - TEM view of a wafer created by attempting to epitaxially grow GaAs on
silicon”. An amorphous interface is visible along with threading dislocations in the

GaAs layer.
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lattice mismatch between the materials. Figure 6.5 more closely illustrates the
fused interface and shows how, at the interface, a silicon atom is periodically
“squeezed into” the lattice because of the larger lattice spacing in the InGaAs,
leading to the creation of edge dislocations. The lattice constant for silicon is
0.543 nm and 0.587 nm for InGaAs. Based on the lattice constant difference,
we expect an edge dislocation periodicity of one per 13.4 lattice planes in
InGaAs. The TEMs produced from fused layers are much more promising in
the creation of detectors and other devices from a defect standpoint. Edge
dislocations isolated at the interface will not lead to the breakdown problems

created by threading dislocations.
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Figure 6.4 - TEM scan of the fused interface between InGaAs and silicon. The
transition between the two semiconductors occurs within the light shaded band in the

middle of the photo.
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Figure 6.5 - Close-up view of the TEM scan shown in Figure 6.4. Dark lines were
superimposed on the photo to indicate semiconductor lattice planes. A misfit

dislocation at the InGaAs-silicon transition is illustrated by the termination of one of

the lattice planes in the silicon.

6.3 SIMS profile

Secondary ion mass spectroscopy or SIMS is another way to evaluate
the state of the fused interface. In this technique, ions are sputtered from a
sample through different material layers. Ions of different atomic masses can
then be counted to determine what species are present in a sample at a given
depth. Figure 6.6 shows a SIMS scan of a fused structure consisting of a 500

nm InGaAs layer attached to a silicon substrate. In this scan we are mostly
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interested in what residual species exist at the interface. The species shown in
the plot are oxygen, hydrogen, and carbon, chosen because these three would
make up any organic residues present on the surface even after a cleaning

procedure. The important part of the graph then is at the 500 nm point, the
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Figure 6.6 - SIMS scan through an InGaAs-silicon fused interface. The interface
occurs in the graph at about 0.53 pm, where the large jump in the oxygen, hydrogen,

and carbon concentration occurs.
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transition from InGaAs to silicon. The three species in question are below the
resolvable limit until this transition and then all of them rise dramatically to a
peak right at the fusion interface. This peak then tails off as we sputter deeper
and deeper into the silicon. The remarkable thing about this plot is that despite
the high hydrocarbon count at the interface, there was still obtain good adhesion
of the InGaAs and silicon. The bond between the materials is not only strong,
but as will be shown in later chapters, even with the high carbon count the

junction is very electrically conductive.

6.4 A Robust Bond

One of the important requirements for the wafer fusion process was the
production of a bond between InGaAs and silicon that was strong enough to
withstand device processing. Some of the processing steps required for the
production of a detector are chemical etching, high temperature film
depositions, plasma etching, and contact lithography. Of these processes, the
most difficult for a weak bond to withstand is chemical etching. In the
particular case of InGaAs to silicon bonding, one of the more violent processes
is the InP etch used to remove the InP substrate. This etch is very fast (about 25
pm per minute) and vigorous, producing phosphine gas bubbles that float to the

surface of the etch solution. Any areas in which fusion did not take place
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between two substrates is quickly revealed in this etch because the unfused
regions simply peel off under the stress.

For areas where InGaAs-silicon fusion did occur, one of the best
demonstrations of good bonding is the etching of either the InGaAs or the
silicon in a mesa structure. Poorly bonded regions are quickly undercut and
peeled away by such an etch. Figure 6.7 shows a mesa structure created from a
chemical etch to demonstrate the fusion bond strength. The figure is an SEM
scan of a silicon wafer that had been fused to an InGaAs and InP layer. After
the removal of a much thicker InP substrate, the mesa structure seen was
created through wet chemical etching and lithography. The top InP layer was
etched in an HCLH,O solution. The InGaAs layer was etched in an
H,PO,:H,0,:H,O solution, while the silicon was etched in a hot KOH:H,O
solution. If the bond between the silicon and the InGaAs were anything but a
robust chemical bond, the H,PO,:H,0,:H,O and KOH:H,O would be especially
damaging to it. The even etching shown in Figure 6.7 would not be possible,
and areas of weak bonding would show tremendous undercutting of the mesa
structure.

The structure tests and scans made of the InGaAs and silicon fused
structure all indicate a very promising interface. The bonds between the
materials are very robust and lattice defects are limited to edge dislocations at

the interface. Fusion is also possible over large areas even with less than
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Figure 6.7 - Micrograph of a mesa structure created from InGaAs and InP epitaxial
layers fused to a silicon substrate. The mesa structure was created first by wet etching
the InP layer with a hydrochloric acid solution, then etching the InGaAs layer with a
phosphoric acid/hydrogen peroxide solution, and finally etching into the silicon

substrate with a hot potassium hydroxide solution.

perfect surfaces as SIMS scans show. The real test of the utility of the fusion
process, however, comes only with the creation of detector structures. The
electrical characteristics of the fusion interface remain the deciding factors in

the feasibility of creating a fused APD.
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Chapter 7

PIN Devices

7.0 Introduction

The complexity in the design of an avalanche photodetector makes it a
difficult device to study. It is often very hard to determine what part of the
structure is causing a given characteristic. For example, there are many factors
that can lead to high dark currents in a detector, such as material defects, poor
device design, or unpassivated surfaces. The InGaAs-silicon APD presents a
particularly challenging device to study due to the unknowns about the fused
interface. This interface can have dramatic effects on device performance, but it
is difficult to isolate its impact in a complicated structure. A much better
detector structure with which to study fused InGaAs and silicon is a PIN. PIN
refers to the P type, I or intrinsic, and N type dopings in such a detector. With
only three device layers, compared to an APD, fabricating a PIN detector is
very straightforward.

This chapter will first outline the device design and fabrication steps
used in the creation of PIN detectors'. Detector measurements are then shown
and conclusions made about the quality of the fused interface. A more detailed

study of the different fusion conditions is then described which utilizes the PIN
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structure and repeats the same measurements, allowing for even more
conclusions about the fused interface and how to optimize its properties. The
work described in this chapter was done in collaboration with Lucent

Technologies

7.1 Fabricating an InGaAs-Silicon PIN

The PIN design was chosen to isolate the fused InGaAs-silicon interface
as much as possible, using known fabrication techniques. Mesa etching was
avoided to eliminate any uncertainty caused by the damage such etching can
create, most often leading to an increase in dark current and premature voltage
breakdowns. A planar device is a better altemmative. With this in mind,
fabrication proceeded as follows. First a 0.5 pm layer of undoped silicon was
epitaxially grown on an N+ silicon substrate. III-V layers were then grown on
an InP N+ substrate through MOCVD (metal organic chemical vapor
deposition). The layers were first a 0.3 pm In,Ga, ,As stop etch layer, then a
0.6 pm InP layer, followed by a 1.0 pm In,Ga, ,,As layer. All of the layers
were grown without doping, but were slightly n type due to the non-intentional
doping of the growth chamber. The silicon and III-V wafers were then carefully
cleaned in preparation for the fusion process described in Chapter 6. The two
wafers were then placed in contact and heated under pressure in a hydrogen

environment. A temperature of 650°C, near the InGaAs growth temperature,
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was maintained for 20 minutes. The wafers were then cooled and removed
from the hydrogen atmosphere. The InP substrate was removed through wet
etching using an HCI:H,O solution. Etching cleanly stopped on the 0.3 um
InGaAs layer. This etch stop layer was subsequently removed with an
H,PO,:H,0,:H,0 solution, stopping on the 0.6 um InP layer.

With the necessary epitaxial layers in place, PIN detector fabrication
proceeded. The first step was the deposition of a 150 nm SiO, layer on top of
the remaining InP layer. This SiO, layer served as a diffusion mask for the next
important step - zinc diffusion. In order to create a p-type layer in the InGaAs
while maintaining a planar structure, the dopant had to be diffused in after the
fusion process. This of course allows for the isolation of p- type regions, which
in effect define individual PIN detectors. To accomplish the zinc diffusion, 22
pm diameter windows were first etched into the SiO, layer to the InP layer
beneath. Zinc was then diffused through the 0.6 pm InP layer and into the
InGaAs layer at a temperature of 550°C for 45 minutes. The total zinc diffusion
depth was 1.0 gm, or 0.6 pm in the InP and 0.4 pm into the InGaAs. This left
an undoped InGaAs layer 0.6 pm thick beneath the P+ InP and InGaAs regions.

Upon completion of the zinc diffusion, another SiO, layer was deposited
on the top of the structure. 12 pm diameter holes were opened in the SiO, over
the top of the original 22 um diameter zinc diffusion windows. These holes

were then etched deeper through the InP layer and stopping on the heavily
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doped InGaAs layer beneath. This etch allowed for the deposition of a metal
contact to the P+ layer. A 30 um diameter Au:Be metal layer was then
deposited using a metal liftoff technique, the gold extending from the P+
InGaAs layer to on top of the SiO, layer and served as the p contact metal.
Contact then had to be made to the N+ silicon subswate. To do this a 70 um
diameter mesa was formed centered over the original zinc diffused window.
The top SiO, layer was first etched followed by the InP and InGaAs layers
below. Finally the silicon was etched using an RIE (reactive ion etcher) to a
depth greater than the 0.5 um undoped silicon thickness. Aluminum was then
deposited over the surface of the etched N+ silicon to form the n contact to the

device. The structure is illustrated in Figure 7.1. As can be seen from the
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Dielectric / Zn Diffusion

D £
n- InP == :
n- InGaAs-.' | _ ] ‘Fised Interface

Figure 7.1 - Cross section of an InGaAs-silicon PIN detector.
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figure, bias between the n and p metals will be applied through the fused
interface. The interface is isolated from the mesa etched used to contact the N+
silicon by the high resistivity n- InGaAs and n- silicon layers.

For comparison, PIN devices of a similar structure to Figure 7.1 were
made simply using InGaAs and InP. A 1.0 um InGaAs layer was grown on an
N+ InP substrate followed by a 0.6 um InP layer. Device fabrication was then
the same as that used for the InGaAs-silicon PINs except that gold-germanium

instead of aluminum was used as the contact for the N+ InP layer.

7.2 Current Versus Voltage and Quantum Efficiency

The first measurements made on the fused InGaAs-silicon PINs were the
dark current and photocurrent versus reverse bias. Photocurrent was measured
by polishing the backside of the silicon substrate and illuminating the detector
through the silicon. The absorption of silicon is not significant at wavelengths
above 1.0 pm so either 1.3 or 1.55 um lasers can be used as the light source.
For this measurement, the longer wavelength was used. Figure 7.2 plots the
photocurrent and dark current versus bias from O to -10V. The first significant
part of the graph to notice is the constant photocurrent versus bias, even at zero
volts. This points towards little or no charge trapping occurring at the fusion
interface. The dark current is also very low for these devices. Below -4V, a

dark current of less than 100 pA was measured, very similar to that measured
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for the InGaAs/InP PINs made in parallel with the fused PINs. This too
indicates a high quality fused interface with no significant dark current
increases coming from generation and recombination at the InGaAs-silicon

junction. The carrier lifetime can be computed using the dark current

Dark Current

Infrared Laser
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Applied Bias [V]

Figure 7.2 - Measured current versus reverse bias for an InGaAs-silicon PIN. The

curve labeled “infrared laser” is the photocurrent produced when the PIN was

illuminated with a 1.55 pm laser.
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measurements and the equation’
I,=Aqnw/ T, 7.1
where [ is the dark current, A the device area, q electric charge, n, the intrinsic
carrier concentration, w the depletion width, and T the carrier lifetime. A carrier
lifetime of 400 ns was calculated based on the fused device parameters. This
lifetime is long enough to indicate not only a good fused junction, but also the
bulk of the InGaAs depletion layer is practically free of defects.

The forward bias characteristics of the InGaAs-silicon PINs were also
measured. In the range between 0.1 and 0.4 V, an ideality factor of n=1.1 to 1.2
was determined using the equation

I=1 exp(qV/nkT)’, 7.2
where I was the measured current, I a normalizing current, q electric charge, V
voltage, n the ideality factor, k the Boltzmann constant, and T the temperature.
An ideality factor so close to one is another indicator of an interface free of
defects and recombination sights.

Two extremely critical properties of any detector are closely related - the
responsivity R and quantum efficiency M. These quantities are so important
because they express how well a detector converts optical power into electrical
power. The responsivity and its relation to the quantum efficiency can be

written as
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r=te_4n 23
P, hv

where [, is the measured photocurrent, P_ the total power of the light incident on
the detector, h Planck’s constant, and v the photon frequency. To express
responsivity in termns of wavelength, A, we may use the relation hv=1.24/A eV

to write

== 7.4

An expression can also be written for the quantum efficiency which expresses it
in terms of absorption efficiency 1, and an internal quantum efficiency n, which
represents how well carriers are conveyed through a device. Especially
interesting is the internal quantum efficiency because any interface trapping of
carriers will result in an 7, of less than 100%. These quantities can be
expressed as
n=n,n, 7.5

where n, =1 -, ais the optical absorption coefficient, and L is the length
of the absorption region. Using a 1.55 pm laser source, calibrated using the
InGaAs/InP diodes and a power meter, and correcting for the reflection off the
polished silicon surface, the responsivity was measured for the fused PIN at a
reverse bias of 4 V. A value of R=0.38 A/W was obtained, translating to

Nn=0.30, and N =100%. The accuracy of the experiment was approximately +/-
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5%. These results are very significant and indicate no measurable loss of
carriers across the fused interface. The high quantum efficiency bodes very
well for any InGaAs-silicon detector. Any benefits derived from an InGaAs-
silicon combination in an APD would have been undermined if a high quantum
efficiency were not possible.
7.3 Capacitance and Bandwidth

The capacitance of the InGaAs-silicon PINs was also measured to
determine the depletion layer doping and whether any excess charge is present
in the structure. The measurement was done for voltages between 0 and -10 V
using an HP Lightwave Component Analyzer at a frequency of 1 GHz. The
measured capacitance decreased with increasing reverse bias without any slope
changes, which are indicative of excess charges in the structure. If the fused
interface had any significant charge buildup larger than the background doping,
the capacitance curve would have a kink in it. In fact the structure behaves very
much like a standard PIN diode and the capacitance curve is well described by

the relation®

]}’z

) _l_qeV J+C° 76

A |2v+v)

where ¢ is the dielectric constant, N the charge density, V,, the built in voltage,
and C, the stray and pad capacitance, measured to be 50 fF. Figure 7.3 shows a

plot of C(V}? versus V, which should have a slope given by Equation 7.6 of
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2 i
— and an intercept of —2‘—/"‘7 . As can be seen from the figure, the slope is
qENA™ qeNA™

very straight and yields a value for N = 1.4x10" cm® and V,, = -0.6V. The
doping value is consistent with resistivity and SIMS measurements made on the

silicon and InGaAs layers. The total capacitance of 100 fF at -10 V is also

consistent with a calculated value given the device area and depletion depths.
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Figure 7.3 - Inverse square of the measured capacitance versus reverse bias for the

InGaAs-silicon PIN. The fused interface should be depleted through by 1.7 V based on

doping density.
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Figure 7.4 - Frequency response of the InGaAs-silicon PIN. The measured 3-dB down

frequency was 21 GHz.

Frequency response and 3dB bandwidth were measured for the InGaAs-
silicon PINs also using an HP Lightwave Component Analyzer with a range
from 130 MHz to 20 GHz. A high-speed coplanar probe was used to contact

the detectors and voltage was applied through a high speed bias tee. Figure 7.4
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shows the frequency response of the detector at a reverse bias of 10 V. The 3
dB down point is about 22 GHz. RC effects should limit the bandwidth. The
contact resistance measured 40 Q and combined with the 50 € resistance of the
line gives a total circuit resistance of 90 Q. The capacitance was 100fF so the
frequency response limit is 1/(2ntRC) = 18 GHz, corresponding very closely to
the measured 3 dB frequency. Even at zero bias the experimental frequency
response corresponded well with calculated RC effects. The smooth roll-off of
the response curve is another indicator of an interface relatively free of carrier
traps, unless such traps had extremely short lifetimes and were beyond the 20
GHz instrument limit. Fast carrier transport is another important ingredient in
the making of a successful APD for use at high speeds, and it appears the fused
InGaAs-silicon interface will allow for operation at frequencies even above the

10 GHz bandwidths currently being planned for.

7.4 Varying the Fusion Temperature and Atmosphere

The results described in the previous section for the InGaAs-silicon PIN
indicate that the wafer fusion process used to construct the detector produced a
nearly ideal interface between the III-V layer and silicon. The interface was so
invisible to carriers, the InGaAs-silicon PINs were very similar in their
characteristics to InGaAs/InP PINs without a fused interface. The fusion

process as described in Chapter 6, included a 650°C heating step in hydrogen.
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Using the data compiled on the PINs from the first fabrication as a baseline, a
study was done to investigate the effects of different fusion parameters on
device characteristics®, especially the dark and photocurrents in forward and
reverse bias. Changes were made to both fusion temperature and the fusion
atmosphere. The motivation for this study was to hopefully leam something
new about the fusion process as well as explore possible process limits. It is
usually desirable to do any processing at as low a temperature as possible to
avoid any unwanted diffusion of dopants or contaminants, so lower temperature
fusion is an attractive possibility. If the temperature could be reduced low
enough, applications such as fusion to already fabricated VLSI become an
interesting proposition. A change in the fusion atmosphere is probably most

desirable from a safety standpoint. If hydrogen could be replaced

Table 2 - Varied Parameters for five different fusion experiments.

Fusion Run Temperature Atmosphere
1 ' 650 H,
2 550 H,
3 475 H,
4 650 10% H,, 90% N,
5 650 N,
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by a more inert gas, the fusion process would be much easier to make
manufacturable. Table 2 outlines five fusion process runs completed in this
study, including the temperature and atmosphere used.

All of the runs used the same silicon substrate that had been cleaved
from a 6” wafer into smaller pieces. The wafer consisted of a 0.5 um undoped
layer epitaxially grown on an N+ substrate. Run 1 was simply the PIN structure
already described which used the III-V epitaxial growth outlined in Section 7.1.
Runs 2 through 5 used a [II-V wafer that began with a N+ InP substrate and
then using MOCVD growth consisted of the following layers: first a 0.3 um
In,,Ga, ,,As stop etch layer, followed by a 0.3 um InP layer, and a top layer of
1.0 pm In,Ga,,As. All of the epitaxial layers were grown undoped, but were
unintentionally doped slightly n-type due to the background doping in the
growth chamber. Subsequent to the wafer fusion process, the InP substrate, and
InGaAs stop etch layers were removed from all of the bonded wafers. All of the
fusion runs 1-5 displayed very good mechanical adhesion of the III-V epitaxial
layers to the silicon substrate after the vigorous chemical-etching step.

Device fabrication for Run 1 has been described and the process was
very similar for the latter runs. First a 0.15 um SiO, layer was deposited, then
30 pm diameter windows were opened down to the top InP layer. Zinc
diffusion was then done through the 0.3 um InP layer and 0.5 pm into the

InGaAs layer. SiO, was again deposited and a 20 um diameter hole aligned to
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the first window was opened in the oxide layer to the InP. A 50 um diameter
Au:Be metal contact pad was then deposited over the SiO,, making contact to
the zinc doped InP layer. Contact to the N+ substrate was made by etching a 70
pm diameter mesa structure, centered at the original window, through the III-V
layers and below the undoped silicon epitaxial layer. Aluminum was then
deposited onto the silicon surface as an n contact metal. The differences
between this structure and that described in Section 7.1 1s the larger p contact
window and zinc diffusion window and the p contact metal was deposited on
the p doped InP instead of the InGaAs. The change to the larger window was to
decrease contact resistance and the change to the InP contact layer was made to

reduce the dark current.

7.5 Results of the Varying Fusion Conditions

The first measurements made on all of the fused PIN devices were the
dark current and photocurrent versus voltage measurements. These currents are
shown in Figure 7.5 for reverse biases between zero and -10 V. For the samples
from Runs 1, 4, and 5 that were fused at the highest temperature of 650°C, the
dark current remains very low and is similar for all three runs. The hydrogen
atmosphere does seem to be the optimal condition, followed by the hydrogen
containing forming gas, and then the nitrogen atmosphere. The dark current

curves at different temperatures show a much greater deviation, indicating the

168



quality of the fusion interface is more dependent on temperature than on
atmosphere. The 650°C sample exhibits the lowest dark current, followed by
the 550°C then the 475°C sample. The PINs fused at the lowest temperature
exhibited substantial dark current increases, nearly two orders of magnitude
larger than the optimally fused structure. This result points to defects retained
in the interface for the lower temperature processes’.

The photocurrent versus bias curve also shows an interesting result as
shown in Figure 7.5. The optimally fused Run 1 sample has a constant
photocurrent value even down to zero volts. The Runs 2-5 at the non-optimal
conditions show a slight tum-on voltage for the photocurrent, indicative of a
voltage barrier at the InGaAs-silicon interface. The value of the photocurrent
was very similar for all of the detectors, however, once the tum-on voltage was
overcome. A calculation of quantum efficiency was done using the
photocurrent measured when the diodes were illuminated with a 1.55 um laser
source calibrated using InGaAs/InP devices of a similar layer structure. For all
the devices measured at reverse biases over .5 V, the intermal quantum
efficiency, as defined in section 7.2, was measured to be 100%. At zero bias,
the optimally fused structure still had an M, = 100%, while the non-optimally
fused Runs 2-5 had an n,=95%. The 5% efficiency loss indicates that there is
some type of barrier at the interface, though it is rather small and does not block

many carriers.
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The capacitance of the InGaAs-silicon PINs was measured as described

in Section 7.3. The capacitance versus reverse voltage curve was similar for all
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Figure 7.5 - Dark and photocurrents for InGaAs-silicon PINs fabricated under different
fusion conditions. The different fusion conditions are indicated on the graph first with
a temperature then the atmosphere present in the fusion chamber. The photocurrent for

all devices was measured by illuminating with a broadband source.
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the detectors from Runs 1-5 with a smooth decrease from O to -10 V. The total
capacitance was slightly larger for the larger area devices, with a junction
capacitance of 82 fF measured at -10V, and a stray and pad capacitance of 80
fF. Using these values and the slope of the C* versus V curve as described in
Section 7.3, the doping density of the material was calculated to be N=1.5x10"
cm”, in excellent agreement with the previous calculation as well as measured
doping levels.

The frequency response was expected to be limited mostly by the RC
constraints of the PINs. The 3-dB down frequency for fusion Run 1 was
already shown to be 22 GHz. The PINs from Runs 2-5 should have a 3-dB limit
of 1/(2rRC) 13.3 GHz (total circuit resistance being 66 ). Measurements
using a 20 GHz Lightwave Component Analyzer showed 3-dB down
frequencies of 13.4 +/- 0.8 GHz for all of the non-optimized detectors when
measured at 10 volts reverse bias. At zero bias, there is a radical difference
compared to the optimized PINs. The measured bandwidth is only around 100
MHz, while the first PINs had a 6 GHz bandwidth. Again this suggests an
interface barrier caused by the non-optimized fusion, trapping carriers at very

low biases. The bandwidth at high biases shows that this barrier can be

overcome, however, with high-energy carmers.

7.6 An Interface Bamier
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The measurements of photocurrent, quantumn efficiency, and frequency
response indicate there is a barrier present at the InGaAs to silicon interface in

non-optimally fused samples. Further evidence for such a barrier comes from
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Figure 7.6 - Measured current for forward biased InGaAs-silicon PINs. The diodes
fused at 650°C in hydrogen had different forward bias curves than the devices fused

under any other conditions - which all had very similar curves.
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forward bias versus current information. The sample fused at 650°C in
hydrogen had ideality factors in the forward bias near one, indicating the lack of
recombination centers. The detectors formed from samples at all other
temperatures and atmospheres had much different forward bias curves. As
shown in Figure 7.6, the measured current increases much more slowly for all
the non-ideal diodes and the curve was essentially the same for Runs 2-5.
Levine’ conjectured that the interface barrier could be described by a
very thin high bandgap material or dielectric layer which required high field
tunneling for penetration. This effect would only show up at low energy, low
bias conditions as are seen for the non-ideal PINs. If a thin layer of silicon
dioxide with a Gaussian thickness distribution is assumed for the barrier, with a
bandgap of 9 eV, we can use the equation for tunneling current to fit a layer
thickness to measured current in forward bias. The equation for the oxide
thickness probability can be written as p(t)=exp[-(t-t_.)/c’], where & is the
halfwidth. The tunneling current as a function of thickness t and bias V is

described by the equation’

[_ L E Y |
3ghV J

where m* is the effective mass, E is the bandgap barrier, and A is a constant.
The total tunneling current is then express by
L= J’ p(OI(t,V)dt 7.8.
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When the measured forward current is fit to these equations, tunneling
parameters equal to t_=0.39 nm and 6=0.135 nm are found, with limits of
integration from t=0 to t=0.43 nm. This theoretcal model gives a good fit to
the data over eight orders of magnitude although the exact tunneling parameters
are approximations given the effective mass was assumed to be one and E =9
eV. The easy fit of the tunneling model to the data does indicate, however, that
a tunneling barrier is likely present. The calculated parameters of a barrier less

than 0.5 nm wide are also very believable for this device.

7.7 Conclusions

The study of fused InGaAs-silicon PINs has led to many conclusions
that can be perhaps be summed up by the following sentence. Under the proper
conditions a fused interface can be created between InGaAs and silicon that is
in all respects ideal for the creation of a photodetector. Although a conduction
band offset has not been explicitly measured, given the electrical characteristics
we can speculate about the nature of the offset between fused InGaAs and
silicon. The absence of any type of barrier under ideal fusion conditions
indicates there is either no offset in the conduction band or a very small offset.
Figure 7.7 illustrates what this offset would look like when combining n-type
InGaAs with n-type silicon at an unbiased junction. The figure shows all of the

bandgap energy difference accounted for by an offset in the valence band. This
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structure would allow for the free transfer of electrons from InGaAs to silicon
and holes from silicon to InGaAs - a necessity for an InGaAs-silicon APD.
Measurements of dark currents, photocurrents, quantum efficiencies,
capacitances, and bandwidths have shown that an InGaAs-silicon PIN performs
just as well as a non-fused InGaAs-InP PIN with a comparable InGaAs layer.
This bodes very well for more complicated APD devices, given that
performance should not be limited by the fused interface. The ideal conditions
for the creation of such an interface are a hydrogen atmosphere at 650°C. In

other atmospheres and lower temperatures, the interface formed is less than
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Figure 7.7 - Possible band structure for n-type InGaAs fused to n-type silicon. The

diagram is a supposition based on the electrical characteristics of the fused interface.
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ideal. This leads to increases in dark currents and a very thin interface barrier.
A tunneling model supports the conclusion that carriers tunnel through this thin

barrier and that its effects show up only at low carrier energies.
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Chapter 8

APD Devices - Fabrication and Measurement

8.0 Introduction

All of the chapters up to this point have laid the groundwork for the
construction of an InGaAs-silicon APD. The advantages of this device design
over existing technology are clear. These advantages will remain theoretical,
however, until an actual APD is created and measured. The technique of wafer
fusion has opened up a means of construction, and as shown, can provide a
robust integration method. The fused interface has been well measured using
PIN structures and is excellent for use in a detector. A basic design for the
detector grounded in existing silicon APDs has been introduced. Now all of
these elements can be brought together.

This chapter will outline the design, fabrication, and measurements of
three generations of APD detectors. The first detector presented is a very
simple design and served as a proof of concept. This device was actually the
first ever to use an InGaAs layer fused to a silicon layer. Fabrication was kept
very simple with this first design and the main goal was to determine if any
avalanche gain was possible in the detector and what the photocurrent was like.

The first device could be designated a success in this respect and looked very
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promising. This led to the second device design which was significantly more
complex. More sophisticated fabrication methods were used in its creation and
features like coplanar contact pads were added to allow for frequency response
measurements. The second-generation device also proved successful and more
promising and this of course led to a third generation design. This detector was
created with even more advanced processing techniques and more careful
design rules. Its goal was to achieve high bandwidths and make clear the gain-
bandwidth-product advantage of this type of detector. This device also could be
termed a success and remains the highest gain-bandwidth-product APD reported
to date. All three generations of detectors were a challenge to create, and as
with most research devices, created as many new questions about the ultimate

performance of an InGaAs-silicon APD as they answered.

8.1 First Generation Device - Design and Fabrication

The device design and layer structure for the first-generation of InGaAs-
silicon APDs' are shown in Figure 8.1. This is a back illuminated detector
much like a typical InGaAs/InP APD. Metal contacts were attached to the
cathode and anode of the diode. As Figure 45 shows the bottom contact is on
the backside of the detector. The absence of two topside contacts allowed only
dc measurements of the detector. Other notable features are the p-type layer in

the silicon created through implantation. This is sandwiched between the 2.0
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pm InGaAs layer that serves as the absorber for the detector and the 2.2 um
silicon layer that serves as the multiplier. Under bias, this scheme creates a

high electric field in the silicon while maintaining a low field in the InGaAs.

I
InGaAs - i (2 um) I (0.2 um)
Si-p

Si-1(2.2 pm)
Si-n+
substrate
Metal Metal
Contact Contact
Light

Figure 8.1 - Cross section of a first generation InGaAs-silicon APD with a 2.0 um
InGaAs absorption layer and a 2.2 pm silicon multiplication layer. The detector is back

illuminated with infrared light through the silicon substrate.

The actual fabrication of this detector began with the epitaxial growth of

two In,;;Ga, ,As layers on an InP (100) substrate. The first region was a 0.2 um

thick p+ layer with a doping level of 2x10" cm- used for ohmic metal contact.

The second region was a 2.0 um thick intrinsic layer unintentionally doped n-
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type with a doping level of 4x10" cm- used for photon absorption. The growth
in this case was done through MBE (molecular beam epitaxy). At the same
time, an undoped 2.2 um epitaxial layer was grown on an N+ (100) silicon
substrate. The unintentional doping of this layer was approximately 5x10" cm’®
while the doping level of the substrate was 1x10" cm®. The surface of the
silicon wafer was then implanted with a shallow 1.3x1G" cm® dose of boron
ions to create a p doped layer. The implantation dose was calculated to create
an electric field layer difference between the InGaAs and silicon of 200 kV/cm.
According to this design, at a reverse bias of 65 volts, the field in the InGaAs
absorption region is kept between 50 kV/cm and 35 kV/cm. Field strengths of
this magnitude allow for high camer electron velocity through the region, but
the field is well below that required for InGaAs avalanche multiplication, given
the expected hole and electron ionization coefficients for such fields. The
electric field in this silicon region is calculated to vary between 220 kV/cm and
240 kV/cm at a reverse bias of 65 volts, which should result in significant
avalanche multiplication.

After the growth of the epitaxial layers and the implantation, fabrication
proceeded by fusing the InGaAs layer to the top of the silicon substrate. The
fusion conditions were a temperature of 650°C, maintained for 20 minutes in a
hydrogen atmosphere. After fusion, the InP substrate was selectively removed

with HCI:H,O leaving the InGaAs integrated onto the silicon. Individual
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detectors were made by etching 50 pm x 50 pm square mesas into the structure.
The mesas were etched using a methane-hydrogen-argon reactive ion etcher for
the InGaAs and a CF4 reactive ion etcher for the silicon. Total mesa height was
3.0 pum. A top metal layer of Au:Zn and nickel served as an etch mask for the
devices as well as a p type contact. Gold was also evaporated on the back of the
silicon substrate to make contact to the n+ layer. The devices were left
unpassivated for testing. A top-view photograph of several SHIP detectors is

shown in Figure 8.2.

Figure 8.2 - Top view photograph of four first-generation InGaAs-silicon APDs. The

detectors are square in shape with SO um sides.

8.2 First Generation Device - Measurements
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The first measurements made on these detectors were dark current and

photocurrent versus reverse bias curves as shown in Figure 8.3. As the figure

shows, the total dark current remains below 1 uA for these detectors out to

10’10
_10?
<
2 108
(D]
=
= -7
O 10
-

(D]
5 10
S
>, 10°S

0.0001

-70 -60 -50 -40 -30 -20

PDark Current

minat

rd with

1.5

5 um lpser

i
|
i

LAi 2 1

Ll L deehndonde

I |

P )

-1

Applied Bias [V]

0

107
10* SE?
Q]
=4
107 )
(¢']
=
10% &
0l 2
o)
3[\)
10°

Figure 8.3 - Measured current versus reverse bias for first generation InGaAs-silicon

APD. The dark current is shown along with the photocurrent curve produced from

illumination with a 1.55 pm laser.
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approximately 65 V reverse bias. This corresponds to a peak dark current

density of 0.04 A/cm’. As bias is increased beyond 50 V, dark current begins to
increase rapidly as higher electric fields are placed across the device layers.
The photocurrent shown in Figure 8.2 is the response to a 1.55 um laser. This
curve tracks proportionally to the dark current unal around 55 V where it begins
to increase more rapidly. This is due to the full depletion of the p implant layer
near this voltage that allows for free carrier movement between the absorption
and multiplication layers.

The responsivity of these devices was calculated by measuring the total
light incident on the absorbing region using a calibrated detector. Assuming
that the devices quantum efficiency was 100%, Figure 8.4 shows the gain
versus voltage based on these responsivity calculations. Responsivities over 4
A/W were measured when the detectors were illuminated with a 1.55 um laser
and operated in the avalanche regime near a reverse bias of 65 V, indicating
avalanche gains of at least five. Based on the calculated field profile this gain is
taking place in the silicon multiplication region.

A more comprehensive look at the electric field profile in the detector at
different biases is shown in Figure 8.5. The different profiles were calculated
based on a depletion approximation model given the layer thicknesses and
dopings assumed from the fabricated structure. On the scale, 0.0 um represents

the beginning of the depleted regions. Between 0.0 and 2 um is the InGaAs
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minimally doped absorption region. At a distance of 2 um into the detector, is
the p doped region in the silicon created through implantation. 2.0 um to 4.2
pm represents the minimally doped epitaxial silicon layer serving as the

multiplier.
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Figure 8.4 - Multiplication gain versus reverse bias for a first -generation InGaAs-

silicon APD based on measured responsivity to known 1.55 um light source.
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As the profiles indicate, a 20 V reverse bias produces electric field only in the
silicon and a bamer for electrons remains at the InGaAs-silicon interface. At
40 V reverse bias, the camier barrier has been reduced so that electrons can

begin to transition into the silicon, while the electric field has grown in the
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Figure 8.5 - Electric field profile in a first generation InGaAs-silicon APD. The
calculated electric field is shown at three different biases based on the absorption and

multiplication layer thicknesses.
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silicon. An additional 20 V of reverse bias increases the field in both the
InGaAs and silicon regions so that the necessary field strength for avalanche
multiplication is reached. The characteristics of the photo and dark current
curves correspond fairly well with that predicted by the simple model, with
avalanche gains first seen at biases above 60 V and an increase in the
photocurrent corresponding to an electron field barmer lowering.

Measurements of the optical response of the InGaAs-silicon detector to
different light wavelengths were also made. Figure 8.6 shows the voltage
dependence of the photocurrent normalized to the photocurrent at -35 V for
three different wavelengths of incident light. Since the device is back
illuminated through a silicon substrate, we expect an amplified response only
for wavelengths between 1.0 pum and 1.65 pm. This represents the window
between the cutoff wavelengths for InGaAs and silicon absorption. At 1300 nm
and 1550 nm, photocurrent multiplication was observed indicating absorption in
the InGaAs and electron injection into the silicon multiplication region. At a
wavelength of 920 nm, a small photocurrent was observed that did not increase
with increasing reverse bias, indicating it was due to light absorbed in the
substrate and hole diffusion to the junction without amplification in the
avalanche region.

The measurements on this first generation device indicate the hoped for

properties for the APD. There was an observed avalanche gain in response to
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infrared light which is a significant step for any APD design. The photocurrent
followed expected behavior based on modeling of the electric field and the dark
current was reasonably low. These factors provided the motivation for the

creation of a more complete, second generation APD.
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Figure 8.6 - Normalized photocurrent response versus reverse bias for first generation
InGaAs-silicon APD, measured using light sources at three different wavelengths. The

longer wavelengths exhibited a multiplication gain.
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8.3 Second Generation Device - Design and Fabrication

The device design and layer structure for the second-generation of
InGaAs-silicon APDs* are shown in Figure 8.7. This is again a back
illuminated detector much like the first generation device. The first feature that
distinguishes this detector from its predecessor is that both the p and n contact
metals are on the top of the device in a coplanar fashion. This allows for
frequency response measurements using a coplanar probe. Another
advancement is the presence of passivating layers encapsulating the mesa that
makes up the device. This prevents deterioration of etched surfaces from
exposure over time and also provides a high dielectric constant layer for the
contact pads to rest on. In addition, this device was made using two fusion

steps, one to attach a 1.0 um InGaAs absorption layer and another to attach a

AwZn Top Contact

2nd Fused Interface

by *W% .

TS

Ist Fused Interﬁ%

Au Contact

1.3x1012
p implant

Figure 8.7 — Cross-section diagram of a second generation InGaAs-silicon APD. This

device was created through RIE etching and encapsulated with dielectric layers.
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0.25 pm contact layer. Using two separately fused layers prevents some of the
diffusion of zinc caused when a p+ InGaAs epitaxial layer is grown under an n-
epitaxial layer, as was the case with the first generation device.

Detector fabrication began first with the epitaxial growth of three
different layers. First a 1.0 um undoped layer of In,,,Ga, ,As was grown on an
n+ InP substrate through MOCVD (metal-organic chemical vapor deposition).
A second 0.25 pm p+ In,Ga, ,,As layer was then grown on a p+ InP substrate.
An intrinsic epitaxial silicon layer similar to that used for the first generation
device was then grown on an n+ silicon substrate. A shallow ion implantation
dose of 1.3x10" cm™ boron ions were placed in the silicon surface to provide a
shallow p doping to control the electric field profile as before. Upon
completion of the epitaxy and implantation, the InP wafer with the undoped
InGaAs layer was fused to the silicon wafer at a temperature of 650°C for 20
minutes in a hydrogen atmosphere. After the first fusion step, the InP substrate
was selectively removed leaving only the InGaAs epitaxial layer. The second
MOCVD grown p+ doped InGaAs layer was then fused to the first InGaAs
layer and its InP substrate subsequently removed. This second fusion step was
also done at 650°C for 20 minutes in a hydrogen atmosphere. Again, without
this double fusion scheme, some dopant diffusion is unavoidable when the
intrinsic layer is epitaxially grown directly over the p+ layer. This is especially

true when using zinc which has a tendency to migrate toward the grown surface.
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The epitaxial layers of the finished device are as follows, starting from

the topmost layer. First a 0.2 um thick In 53Ga 47As p+ layer with a doping

level of 2x10!9 cm™3 is used for ohmic metal contact. The second region is a 1.0
pm thick intrinsic InGaAs layer unintentionally doped n-type used for photon
absorption. This layer was fused to a silicon surface implanted with a shallow,
1.3x10” cm” dose of boron ions. Below this implant was a 2.2 pm intrinsic

epitaxial silicon layer, unintentionally doped n-type with a doping level of
approximately 5x1014 cm-3. This layer serves as the multiplication region for

the detector and sits on an n+ substrate with a doping level of 1x1018 cm-3.
Again, the implantation dose in the silicon was calculated to ensure that the
electric field in the intrinsic silicon region is higher than that in the intrinsic
InGaAs region when the device is biased at operating voltages. For significant
avalanche gain in the multiplication region, electric fields of 240 kV/cm to 300
kV/cm are required, while the field in the InGaAs needs to remain below 100
kV/cm. Fields of this strength in the InGaAs layer allow for electron velocities
of over 7x10° cm/sec through the region but inhibit avalanche multiplication.
After the fusion and InP substrate removal steps, further fabrication
steps proceeded as follows. First the epitaxial InGaAs and silicon layers were
etched down to the n+ silicon substrate, leaving only circular mesas of variable
diameters between 20 and 35 pum. This mesa etch provided device isolation and

determined the active area of the detector. A reactive ion etcher (RIE) using a
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mixture of methane-hydrogen-argon was used for etching InGaAs and an RIE

using Cl, was used for etching Si. A top metal layer of AuZn/Ni served as an

etch mask for the devices as well as a top p-type contact. A dielectric layer of
silicon niwide was first applied followed by a spun- on layer of PMGI - a
polyimide type passivant. Gold contacts were then added to provide a contact to
the n+ substrate layer on the silicon surface to allow for coplanar probing.

A top-view photograph of a single completed device is shown in Figure
8.8. The light U-shaped figure in the photo is the metal contact to the silicon
substrate. This shape was chosen to match a 200 pm pitch coplanar probe and

to provide maximum surface contact. The p metal contact consists of the square

Figure 8.8 - Top view photograph of a second generation InGaAs-silicon APD. The U-
shaped figure is the n metal contact and the p metal contact is the square figure attached
to the circle within the U-shaped figure. The active device area had an approximately
25 pm diameter and is under the circle part of the p contact.
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Figure 8.9 - Top view photograph of several second generation InGaAs-silicon APDs

constructed on the same wafer. Two different p contact pad sizes are shown.

figure (50 pm x 50 um) attached to the circle, inside the U-shaped figure. The
active device area is below the circle part of the p contact and is approximately
25 pm in diameter. Figure 8.9 shows a group of detectors on the surface of the
wafer. Some of the p-metal pads have areas of 25 um x 25 pm, smaller than
that for the detector in Figure 8.8. Of course the relatively small size of the
detectors allows for the creation of many on a small substrate. Fora I inch x 1

inch square substrate, 4000 APDs of this size can be constructed.

8.4 Second Generation Device - Measurements

The first measurements made on the second generation of InGaAs-
silicon devices were dark and photocurrent versus bias. Infrared response of the
detectors was measured by back illuminating them through the silicon substrate

with a 1.3 pm laser. Figure 8.10 shows a 23 um diameter device illuminated
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with approximately 20 uW of laser light. The photocurrent curve is close to
what would be expected. There is a large initial increase in the photocurrent
and dark current for a small increase in the reverse bias, then a relatively flat
region where first the p-type ion implant in the silicon and then the InGaAs
absorption layer are being depleted and the gain is approximately one. There is

then a visible kink in the response curve with the onset of avalanche gain.
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Figure 8.10 - Measured current versus reverse bias for a second generation InGaAs-
silicon APD. Shown are the dark current curve and the photocurrent curve produced
by illumination with a 1.3 um laser.
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Unfortunately, the dark current is higher than desired and even higher than the
first generation device. Some of the reasons for this could be the RIE etch steps
that were different for the detectors. The deposition of a silicon-nitride layer to
serve as a surface passivant might also have created surface damage leading to
higher leakage current.

Given the shape of the photocurrent curve shown in Figure 8.10,
multiplication gain was determined for this device. This was done by assuming
that the photocurrent in the flat region of the curve, at -25 V, represents a
gain=1, before the onset of avalanching. Gains at other voltages were then
determined by dividing their photocurrent by the photocurrent at -25 V. Gains
of over 25 were measured for incident light levels of around 20 uW and gains of
over 130 were measured for light levels of around 2 uW. The difference in the
achievable gains at different light levels is due to the high series resistance of
the detector. Large currents create voltage drops across the series resistance and
decrease the available voltage across the detector, lowering the net gain. The
gain for the 23 pum device from Figure 8.10 is shown in Figure 8.11. Again
there is 20 uW of 1.3 um laser light incident on the detector. The curve
indicates a very voltage insensitive device as predicted in Chapter 4. As seen in
the figure, at a gain of ten even a five volt increase in bias only increases the
gain to 25. Measurements of devices of different diameters showed that

larger diameter devices had higher avalanche onset voltages, indicating that the
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lateral electric field profile varies, with higher gains near the perimeter. This is
often the case with etched mesa APD structures and is one of their biggest
problems. Uneven profiles create excess noise and dark current from the

regions with higher than intended gains.
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Figure 8.11 - Multiplication gain versus reverse bias for a second generation InGaAs-
silicon APD. Gain is based on normalizing the photocurrent to the response at a

reverse bias of 25 V.
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The expected electric field profile based on measured device parameters
can be calculated using the depletion approximation. Figure 8.12 shows what
the fields should look like at different points in the detector for various biases.
From 0.0 to 1.0 um, is the InGaAs n- absorption region. The implanted p-type
region sits at 1.0 um on the scale, and from 1.0 um to 3.2 um is the silicon
multiplication region. As with the first generation device, the p implant region
was intended to create a high field in the silicon and maintain a low field in the
InGaAs. Given the assumed layer thicknesses and dopings, at a negative bias of
20 V, most of the voltage drop occurs only in the silicon and an electric field
barrier resides at the InGaAs-silicon interface. At -40 V, the implant has been
depleted and the barrier lowered to allow for free carrier transfer between the
materials. Added bias increases the electric field to a magnitude high enough to
produce significant multiplication in the silicon by -60 V. While these features
are seen qualitatively in Figures 8.10 and 8.11, the calculated avalanche gain
occurs at voltages less than predicted by the simple model. This seems to
indicate that the actual layer thicknesses of the silicon and InGaAs are thinner
than expected. This is certainly possible in the InGaAs where zinc could have
diffused from the p+ into the n- layer during fusion. The 2.2 um silicon layer
could also be much thinner than specified due to diffusion of substrate doping

into the n- layer during epitaxial growth.
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Figure 8.12 - Electric field profile in a second generation InGaAs-silicon APD. The
calculated electric field is shown at three different biases based on the absorption and

multiplication layer thicknesses.

Frequency response measurements were also made on the detectors
using an HP 8703a Lightwave Component Analyzer and coplanar probes. The

component analyzer has a measurement range from .13 GHz to 20 GHz. For a
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23pum diameter device illuminated with a modulated 1.3 pum laser, at a gain of
10, a 3 dB bandwidth of 820 MHz was measured. At a gain of 135, a 3 dB
bandwidth of 600 MHz was measured yielding a gain-bandwidth product of 81

GHz. The frequency response is shown in Figure 8.13. The maximum gain-
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Figure 8.13 - Normalized frequency response for a second generation InGaAs-silicon

APD. Curves for the same device biased at two different gain levels are shown.
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bandwidth product is near the highest gain-bandwidth products reported for
InGaAs/InP avalanche photodetectors. The main limiting factor for the speed
of these second-generation devices was the large series resistance caused by a

choice of bad ohmic contacts. A series resistance of over 2000 ohms was
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Figure 8.14 - 3-dB bandwidth versus multiplication gain for second generation InGaAs-

silicon APD.
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measured, combined with a capacitance of 0.1 pF. These factors combine to
limit the frequency of the detector to (1/2nRC) = 800 MHz, which is exactly
what was measured on the component analyzer at the relatively low gain of 10.

Figure 8.14 plots the 3 dB bandwidth versus the gain for the second
generation detector. This type of curve is a typical performance measure for
avalanche photodetectors. For all APDs, as the gain becomes higher, the
frequency response drops. This is due to the increasing avalanche
multiplication time required for higher gains. In this particular case, the 3 dB
bandwidth begins at 800 MHz which is the RC limit. Over gains of 50 there is
an obvious decrease with a dip at a gain of 95. This dip is not due to any
multiplication effect but is simply due to microwave resonances in the
measurement.

The second generation fused APD, much like the first was reasonably
successful but also created many questions. High gains were measured, but
these were accompanied by high dark currents. Was it possible to make a
lower dark current device with high gains? The first frequency response
measurements were made but the devices were RC limited. The first gain-
bandwidth number was reported, but was a higher number possible with a
device better designed for higher speeds? What could be done to improve the
processing and better define the layers? All these questions of course led to

another device generation.
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8.5 Third Generation Device - Design and Fabrication

The device design and layer structure for the third-generation InGaAs-
silicon APD’ are shown in Figure 8.15. There are significant changes compared
to the previous designs. The first significant change is the absence of a silicon
epitaxial layer. This was used in the earlier versions together with an implant to
define the multiplication layer in the detector. In this third generation, the
multiplication layer was created only through implantation of a silicon
substrate. Another big change was the use only of PMGI as a passivating
dielectric instead of a combination of silicon nitride and PMGI. Also present
are guard ring structures surrounding the active detector mesa, intended to
reduce the total dark current by eliminating surface leakage currents. The guard
ring had a separate contact pad and could be biased independently. The metal
system was also changed in an effort to reduce the series resistance. Aluminum
was substituted for gold for the ohmic contact to n+ silicon. The top p contact
remained the same. The double fusion scheme was replaced by the single
fusion of two InGaAs layers designed to have less zinc diffusion than could be
expected in the first generation device. The detector remains a back-illuminated
device and features topside metal contacts suitable for coplanar probing.

The fabrication of this third generation of InGaAs-silicon detectors

began with the epitaxial growth of the two InGaAs regions. First a 1700 A p+

In,,Ga, ,As layer zinc doped to 1x10!9 cm-3 was MOCVD grown on an InP
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substrate. A 300 A In,,Ga,_As layer was then grown with the zinc doping
graded from 1x10” to 1x10® cm® A 1.0 pm nominally undoped n-
Ing s3Gag 47As layer with doping less than 1x10" cm® was then grown above
the p doped layers. The 300 A doping grading layer was used to reduce zinc

diffusion into the n- layer during growth and subsequent wafer fusion. The
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' : p-Type Implant
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Figure 8.15 — Cross-section for a third generation InGaAs-silicon APD. This device

was created with RIE etching and was encapsulated with the dielectric PMGIL
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silicon portion of the detector was made up of an n-type silicon wafer with a
resistivity of 0.142ohm-cm implanted with a 3.0x10” cm® dose of 10 keV
boron ions. This dose was calculated to compensate the n doping in the silicon
and provide a p doped layer at the surface of the wafer.

The top n-InGaAs layer was then fused to the silicon surface by placing
them in direct contact under pressure at a temperature of 650°C for 10 minutes
in a hydrogen atmosphere. After fusion, the InP substrate was selectively
removed from the InGaAs epitaxial layers. The resulting structure had the
following layers, starting at the topmost layer (Figure 8.15). First, a p+ InGaAs
layer was used for ohmic contact, followed by a 300 A doping grading layer.
Below this was the 1.0 um n- layer used as the photon absorption layer followed
by a shallow implanted p layer in silicon above a thick n type silicon substrate.

Fabrication of devices involved first applying a top Aw/Zn metal that
served as an ohmic contact to the p+ layer as well as a mask for reactive ion
etching (RIE). Circular mesas and guard rings were defined by etching through
the InGaAs layers and 1.0 um into the silicon substrate with a C, RIE. A 3.0
pm thick dielectric coating of PMGI was then applied. Via holes on top of the
circular mesas were opened using deep UV photolithography and gold probing
pads evaporated on the PMGI surface. Openings in the PMGI were then made
for contact to the n type silicon substrate, and aluminum was used as the contact

metal. The final devices had metal contact pads suitable for coplanar probing
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using a 200 um pitch probe and a variety of mesa diameters between 20 and 30
pm.

Figure 8.16 shows a top-view photograph of a completed third
generation InGaAs-silicon APD. The active 23 um diameter mesa of the device
is in the center of the picture within the light colored ring. The p-contact metal
extends from this active region out to a larger square pad resting on the PMGI
dielectric. The guard ring structure surrounds the active mesa and has its own
contact pad. On either side of these structures are two rectangular n-metal
contact pads which rest directly on the n+ silicon substrate. Figure 8.17 is a top
view photograph of several detectors on the wafer surface along with several
test structures and alignment marks. As with the second-generation detector,

the die size per detector would allow for a total of 4000 devices in a 1 in’ area.

Figure 8.16 - Top view photograph of a third-generation InGaAs-silicon APD. The

active area of the detector is the circular mesa between the ring in the middle of the
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picture. N-metal contacts are on the outside of the ring and separate p-metal contacts
for the active area and the guard ring are in between. The metal pad spacing was

designed to allow for coplanar probing.

Figure 8.17 - Top view photograph of several third-generation InGaAs-silicon APDs

constructed on the same wafer. Two different p contact pad sizes are shown.

8.6 Third Generation Device - Measurements
The first characteristics investigated for this third generation device

were its dc leakage currents and response to infrared light. The quantum
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efficiency of the detector was measured by back illuminating non-avalanching
structures similar to Figure 8.14 but without the p type multiplication region.
These devices exhibited no current gain as expected. Using a 1.3 um laser, 150
uW of light was incident on the silicon backside with an air-silicon interface
transmission of 0.70. Photocurrent was then measured at different reverse
biases. After an initial photocurrent increase with increasing bias due to the
depletion of the InGaAs n- layer, the photocurrent curve flattened and a
photocurrent of 60 + 5 uA was measured. Correcting for the reflection at the
air-silicon interface, the responsivity R for the detector at full layer depletion
was 0.57 A/W and the quantum efficiency n was 0.60 (these quantities are
defined in the PIN device chapter). For a 1.0 um absorption layer (w ) of
InGaAs with an absorption coefficient () of 1.16 unr! at a wavelength of 1.3
pm, we would expect a quantum efficiency of | — e(-axw) ,or0.69. The 12%
disparity in our measured and expected quantum efficiencies can likely be
explained by a smaller than expected absorption layer due to zinc diffusion
from the p+ layer during the high temperature fusion step. The measured
quantum efficiency would predict an absorption layer approximately 0.7 pum
thick, giving a 300 nm diffusion layer width from the p+ region into the n-
absorption region. This diffusion distance is certainly within reason given the
fusion parameters. Another explanation for the slightly low quantum efficiency
could be the loss of carriers across the InGaAs-silicon interface, although the
earlier data from the PIN devices would contradict this..

The shape of the photocurrent verses reverse bias curve (Figure 8.18)

shows the two regions we would expect to see in this APD. First there is a
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region where the photocurrent increases rapidly due to depletion through the
absorption layer (between O V and -9 V). Then after full depletion, there is a
region of gradual increase in the photocurrent gain as the electric field is
increased (Figure 8.18) in both the InGaAs and silicon layers (between -9 V and
-24 V). Note that the dependence of gain on voltage is much more gradual than
for InP APDs, as expected for a silicon multiplication layer. The implant dose
in the surface of the silicon was calculated to provide a triangular electric field
with a peak height of over 500 kV/cm in the silicon while maintaining a lower
electric field of approximately 100 kV/cm in the InGaAs. This profile allows
for avalanche gain only in the silicon. The determination of gain is difficult in
an APD for which the absorption layer does not deplete until the multiplication
layer is biased high enough to yield significant gains. To calculate the gain, the
device was modeled based on known parameters and the shape of the
photocurrent versus bias curve. Electric field profiles were generated’ for
different biases based on the InGaAs-silicon structure shown in Figure 8.14 and
avalanche gain was determined based on these field profiles and ionization
coefficients used to calculate the bandwidth of the detectors’. Based on the
absorption layer depleting at 9 V, and the ratio of measured photocurrent at
voltages of 9 V and -24 V, the computed electric field profiles at various
voltages are shown in Figure 8.19 and the gain curve is shown in Figure 8.18.
The parameters used to obtain these curves are a silicon substrate doping of 6.7
x 10" cm® ion implant of 3.18 x 10” cm® and InGaAs absorption layer
thickness of 0.66 um. These doping levels fall within the range of measured

values and the absorption thickness corresponds well with what we would
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expect based on zinc diffusion and quantum efficiency measurements.

Measured photocurrent gain is also plotted in Figure 8.17 normalized to the
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Figure 8.18 - Multiplication gain and dark current versus reverse bias for a 23 um
diameter third generation InGaAs-silicon APD. The detector was illuminated with S
uW of 1.3 um light. The solid line indicates gain based on modeling, the open circles
represent measured photocurrent gain normalized to the gain at 9.5 V, which should be

2.2. The solid circles represent measured dark current density.
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gain at 9.5 V, which based on our model is 2.2. Measured dark current versus
reverse bias is also shown in Figure 8.17. As indicated by the figure, the dark
current is initially in the nA range but increases rapidly as the detector is biased
into the avalanche gain regime. The rapid increase in dark current made
photocurrent measurements at high gains difficult and the curmrent became
unstable at gains of over 40, due to device heating. Much of the leakage current
was probably due to edge breakdown.

Another feature of Figure 8.18 to notice is the relative insensitivity of
the gain to bias changes. At a gain of ten, a ten percent voltage increase only
increases the gain to about 20, while a ten percent voltage decrease only
decreases the gain to about six. A comparable InGaAs/InP APD would be
much more voltage sensitive and a ten percent voltage swing would lead to
much larger swings in the avalanche gain. InGaAs-silicon devices are more
insensitive due to the large difference in ionization coefficients in silicon, as
explained in Chapter 4.

The frequency response of the third generation detector was improved
over the second- generation detector which had a maximum bandwidth of 800
MHz. The 800 MHz design was limited primarily by RC roll off due to the
large contact resistance (2000 ¢) with the n-metal pads and silicon. In addition
the multiplication layer thickness in the earlier device was relatively thick (2.5

pm). The latter detector had a device resistance of less than 50 ohms and a
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capacitance of less than 0.1 pF so the frequency response was limited by carrier
transit time instead of RC roll off. In addition the multiplication layer for the
silicon was calculated to be around 0.65 um thick, much thinner than that of the
previous device. The normnalized response versus frequency for the APD is

shown in Figure 8.20. The measurements were made using coplanar probes and
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Figure 8.19 - Calculated electric field profiles in a third generation InGaAs-silicon APD

at three different biases.
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an HP Optical Component Analyzer with a range from 0.13 MHz to 20 GHz.
The component analyzer used a 1.3 pm modulated laser as a source. The
frequency response was relatively flat up to gains of around 20 where it began

to drop slightly. At lower gains the 3-dB down frequency is about 13 GHz.
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Figure 8.20 - Frequency response of a third generation InGaAs-silicon APD. Shown

are the responses for the same detector biased at three different gain levels.
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The 3 dB bandwidth as a function of gain is plotted in Figure 8.21. As
can be seen, the bandwidth is approximately 13 GHz with gains up to 20 and

decreases to 9 GHz at a gain of 35. Measurements of gains beyond this were
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Figure 8.21 - 3-dB bandwidth versus multiplication gain for a 23 pm InGaAs-silicon
APD with a 0.7 pm absorption layer and a 0.6 pm multiplication layer. Points indicate

measurements, line indicates theoretical response based on Hollenhorst’s method

(Section 5.5).
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inhibited by the rapid increase in dark current and thermal heating. The

calculated dependence of bandwidth on gain’ is also shown in Figure 8.21 and
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agrees well with the measurements. The highest measured gain-bandwidth
product was 35 x 9 GHz, or 315 GHz. As illustrated by the figure, gain-
bandwidths of around 350GHz should be possible when measurements at higher
gains are achievable.

To compare the performance of the third generation detector to existing
and predicted results for InGaAs/InP° APDs, Figure 8.22 plots the gain-
bandwidth-product versus multiplication layer thickness. The highest reported
gain-bandwidths for the two types of detector are indicated along with a curve
predicting performance. As can be seen, the latest InGaAs-silicon device
surpasses the gain-bandwidth of the best InGaAs/InP APD (120 GHz)' and
indicates the potential for much greater performance as dark currents are
decreased and multiplication layers are made thinner. Gain-bandwidth products

of 600 GHz may be possible.

8.7 Conclusions

The construction of InGaAs-silicon APDs allowed for the first
measurements of their electrical properties such as dark current, photo-
response, and frequency response. The fabrication of these detectors was
accomplished with standard semiconductor processing techniques except for the
critical wafer fusion step used to bind the InGaAs and silicon layers together.

The three generations of devices that were made all had measurable avalanche
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gain and photoresponses that confirm one of the conclusions from the InGaAs-
silicon PINs - the fused interface does not act as a barrier for electrons and
holes. All of the APDs created had dark currents higher than desirable for
integration into real system, but these seemed to be caused by the fabrication
techniques rather than any intrinsic material properties. Frequency response
measurements made on the most sophisticated APD design showed 3-dB down
frequencies of 13 GHz - very fast for an APD. The measured gain-bandwidth-
product of 315 GHz for this device was also the highest every reported in the
near-infrared. All of the measurements answered questions about how well the
device could perform, but also leave many remaining. What is the ultimate
gain-bandwidth-product for this type of detector? How low can the dark current
be made? The noise figure has been measured for an InGaAs-silicon PIN but
what is it like for an APD? How do these detectors perform in actual
transmission systems? Hopefully, these devices will serve to pave the way
toward further research and the construction of devices that outperform any that

exist today.
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Chapter 9

Conclusions and Outlook

9.0 Conclusions

The first conclusion to be drawn from this dissertation is that silicon is
the material of choice for the gain region in an avalanche photodiode. The
reasons for this were explained qualitatively based on an elementary look at the
avalanche multiplication process. Electrons in silicon are much more likely to
ionize than holes leading to a very low ratio (k) between the hole and electron
ionization coefficients. This creates a gain scenario that is faster and less
random than that in semiconductors with k ratios closer to one. Four different
aspects of the gain mechanism were linked to this k ratio. First the gain
sensitivity to voltage and temperature were derived as a function of k. It was
found that the more disparate the ionization coefficients the less sensitive the
gain to voltage and temperature variations - very desirable when operating an
APD in a system. The dependence of signal noise on the ratio k was also
derived. Again semiconductors with k values much less or much greater than
one produced less noise with increasing gain. Finally two methods of
computing bandwidth were presented and calculations were made for APD

structures based on the ionization coefficients of their multiplication layers. In
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each of these areas, voltage sensitivity, temperature sensitivity, signal noise,
and bandwidth, silicon was compared directly to InP and in each case silicon
was shown to be clearly superior.

An obvious second conclusion is that InGaAs is the best material for the
absorption region of an APD intended for use in fiber optic systems. Its high
optical absorption coefficient at the 1.3 and 1.55 pgm has made InGaAs the most
desirable detector material at these wavelengths. The idea of combining
InGaAs and silicon to take advantage of their properties follows naturally. One
of the important requirements when working with APDs containing InGaAs is
control of the electric field profile. Calculations made here show that if InGaAs
and silicon can be successfully integrated, ion implantation can be used as a
“doping knob” to tailor elecwric fields. The use of implantation makes an
InGaAs-silicon APD very feasible to build in terms of the present processing
technology.

A third conclusion is that wafer fusion provides a good interface
between InGaAs and silicon. For years the lack of an effective integration
method limited any attempts to combine III-V semiconductors and silicon to
construct an APD. The junction created through wafer fusion is mechanically
robust and provides excellent current transport properties. Studies of the
interface found no signs of recombination centers or excess charge. High

quantum efficiency PIN detectors made from fused InGaAs and silicon also had
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large frequency bandwidths limited only by the RC time constants of the
detector. It was also discovered that the proper fusion conditions are important
to producing a high quality interface. Ideal conditions seem to be a pure
hydrogen atmosphere at temperatures near the epitaxial growth temperatures of
InGaAs. Lower temperatures and lower concentrations of hydrogen produced
detectors with higher dark currents and what appeared to be a thin interface
barrier.

Perhaps the most important conclusion to be drawn is that high
performance APDs can be made from the InGaAs-silicon material system.
Three generations of APDs were constructed and their characteristics measured.
The first design was a very elementary one that served as a proof of concept.
Photocurrent gains measured for this device showed that carrier injection from
an InGaAs layer into a high field silicon layer was possible. The lessons
leamed from the first generation detector were applied to a second, more
sophisticated design. High photocurrent gains were measured and the gain
versus voltage curves showed the expected characteristics of a low k
semiconductor. The first bandwidth measurements were also made on this
device in spite of the fact that the design needed improvements in order to
achieve very high-speed operation. This led to the third device generation,
intended to push the bandwidth limits of the InGaAs-silicon system. This

detector again exhibited high photocurrent gains and low voltage sensitivity as
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expected for a silicon multiplication layer. Very high bandwidths of 13 GHz

were also measured along with a record gain-bandwidth-product of 315 GHz.

9.1 Future Work

It could be said that for every research project the work is never
finished. There is always some question that remains unanswered some
property yet to be explored. The InGaAs-silicon APD is certainly one of those
projects and the research done here has brought up as many new questions as
answers it has provided. Some of the first questions that remain involve the
nature of the fused InGaAs-silicon interface. From what has been measured it
appears to be almost ideal for use in a detector with an undetectable offset in the
conduction band. Is the conduction band all in the valance band? What exactly
occurs as electrons transit from the direct bandgap semiconductor InGaAs into
the indirect bandgap silicon? Several experiments could be done in an effort to
quantify this interface. First of all a reversed PIN structure diode could be
constructed with p-doped silicon and n-doped InGaAs. Reverse bias operation
of this structure would demonstrate a valence band offset as holes would run
into this barrier as they were swept towards the silicon layer. Further
capacitance-voltage measurements could also be done, especially on this

reverse PIN structure to try and pick up any valence band offset.
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Another area that merits further effort is the dark current reduction in
InGaAs-silicon APDs. Much of the dark current produced in the devices from
Chapter 8 is due to the processing techniques used in their production. All of
the APDs were made from dry etching, which produces material damage and
excess current leakage. Less damaging processes need to be developed that are
compatible with InGaAs as well as silicon. When the dark current is reduced
sufficiently other detector characteristics can be measured more accurately,
including noise and precise voltage and temperature sensitivities. Making these
measurements on diodes with high dark currents is fairly difficult and can also
produce misleading errors.

Another looming quantity that remains unknown for this APD is the
device lifetime. This is of concern due to the fused interface so critical to the
detector. Although the interface appears to be very good initially, it could very
well deteriorate over time. APDs must operate under high electric fields and
this could contribute to any interface degeneration. The only way to really
know what happens to the interface is to do accelerated life testing at high
temperatures and voltages. Again, having a low dark current device is
important for this test as well.

One aspect of semiconductor device development that all new
inventions must go through is the transition from being produced and measured

in a research laboratory to being manufacturable. For InGaAs-silicon APDs to
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be at all useful in the real world they must be produced reliably and in a state
that is readily packaged. Many of the processes used to produce the APDs
described here are low temperature in nature and do not lend themselves to
either bump bonding packaging or even wire bond attachment. Higher
temperature fabrication processes must be developed to allow integration of
detector die with other electronics.

Creating APD die capable of being packaged also opens up a whole
other set of measurements possible for the detector. They could then be
integrated with a transimpedance amplifier in a receiver circuit. Receiver
sensitivity could then be measured - the ultimate measure for an APD intended
for optical communications. Operation of an APD receiver in a real
communication system, using actual lengths of optical fiber, is also a future
landmark.

Of course there is also plenty of work to be done on more basic aspects
of the detector. Investigating the properties of different silicon multiplication
layer thicknesses is one that comes to mind. An ultimate gain bandwidth
product well over 800 GHz may be possible with enough effort concentrated on
producing the “ultimate” thin avalanching layer in silicon. More useful work
might actually come in investigating very thick silicon layers capable of

producing very controllable gains with very low noise. For every data rate,
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there is a silicon thickness that would optimize an InGaAs-silicon APD

receiver’s sensitivity, and a lot of work left to find each one.

9.2 Outlook

It is always difficult to predict what may happen with a new invention
and if it will make any real impact. A few projections can be ventured upon,
however, based upon an optimistic view of the InGaAs-silicon APD and
assuming it can be manufactured and packaged successfully. The first area in
which the device could have an impact is in existing communication systems,
especially those operating at 2.5 GBit/s. These systems are presently using
InGaAs/InP APD receivers at the end of long fiber runs. If the InGaAs-silicon
combination can provide an increase in receiver sensitivity, as theoretically it
should, longer lengths of fiber can be used before optical amplification is
necessary. More important than this application may be access networks in
which fiber rings connect nodes of transmitters and receivers. Higher
sensitivity APDs translate into longer fiber runs between nodes and more nodes
in a ring, without the huge cost of using optical amplifiers. This advantage
could be applicable at 2.5 GBit/s as well as lower data rates.

The application for which the InGaAs-silicon APD should really excel is
in a receiver for 10 GBit/s. Systems operating at this speed are still in their

prototyping stage and one of the real limitations designers are faced with is an
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adequate receiver. It is extremely difficult to push APDs based on existing
InGaAs/InP technology to work with any significant gains at 10 GBit/s. The
avalanche build up times in these detectors is simply too great. Systems are
now being put together without APDs, instead using PIN receivers and
amplifiers - adding greatly to the cost. It has been demonstrated, however, that
InGaAs-silicon can operate at the required high speed and maintain significant
gains. If InGaAs-silicon APDs can be made commercially available, they
would not only be a nice improvement, but an enabling technology for 10
GBit/s systems.

There are many other advantages that the use of the InGaAs-silicon
system could provide. Infrared APDs could conceivably be made by fusing
InGaAs to silicon wafers to pre-fabricated VLSI circuitry. This could lead to
highly integrated APD chips with detector, amplifier, and even clock and data
recovery electronics. Such a chip would be desirable because of its small size
and also reduction in cost. APDs for applications other than optical
communications are also a possibility with InGaAs-silicon. More sensitive
detectors for things like LIDAR and medical imaging are constantly being
sought. In these areas high speed is not as important as high photocurrent gains
and low signal noise. Outside of the intended focus of this dissertation, there
are also likely applications of the new InGaAs-silicon system that have nothing

to do with light detection. Time and necessity will tell.
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