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ABSTRACT

In this dissertation, the growth and device performance of high In content InGaAs quantum
wells on GaAs substrates will be discussed. The motivation for this work is to produce
devices on GaAs operating at 1.3 um which is an optimal wavelength for fiber ontic
systems. Fabrication of long wavelength optoelectronic devices on GaAs substrates has
great potential for monolithic integration of optical and high speed electronic devices for

telecommunications applications.

Observation of excitons and the quantum confined Stark effect (QCSE) at 1.3 um on GaAs
using InGaAs/AlGaAs multiquantum wells (MQW) was achieved by incorporating a
linearly-graded buffer layer beneath the MQW during growth by molecular beam epitaxy
(MBE). This linear grading is shown to be superior to step-grading for the growth of high
In content InGaAs on GaAs. Investigations of the effect of the gradient within the linearly-
graded buffer revealed that slower grading yielded better quality material. Analysis of the
material quality using techniques such as transmission electron microscopy (TEM) and

optical absorption is discussed.

These high In content quantum wells were used as the active layers in electroabsorption
modulators. Modulators are optoelectronic devices which can form an essential link
between sources and receivers in fiber optic systems. Quantum well electroabsorption
modulators operate via electric field induced changes in the absorption of quantum wells.
The first transmission electroabsorption modulator at 1.3 pm on GaAs was demonstrated
using a simple p-i-n mesa structure with a linearly-graczd n-type region and MQW intrinsic
region. Reflection modulators operating at 1.3 um were produced on GaAs using a novel
scheme which integrates a quarter-wave mirror stack into a linearly-graded buffer. In
addition, these p-i-n structures were shown to perform as photodetectors operating at 1.3
um with low leakage current and high internal quantum efficiency.
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1. INTRODUCTION

1.1. Overview
This dissertation describes an investigation of the growth of high Indium (In) content

InGaAs on GaAs substrates for optical applications. The motivation of this work is to
produce useful devices for long wavelength optical fiber applications on a practical
substrate and to understand the growth of highly strained materials. '

1.2. Motivation
1.2.1. Advantage of long wavelength operation in InGaAs/GaAs

Fiber optic cables carry an increasing percentage of information. Perhaps the most familiar
application is long distance telecommunications. Due to the material properties of the
fibers, 1.3 um is an optimal wavelength for operation of fiber optic systems. The
dispersion minimum which occurs at this wavelength! makes for efficient propagation of
light along the fiber. Practically, this efficiency could translate into advantages such as
larger spacing between repeaters, which is especially beneficial for undersea applications,
or greater information transmission. The simplest concept of a fiber optic system is shown

schematically in FIGURE 1.1.

This system consists of a laser which serves as a source or generator of light, a detector
which receives the light, and an additional element known as a modulator. This modulator
controls the flow of information between the laser and the detector. In its simplest form,
the modulator may be described as a switch which either allows light to pass from the

source to the detector or blocks its path.

4 Modulator )
(Switch)

Laser | | Detector

fiber optic cable

- J

FIGURE 1.1 Schematic of simplified fiber optic system.




In addition .to 1.3 um operation, there are several other requirements for a modulator in a
fiber optic system. The device should be capable of high performance and flexible in
design to permit optimization for particular system applications. The modulator should be
produced on a substrate which allows for monolithic integration of all system components.
This offers the advantages of enhanced coupling efficiency and reduced packaging cost.
Finally, having a substrate which is transparent at 1.3 pm offers the flexibility of
transmission as well as reflection devices. In light of these requirements, GaAs is an
excellent choice for a substrate. The bandgap of this serniconductor makes it transparent at
1.3 um. As the most widely used semiconductor behind Si, considerable processing
expertise exists for producing GaAs devices. Modulators, lasers, and detectors have all
been made on GaAs substrates. Although these have included high performance devices,
their limitation has been the wavelength of operation. Prior to this work, the longest
wavelength modulated on GaAs was only 1.06 pm. Thus the goal of producing devices
which operate at 1.3 tm on GaAs substrates is technologically important.

Although some 1.3 pm devices have been produced on InP substrates, devices on GaAs
substrates offer several advantages, including; a higher degree of electronic device
integration, the lack of dangerous phosphorous in a growth system, and a greater range of
refractive indices for epitaxial materials which is particularly useful for devices requiring
vertical cavity structures. To achieve 1.3 pm operation on InP requires InGaAsP active
layers. These quaternary layers require precise control of both group III (In and Ga) and
group V (As and P) species. The layers are usually produced by gas phase processes such
as metal organic chemical vapor deposition (MOCVD). Both phosphine and arsine, which
are used as the group V sources, are highly toxic. Because of its extreme flammability,
solid phosphorous is extremely dangerous in growth systems using solid sources such as
molecular beam epitaxy (MBE). Thus, the lack of phosphorous permits easier growth by a
wider variety of techniques. Also, on GaAs, a ternary material such as InGaAs may be
used to reach 1.3 um. This requires control of only three sources rather than the four

required for quaternary layers such as InGaAsP.

Optical modulators can interface between electronics and optics in a variety of applications
including switching, information storage, beam steering,2 mode locking and Q-switching
of lasers,3 and optical computing based on SEEDs.# There are many different types of
modulators. In this work, only electroabsorption modulators will be considered. These
modulators operate via electric field induced changes in the absorption of quantum wells.
Such modulators are particularly attractive because they consist of reverse bias diodes



which operate in an efficient, low-power mode. In the InGaAs/GaAs system, these
modulators offer the additional advantage of potentially high speed operation due to the
relatively low barrier heights in both the conduction and valence band.

An additional motivation for the operation of optical devices at 1.3 tm is the proximity to
the 1.319 um emission line of a Nd:YAG laser and the 1.313 pum line of a Nd: YLF laser.
Nd:YLF is less commonly used but is promising as it has demonstrated 20% higher optical
to optical conversion efficiency than Nd:YAG.5 The ability of optical devices to operate
with such solid state lasers is particularly important for the realization of highly parallel and
complex optical architecturesS:7 since these lasers are capable of sufficiently high optical
power with high spectral and spatial quality to meet most system requirements. An
example of such a complex architecture might be an analog fiber optic application such as

cable television.

1.2.2. Strained Layer Epitaxy

The problem with producing devices operating at 1.3 pm on GaAs substrates was mostly
the lack of suitable lattice matched materials. FIGURE 1.2 shows the lattice constant
versus bandgap energy or operating wavelength for various semiconductors.® As shown
in FIGURE 1.2, there is no material with a bandgap of 1.3 pm and a lattice constant equal
to that of GaAs. Thus one must resort to the more complicated growth of lattice
mismatched materials or strained layer epitaxy (SLE). The line joining InAs and GaAs
represents the alloy InGaAs which does offer the possibility for 1.3 pm operation.
However, since the lattice constant of InAs is 7.2% larger than that of GaAs, the addition
of In increases both the operating wavelength and the lattice mismatch. During
conventional epitaxial growth, the material quality of a mismatched layer degrades above a
certain critical thickness so that it is unusable in devices. This critical thickness decreases
with increasing mismatch. This will be discussed more fully in Chapter 3. The growth of
InGaAs with sufficiently high In content for 1.3 um operation had been hampered by the
difficulty of obtaining sufficiently thick good quality material to be useful in realistic
devices. This difficulty was overcome in this work through the use of linearly-graded
buffer layers. Thus InGaAs/GaAs is a technologically mterPstmg materials system in
which to investigate the general problem of strained layer epitaxy.



_ 40
2 ZnS©
< 04
© 301 -
g ZgSe SL

AlP cd _ 2
s T S zame 05

° =

> -
g 2.0 (_29
W | u
z e
v g
s 1.0 =
S
= L
z
= ol

55 6.0 6.5
LATTICE CONSTANT (X)

FIGURE 1.2 Minimum bandgap energy and operating wavelength versus lattice constant
for various semiconductor materials. Lines connecting binary compounds represent ternary
alloys. Solid lines indicate a direct bandgap while dashed lines indicate an indirect
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1.3. Overview of this work

This thesis describes the growth, characterization, and device performance of high In
content InGaAs layers grown atop GaAs substrates using molecular beam epitaxy (MBE).
Chapter 2 summarizes the background for this thesis including materials, growth, and
devices. Chapter 3 describes strained layer epitaxy and reviews relevant literature
concerning long-wavelength (1.06 um and 1.3 um) InGaAs/GaAs as well as the related
strained materials system of Sij.xGey/Si. Chapter 4 examines the effect of growth
temperature and In composition on InGaAs quantum wells. Chapters 5 through 7 describe
several experiments to optimize growth of high In content InGaAs on GaAs. Materials
characterization including electron microscopy, optical absorption, and X-ray diffraction as
well as device performance of this material in an electroabsorption modulator and a
photodetector are considered. Chapter 5 provides a comparison of the growth of high In
content InGaAs quantum wells on GaAs substrates using step-graded and linearly-graded
buffer layers. The promising results from the linearly-graded buffer layer are further
explored in Chapter 6 which considers the effect of varying the gradient of this graded
buffer. Chapter 7 compares high In content InGaAs quantum wells with GaAs and
AlGaAs barriers. The modulators described in Chapters 5 through 7 are transmission
modulators. Chapter 8 deals with two techniques for producing reflection modulators

4



using these same materials. Finally, Chapter 9 contains a summary of conclusions from
this work and suggestions for future work. An appendix describes the processing
sequences used in preparing the devices described in this thesis.



2. BACKGROUND: Materials, Growth, and Devices

2.1. Overview
This chapter provides an introduction to the materials, growth technique, and device

principles which serve as the foundation for this work. First, the materials and their
parameters will be presented. Following this, the specific materials growth technique used,
molecular beam epitaxy, will be explored. Finally, some details of the operation and
measurements of the devices, specifically modulators and photodetectors, produced in later

chapters will be discussed.

2.2. Materials
The materials described in this thesis are known as III-Vs since they are comprised of

elements from Columns III and V of the periodic table. The epitaxial layers mainly
consisted of AlGaAs and InGaAs. Some of the mirror layers described in Chapter 8 also
included InAlAs. These are all semiconductors and may be characterized by their bandgap
which is the energy difference between the top of the valence band and the bottom of the
conduction band. The optical transition associated with this bandgap may be direct or
indirect. Direct bandgap transitions require no momentum change, generate light
efficiently, and result in excellent optical devices. Materials with indirect bandgap
transitions are extremely inefficient in optical devices.

GaAs and AlGaAs are the most commonly used III-V semiconductor materials. AlGaAs
has even become a “common household item” in the laser diodes of compact disk (CD)
players.? Most III-V semiconductors including InGaAs, GaAs, and AlGaAs for
compositions up to 45% Al, have direct bandgaps which gives them an advantage over the
most commonly used semiconductor Si which is an indirect gap material. Thus III-V
optical devices are much more efficient than Si optical devices. In general, ITI-V materials
have higher carrier mobilities than Si which results in faster electronic devices.!0
However, the processing difficulties of such compound semiconductors compared with
elemental Si, including lack of a stable native oxide and the lower level of technological
expertise, has made it difficult for ITI-Vs to compete in commercial electronic devices.

This section describes the important material parameters such as lattice constant, bandgap,
and refractive index for the semiconductors studied in this thesis. These parameters are
useful for understanding the growth of the materials as well as for device design.



2.2.1. AlGaAs
As shown in FIGURE 1.2, the lattice constants of AlAs and GaAs are almost identical.

Thus the full range of compositions of AlxGa]-xAs may be grown essentially lattice
matched to a GaAs substrate providing high quality structures and interfaces. The growth
of AlGaAs on GaAs has been widely studied and a considerable body of literature exists on
the topic.!! Of course, the growth of extremely high quality material does involve the
optimization of such factors as growth temperature, V/III ratio, source fumace design,

system preparation, and high purity source materials.

Since AlGaAs has a larger bandgap than GaAs, the combination of the two materials offers
an excellent system for producing quantum wells. For compositions below 45%
aluminum, AlGaAs is a direct bandgap material while for higher Al compositions, the band
structure results in an indirect transition. Most of the physical parameters for AlGaAs may

be described as a function of its aluminum composition, x. The lattice constant is given by

a=5.6536 + 0.0069x (2-1)
The 300 K bandgap of the alloy in eV at the T point is!2

Eg=1.424 + 1.247x x <045 . (2-2)
Eg=1.900+0.125x+0.143x2 X 2 0.45 (2-3)

For direct gap AlGaAs, the conduction band discontinuity (AE¢) of AlGaAs/GaAs is about
65% of the total discontinuity and the valence band discontinuity (AEvy) is 35%.!3 The
refractive index, which is an important parameter for the design of multilayer optical
structures, varies approximately lineariy from about 3.0 in AlAs to 3.5 in GaAs for
energies slightly below the bandgap. This is the region usually used for devices such as
modulators, since the material is transparent but electro-optic effects are strong.

2.2.2. InGaAs

The materials system of InGaAs on GaAs has not been as extensively studied as that of
AlGaAs on GaAs. The high carrier mobilities of InGaAs make it attractive for electronic
devices while its small bandgap is desirable for long wavelength optical devices. InGaAs
may be grown lattice matched to InP at a composition of 53% In and virtually all of the
information on InGaAs is available for that specific composition. However, there is no
composition of InGaAs which lattice matches GaAs. Thus, as described in Chapter 1, the



growth of InGaAs on GaAs involves strained layer epitaxy. Numerous transport and
optical devices have been produced with In compositions of less than about 30% e.g.
strained InGaAs on GaAs including HEMTs,!4 HBTs,!5 lasers,!6 and modulators.!?
However, growth of higher In content material has been difficult and larger In

concentrations are necessary to achieve 1.3 um operation.

Besides strain, another factor which distinguishes InGaAs growth from AlGaAs or GaAs
growth is that In tends to desorb preferentially from the surface of a wafer at a temperature
above about 550 °C. Thus growth of InGaAs on GaAs must be performed at substrate
temperatures lower than 550 °C to maintain good control of growth rates and insure
uniform deposition. Since high quality AlGaAs is usually grown above 600 °C, this
creates problems for the simultaneous optimization of InGaAs and AlGaAs. Optimization
of growth temperature for InGaAs will also be considered in Chapter 4. High performance
minority carrier devices such as HBTs have been produced by determining a temperature
window for simultaneous high quality growth of InGaAs and AlGaAs.!8 However, the
strict material requirements of devices such as lasers have led researchers to change growth
temperature during growth of InGaAs and AlGaAs to attain the highest quality material.
Such changes complicate the growth but avoid the incorporation of interface defects. See

Appendix A for more details.

As with the AlGaAs alloy, the parameters of InyGaj_xAs may be described in terms of its

indium composition, x. The lattice constant is given by
a= 5.6536 + 0.4054x (2-4)
For bulk material, the room temperature (300 K) and 77 K bandgaps are given by

300K Egbulk = 1.424 - 1.614x + 0.540x2 (2-5)
77K Egbulk = 1.508 - 1.470x + 0.375x2 (2-6)

However, strain effects must also be considered. The most important effect of the strain is
to break the degeneracy of the light and heavy hole bands at the top of the valence band.!®
This results in an increase in the bandgap as the bands shift to lower energies as well as
changes in the effective masses.20:21,22 Thus the change in bandgap for InGaAs on GaAs
due to strain may be described by!3



AEggirain = 0.4484x - 0.3573x2 + 0.02168x3 2-7)

which is assumed to be independent of temperature. There is not general agreement on the
appropriate values for the bandgap discontinuities in InGaAs/GaAs. Values from 83/17 to
11/89 have been reported for AEc/AEy.23 In this thesis, a 60/40 split24 between the
conduction and valence bands is used.> Because the strain primarily affects the valence

hand, the calculations of the offsets must be done as follows

AEC=O.60AEgbulk (2-8)

AEV=O40AEgtota] (2'9)
where

AEgtotal = AEgbulk + AEgstrain (2-10)

Determining the refractive index of InGaAs a function of x and wavelength is quite
difficult. Tabulated values do not exist. Interpolating between values for InAs and GaAs26
disagrees drastically with the available experimental data. This may be due to the
peculiarities of the extremely small InAs bandgap. Some data does exist for InGaAs Iattice
matched to InP27 and for compositions up to 50% In.28 A single-effective-oscillator model
proposed by Wemple and DiDomenico?® expresses refractive index for a.material as a

function of energy E as

n= 1 +EQ__Ed_ 2-11)
V © E2E2

where Eq and Eg are constants which are a function of composition. For InxGaj-xAs,

these constants are taken from Takagi?8

Eo = 3.65 - 2.15x (2-12)
Eq = 36.1 - 19.9x (2-13)

which is basically a linear interpolation between the values for the binaries. This gives a
reasonable fit to the experimental data.

2.2.3. InAlAs



Less work has been done on InAlAs than on InGaAs. It is most commonly used as the
high bandgap companion material for InGaAs on InP as it may be grown lattice matched to
InP at a composition of 52% In. For the purposes of this thesis, InAlAs is only used as the
high index material of the integrated quarter-wave mirrors in Chapter 8. For this
application, the most important parameter is the refractive index. Strain effects between
InAlAs and InGaAs will not be considered as it will be assumed that they are lattice-
matched for a given In concentration. As with InGaAs, tabulated values for the refractive
index of InAlAs including dispersion and composition dependence do not exist and
interpolating between values for InAs and AlAs?6 is not useful. Dingle et al. reported some
data for Ing 52Alp 48As over a limited wavelength range.2’” We may again use the model of
Wemple and DiDomenico and interpolate between the binaries28:30 to obtain the following
constants for InxAl]-xAs

Eo=4.7-3.2x (2-14)
Ed = 33.65 - 17.45x (2-15)

2.3. Molecular Beam Epitaxy (MBE)

All of the materials described in this thesis were grown on two inch GaAs substrates by
molecular beam epitaxy (MBE). What is known today as MBE began in the 1960s31,32,33
following studies of evaporation rates and sticking coefficients of various elements on
substrates.3* Today, this versatile technique is used for the growth of a variety of materials
including semiconductors, insulators, metals, and superconductors. The brief introduction
in this chapter will concentrate on growth of III-V semiconductors by MBE. Several
excellent reviews are available for more information.35,36

2.3.1. System

A modern MBE system consists of a load chamber, a growth chamber, and an optional
analysis chamber. The system used for this work at Stanford University is a modified
Varian GEN-II with capability for growth on 2” or 3” diameter substrates. In this thesis,
all growths were on two inch GaAs substrates. Wafers are radiatively heated on In-free
holders. After an initial chemical clean, wafers are placed in a load chamber and baked at
400 °C at a pressure of 10-6 Torr for 1 hour primarily to drive off water vapor. Then the
wafers are transferred to the growth chamber where the base pressure is about 10-10 Torr.
Such ultra high vacuum (UHV) conditions are necessary for the growth of highly pure
materials. Pressures less than about 104 Torr insure that the source to substrate distance is
shorter than the mean free path of particles in the chamber. Thus the particles in the
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FIGURE 2.1 Schematic of MBE growth chamber.

chamber experience molecular flow. Various pumps including cryogenic, ion, and Ti
sublimation, are used to maintain UHV conditions.

The growth chamber is shown schematically in FIGURE 2.1. The outer walls of the
chamber are continuously cooled with liquid nitrogen (LN2) so that excess material which
does not deposit on the substrate during growth will attach to the walls preventing
“memory effects” where a species from a previously grown layer can contaminate a present
growth. The growth chamber also includes analysis equipment such as a reflection high
energy electron diffraction (RHEED) gun and phosphor screen and a quadropole mass
spectrometer. The mass spectremeter is used to identify the constituents of the vacuum,
especially when a leak is suspected. RHEED is very useful for calibrating growth rates
especially those of GaAs and AlAs.37-38 While keeping the substrate position fixed,
oscillations are observed in the intensity of a particular spot on the RHEED screen as layers
of material grow. One period of this oscillation corresponds to the growth of one
monolayer (ML) of material.

Thus MBE has the capacity for monolayer-scale control. MBE may also be described as

atomic layer spray painting since individual layers of atoms are sprayed or deposited onto
the surface. RHEED patterns can also be used to gain insights into growth processes and
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to assess the quality of the growing material. A Spotty'pattem indicates rough growth
while long streaks illustrate smooth growth.

Several sources are contained in an MBE growth chamber. At Stanford, we typically have
two gallium, one aluminum, one indium, and two arsenic sources. Dopants include Si for
n-type and Be for p-type doping. Each source is contained in a pyrolitic boron nitride (p-
BN) conical crucible which is housed in a furnace known as an effusion or Knudsen cell.
The evaporation rate or growth rate of each species is a function of its temperature. This
temperature is determined by the power to the furnace which is computer controlled via a
Eurotherm controller and a thermocouple. Each furnace has a shutter at its entrance to the
growth chamber. By opening and closing these shutters, one can choose which materials
will be deposited on the substrate during growth e.g. opening the In, Ga, and As shutters
produces InGaAs. The substrate is rotated during growth to insure uniform growth.
However, even with rotation, there is usually about a 2% variation in thickness and

composition across a 2” wafer.

Growth rate calibrations are performed after each loading of new source material. For
Group III materials, equations relating flux to temperature and growth rate to flux are
determined from RHEED oscillations, X-ray diffraction data, and photoluminescence (PL).
Because the amount of dopants used is so small, it is not possible to measure their fluxes.
Thus calibration for dopants relies on growths of samples with varying doping that are
characterized using Hall effect measurements and Polaron electrochemical profiling. Flux
measurements may be made immediately prior to growth using a Bayard-Alpert ion gauge
situated in the growth chamber. Although the furnace temperature is the controllable
parameter via the power into the windings, the flux is the measurable parameter. As these
are not linearly related, executing a linear grading, as will be described in Chapter 5, is

rather complicated.

2.3.2. Growth

Epitaxy, from the Greek words epi and faxis meaning “upon” and “ordered”, is the ordered
growth of a material upon a substrate. In this work, epitaxy refers to the growth of a single
crystal thin film on a single crystal substrate. MBE is a nonequilibrium process. Because
MBE is conducted in the molecular flow regime, there are no collisions or chemical
reactions of the incident species until they reach the substrate surface and surface kinetic
reactions dominate the deposition. Thus growth of compounds which would not appear as
stable on equilibrium phase diagrams is possible. Indeed, a wide variety of materials with
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