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University of Ottawa
Abstract

THE FABRICATION AND
OPTICAL PROPERTIES OF
QUANTUM WIRES

by Paul D. Finnie

Chemical beam epitaxy was used to grow GaAs and InP based
heterostructures on selectively masked substrates. The natural tendency of
crystals to form facets was studied as a function of growth conditions. By
exploiting this tendency, patterns were reduced from ~1 micron in width to
~20 nm in width, and inverted-V crescent quantum wire structures were
grown entirely in sifu. Photoluminescence spectra were obtained, showing
broad multiple peaks which are related to the structure and migration between
facets. Redshifts of over 100 meV were obtained for narrow structures. Mesa
roughness and PL line width are identified as difficulties for the fabrication
technique. A simple analytic model - the only separable model in two
dimensions showing geometrical quantum confinement - is developed in the
spirit of the Ben-L;aniel Duke approximation for a square well. The model is
applied to variational estimates for the exciton binding energy in crescent
quantum wire structures and is compared to the experimental data.
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INTRODUCTION

The beginning of the twentieth century saw remarkable progress in
physics, a field which was thought to be complete but for a few small
problems. The resolution to some of those problems came in the form of the
revolutionary theory of quantum mechanics. At the end of the twentieth
century, despite insinuations about the end of physics', the study of
nanostructures is developing. The field encompasses the efforts to engineer
structures of such a small scale that their properties must be described
quantum mechanically.

Arguably, the foremost problem in nanotechnology is fabrication. It is
extremely difficult to fabricate structures on nanometre scales. A particular
fabrication technique is investigated here. Chapter 1 develops the background
needed to understand it.

After describing the materials and methods, the next two chapters
describe the analysis of real structures grown as part of this work. Techniques
used routinely here to characterize the structures were scanning electron
microscopy (SEM) and photoluminescence (PL). Other characterization

techniques were occasionally used, as well. Chapter 2 and Chapter 3 describe

* Including Field Emission SEM (FE-SEM)



the characterization of real structures made on gallium arsenide and indium
phosphide substrates, respectively.

The theory of these structures has rapidly developed in only the last
decade. To understand and use these structures, many theoretical tools are
still needed. A simple model, the only separable model of geometrical
confinement in two dimensions, is described in Chapter 4, where it is placed
in the context of other previous theoretical work. As an application of the
model, in Chapter S a variational calculation of the exciton binding energy is
performed for crescent structures. This quantity was calculated since optical
properties of good quantum confined semiconductors are usually dominated
by excitonic effects, and since it tends to infinity as the potential approaches
true one dimensional confinement.

The appendices elaborate on technical issues that could not be given much
attention in the body of the thesis.

This field has seen rapid progress in the course of the past few years, but
it is by no means mature. New fabrication and characterization techniques
appear each year, and the theory develops in tandem. This thesis is an attempt
to contribute to a growing field that shows great promise at the end of the

first century of quantum mechanics.



Chapter 1

FABRICATION TECHNIQUES

Introduction

The scientific and technical interest in nanometre scaled structures has
been clear at least since the well publicized lecture “There’s Plenty of Room
at the Bottom” by Feynman.2 Chemists have long been sufficiently adept at
manipulating atoms and molecules that they are able to synthesize and
manipulate larger, more complex structures.? Physicists, coming from the very
successful study of bulk crystalline materials, and because of advances in
deposition technologies, were able to propose*’ and synthesize®® crystalline
layers of quantum mechanical thinness (i.e. thinner than the electron mean
free path in the solid). Since thin layer deposition has been so successful, it
might be possible to extend this technology to produce two and three
dimensional patterns on similarly small scales. A major part of this work will
be the investigation of one such method. Before describing this work
specifically it is necessary to develop some background in the fabrication
methods.
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Epitaxial Growth Techniques

The word epitaxy is derived from the Greek epi meaning “on”, and faxis
meaning “arrangement”.” It refers to the deposition on a crystalline substrate
of new atomic layers which are themselves arranged in crystalline form. There
are many varieties of epitaxy. Very high quality bulk material can be produced
by liquid phase epitaxy (LPE), in which the semiconductor material is

precipitated onto a substrate from a meit.*’ In hydride vapor phase epitaxy »

Substrate
Cryo panels Substrate Holder

/
=]
RHEED)E

Gun
4

|
UHV Pump

Phosphor
Screen

MBE Chamber

Figure 1. An MBE machine.

The substrate, a thin round wafer, is held on a molybdenum block by the
substrate holder. A UHV pump together with cryo panels maintain UHV
conditions. Sources are supplied by effusion cells. The surface is monitored by a
RHEED gun electron beam which is reflected onto the phosphor screen.

Effusion Cells
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(VPE), in the case of HI-V semiconductors, gaseous group V chlorides flow

over liquid group III elements to produce gaseous metal chlorides, which are

then deposited on a substrate.*'° Both of these techniques have been very

successful industrially, in particular for the fabrication of bulk materials. For

the fabrication of nearly
atomically abrupt interfaces
between different materials
(heterojunctions), however,
the most  successful
techniques are molecular
beam epitaxy (MBE) and
metalorganic chemical
vapor deposition
(MOCVD).> The growth
technique used for this

work was chemical beam

shutter

__— aperture

<— heat shield
i1 heating foil

| __—source

——crucible

thermocouple

Figure 2. An effusion cell.

The source material is contained in a crucible and
heated resistively by a heating foil. A thermocouple
travels through the aperture towards the sample. A
shutter may be used to interrupt the beam.

epitaxy (CBE), a fairly recent combination of these two. !' Any description of

CBE would be incomplete without reference to these more standard growth

techniques, so they will be briefly described in the following pages.
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Molecular Beam Epitaxy

Though not historically the first epitaxial technique, and certainly
technically demanding, MBE is probably physically the simplest technique in
principle. In MBE'>", (Figure 1) a substrate, typically a thin (< 1 mm thick)
wafer polished to near perfect flatness across a large area (several cm’), is
placed in ultra-high vacuum (UHV) conditions (P < 10°* atm) and heated to a
temperature at which incorporation of other elements is favorable. The
elements to form an epilayer are placed in effusion cells (Figure 2), which are
essentially cylindrical furnaces each with one open end pointed towards the
substrate. (In an idealized picture the open end is a narrow orifice, but with
the exception of dopant cells, it is usually necessary to have a wide opening to
ensure high enough flux of growth material.) The cell is heated to a
temperature such that some of the element sublimates off in a steady fashion.
The element escapes the furnace through the opening, usually in a dimer or
tetramer form. Since the pressure is so low in the growth chamber, the mean
free path exceeds the distance from source to substrate, and the molecules
travel directly to the substrate without any scattering. A shutter may be used
to block the beam and so abruptly block the flux. The incorporation rate into
the substrate crystal is usually much faster than the flux, hence there is no

boundary layer on the substrate, except for the incomplete top monolayer on

13



RF Caoil
Substrate

v

:

o

TR
[Lf

Susceptor

Figure 3. An MOCVD reactor.

Source gases flow through an inlet, across a substrate. The substrate is affixed to
a susceptor which is heated by a radio frequency (RF) coil. Exhaust gases are
vented.

which atoms and molecules may diffuse. For compound semiconductors, such

as III-Vs one cell is typically used for each element, and additional cells are
used for dopants.
Metalorganic Chemical Vapor Deposition

In chemical vapor deposition a similar substrate is placed into a reactor
chamber. Gaseous sources containing the elements to be incorporated are
made to flow past the substrate, which is heated enough to allow the gas to
decompose on or near the surfice, but not too high so that incorporation of
the source elements is thermodynamically favored. Typically, pressures of a
fraction of atmospheric are required to ensure a high enough growth rate (1

um/hour or more).
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H, H, +Organometallic

e

Mass Flow
! Controller
wdi— Organometallic
A | Source
a\
\

H,Source Constant Temperature Bath

Figure 4. A metalorganic bubbler system.
Hydrogen carrier gas is bubbled through an organometallic source in a flask which
is held at a constant temperature by a bath. The outgoing gas is largely hydrogen,

together with a smaller amount of organometallic gas. A mass flow controller, here
in a downstream configuration, reguiates the flow.

For ITII-V semiconductors, metalorganic sources molecules are the group
IIT sources, hence the name metalorganic chemical vapor deposition (Figure
3). Examples of such sources are trimethylindium (TMI), and triethyigallium
(TEG). Because they have low vapor pressures, a hydrogen carrier gas is
typically bubbled through a liquid (for TEG) or solid (for TMI) metalorganic
source (Figure 4). The group V elements are also introduced in gaseous form,
often as hydrides (such as arsine AsH; or phosphine PH;). Since these have a

substantial vapor pressure even at room temperature, no carrier gas is

15



necessary. Flow rates are controlled by constricting the flow with valves
known as mass flow controllers.
Chemical Beam Epitaxy

Chemical beam epitaxy (CBE) is a hybrid of the previous two techniques,
and inasmuch as this project is concerned, combines advantages of both
techniques. Because of the commercial value of extending bandgap
engineering (that is, the tailoring of epilayer bandgaps through the choice of
material) to new wavelengths, it had been of interest to incorporate
phosphorus into epitaxial layers. This had proved to be extremely difficult in
MBE, because of the difficulty in evaporating elemental phosphorus sources.
In the 1970s the technique of gas source molecular beam epitaxy (GS-MBE)
was introduced as an answer to this problem.'* Rather than supplying the
group V elements from effusion cells as evaporated elemental sources, they
were supplied as hydrides, which were thermally cracked before introduction
to the growth chamber. In CBE this is how the group V elements are
introduced. In the growth experiments conducted as part of this work, arsenic
and phosphorus were supplied as pure arsine (AsH;) and phosphine (PH3).
The flow rates, typically in the tens of sccm (standard cubic centimeters per
minute) were controlled by mass flow controllers (MFCs). Just as the hydride

gas enters the growth chamber, it was cracked by a cracker cell (Figure 5).
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In MOCVD, in which materials must be supplied in a molecular vapor

form, group III elements are typically supplied as organometallics with a

molecular hydrogen carrier gas. In CBE, organometallics are supplied in this

way as well, but with a much lower (molecular beam as opposed to gaseous)

flow rate. For this reason CBE is
sometimes called MOMBE for
metalorganic MBE.

Quite apart from the intellectual
appeal and technical simplification that
result from supplying all sources in
gaseous form, CBE has many
advantages over earlier epitaxial growth
techniques.'** Some of the advantages
which relate specifically to this project
have to do with selective area growth.

(See Selective Area Epitaxy, pl8.) In

As,,P,H,

———-—1/

—— l— heat shield
+— heating foil

FAY

| +— thermocouple

AsH,

PH,
Figure 5. A cracker cell.
Hydrides (here arsine and/or phosphine)
flow through a cell which is heated
resistively to very high temperatures
(~950 °C). This cracks the hydrides,
leaving arsenic-only and phosphorus-
only compounds (primarily As, and P,),
as well as hydrogen gas.

contrast to MBE, the use of organometallic group III sources makes selective

area epitaxy possible. In contrast to MOCVD, the beam nature implies that

there are no surface flow effects which may detract from uniformity -

particularly in the case of selective area epitaxy (see below, p18) in which

17




there are variations in the substrate on small (~1 um) scales. Details of the

flow rate control of the gas lines and bubblers are reserved for Appendix A.

Selective Area Epitaxy

All the above growth techniques are used primarily for the deposition of
thin films of crystalline material. That is to say they deposit basically flat
layers across large areas. In fact, historically this is the technological role they
were designed to fill. The ability to change composition abruptly has made it
possible to produce nanometre scale changes in film composition and
bandgap, making the fabrication of quantum wells and heterostructure
semiconductor lasers possible. Typically, such film structures are grown, and
then, via photolithography, individual devices are fabricated. Finally a
metallization step contacts the devices. However, epitaxial interfaces are
nearly ideal, whereas lithographically defined interfaces, adequate for many
purposes, can be detrimental to the optical properties, in particular causing
non-radiative transitions near the etched surfaces. For this reason it is

desirable to form structures entirely epitaxially where possible.

18



Since the bandgap variations are created epitaxially, a possibility for

designing structures with bandgap variations in more than one direction

would be to exercise some sort of lateral control on the epitaxial growth. Any

such lateral control can be termed selective area epitaxy (SAE), but it usually

refers to one or more of the three main methods shown in Figure 6. One

method involves
etching mesas (ie.
raised ridges) into the
substrate. Then the
growth on top of the
mesa is separated
from the growth in
the valley separating
mesas. A second

method is to use a

(a)

(b)

Figure 6. Three methods of selective area epitaxy.
(a) ridge overgrowth (b) shadow masking (c) masked
overgrowth.

m—

shadow mask, in which the beams are interrupted locally by a thin shutter

with holes in it. The name shadow mask arises from the fact that the

molecular beam is interrupted rather like light would be, and so a “shadow” is

cast on the substrate. A third method, used in this work, is to deposit a mask

on the substrate, and to etch openings in the mask. If the mask materials are

19




chosen such that the sources cannot stick to them, then growth only occurs in
the windows. The advantage of this technique is that growth occurs only
where it is wanted. The disadvantage is that growth conditions must be
chosen such that source materials do not stick to the mask - sometimes these
requirements clash with the ideal growth conditions, leading to compromise,
as will be shown.

For a survey of the field of selective area epitaxy see reference ['].

Lithography

The word “lithography” originally referred to a printing technique on
paper. The essential feature that the original printing technique and the
modern semiconductor processing technique share is that a pattern is
transferred by means of a chemical “resist” which is deposited on the sample
to be patterned.'” In the case of this work, a chemical resist is used to protect
areas from the action of an etchant. In photolithography the pattern is
transferred photographically to a resist on the sample, typically using
ultraviolet light which is directed through a mask. The exposed resist can then
be developed. This is the standard patterning technique in the semiconductor
industry. Less commercialized are the e-beam and ion-beam techniques which

will also be discussed below. Though the techniques are common, the specific

20



application of them here is not. Therefore, in what follows, the lithographic
procedures used are outlined. Although both GaAs and InP substrates were
used, the processing techniques were very similar. A more detailed
description of the techniques described below is found in Williams.'*

The basic process began with a two inch diameter (industry standard size)
wafer of (100) oriented semi-insulating GaAs or InP. After an initial clean in
hot solvents, a 100 nm thick layer of silicon dioxide (Si02) was deposited by
plasma enhanced chemical vapor deposition (PE-CVD). Standard lithographic
techniques were then used to pattern the resist on the oxide, and then to etch
through the oxide locally to create windows for growth.

Photolithography

The primary technique used to transfer a pattern was photolithography.

First a mask was designed using Autocad with all the features of interest:
micron scale lines of various widths, centimetre sized openings (to compare
pattemned growth to conventional epitaxy), micron scale squares and more
complicated shapes (Figure 7). The design was written by e-beam lithography
in chrome on a glass mask by a commercial supplier.

The SiO, masked substrates described in the previous section were coated
with a film of positive resist (Shipley 1400-26 resist) using a high speed

spinner (typically 5000 r.p.m.). The resist was exposed to the i-line of a
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mercury lamp (365 nm) shone through the glass mask pattern onto the
substrate using a8 Karl Suss MJB-3 contact aligner. The pattern was aligned
such that the long lines ran parallel to either the major or minor axes. The
pattern was immersed in developer (Shipley 351 developer). A two minute,
120°C “postbake” heat treatment was used after development.'” The pattern
was then etched into the SiO,, down to the semiconductor surface, by a 6:1
buffered oxide etch (abbreviated BOE - chemically NH,F:HF). The time of
the etch, roughly one minute long, was calibrated using a stylus profiler
(Dektak) on a similarly treated test piece. Finally, the sample was chemically
“stripped” (by Baker PRS1000 stripper), removing the photoresist, leaving
the patterned SiO; mask and the substrate.
E-beam lithography

Photolithography is fundamentally limited to resolutions approximately
given by the wavelength of the light in question. Although our fabrication
technique reduced the minimum feature size from one defined lithographically
to a much smaller size defined epitaxially, on occasion it was of interest to use
patterns which were better defined than is possible optically. In particular,
where um scale square and rectangular patterns were concerned,
photolithographic patterns lacked definition. In fact, squares of about 2 pm

diagonal turned out nearly circular after photolithography. Since the



narrowly spaced lines

widely spaced lines quarter wafer alignment
mlnor axis alignment
multiple | . dotarray
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Figure 7. Photomask design.

For a 2" diameter wafer. Narrow lines are nominally 1.6 um wide. Each quarter has
an unpatterned region. Alignment markers are required to prient the mask with

deBroglie wavelength of an electron accelerated by a voltage in the kV range
in the vacuum is less than one hundredth of a nanometre, much smaller even
than the interatomic spacing, e-beam patterns were used to eliminate
diffraction effects. Practical considerations currently limit e-beam lithographic
resolution to spot sizes of about 10 nm. For a general survey of e-beam
techniques the reader is referred to Williams.'* Specific details of the process
outlined below are described in Feng.®

As with the photolithographic samples, a wafer was coated with a 100 nm

thick SiO; layer. Next a thin (<100 nm) film of polymethylmethacrylate
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(PMMA) resist was applied using a high speed (typically 5000 r.p.m.) spinner,
and then baked for five minutes at 180°C to improve adhesion. PMMA is a
polymer which degrades under exposure to an electron beam.

In e-beam lithography, no analog to the photomask exists. Instead, a
narrow, focused beam of high energy electrons, like that used in a scanning
electron microscope, traces the pattern directly onto the resist. The e-beam,
focused to a nanometre scale spot size, was used to write millimetre long lines
of submicron widthandsquamﬁithlasthanatwo micron diagonal. The
resist was then developed by immersion in 1:3 methyl isobutyl ketone
(MIBK), a solvent, and isopropyl alcohol (IPA) for 20 seconds at 20°C, then
rinsed for approximately one minute with IPA. That left the SiO; patterns
exposed for etching with BOE, to which PMMA is resistant. With the pattern
etched into the mask, the remaining PMMA could be removed by rinsing the

sample in acetone.

Faceting

Background
A problem with lithography, from the point of view of this project, is
resolution. It is desirable to fabricate structures with lateral features in the

quantum (<10 nm) range. Standard photolithography is limited to features
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close to the wavelength of light (hundreds of nanometres). There is extensive
research into higher resolution lithographic techniques, but none has yet
matured into commercial production. Even e-beams are presently unable to
pattern structures in this size regime.

Recently, however, it has been realized that the inherent anisotropy in
crystal growth can be used to create patterns smaller than the etching used to
create them. The first was probably Kapon, who showed that MBE growth in
a V-shaped groove of a particular crystallographic orientation is, for some
materials, equal at the base of the V relative to the sides of the V, and for
others it is enhanced at the base of the V.* In that case the V can be
sharpened by the first material, and a wide crescent deposited at the bottom
using another, lower bandgap material. Others have performed MBE
regrowth on etched mesas with various preexisting facet planes.” A similar
approach is to be pursued here, except that the mesas are formed in situ, and
the intended final structure is not the same.

The earliest work on the possibility of selective area epitaxy of faceted
nanostructures of various types using masked substrates was by MOCVD >4
In an important step, Arakawa used selective area MOCVD to create V-
grooves in situ.® The present work was inspired by an early paper on
selective area epitaxy by Asai ef al.?’ in which facets were formed in GaAs by
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MOCVD. With this observation, it seemed likely to us that selective area
CBE could be used to fabricate a sharp inverted-V, and a crescent-shaped
structure could be grown atop it. The mechanism of MOCVD growth is very
different from CBE, however, and from these experiments conclusions should
not be made regarding CBE.

The growth process used in this work, and described in more detail
below, will be to fabricate mesas with (111) sidewalls and overgrow them,
forming a crescent at the tip. Koshiba ez al. #* published such an inverted-V
growth technique before us,® but since it was MBE, it relied on growth on
mesas, and had the side effect of growth between mesas. Very early work in
MOCVD showed that V-shapes of InP could be grown, but they could not be
overgrown with InGaAs.**' Suguira explored CBE growth of InGaAs:InP
on such mesas, but found for the growth conditions he considered that there
was no overgrowth of narrow band gap material * In fact, for InGaAs:GaAs
this appears not to be the case, ® and as will be seen in Chapter 3 for
InGaAs:InP this is not always true.®
Particular Faceting Technique

The basic idea for exploiting faceting (i.e. the formation and persistence of
particular crystalline planes during growth) is to begin with a substrate pre-

patterned for selective area epitaxy. For these experiments both GaAs and InP
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substrates were used, masked 100 nm thick with silicon dioxide, with

windows opened lithographically. Because of the high yield and relative ease

most patterns were made photolithographically, however some samples were

prepared by e-beam and ion beam lithography.

The windows were prepared in a
variety of shapes, however, the most
important to this study are the long,
narrow windows (centimetres in
length, and microns in width). These
windows were aligned with the major
or minor flats of the wafer, and thus
aligned to the ([011] or [011]
crystallographic direction. In order to
correctly align these pattemns it is
crucial to be aware of wafer

conventions. (See Appendix B, page

| i 1B

Figure 8. Schematic of growth
process

The initial cross section of a sample is
shown: at the top. Mesa growth due to the
incident flux occurs in the unmasked area.
Material migrates off slow growth planes,
forming facets such as the (111)B planes,
shown at the botiom.

172). The mask breaks the transiational symmetry of the epitaxial surface

perpendicular to the long axis of the window.

Once epitaxial growth begins, the presence of the mask causes normally

buried crystallographic planes to be exposed. In the case of [011] oriented
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windows, group V rich B-planes are exposed. For [011] oriented windows,
group III rich A-planes are exposed. The specific planes will be discussed in
Chapter 2, the important point here is that different crystallographic planes
are exposed. Becsuse of their different crystalline structures, they can be
expected to grow at different rates, and siow growing planes tend to persist.
If there exist slower growth planes parallel to the alignment of the mask, but
not in the plane of the mask, the tendency will be for the sidewalls to develop
into these slow growth planes, and for these planes to grow inward at the
expense of the top surface. The result is that the flat top surface is made
narrower than the initial window width. A schematic of this growth process is
shown in Figure 8.

This effect allows one to use conventional lithography to define a mask,
and to narrow the mask in sifu. Taking this to its extreme limit, it is possible
to try to make the top surface small enough that, if topped by a narrow

bandgap material, geometrical quantum effects might be observed.

Other Fabrication Techniques

Above, one method of fabricating nanostructures has been described. The
specific technique used in this work was presented, and it was placed in the

context of similar techniques which rely on faceting.
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To provide further context, in this section some of the more important
techniques which have been investigated to date are discussed. A complete
review of the effort to fabricate semiconductor nanostructures would be
lengthy, and given the immaturity of the field, necessarily incomplete. It
should be emphasized that every technique so far has serious drawbacks, and
the ideal technique for the fabrication of quantum wires or quantum dots has
probably not yet been devised.

The ideal nanostructure would have strong confinement (>100 meV) to a
line in the case of a quantum wire, or to a point in the case of a quantum dot.
The width in the confining directions should be very small (<10 nm).
Quantized levels would then be well spaced, and the density of states would
show its characteristic dimensional dependence.’* For technological
applications they should be easily reproduced, so that a wafer can be filled
with structures, and so that the structures are highly uniform. Interfaces
between barrier and active layers should be of the highest quality.

One of the most successful techniques so far has been to grow a two
dimensional electron gas, in which changes in doping during epitaxial growth
are used produce a sheet of carriers. These carriers are then confined laterally
using electrostatic gates.***¢ Heterojunctions, in which a composition change

changes the bandgap, are also often used. However, lateral confinement is
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weak (~1 meV), and the structures are large (~1 pm’) so that milliKelvin
cryostats must be used to observe confinement effects. Confinement effects
are observed in conductivity experiments, but they are for the most part too
weak to be seen optically.

Among purely epitaxial techniques, one of the first proposals was a T-
shaped intersecting quantum well®” Quantum wire confinement to the
intersecting area is obtained from geometrical effects which are discussed in
Chapter 4. Such structures have been fabricated by growing a quantum well,
cleaving in sifu, and regrowing on the cleaved surface.>* Interesting optical
properties are observed for these structures, but it seems a very impractical
fabrication technique.

Another possibility which has been investigated has been to use the
increased probability of incorporation near step edges in epitaxy to gain some
lateral control over growth on terraces.”® (Such steps and terraces are
obtained, for example, when a substrate is polished to an angle slightly away
from the (100) plane) Some difficulties include the roughness of the
structures, and the experimental results so far are controversial.

Recently, using strain to disrupt layer by layer epitaxial growth and
produce ~10 nm diameter self-assembled islands of low bandgap material has

become popular.“*"2 This technique is attractive because the growth process
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is very simple compared to other techniques, and the optical properties are
quite good. The disadvantages of the growth technique at present is that size
and composition fluctuations are very large. Also the distribution of such
structures is random, and the density is not independent of the structural
parameters.

By comparison, since the faceting technique used here creates the
structure entirely in situ it does produce high quality interfaces. It allows for
many wires to be produced across the sample, with any desired location. The
lateral scale of confinement for samples investigated here will be seen to
approach the quantum size regime. The confinement could be strong if the
thickness or composition of the overgrown well is changed significantly. In
the following chapters the fabrication of real inverted V-mesas will be

demonstrated, and their properties described.

Conclusion

Chemical beam epitaxy, the growth technique used in this work, has been
described and placed into the context of other, more conventional growth
techniques. In themselves, epitaxial growth techniques allow control of
deposition down to the atomic layer, but do not provide any lateral control.

Selective area epitaxy was developed in response to scientific and technical
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interest in laterally patterned semiconductor structures. In conventional
selective area epitaxy an upper bound on feature size of ~0.1 micron is
imposed by the current limitations of lithographic technologies. However, by
exploiting crystalline faceting it is possible to decrease lateral sizes from
lithographic dimensions down to nanometre scales.

The first step towards realizing this type of structure is to study faceting
behavior. In the next chapter the fabrication of real gallium arsenide based
structures will be described. It will begin with a description of basic issues for
growth, discuss structural issues of faceting and roughness, and conclude with

a description of optical properties.
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Chapter 2

REAL GAAS BASED STRUCTURES

Introduction

If nanostructures could be fabricated routinely today there can be little
doubt that they would find an eager market, both in academe and in the
electronics industry. There are, however, many technological hurdles
associated with fabrication on these scales. In this chapter the issues related to
the faceted selective area growth technique will be described.

Using gallium arsenide substrates, the growth conditions required for
optimized facet formation will be presented. A simple model is used to
rationalize the faceting behavior. Once facets can be produced, it becomes
possible to grow inverted V-shaped structures. After it is shown that such
structures can be produced, attention will be turned toward characterization.

Photoluminescence spectra will be related to growth dynamics and structural

properties.
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Growth Conditions

InGaAs:GaAs mesa structures grown by CBE were found to be very
sensitive to growth conditions, in & number of different ways. First, the
selectivity of the growth was strongly dependent on temperature. Second, the
rate of incorporation of indium in InGaAs quantum well layers was a strong
function of temperature. Finally, the sidewall shapes were very sensitive to
V/II ratio. This will be discussed in detail below.

Selectivity

There is extensive literature on selective area epitaxy by MOCVD®, and
good references are available for CBE.“** Although this work does not
concern selectivity per se, the first stage in this type of growth is to establish
selectivity, and so the most important considerations will be highlighted here.
First and foremost we found the selectivity conditions to be very sensitive to
the preparation of the surface silicon dioxide. As an example, a poorly
developed resist was stripped and repatterned before etching the silicon
dioxide. This seemingly inconsequential action resulted in the first pattern
showing up after growth as micron scale GaAs non-selective globules atop
the silicon dioxide. More generally, a less than ideal process can raise the
selectivity temperature (see below) for an entire sample to a prohibitively high

temperature, or worse, make selective growth impossible. The facet growth
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Figure 9. Selective area epitaxy
Electron micrographs of selective area growth. In () epitaxial growth of GaAs
has occurred along the dark line to the right of the micrograph. The rest of the
surface, masked with silicon dioxide, shows submicron specks of non-selective
growth. A cleaner surface or higher growth temperature will show better
selectivity. For example, (b) shows perfect selectivity. Again, on the right there
is an unmasked GaAs mesa. The rest of the sample is masked by silicon
dioxide. No nucleation has occurred on the mask. The white rectangular
marker at the bottom of (a) is five microns. The white markers in (b) are each
one micron in length.

process is tolerant to some non-selectivity, a fact that will be exploited later.
However, if there is too much non-selective growth on the mask it can
interfere with growth in the windows.

For a given growth rate, and to a lesser extent V/III ratio, selectivity
occurs above a certain temperature (the “selectivity temperature™).* This is
because desorption of an element from the silicon dioxide mask in its simplest
description is a temperature activated chemical process. (Desorption on the
unmasked part of the substrate is weaker because the exposed semiconductor
surface catalyzes incorporation into the surface.) In our CBE system we

found the selectivity temperature for GaAs growth with TEG to be ~540 °C.

35



The effects of growing just below the selectivity temperature and just
above it are shown in Figure 9. At too low a temperature, sub-micron,
irregularly shaped clusters are deposited on the mask. This growth can be said
to be partially non-selective or phase-selective.* Such non-selectivity is
nucleated by the group III element. Consequently reducing the growth rate
reduces the selectivity temperature.*’ (The growth rate is usually proportional
to group III flux.)

Indium Incorporation

Indium is a group III element, lying beneath gallium in the periodic table.
As such, it is a larger atom, and its outer three electrons are more weakly
bound. In combination with arsenic it can form a direct gap zinc-blende
semiconductor structured crystal, having a larger lattice constant and smaller
bandgap than gallium arsenide. As a narrower gap material it can be used to
produce quantum confined structures on GaAs substrate. However, there are
two considerations which limit its usefulness.

One issue is strain. The lattice constant of InAs is about 7% larger than
that of GaAs, a direct consequence of the larger size of the indium atom. This
much strain implies a critical thickness of a little over one monolayer, at
typical growth temperatures, for which the material may be grown without

relaxing and creating many defects. Using a ternary (i.e. In.Ga..As) the strain
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is reduced, resulting in a larger critical thickness. Quantum size effects can be
observed for structures in InGaAs:GaAs of less than about 10 nm. There is,
as a result, a practical limit of ~20% indium concentration, above which the
critical thickness is too small to produce good quality heterostructures.

Another issue, particularly important for selective area growth, is that the
weaker bond strength of indium implies that it desorbs readily at high
temperatures. In MOCVD and MBE, this has the well known consequence of
indium segregation, in which the indium atoms do not incorporate readily into
the lattice, but instead float on the growth front *

For CBE growth at substrate temperatures between about 400°C to
550°C, the incorporation of indium into InGaAs layers on (100) GaAs is
efficient. ™** As the temperature is increased, desorption of indium becomes
increasingly important, until, at about 600°C almost no indium is incorporated
into the quantum well layers. As will be shown from the PL, indium
desorption from the (100) plane puts an upper bound (=570°C) on the usable
temperature range for growing InGaAs wire structures. However, this usable
temperature range is extended by patterning, because indium migrates to the
(100) surface from the (111)B at a rate comparable to the desorption of

indium from the (100) as shown by the PL, below (Substrate Temperature

Dependence, p68).
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There is an obvious conflict then, between the low temperature required
to prevent indium from segregating, or worse desorbing, and the high
temperature required to ensure selectivity, specifically, to ensure that gallium
desorbs from the mask. This problem is inherent to the particular material
system. One way to manage the problem is to recognize that the growth
typically consists of a very thick GaAs layer (~1 um), one or more thin (<10
nm) InGaAs quantum wells, and a cap of GaAs (~100 nm). Then, a high
growth temperature can be used for most of the growth, with a brief drop to
low temperature, and slight loss of selectivity for the growth of InGaAs. Most
of the GaAs based InGaAs samples grown as part of this work exploited this
technique.

V/II Ratio

Variation of the V/II ratio of the supply gases for conventional (100)
growth usually does not change the composition of the crystal significantly,
because group III and group V elements usually settle in sites on different
sub-lattices. It does affect impurity incorporation and surface morphology.
However, in selective area growth, planes other than the (100) are exposed,
and the V/III ratio is very important in selecting which facet planes grow
more quickly than others, and therefore which facet planes persist. The V/III

ratio is such an important parameter that a substantial part of this chapter will
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be devoted to describing the effects of the variation, and trying to explain
some of that variation.
Detailed Growth Conditions

Substrates were two inch diameter n-type chromium doped (100)%0.2°
oriented GaAs wafers patterned with SiO, as described in Chapter 1, p20.
Between patterning and introduction to the CBE machine, no cleaning was
performed. The substrates were cleaved into quarters, and mounted on two
inch silicon wafers by melting indium on the silicon wafer, placing the sample
on the silicon wafer and allowing it to cool (“indium mounting™). The silicon
wafers were then held by tungsten clips to hollow molybdenum blocks
(“molyblocks”). The blocks were placed into a vacuum chamber. After
reaching UHV conditions (<10 torr) the sample was heated to 200°C for
one hour to desorb any remaining organic molecules, such as those that may
still remain after etching the masks. The sample was then introduced to the
growth chamber. A second deoxidation step was performed, with the sample
heated to 620°C for 10 minutes under a high flux of cracked arsine (30.0%
full scale). The flow of cracked arsine prevents the surface quality from
deteriorating due to desorption of gallium or arsenic at this elevated
temperature. The growth could then proceed.
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Table 1. Typical growth conditions for InGaAs:GaAs mesas.

Description | Duration TMI _TEG _AsH; TI(°C)
GaAs buffer 65 min - 40 20 565
T ramp 2 min - 40 20 ramp
InGaAs well 20 sec 10 40 20 - 530
interrupt 10 sec - - 20 530
T ramp 2 min - 40 20 ramp
GaAs cap S min - 40 20 565

This represents a baseline only. Fluxes are in percent of full scale. To convert
fluxes into flow rates see Appendix A. Dashes indicate no flux. Substrate
temperature did not always follow a ramp and ranged from 510°C to 575°C.
T™MI flux actually ranged from S to 20%, depending on the desired
composition. Arsine flow rates were varied from 5% to 30%, depending on
desired V/II ratio, ranging from ~0.34 to ~2.0.

Substrates were rotated with a period of several seconds to ensure beam
uniformity on average. Typical growth conditions for GaAs and InGaAs on

GaAs crescent structures are tabulated in Table 1.

* Arsine was delivered by the Asl line (see Appendix A)
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Figure 10. Faceted growth on a square window.

Indium phosphide was grown oa a 1.0 umx1.0 pm squasre opening in a
silicon dioxide mask patterned by e-beam lithography. The growth exposes
crystalline facets that were not expressed on the (100) substrate. In the
center there are planes tilted away from the (100). At top, bottom, left and
right are (111) planes. Four other planes are seen on the diagonals. The
marker represeats one micron. (All other SEM micrographs in this chapter
are of GaAs samples.)

Structural Characterization I: Faceting

One of the most beautiful aspects of crystalline materials is that the atomic
scale properties are reflected in the macroscopic form that the material
ultimately takes. For example, indium phosphide grown by CBE on a flat
(100) substrate with a square mask forms a variety of facets (Figure 10).

(Gallium arsenide would also show facets, however, no square e-beam masks



were used for GaAs growth in this project.) Because chemical beam epitaxy
is highly non-equilibrium, the specific shape the crystal takes depends greatly
on the initial conditions and on the process by which it was formed.

In this work, windows of various micron scale widths and macroscopic
lengths were etched into silicon dioxide. Layers of a micron or more in
thickness were grown in these windows by chemical beam epitaxy. After
growth the lines were cleaved in cross section and placed into a scanning
electron microscope (SEM), usually without staining. The resulting growth
habit and morphology were photographed. The facet structure was observed
tovarydramaticallywithmsquiumtionmdwithwm ratio. The resuiting

cross-sections are presented below (Figure 11).
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Figure 1 1. Mesa cross-section as a function of V/III ratio

Scanning electron micrographs of [011] and [011] oriented mesas for different V/III ratios
at high (570°C) temperatures: (a) and (b) Low V/III ratio (= 0.5), (c) and (d) High V/II
ratio (= 2.0). (a) and (c) [011] oriented mesas, (b) and (d) [01]1] oriented mesas. White
markers represent one micron.

Mask Orientation and V/III Ratio

Referring to Figure 11, the effects of varying the V/III ratio and mask
orientation can be seen. The V/III ratios used for conventional planar growth
of GaAs are close to unity. Low V/II ratio (= 0.5), [011] oriented mesas

(Figure 1la) show vertical sidewalls with very little lateral growth. The



corners are slightly rounded, but otherwise the surfaces are flat. In the
orthogonal mask orientation, low V/III ratio, [011] mesas (Figure 11b) show
(111)A sidewalls, with slight overgrowth in the lateral direction. For high
V/II ratio (= 2.0), the growth is quite different. The [011] oriented mesas
(Figure 11c) show flat (111)B oriented sidewalls. The (100) surface is no
longer flat. Wider mesas show that the (100) surface is flat in the middle, but
curves upward at the edges, with a length scale of nearly one micron. As will
be shown in the next chapter, this sort of curvature is characteristic of the
diffusion of material, in this case from the slow growth (111)B plane to the
(100) plane. The [011] orientation (Figure 11d) shows irregular growth in the
lateral direction. Among the many facets expressed, the roughly (311)
oriented facet is the smoothest. The (100) is also curved, but with a shorter
length scale than the orthogonal mesas. These samples were grown at high
temperature (570°C). The growth rate, as measured at the center of the large
mesas, was slightly less for the low V/III ratio mesas, despite the fact that the
TEG flux was held fixed. Material appears to have migrated more on the high
V/III ratio samples.
Mask Width

There are, as a result of the variation in facet expression with respect to

the growth conditions, at least two apparent possibilities for the CBE growth



of wires. One is to grow on (111)A faces with low V/III ratio, the other to

grow on (111)B faces with high V/III ratio. We have chosen the latter, mainly

because, as will be shown below, the
morphology of (111)B facets was
smoother than (111)A facets, and because
the inverted V-shape formed under
growth conditions closer to the normal
optimum growth conditions for (100)
InGaAs:GaAs. The (111)A faceting
growth conditions are unusual in that the
V/II ratio is rather extreme and such
faceting was observed in conjunction with
non-negligible desorption (c.f the growth
rate reduction discussed in the previous
section).

Cross-sectional SEM photographs of
[O11] oriented mesas of different widths

from ~2 um to 10 um are shown in

E
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Figure 12. Various width [011]
GaAs mesas in cross-section.

From bottom to top, (111)B sidewalls
come closer together, forming a V for
the narrowest mesas. Note the curved
profile on the top (100) near the
(111)B sidewalls. Irregular globular
structures are non-selective growth.
The white rectangular markers
represent one micron.

Figure 12. Clearly defined (111)B facets are formed on all the mesas. The

widest mesas show normal (100) growth at the center, far from the sidewalls.

45




However, near the sidewalls there is a slight growth rate enhancement, and a
fairly smooth decay to the usual (100) growth. It will be shown in Chapter 3
that this shape arises naturally from the diffusion of group I species in
particular, from the (111)B facet to the (100) surface.

An important point here is that the distance along which the surface
deviates from (100) before becoming a (111)B facet is only ~0.8 um. This
curvature will be seen to extend further for similarly prepared indium
phosphide structures.

Moving up Figure 12 from wide mesas at the bottom to narrow structures
at the top, it is seen that the curved growth fronts associated with diffusion
merge when the mesa becomes wide enough, increasing the growth rate
locally at the center of the mesa. Eventually, however, the mesa becomes so

narrow that the (111)B facets overlap, producing a sharp V. These will be

LA B

_ {Figure 13. Conformal growth of completed mesas.
Growth for (2) 45 minutes, (b) 85 minutes. White markers represent one micron.
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referred to as V-mesa structures. The V is so sharp (in fact the measurement
of the sharpness is limited by the instrumental resolution here) that if there is
overgrowth on this V-shape it is 2 good candidate for the fabrication of
quantum wires.

Figure 13 shows one growth which has lasted just long enough to
complete a V, and another
which has lasted much longer.
Overgrowth is conformal,
meaning that it is uniform
across the surface.

Tip Sharpness

If one is to fabricate true
quantum structures, it is
important to determine the

sharpness of the tip during

growth. SEM is inadequate for |Figure 14. Transmission electron
micrograph of the tip of a faceted mesa

this purpose, so transmission |Structure.

: : The patterned substrate is lower left and not seen
electron microscopy (TEM) |in the photograph. A side quantum well, not
visible in reproduction here, runs paraliel o the
top (111)B surface, at the location marked “QW™.
The tip is curved, with a radius of curvature of ~25
nm.

was used to examine a mesa in

cross-section  (Figure 14).




TEM measurements show that the tip is curved, with a radius of curvature of
approximately 25 nm - rather broad to observe quantum confinement effects
(except at very low temperatures), but much smaller than the original mask,
and as small or smaller than can be prepared by other methods. The tip shown
here is not exactly circular, but rather is itself faceted on very small scales,
showing what are probably (311) planes and a very nearly (100) segment
which is possibly less than 10 nm - leaving the possibility of the observation of
quantum confinement effects.
Limits of Faceting

To produce quantum structures the mesa tip needs to be as sharp as
possible. Some factors required for a sharp tip are evident. First, the initial
mask roughness must be minimized, since slight fluctuations can become large
relative to structure size. Perhaps most importantly, the diffusion process,
which will be described in more detail later, must be controlled. Unlike
deposition, which is very well controlled, migration along a facet and between
facets is strongly dependent on the growth conditions, and differs for each
plane. This could be complicated by desorption as well - not only from the

facets but from the narrow regions joining them.
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Figure 15. S
The top surface is viewed from a steep angle to bring out the roughness. For GaAs at low
V/II the [011] oriented mesas (a) show [01]] directed (i.c. perpendicular) stristions along

the top (100) surface. The [011] oriented mesas (b), show rounded defects. White markers
are one micron.

defects at low V

Structural Characterization II: Morphology

Variation in the morphology of the various facet surfaces, some but not all
of which was systematic, was seen with variation in the growth conditions.
Most work was focused on fabricating a sharp V shape as seen in cross-
section, but these variations in morphology can involve dramatic departures
from the intended structure that are not obvious in cross-section. The
roughness observed can be quite complicated, involving deviations from a flat
surface that can only be quantified in three dimensions. This section, is
intended simply as a catalog of some of the morphological peculiarities

observed.
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Wide mesas

As a first example, the (100) surface for wide mesas shows a different sort
of roughness depending on stripe orientation, even for simuitaneously grown
samples. At low V/III ratio (~0.5), for [011] oriented mesas, the surface is
striated in the transverse direction, as can be easily seen at grazing incidence
(Figure 15). For the same growth conditions, [01]1] mesas show circular
defects on a micron scale, reminiscent of the oval defects common in MBE
grown (100) GaAs. That these samples were grown simultaneously and show
such different characteristic defects means that they must be a resuit of an
interaction between the top surface and the sidewalls. Interestingly, the same

sort of defects, though less pronounced, appear in InP based samples as well.

tsracrasbbareme

Figure 16. Surface defects at high V/III Figure 17. Surface morphology
of narrow mesas
(a) [011] oriented and (b) [011] mesas. The mesas are viewed at a shallow angle of

incidence with the (100) plane at the top, center. The white markers indicate 10 um.

50- 51



the wider mesas, they are marred by a sub-micron
roughness corresponding to a slight tiit of planes
in a longitudinal direction.

Narrow [011] mesas

If wire structures are to be fabricated from
[011] oriented mesas using (111)B planes, the
roughness must be minimized in these structures.
To that end, the kinds of structural problems that
arise specifically for these narrow mesas are
catalogued.

First, even on the smoothest mesa, triangular
defects the width of the facet itself were observed
(Figure 18). These are strikingly similar to the
pyramidal defects observed by others under certain
conditions for growth on planar (111)B

substrates. *

Figure 18. Pyramidal
defects in an [011]
mesa

Another problem encountered while growing V-mesas was the occasional

asymmetry seen in the shape of the V (Figure 19). Sometimes one (111)B

sidewall would grow at the expense of the other. If the winning side alternates

over the length of the structure the mesa becomes irregular. Occasionally one
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side was seen to win consistently over another. Clearly if the flux is not
normaltothe(lOO)mrfaceandthesampleisnotrotatedashadowingeﬂ'ect
will resuilt in one side growing faster. However, some samples show this
irregularity while others do not. This work cannot provide a systematic
explanation of the asymmetry.

The overall pattern of V-mesas in GaAs typically involved abrupt shifts in
the lateral position of the vertex of the mesa (Figure 20). The roughness of
these surfaces proved to be unpredictable.
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Figure 20. Roughness of narrow [011] mesas

In the [011] directed mesas the (111)B sidewalls have come
together to a form a V. However, the (111)B sidewalls show some
variations in that they are angled back and forth, and hence the line
where the two (111)B planes join together to shift abruptly on the
scale of ~1 um. The white marker represents 10 um.

Figure 21. Wide mesas vs. narrow mesas

Two very wide mesas separated by a narrow space and a narrow mesa.
The wide mesas show smooth (111)B sidewalls, while the narrow V-
mesa shows irregular growth. The white marker represents 10 um.




Wide mesas vs. narrow mesas

Controlot'themigmtionprocumisnmaryifroughnusistobe
climinated in narrow mesas. Wide mesas can show excellent morphology
while their narrow counterparts may be very rough. Figure 21 underscores
this problem. Thecentralv-shapedmuashowsixreglﬂargrowthwhichthe
wide mesa does not. (Genenlly,mostV-meuswerenotthisrough.)Itseems
likelythnthisproblanisavoidedforavuywidemesa,bemsethereis
always a wide (100) surface which can act as a reservoir for diffusion and the
diffusion conditions are very similar over time. For a narrow mesa on the
other hand, conditions are rapidly changing on the top surface as it becomes
narrower, ultimately switching to essentially (111)B growth only. Of course,
given that wide mesas are typically so smooth, the fabrication technique could
be altered such that the intent would be to fabricate a narrow wire at the
intersection of the wide facet such as the (100) plane with a sidewall such as
the (111)B. But if the technique depends on a wide facet, it would seem
impossible to ever produce a high density of wires.

All of these types of roughness might make one pessimistic of the
prospects ofproducingquanﬂxmwires,blntheteare still a few reasons for
optimism. First, some samples showed less roughness than others, moreover,

some regions of a given sample would be smoother than others, suggesting
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that with better control of the process, smooth wires could be fabricated. In
principle, the structure need only be smooth on a very small scale for quantum
effects to be observed locally. Also, there is room for improvement in the
process - we have done little to try to improve the initial patterning step.
Some possibilities include aligning to a cleaved edge instead of a wafer flat,
since a wafer flat is up to 1° off the intended crystallographic plane, or, more
importantly ensuring smoother edges by using a higher quality mask or
shorter wavelength photolithography. But the final, and perhaps strongest
reason for optimism is that many of these types of roughness become much
less important in other material systems, most notably indium phosphide,
which is readily accessible to CBE and will be investigated in Chapter 3.

Phenomenological Theory of Faceting

A phenomenological approach can provide an explanation for the
formation of facets. To try to understand faceting as a function of V/III ratio
an approach used by Sugiura®, which follows generally from earlier work by
Asai®!, will be applied and generalized. The basic observation is that the
growth rate tends to be proportional to the bond density on a surface. The

object then is to calculate that bond density for the surface in question, and
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Figure 22. High symmetry crystallographic surfaces.

(a) The (100) surface. (®) the (111) surface. The surface is (111)A if the terminating plane
ﬁ.amphya)ispninm.(lll)Biﬁtkumic.Themﬁcennitcelehichisoﬁennﬁon
dependent, is highlighted in gray.

assume that facets form because the bond density and resulting growth rate
are low on that surface.
Facets at high V/III

The work of Sugiura ef al.* explains the facet growth of InP at high V/III
ratios (~2). At high V/III ratios, it is assumed that surfaces are terminated by
the group V element, in this case arsenic. Unreconstructed surfaces are
considered throughout, for simplicity. The growth rate is assumed to be
proportional to the bond density. To determine the bond density, the number
of bonds available per surface unit cell is counted, and divided by the area of
that unit cell.

There are three special crystallographic planes which require

consideration. The first is the (100) surface, illustrated in Figure 22a. Each
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surface unit cell has two atoms, one gallium and one arsenic. The arsenic has

two free bonds available for new gallium atoms. The gallium has no

unsatisfied bonds available, being completely surrounded by arsenic.

Next consider the (111)B plane. It is arsenic terminated, and so each

arsenic atom has only one free bond available for gallium. There is one arsenic

atom per surface unit cell, so
there is one bond available for
gallium for each unit cell. (Note
that the unit cells in the (100)
and (111) planes are of different
dimensions, though.)

Finally consider the (111)A
plane. It is normally gallium
terminated. However,

considering only high V/II

O O O
o o o

O @) O
Figure 23. Constructing all (hkk) planes.
Any (hkk) plane between (100) and (111) can be
constructed of (111) steps and (100) terraces.

Here, schematically, a (211) plane is constructed
of a (100) terrace and two (111) steps.

ratios, the model requires all surface dangling bonds to be arsenic related

bonds, so an arsenic atom is attached to each of these surface gallium atoms.

In that case there are three remaining free bonds available for gallium on each

(111)A unit cell.
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Other planes

This model can be extended to all planes between (111) and (100) by
plotting the positions of atoms for the unreconstructed (k%) planes with Ak
integers, and h>k (Figure 23). Such a construction was used by Yamada er
al.™ to explain the relative growth rates of certain crystallographic planes in
migration enhanced epitaxy. Any such plane can be made of (111) steps and
(100) terraces. For example, the (311) surface can be made up of one (111)
step for each (100) terrace. More generally, it can be shown' that an (k%)
plane can be constructed of m (100) terraces and p (111) steps according to
the relation

2=1(t-1) (1)

A slight complexity is introduced here, since the minimum number of steps
and terraces should be used. This results in two cases depending on whether
h-k is even or odd. If h-k is even, m = (h-k)/2 and p = k, however, for h-k
odd m=h-k, p=2k.

Each segment contributes its bonds to the surface. If a represents the
number of bonds available for gallium on a (100) terrace, and S represents the

number on a (111) step, then the number of bonds per 2D unit cell, B, is

! the suthor’s derivation
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B=plas+6)- (2)

In the case of high V/III ratio discussed above, for A oriented surfaces a=2,
=3, and for B oriented surfaces a=2, =1.

Finally the area of the surface unit cell can be calculated as the volume of

a unit cell, divided by the thickness of a monolayer. The monolayer thickness

can be calculated by finding the lattice vector which minimizes the dot

product of itself and the surface normal. That dot product can then be defined

as a monolayer thickness. For an (hkk) plane where 4 and & have been

reduced to have no common factor greater than one, this results in a thickness

na,

A — (3)
2k

where =1 for h-k even, =2 for h-k odd, and a is the lattice constant.

Defining the angle 8 as the angle away from the (100) so that

cosf= i ’ (49

(%)z +2

the bond density as a function of angle, is given by

Bt

> =-;—2[2a0030+2«/5(ﬁ— £)sin 0]- (9

The result is plotted in Figure 24, for both A and B oriented planes, for both

high V/III ratio, as above, and low V/III ratio, described below.
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Figure 24. Bond density as a function of angle

ThcbonddeumyfmAmdBotmd(hkk)phns.bum(wO)md(lll)for
(a) high V/III ratio and (b) low V/II ratio. The low V/III bond densities are
different at zero angle because the B-plane density has been calculated for a
lower V/III ratio.
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Low V/IIT

It is necessary to extend the model to low V/II ratio surfaces. As the
V/III ratio is lowered not all arsenic sites will be filled and weakly bound
arsenic atoms will be the most likely to be emptied. This can be modeled
simply by eliminating all arsenic atoms bound by only one bond, and counting
the remaining bonds available for gallium. For very low V/III ratios, all
arsenic atoms bound by two bonds can be eliminated, counting the ‘bonds
available for gallium. Of course the arsenic still needs to be incorporated, but
the assumption is that the incorporation of gallium becomes a rate limiting
step’, and arsenic only participates in the way that it affects the incorporation
of gallium. Site occupation of arsenic varies in a continuous way from nearly
complete occupation through to nearly complete absence as the V/III ratio is
varied. This has been modeled by Asai’' who included temperature activation
and V/III ratio for specific crystallographic directions. Here these effects will
not be included explicitly, and only the above simplified cases of very high
and low V/III ratio will be considered. For low V/II ratio then, the only
modification in the growth rate is to set =0 for A oriented planes. For very
low V/III ratio both & and B are zero for the A oriented planes, while @

becomes zero for B oriented planes, but # is unchanged (i.e. is one). The

¢ Relative rates of different facets are what determines the shape, not the absolute rate.
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resulting bond densities, and hence relative growth rates as a function of angie
away from the [100] direction are shown in Figure 24. Facets will be seen for
the low growth rate directions.
Comparison of Model With Growths

Most of the features of the growth habit can be explained with the above
simple model, the consequences of which are summarized by Figure 24. At
high V/III ratio the [011] oriented mesa shows a (111)B facet sidewall, while
the [011] mesas show irregular lateral growth. The (111)B facets form
because that is the slow growth direction for B oriented planes. At lower
V/II ratio the (111)A growth rate tends to zero, and hence the [01]1]
oriented mesas show (111)A sidewalls. In contrast, the growth rate for B
oriented planes is higher than the vertical (i.e. [100]) growth rate, so the
[011] oriented mesas do not show (111)B planes. However the growth rate of
B-oriented planes on [011] oriented mesas is not so high as that of the A-
oriented planes on [011] oriented mesas grown at high V/III.

The model can be extended to planes between the (111) and the (011) by
expanding in terms of those planes.

The above growths were performed at high temperatures (~570°C). For

lower temperatures (~540°C) , the (111)B facet is expressed for lower V/II

. ratios. In the context of the model, the reduced sul strate temperature results
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in a higher coverage of arsenic for fixed V/III ratio.”® Hence the high V/III
ratio analysis, which assumed complete arsenic coverage, is more appropriate
for a wider range of V/III ratios at lower temperatures.

Instability near (311)A

One problem with [011] oriented mesas grown at high V/III (~2) is the
extreme irregular lateral growth, showing tilted planes near (311) among
others. Part of the explanation lies in the high V/III ratio bond density graph
(Figure 24a). The B-planes always liec below the A planes in bond density, so
an A-plane can reduce its bond density, and so reduce its growth rate, by
tilting away from the A direction to the B. This explains the tendency to tilt,
and partly explains the roughness described earlier.

The (311) plane is special in our model too, because it has equal numbers
of (100) and (111) segments, and so marks the transition between (100) and
(111) type planes. As a result it is the “roughest” plane. Until now only bond
densities have been considered, not their distribution. It is possible that this
special distribution of bonds on the (311) plane is connected to its expression
at high V/II ratio. In particular since substantial migration is seen at high
V/II it is possible that this “roughness” influences migration in such a way as

to express a facet (i.e. to allow a facet to persist.) However, the importance



of surface reconstruction should not be underestimated. Lying outside the

model, this alone may be responsible for the expression of such a plane.

Photoluminescence

Nanoscale structures can be
fabricated by other means. The reason
that the previously described
fabrication technique has been devised
is that we wish to fabricate nanoscale
structures which are optically active.
On this level the project has been
successful: when excited by visible
laser light, all of the structures are
optically active. In what follows, the
emission spectra of these structures
will be examined in some detail.

Mesa Width
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Figure 25. Photoluminescence for
various GaAs mesa widths

The sample is a thin InGaAs layer between
a GaAs buffer and GaAs cap grown on
windows in a silicon dioxide masked
gallium arsenide substrate. Windows range
from ~20 pm (L1) to ~2um (L7). Spectra
were taken at 4.2K.

Since PL from an unpatterned mesa is fairly straightforward to interpret, it

is of interest to study the PL as the mask width is decreased. The samples, in
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a cryostat at 4.2K, were excited by a HeNe laser of 3 mW attenuated by a
20dB neutral density filter focused to a8 ~100 um spot, and the emission
dispersed by a spectrometer and detected by a CCD array. Figure 25 shows
the spectra of a high indium content (~18% In) wide well (~10 am), grown on
an [011] oriented masked substrate.¥ The peaks are extremely broad for two
reasons - one is the unusually high temperature (for CBE) at which the
InGaAs was grown here (~570°C). This was required to ensure good
selectivity, but because of the high temperature, impurities are incorporated
and the peak is broadened. Another reason for the breadth is that at such high
indium concentrations the layer is likely relaxed (this is suggested by x-ray
observations). Under optimum conditions on unpatterned substrates it was
possible to grow InGaAs layers with narrow PL at a longer wavelength (~930
nm) than most peaks seen in Figure 25, however. Even with these broad
peaks a change is seen with decreasing mask width.

As the mesa width is decreased (i.e. moving from L1 at the top, down to
LS) the PL peak position stays constant, close to 920 nm. But when the mesa
gets still narrower the PL first shifts to a still longer wavelength, almost 950
nm. Finally, for the narrowest mesa the PL appears at a short wavelength,

near 855 nm.

f That these numbers are consistent with the PL can be determined with reference to Appendix C
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Atﬁtstthisseemsdiﬁmlttointupret,butitcanbeexplainedwith
reference to Figure 12, and becomes especially clear when viewed in light of
data presented later in this thesis for similar InP based structures. The
important feature that can be seen in Figure 12 is that the (100) growth front
is curved only for the nearest ~0.8 um to the (111)B facet edge. This
curvature arises from the migration of group III material in particular, off the
(111)B plane to the nearly (100) surface. There is no reason to assume that
indium does not migrate as well as gallium. In fact, because of the weaker
binding energy of indium it is likely that it migrates preferentially. A quantum
well will be wider then, and may well contain more indium for this curved
region. The PL of the widest five mesas is predominantly from the (100) top,
but for the second to narrowest mesa, only the curved edges remain, with
thicker wells and more indium, thus the PL peak shifts to a longer
wavelength. Finally for the narrowest mesa, no (100) surface remains, just a
crescent and thin (111)B quantum wells. We identify the short wavelength
peak with the (111)B quantum wells. (The peak at 830 nm is due to a carbon
acceptor.)

The mesa width dependence of the orthogonal orientation is more
complicated. This is not too surprising, given the multifaceted sidewalls, as

can be seen at right on Figure 17, for example. The photoluminescence for
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this case shows additional lines, which are not straightforward to interpret.
Since this orientation will not be used to try to fabricate mesa wire structures,
its PL will not be discussed further in this work.
Substrate Temperature Dependence

Since growth at high temperatures was seen to be detrimental to the
material quality, in terms of the width of PL peaks, the growth temperature
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Figure 26. Temperature dependence of principal PL peak

For unpatterned reference quantum wells and for narrow V-shaped mesas. The
widths of the V-shaped mesas at their base was <2 um.
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was reduced. This meant that indium desorption was reduced and the indium
composition of the layers was increased. Below about 540°C the silicon
dioxide mask became coated by micron scale globules of non-selective
growth, therefore the procedure of growing the buffer at high temperature
and dropping the temperature only for the well layer was used.

Photoluminescence was measured for a series of samples which differed
only in substrate temperature during growth. In this case, samples that were
held at a temperature of SK were excited by a 10 mW Krypton laser focused
to a very tight (~10um) spot. The emission was dispersed by a spectrometer
and detected with a germanium pin photodiode. For fixed fluxes, the
unpatterned substrate quantum well peak shifted to long wavelength, from
overlapping the carbon peak (~1490 meV) at high growth temperature
(570°C), to 1356 meV for low growth temperature (540°C). (Figure 26.)
From a growth rate calibrated by x-ray diffractometry - to a superlattice
grown for comparison to the unpatterned sample - the well width is estimated
at 6.510.5 nm. For the unpatterned samples the composition can be deduced
from the wavelength (in the manner of Appendix C), ranging from 6% indium
at high temperature to about 20% at low temperature.

The principal peaks of the narrow mesa structures are in every case at

longer wavelength than the unpatterned reference quantum well. Even at high
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temperatures, the quantum wire area luminescence indicates a significant

amount of indium has been
incorporated.

For the V-shaped mesas, the
actual composition of the
quantum wire structures is less
certain, because the shape of the
confining potential is difficult to
determine. The morphology of the
wire area is not as simple as a
quantum well, and the distribution
of indium in the quantum well is
unknown. There are two
approximations that can be made

for the structure. One is to

Figure 27. V-mesa quantum well spectra
A thin InGaAs layer is grown over a V-ghaped
GaAs. It shows four peaks, a carbon acceptor, a
short wavelength peak probably associated with
(111)B sidewall quantum wells, and two long
wavelength peaks on either side of the reference
quantum well peak, associated with the
crescent. Here the reference PL was obtained
with HeNe laser excitation, the V-mesa PL with
a Ti:Sapp tuned to 773.5 nm. The temperature
was 5 K. For most of the sample area the
unpatterned reference sample showed an
unusual broad tail centered near 950.0 nm.

presume that the well width is unchanged, and determine the resulting

composition. The redshift of the patterned sample peaks can be explained by

an effective composition increase of ~4% indium on average for the patterned

samples. The other approximation is to determine the well width required to
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maintain the same composition. In this case the shift in PL spectra requires an
increase in well width of, on average, over a factor of two.
Narrow Mesa Spectra

PL with better signal to noise ratio than the previous set was obtained
using a photomultiplier tube as the detector for a double grating
spectrometer. Both helium neon (HeNe) and (tunable) titanium sapphire
lasers (Ti:Sapp) were used for excitation. The HeNe laser had a power of ~3
mW and ~0.1 mm diameter spotsize, while the Ti:Sapp had a power of ~10
mW and spotsize ~0.5 mm in diameter. The sample was cleaved such that
only one type of structure was observed at one time - here in particular, the
narrow V-shaped structures, and later an unpatterned reference sample.

If excitation intensity is reduced to this power, typically a good quality
narrow V-shaped mesa shows several peaks in its spectra (Figure 27). First,
all our samples showed a carbon related peak at 830 nm. Typically there is a
short wavelength peak with no counterpart in the unpatterned PL at ~840 nm.
A broad principal peak is seen at a longer wavelength than the unpatterned
quantum well peak. At low excitation powers for some of the samples this
broad peak splits into two peaks, one of which was always at longer
wavelength, another of which was at shorter wavelength, as compared to

_ reference quantum wells.
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Since they always appear in the same relation to the unpatterned (100)
peak, we assume they must be associated with a region of quantum well
confinement (and perhaps additional wire confinement) of similar width and
composition to the unpatterned sample. The only place this seems likely on a
patterned V is near the top of the crescent. It seems unlikely these peaks
could be associated with the (111)B sidewalls alone since even if the growth
rate were the same there, the well would be only 57% as thick owing to
geometrical considerations. Also, as will be shown quantitatively for InGaAs
on InP, the growth rate is typically lower there, even for a complete mesa.

Since these (111)B sidewalls appear to have a low, but non-zero growth
rate of InGaAs, and since the unpatterned samples lack this peak altogether, it
seems reasonable to associate the peak at 840 nm with thin, shallow side
quantum wells.

Comment on the difficulty of excitation spectroscopy

Since the samples emit light efficiently, it would seem that excitation
spectroscopy would be of interest, since it would access the states above the
ground state, providing much more information. In photoluminescence
excitation spectroscopy (PLE), the pump wavelength is scanned from a short
wavelength out to a long wavelength peak while the detector monitors only
_ the long wavelength peak. Excited states associated with the monitored peak
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will show up as peaks. Unfortunately, apart from showing the bulk band edge,
PLE on these samples did not even show the high energy tail of the monitored
peak, let alone any band edge.

The failure of PLE is in a way a consequence of the success in making
small structures. When normal PL is performed, the pump laser excites the
entire crystal, and carriers decay efficiently into the lower quantum structure
levels. In PLE, however, the intent is to excite carriers to levels within the
structure. The barrier layers are very poor absorbers of photons in PLE
because the excitation energy is beneath the barrier layer bandgap. The mesas
produced here were of order 2 um? in cross-section. The wire structures were
certainly smaller than 50 nmx50 nm (~3x10° um®), perhaps even 6 nmx6 nm
(~4x10? um®). The excitation cross section is one one-thousandth to as little
as one one-hundred thousandth as small in excited state PLE as in PL.

This suggests that, in order to successfully detect a PLE signal, either very
sensitive detectors are required, or there must be a very high filling factor of
very uniform quantum structures.

V/II Ratio

Growing samples which differ only in arsine flux resulted in quite dramatic

changes in the structure of the patterned sample PL, but little change, apart

from broadening and a larger carbon acceptor peak in the unpatterned PL.
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Multiple peaks in the same general region as the unpattemed peak shifted and
broadened as the V/III ratio was varied. Unfortunately because the peaks
were quite broad, and the V/III ratio was changed in large steps, it was not
possible to deduce the physical meaning of these shifts. More study into the
effect of V/III ratio on migration of quantum well material between (111)B
and (100) facets is required.*

Conclusion

Fundamentally, the most important result of this chapter has been the
demonstration that the fabrication technique works. Using faceted growth in
selective area epitaxy it has been possible to decrease the feature size from a
couple of microns to at least tens of nanometres. Furthermore, although the
photoluminescence was broad, the structures were optically active, and
certainly no worse than structures fabricated by other, arguably more
complicated fabrication techniques. However, it has also been seen that there
is considerable room for improvement. In particular, the structures appear
unnecessarily rough. Moreover, the InGaAs:GaAs system has caused some
problems, such as the tendency for indium to desorb at the elevated
temperatures preferred for selective area growth of gallium with TEG, as well
as the detrimental effects of strain inherent to this material system on the
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optical properties. In the next chapter, it will be seen that many of these
problems can be alleviated by changing to a new material system.
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Chapter 3

REAL INP BASED STRUCTURES

Introduction

This chapter is an attempt to apply the knowledge gleaned from the
gallium arsenide system to the indium phosphide based system. First some
previous publications which relate directly to this work are described. After
describing some of the advantages of indium phosphide based growth for this
project, optimal growth conditions for faceting are described. The ability to
grow thick layers of lattice matched InGaAs means that scanning electron
microscopy can reveal much more about the growth process in this case. (On
GaAs substrates the thickness of the InGaAs layer is limited because it
quickly becomes defective due to strain. Also, the contrast between InP and
InGaAs is excellent whereas for InGaAs on GaAs it may not be.) A simple
diffusion model is applied to describe cross-sections observed in mesa
structures. Multiple, relatively narrow photoluminescence peak widths make

the optical studies more meaningful and systematic peaks shift associated with



narrowing the mesa width can be seen. Finally, inverted V-shaped mesas are
grown, and their photoluminescence described.

Background

Before the advent of CBE, MOCVD was the best technique for growing
indium phosphide based heterostructures. Since MOCVD, like CBE, uses
molecular group I sources, the growth can be selective. Kayser et al.**
describe low pressure MOCVD of structures like the wide mesas considered
here. That work was later extended to CBE.* Some previous work describes
the faceting behavior of wide InP mesas, typically with the intent of
eliminating facets for device applications.**"’ Faceted growth by CBE on
micron wide mesas has also previously been studied,* but in that case the V-

shaped mesas were not overgrown to form crescent shaped structures.

InP vs. GaAs

The samples grown on GaAs substrates had a number of problems. First,
since the ideal growth conditions for conventional (100) GaAs and InGaAs
were only quickly optimized, unintentional doping was, even for many of the
unpatterned samples, excessive. Second, there was a conflict between

selective area growth and incorporation of indium (the well material). Third,
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probably due to the short migration length of species, there was usually
serious microroughness associated with the mesa structures. Finally, the
lattice mismatch due to the larger size of indium compared to gallium limited
the range of compositions accessible, and so limited the depth of the potential
wells. (An approximate upper limit [see Strain and Lattice Matching, p83] of
~20% indium corresponds to a conduction band well depth of ~0.14 eV
while a lattice matched InGaAs:InP conduction band well has a depth of
~0.23 eV, and the valence band well is still deeper.)

All these problems are alleviated to some degree on InP substrates.
Material Quality

Since the CBE machine is primarily used for the growth of InP based laser
structures, considerable effort had already been expended by others in
optimizing the growth of InP. The mobility is widely accepted as a measure of
the quality of grown material, and, in fact, the machine we used had
previously been used to set the record of 311 000 cm?/V-s at 50 K for
mobility of InP.** Though the samples studied here would not have been as
high quality as that, they would certainly be as pure as can be reasonably

expected.
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Selective Area Epitaxy

The conflict between SAE and indium incorporation for GaAs substrates
is reduced for InP substrates. Desorption is a temperature activated process.*
This is why selective area growth on dielectric masks fails at low
temperatures. If the temperature is too low, the growth material, rather than
desorbing from the mask material, sticks, and upon doing so nucleates further
growth. To prevent gallium from sticking to the SiO, mask, it was necessary
to increase the substrate temperature slightly from about 520°C to about
550°C. However, indium, which is a larger group Il atom with a therefore
weaker bond strength (in particular for methyl and ethyl groups®, and by
inference in the more general situation), for similar reasons tended to desorb
from the growth surface. The result was that improving the selectivity of the
silicon dioxide mask meant excessive desorption of quantum well material,
and hence a lower potential depth than intended. This could be compensated
by an increase in the flow rate of TMI, but at the expense of material quality.

For reasons related to indium desorption, the optimum substrate
temperature of InP growth is low - typically ~440°C. Indium sticks so poorly
to the mask that even at these temperatures almost perfect selectivity is
obtained during the growth of InP. There is no problem of gallium desorption

- in the range of temperatures that produces good quality InP. It might be
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surmised, however, that gallium would stick to the mask at this temperature -
and it might appear that the situation is the same as for GaAs-based
substrates.

Fortunately this is not the case. Although there is some loss of selectivity,
it is by no means as bad as was seen on the GaAs substrates. Before
explaining why, it may be useful to tabulate the selectivity behavior of gallium
and indium described above (Table 2). The unwanted behavior for these
growths is in bold type. For the normal growth of GaAs, at ~520°C, the
problem is that gallium sticks to the mask. For the normal growth of InP, at
~440°C the problem is, again, gallium sticking to the mask. But in the GaAs
based samples, gallium is supplied for the thick GaAs buffer layer, as well as
through the quantum well and cap. For the InP based samples, gallium is only
grown through the thin, narrower bandgap (InGaAs) layer. The supply of
non-selective sources is substantially reduced for InP based samples,
especially if only a thin quantum confined layer of narrow bandgap material is

grown.
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Table 2. Selectivity behavior of group III species at various
temperatures on semiconductor and masked surfaces.

Growth Selectivity of species
Conditions
on semiconductor on mask (S5i0Oy)
(GaAs or InP)

Substrate T (°C) Ga In Ga In
~570 sticks desorbs | desorbs | desorbs
~520 sticks sticks sticks desorbs
~440 sticks sticks sticks desorbs

The group III species cither sticks to the surface, or desorbs. Behavior that is a
probiem for these growths is in bold. The ideal GaAs growth temperature is
~520°C, while the ideal InP growth temperature is ~440°C.

In fact, there may be even another effect - one of surface chemistry -
working in favor of selectivity for the InP based samples. Above, the group
III sources have been treated as though they were elemental. However, in
CBE the group III sources arrive at the surface with some organometallic
bonds still attached. The difference in sticking between semiconductor and
maskmrfamaﬁminhrgepa;tbeausethegroupﬂlelementsuﬁvewith
these organometallics attached, and the semiconductor surface can catalyze
their breakdown. Since the decomposition of the source molecules is a
temperature activated process®’, for the lower temperature (~440°C),
decomposition of the source TEG is less likely than at ~520°C. If the chances

of desorbing are negligible at both temperatures, continuing to reduce the
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temperature will only reduce the likelihood of decomposition. Thus, even
though growth at low temperatures is non-selective, this problem could be
less pronounced at very low temperatures than at intermediate temperatures.

It should be emphasized, again, that a clean mask surface is essential for
selective area epitaxy, no matter whether the substrate is GaAs, InP or any
other material. Slight defects or traces of process chemicals can nucleate non-
selective growth.

Roughness

There was always a microroughness associated with GaAs based mesas.
Qualitatively, roughness did depend on the mask quality and whether or not
the substrate was rotated. Though the mesas remained terminated in inverted
V-shapes, the V would shift sharply horizontally, and slightly vertically
resulting in a jagged top. The scale of this roughness was less than about a
half of a micron. This must have contributed to the breadth of the
photoluminescence peaks.

The first growths of InP based mesas turned out to be much smoother on
these scales. This might be attributed to the weaker bond strength®, and
longer diffusion length® of indium as compared to gallium. Field emission
SEM photos show the (111)B sidewalls of InP structures to be considerably
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smoother than GaAs structures. The roughness of InP structures will be
described more thoroughly later in this chapter.
Strain and Lattice Matching

The last advantage of using InP compared to GaAs as a substrate material
is that with InGaAs it is possible to grow material lattice matched to indium
phosphide. This is possible because the lattice constant of InP (0.58687 nm
at room temperature) lies between the larger InAs (0.60583 nm) and smaller
GaAs (0.565325 nm) ©, and since the ratio of indium to indium plus gallium
can be varied by changing flow rates, the average lattice constant of the
InGaAs can be made the same as the InP. Lattice matching occurs for
material of composition Ings3Gaos7As. Layers with very little average strain
(~0.1%) can be produced.

The drawback is that the formation of these crescent shaped narrow band
gap regions is quite complicated, with migration of source material from other
facets as well as incident flux contributing to the overall growth. As a result,
lattice matching is probably not maintained throughout the structure.
Moreover, unlike InGaAs:GaAs, since the indium concentration may be
higher or lower than the lattice matched composition, both compressive and
tensile strains are possible - perhaps even simultaneously in different regions

of the structure.

83



Growth Conditions

Substrates were two inch diameter n-type sulfur doped (100):0.2°
oriented InP patterned with SiO; as described in Chapter 1, p20. The growth
process was analogous to the GaAs substrates described in Chapter 2. Again,
between patterning and introduction to the CBE machine, there was no
cleaning. Quarter wafers were indium mounted on two inch silicon wafer
which were in turn held by tungsten clips to a hollow molyblock. The blocks
were placed into a vacuum chamber and brought to UHV conditions. Again,
the sample was heated to 200°C for one hour to desorb unwanted organic
molecules and then introduced to the growth chamber. A deoxidation step
was performed, with the sample heated to 500°C for 10 minutes under a high
flux of phosphine (20.0% full scale) to prevent the surface quality from

deteriorating.



Table 3 Typical InP based growth conditions.

Description Duration M TIEG PH; AsH{#3)

*8) %9 (9 *9
InP buffer 15 min 40 - 10.0 -
In ramp 2min 40to 122 - 10.0 -
delay 65 sec - - 100 -
1 sec 122 230 - -

InGaAs layer 30 sec 122 230 - 15.0

15 sec - - - 15.0
interrupt 5 sec - - - -
In ramp Imn 122t040 - 10.0 -
InP cap 4 min 40 - 10.0 -

Flow rates are given in percent of full scale.” A dash indicates no flow. The
delay after ramping is to allow the flow to traverse the line from the mass flow
mammmmwmmmm

change from sample to sample based on composition and growth rate
calibrations by x-ray, SEM and PL. Arsine is delivered on the AS3 line. (See

Appendix A)

Typical growth conditions for InGaAs on InP crescent structures are
tabulated in Table 3. Substrates were rotated with a period of several seconds
so that the beam would be more uniform, on average. One complexity arises
from the fact that only one indium line is available', and therefore switching
between materials requires a ramp in TMI flow rate, since the growth of InP
and InGaAs have different optimum TMI flow rates. For the growth of

multiple quantum wells it was advantageous to maintain the same TMI flow

* See Appendix A for conversions of flow rates into physical parameters
! The limitation to one indium line is not fundsmental. An extra line could have been added to the
CBE machine used for this work (st extra expense and downtime.)
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rate for the InP barrier layers (between InGaAs well layers) as for the InGaAs
well layers themselves. This was because changing the flow rates would
require an excessively long growth interruption between wells. In this case,
since the TMI flow rate was less than a third for [InGaAs as for the usual [nP,
the barrier layers were grown more slowly than usual. Also in this case, it
would have been necessary to reduce proportionally the flux of phosphine in

order to maintain constant V/III ratio for the entire growth of InP.

Structural Characterization

Growth Habit and Morphology
Initial tests of the growth of InP on line patterns showed that facets

formed in a similar fashion to GaAs. For lines oriented in the [011] direction

Figure 28. An [011] oriented InP mesa in cross-section.

The InP is dark. A faint light line just below the top is an InGaAs
quantum well. The sidewalls are (111)B facets. The top surface has
a curved exponential shape. The marker represents 1 um.




(Figure 28), the growth habit was almost identical: (L11)B facets, and a
curving exponential decaying away from the (111) facet edge to the (100)
surface. For {011] oriented lines (Figure 29) the situation was similar to GaAs
in that there was substantial lateral overgrowth, however, the facet planes
were less jagged than the GaAs counterparts, showing more clearly defined
high index (hkk) planes. The formation of these planes was irregular,
however, and apparently unstable. In general, the planes were smoother on
InP samples than GaAs samples. Like the GaAs mesas, the (111)B planes
were especially smooth before completion of the top V as shown in Figure

30.

' Figure 29. An [01 _L].oriented InP mesa in cross-section.

Not all mesas showed such clear bilateral symmetry. There is significant
lateral overgrowth. The light lines, nominally 110 nm thick are InGaAs
marker layers. There are several clearly defined facet planes, as well as
curved regions. The slightly darker InP regions on either side are probably
doped unintentionally relative to the central part. The marker represents one
micron.




Upon completion of the V-shape, the structures show some roughness but
still much less than their GaAs counterparts, in general (Figure 31). This
completed mesa shows three distinct kinds of roughness. First, there is an
overall slight tilt of the (111)B planes on the scale of microns. Second, some
localized areas of the (111)B planes show irregular, rounded growth, which
appears to have started around the time of completion of the V. Third, on
very small scales (<0.1um) at the vertex of the V, most of the samples
showed a distinct transverse hatched microroughness. Finally, for wide mesas,
the morphology of the (100) plane is quite similar to the GaAs for either
orientation. As with GaAs, the [01]] directed lines show rounded defects.
The [011] directed lines show striated transverse defects, though they are

broader than their GaAs counterparts (Figure 32).



Figure 30. Roughness of an [01 1] mesa just before completion.

An [011] mesa seen from above. Notice the slight non-selectivity on the mask
surface. The (111)B and (100) planes are smooth. The marker represents one

Figure 31. Roughnesé of a complete InP [011] mesa.

At least three different types of roughness can be seen (see text). The marker
represents one micron.




Bulk InGaAs:InP

Because InGaAs can be lattice matched to InP, it becomes possible to

grow thick (>50 nm) layers of
InGaAs without the layers relaxing.
Furthermore, FE-SEM is able to
distinguish between InP and InGaAs
even if the layers are as thin as five
to ten nanometres, with no stain
required - just a good cleave. It is
possible. then. to grow thick tracer
layers of InGaAs in InP to deduce
some of the growth dynamics by
viewing the mesas in cross-section.
Wide Mesa

A cross-sectional micrograph of
a wide mesa (Figure 33) with
marker layers leads to a number of

observations. A summary of the

D e D

Figure 32. Wide mesa (100)
roughness.

The dark band at the right is the masked
area, and the white is the (111)B sidewall.
The broad area taking up most of the
photograph is the (100) surface, showing
transverse striations. The gray patch in the
middle is due to charging from the electron
beam. The marker represents one micron.

growth conditions for this sample (#96058) is shown in Table 4. The sample

consists of an InP layer grown at the higher growth rate, followed by a




Table 4. Growth parameters for sample 96058.

Layer Duration TMI TEG PH; AsH;
(min) (%) (%) (%) (%)

InP 60 40 - 10 -
InGaAs 5 12 23 - 15
InP 24 12 - 10 -

The growth temperature was 440°C. The second and third layers were
repeated five times. Growth interruptions separated each layer. Arsine
is delivered by the AS3 line. (Appendix A)

nominally lattice matched five period multilayer of 0.11 um InGaAs and 0.19
um of InP, with the multilayer InP grown at the low growth rate.

A straight (111)B facet is seen on the left of Figure 33. On the (111)B
facet, starting from the edge of the first InGaAs layer, which marks the

beginning of the slow growth rate layers, 0.51 um of InP was grown. Perhaps

Figure 33. A wide InP mesa in cross-section.

Clear (111)B facets have formed on the left. To the right the mesa
becomes flat (100). The light InGaAs marker layers show the
curvature of the growth front. The top light surface of the mesa is
overexposed and should not be misconstrued as an InGaAs layer.
The marker represents | um.




a more direct comparison between facet growth rates is between growth rates
in the same direction. That is, the growth rate, usually defined normal to the
surface, is instead measured with respect to a specific direction. For example,
the growth rate on the (111)B surface can be measured in the [100] direction.
This can be done by dividing the normal growth rate by the cosine of the
angle between the [111] and [100] directions. The thickness of the InP layer
grown on top of the (111)B facet plane inferred to exist at the time of the
growth of the first InGaAs marker layer corresponds to 0.72 um. Apart from
very thin layers on localized regions (<1 um) of the (111)B facet almost no
InGaAs was grown. This compares to the (100) surface, far from the (111)
facet, for which 0.6 um of InGaAs was grown, and 1.0 um of InP was grown.
Therefore approximately 28% of the InP has migrated or desorbed from the

(111)B, and all of the InGaAs has migrated

or desorbed. missing excess
The amount of InP that desorbed was in

fact too small to be measured accurately.

Most of the InP migrated to the (100)
Figure 34. Missing and excess
surface, resulting in the curvature seen in the |material.

. The edge of a wide [011] mesa is
InGaAs marker layers. To within 20%, all of |shown above. Missing material has
migrated off the sidewall to form an

- which can be attributed to measurement |[excess over and above the usual

(100) growth.




error associated with the difficulty in defining the boundaries exactly, the
“missing” InP from the (111)B plane is made up for by the area defined by
the lowest curved InGaAs layer, the initial (111)B plane, and the (100)

surface (Figure 34). Both

areas are ~lum’, leading

to a area of 150 nm®

0.7
0.6
viewed in cross-section 0.5
- 0.4
which migrates in one g 0.3
second, under the high .-5 0.2
(]
growth rate conditions. I
The curvature 0.1
associated with  the Position (um)

growth front strongly

suggests that the giog:tre 3S. Semi-logarithmic graph of growth

migration is simply |A straight linc fits the logarithm of the height of the
growth as a function of distance away along the substrate,
7SS away from the facet edge, which is at the 3 um position
diffusion in response to a (i.c. the right hand side). The ck istic length is 1.9

concentration gradient in

available lattice sites. A similar FE-SEM micrograph of another sample
(#96032) grown under the same conditions was digitized and converted to

graphical data using a freely available image processing package.®* The

93




InGaAs marker layer positions fit a straight line very well when plotted on a
semi-logarithmic graph, meaning that the height of the growth front grows
exponentially toward the (111)B facet (Figure 35). This is suggestive of
diffusion because the exponential represents an elementary solution to the
diffusion equation with one boundary being a source of material (see
Diffusion Model, p 96).

The characteristic length in the plane of the substrate from the facet edge
to the point where the InGaAs marker layer appears to be flat (100) is 1.7 um
for fast growth InP, and 3.4 um on the slow growth InP, or an increase of
200% for a reduction in TMI flux by 30%, and no change in flux of
phosphine. This suggests that the diffusion is in response to a gradient in the
group III element occupation from the (111)B to the (100).

The normal (100) InP growth rate is very nearly linear in TMI flux, so it
might appear that the increase in diffusion length stems from the 30% growth
rate reduction on the (100). However, since the phosphorus supply was
unchanged while the indium supply (Table 4) was reduced, in fact the V/III
ratio was reduced. This is qualitatively similar to the GaAs samples for which
material seemed more inclined to redistribute itself at high V/IIL.



It should be noted that the top (100) surface seems to have nearly reached
an equilibrium in diffusion, since the beginning of the flat area on successive
marker layers is very nearly parallel to the (111)B facet.

Narrow Mesas

Of particular interest with regard to quantum wire structures are the
growth dynamics of completed V mesas. Figure 36 and Figure 37 show the
same growth run considered above, but on narrow mesas. One striking
feature is the sharp triangular shape of the final (100) growth which
completes the ridge. Qualitatively, this indicates just how much more
preferable growth on (100) is for InGaAs as compared to growth on the
(111). This feature will be discussed in more detail later.

The nominal thickness of the InGaAs on an unpatterned mesa is 0.11 um,
which is also the thickness far from the facet edge on patterned substrates.
The close-up on the sidewall InGaAs (Figure 37) reveals that, for a completed
V, the nominal (111) thickness is ~18 nm (though the uncertainty is quite
large and difficult to estimate owing to the resolution of the FE-SEM). For
the (111)B, this corresponds to ~31 nm if measured in the [100] direction,
instead of along the [111] normal - a reduction in growth rate to 28% of the

unpatterned rate.
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On the other hand, for a completed V-mesa there appears to be no
reduction in the growth rate of InP. Though many of these layers are
asymmetric, on average the completed (111)B InP layers are about 0.10 pim
thick, which corresponds to 0.18 pum in the (100) direction. This agrees well
with the nominal 0.19 um (100) InP growth on unpatterned areas. For the
most part, then, InP does not desorb from the (111)B for these growth
conditions.

Diffusion Model

An exponential profile develops naturally for diffusive processes, and

Figure 36. A completed V-shaped mesa
InGaAs is light and InP is dark. The triangular light region is
perhaps most striking. Note also the appearance of InGaAs on
the (111)B sidewalls once the V is complete. The marker
represents one micron.




specifically for the type of faceting process considered here. Here a simple
description of the diffusion of material from the (111)B plane to the (100) is
fully derived. ¢’

First, it is necessary to be clear about exactly what is diffusing. In epitaxy,
the underlying crystal is rigid. In molecular beam techniques there is no
gaseous boundary layer. However, the top fraction of a monolayer is covered
with species which have not yet been incorporated into the lattice. It is these
species which diffuse. The only difference between normal surface diffusion in
epitaxy and the present case is that the diffusion takes place on more than one
facet.

Consider first a one dimensional diffusion along a flat surface. Using a
continuum model with only one species for simplicity, let x be the coordinate
along the surface, and u(x) be the number density (per unit length in 1D) of
species on the surface. The rate of change of this occupation is equal to the
flux arriving, less the amount incorporated into the underlying crystal, less the
amount desorbed, plus the amount diffusing to a point x. The flux density
depends on the cosine of the surface normal with the incident beam angle, and
can be written as Fcos6 with F the normal flux and @ the angle. The amount
incorporated per unit time into the underlying crystal is proportional to the

- amount of material on the top layer, and can be written w/7,,. where 7. is the



incorporation time, a rate constant. The amount desorbed per unit time is
described in a similar fashion, and can be written /7, where 74 is the
desorption time. Finally, there must be a diffusion term, with a surface
diffusion constant D, which can be defined by D=L"/r4y where L is a
characteristic surface diffusion length, and zyis a diffusion time. (In general
the diffusion “constant” D need not be constant at all, in which case L and 7y
must vary as well. For example, it may depend on position or the angle of the
surface normal. Here only the simplest case of constant D is considered.)
Balancing all these terms,

a u u Fu (6)

for an arbitrary surface. Note that the incorporation and desorption terms can
be combined if a single characteristic time is defined as the inverse of the sum
of the inverses of these times.

Next, consider the (111)B facet. For this facet cos@=1/V3. Assume that
the diffusion length is very long compared to the length of the facet, so that it

has uniform density. Defining 7 as above

LIS (n
T

Te Vim
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and consider only the steady state. Then
F
u=zf’coso=7§:u° (%)

a constant.
Next, consider the (100) surface, for which cos6=/, in the steady
state. Under normal growth conditions, there is little or no desorption and

Téeas—>0. Then ( 6) becomes

_p_u Fu (9)
0=F r,,,+Da:’

the flux term can be combined with the others by using comoving coordinates
with v=u-7.F. Then ( 9) becomes

0=-"_+p%Y¥ (10)
T X

Suppose that at x=0 this (100) facet is met by an infinite (111)B facet like
the one described above. At this boundary the ¥ must match. Then u(0)=u,,
or v(0) =u, -7 F = v,. Let the (100) facet also be infinite. Then, as x—o,
if there are no other sources, diffusion must die off, and v—0. (i.e. the
occupation ¥ depends only on the flux term.) It should be emphasized that x is
measured along the surface, not along a Cartesian coordinate, so it need not
" necessarily be parallel to the (100) plane.

99



The only solution to ( 10) satisfying the above boundary conditions is a
decaying exponential in x:
v=vee . (11)

Writing this in terms of ¥ and substituting terms,

u= Ff::'[l.'.(?l;.%-l),-xﬂ]_ (12)
where the superscripts are to make explicit the crystallographic orientation in
question. Recall that the material is incorporated at a rate proportional to ,
with the proportionality the incorporation constant, so if the height is small
enough so that the Cartesian distance from the vertex is close to the distance
x along the surface (true for small enough time £), the height is, where F and u

must be interpreted as heights per unit time, ¢.

_ - (13)
h-‘Fl:l+(w/§ @ )e "‘].

Provided desorption is not too strong the (111) incorporation time is much
longer than the (100) and so the quantity in parentheses should be positive. In
this way, diffusion gives rise to an exponential profile.

For the real growth, the vertex between facets was observed to shift
steadily towards the (100) surface. Assuming that it is perfectly linear in time,

_the above solution works as well with the substitution x—»s=x-ct. In that case,
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the solution is steady state in the comoving s coordinate, but of course cannot
be steady state in x. Substitution of such a solution back into the diffusion

equation ( 6) shows that the diffusion length L is different, given by

L=£E( l+4D,—l). (14)
2 Tc”

as c—0 the usual L = /DT is recovered. As c—=» it is seen that the diffusion
length L tends to zero. Generally, L decreases with increasing c. So the
effective diffusion length is reduced by the facet movement. This is really just

the facet vertex movement catching up with the diffusion.

Figure 37. Close-up on the side of a completed mesa.

Note that the (111)B sidewall InGaAs (light area) grows only when the top “V”
is completed. A very short (111)B tail is seen even on incomplete V layers. The
white marker represents 100 om.




A more complete solution would account for the finite facet length
and finite diffusion length on the (111)B. Finally, the curvature of the surface
should be accounted for, since the distance x along the surface is longer than
the Cartesian distance measured along the exact (100) surface. The inclusion
of the curvature gives rise to a highly non-linear problem which is difficult to
solve in a consistent manner, and for which a simple solution is difficult to
obtain.

Facet Mesa Structures

There are at least three separate types of mesa structure that can be
fabricated based on what has been shown so far (Figure 38). First, the
simplest, for a mesa which is wide relative to the facet length (or its height),
and wide relative to the diffusion length on the (100) plane, there is
conventional (100) growth far from the mesa edge. Provided the facet length
is not too long relative to the diffusion length on that facet, there will be little
growth on the (111)B plane, and migration will imply curvature near the
edges of the nominally (100) surface, and thicker wells near the edges.

The other extreme is a mesa which is narrow relative to its height, such
that a complete V is formed. In that case the remaining (100) surface is much
smaller than the diffusion length along that surface. There is (111)B growth

of InGaAs and InP, because there are very few of the more favored (100)
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(a)

(b)
a
Figure 38. Three types of mesa structure.

There are at least three distinct cases for [011] oriented mesas, depending on
whether the well material is grown (a) on a broad (sclective) area (b) during
completion of the V-shape or (c) on a complete V-ghaped mesa.

sites available, and they are readily filled. The InGaAs desorbs more readily

from the (111)B plane than the (100) and so the InGaAs growth rate is
reduced. A sharp V (~20 nm at the tip) can be formed in this region, but for
the well material its composition and thickness are difficult to control because
they are more influenced by the migration of species from the (111)B than the
incident flux. This is the type of wire growth that is pursued here.

A third case occurs from the time that the (100) facet is small relative to
its diffusion length, but just before it is at its narrowest. Here, as in the first
case there is a lot of migration of material from the (111)B to the (100), and
hence the growth rate is increased dramatically on the (100). But because the
narrow band gap material sticks so much more readily on the (100) compared

to the (111)B, sharp facet planes are maintained. This raises the prospect of
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growing triangular cross section wires bounded by (100) and two intersecting
(111)B planes. |

Though the third case leads to a more attractive wire structure in
principle, in practice it is very difficult to grow quantum structures of this
nature. To have an observable level spacing due to quantum effects, the
structure has to be of linear dimension less than 10 nm?, in practice this
amounts to approximately 20 seconds of growth. The entire mesa structure is
grown in roughly 90 minutes. Even knowing the facet growth rate, and the
exact width of the initial pattern, it is very difficult to time the growth of the
narrow band gap material to occur just before the completion of the V. It
becomes impossible, when variations in the width of mesas are included, to
imagine forming this type of structure over a known area. In sifu monitoring
of the growth on nanometre scales could in principle eliminate the timing
problem. Another possibility is to grow segments of many widths, with
neighboring segments differing by ~10 nm in width Then one could be
assured that at least one line would show the type of growth seen in the third
case on a quantum mechanical scale - but then the particular one must be

* This can be scen using the infinite square well cigenstates to Schrodinger’s equation using the
quantum well’s reduced effective mass. If the level spacing is to be greater than a few meV, the
structure must be a few 10°s of nm or less in width. A finite square well will have to be still
NAITOWET.
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found. This may be of interest scientifically, but it is not a practical way to

mass produce wire structures.

Photoluminescence

Photoluminescence provides an optical probe of the electronic structure
of the sample. PL peak energies can be used to put constraints on the
composition of compound semiconductors and the

width of thin quantum wells. PL peak widths also  p10 5 Mesa Widths

provide an idea of the quality of the structure. It is Mesa Width
#) (zm)
also highly seasitive to dopant incorporation and is 1 19.6
2 9.8
widely used as a tool for this purpose in the 3 72
4 5.0
analysis of bulk semiconductors. Details on the 5 4.1
6 3.0
relation between peak energies and structural 7 1.8
Nominal width of opening
parameters are given in Appendix C, p173. in silicon dioxide mask.

In an effort to understand the growth behavior on the scales required for
quantum wire fabrication it is of interest to study the PL of mesa structures as
their width is decreased. The wide mesas are essentially conventional (100)
structures, with faceted sidewalls, for which the PL. was quite similar to the
conventional growth, while the narrowest structures are dominated by the

facets, finally becoming inverted V-mesas, which have very different PL. A
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Layer | Duration 1IMI TEG PH; AsH;
(min) o8 (3% (%% %)

InP 25 40 - 10 -
InGaAs 0.5 122 23 - 15
InP 1 ramp - 10 -
InP 3 40 - 10 -

Table 6. Growth parameters for sample 96089.

The growth temperature was 440°C. Arsine is delivered by the
AS3 line.

mask with seven different nominal line widths, given in Table 5, was used to
grow a thick InP buffer, a single wide quantum well, nominally 10.5 nm thick,
and a cap layer. Specific growth conditions are tabulated in Table 6.

PL spectra for each mesa width were taken at low power, using a 3 mW
HeNe laser, attenuated with a neutral density filter by a factor of one hundred
for all mesas, except the narrowest, which was attenuated only by a factor of
ten. The spot size was ~100 um in diameter. The PL was collected by means
of a converging lens and the spectra obtained by means of a Fourier transform
interferometer (FTIR). The samples were held at a temperature of 42K

unless specified otherwise.
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[011] oriented mesas

Spectra for {011] oriented mesas of all the widths are shown in Figure 39.

InGaAs quantum wells were grown at near lattice matching conditions under

the growth conditions specified in Table 6. Most mesas show three peaks, in

comparison to the single peak from an unpatterned reference quantum well.
The most striking feature is the continuous shift of the PL to long

wavelength, starting gradually
for the wider mesas (e.g. 2
redshift of 16 meV for the
first three mesas), but
becoming extreme for the
narrowest mesa. (There is a
difference of 111 meV
between the widest and the
narrowest mesa) The
energies of peak emission are
tabulated in Table 7.

NDiC L7-Narowest
L/-\
4./\/\ Ls
S
L B A I ¥ SUN
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£ "
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ND10 Unpattemed|
700 0 %00
Energy (meV)

Figure 39. Photoluminescence of [011]
oriented mesas of various widths at 4.2K

A 3.0 mW HeNe laser was used, with a 20 dB
ncutral density filter, except for those spectra
marked ND10, for which a 10 dB filter was used.
The unpatterned PL has been reduced to appear a
similar size as the others. The other spectra have the
same normalization.
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Although this
experiment alone is not
enough to identify with
certainty all the peaks,
assignments can be made
based on clues provided
by this figure alone.

First, the unpatterned
sample shows strong PL

at one wavelength. It is

Table 7. Photoluminescence peak

wavelength at 42K
Mesa Peak! Peak2 Peak3
(meV)  (meV)  (meV)
Unpatterned —_ 8439 —
Widest 8248 8407 8545
Second 8186 8335 8550
Third 8182 8248 8508
Fourth 817.7 851.1
Fifth 809.1 840.7
Sixth 757.85782.8 815.3
Narrowest 7139 S

For [01]] oriented InP mesas with (111)B
sidewalls. A thin (nominally 10.5 nm) InGaAs
(nearly lattice matched) layer has been grown
between InP barriers. Peaks | and 2 merge for
narrow lines, hence the singie column for peaks 1
and 2, below the third line.

expected that the widest mesa should show a similar PL spectrum. Indeed, the

widest mesa shows a very strong peak shifted slightly to longer wavelength.

This peak is found in the middle of two others for the widest four mesas, and

gradually disappears into the other peaks as the mesa gets narrower. Because

of the proximity in energy of this dominant peak for the widest lines to the

unpatterned wafer peak, it seems reasonable to attribute it to the (100)

quantum well. The narrowness of the unpatterned peak (5 meV) along with

the absence of any other peak means it must attributed to the free exciton of

the InGaAs quantum well layer.

¥ Apperently a new peak unrelated to the wider mesas’ third peak.
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Figure 40. The narrowest [011] InP mesa.

The thin light horizontal layer is an InGaAs quantumn well.
The quantum well layer is flat, not grown in a V shape. The
marker represents 100 nm.

Another feature of this spectrum seen on the widest four lines is that the

two outside peaks shift gradually together to lower energy, and remain
equally spaced (=30 meV) throughout.

Scanning electron micrographs (Figure 40) reveal that the narrowest mesa
has grown to an inverted V-shape, however the InGaAs was grown before
the V-mesa was complete. It is a flat (100) well, about 330 nm across, and is
probably too thick to show strong confinement effects (~ 20 nm thick). There
is no evidence of (111)B planes of InGaAs growth in the SEM photo.

Examining Figure 39, for the fourth through sixth widest lines, it is seen
that the dominant peak of the wider mesas disappears, apparently into the low
energy peak. SEM photographs reveal that as this is occurring, the flat (100)

region is being replaced by the curved sidewall areas which are moving
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together and overlapping. Identifying the low energy peak with the curved
edge slightly off the (100) plane provides an explanation for the merging of
peaks, since the two regions, curved near (100) surfaces, and flat (100)
surfaces, merge together as the top of the mesa becomes narrower than the
diffusion length.

The extra peak in the second narrowest mesa at low energy is likely an

acceptor related impurity transition,

separated as it is by roughly 30 meV

from the peak associated with the

PL Intenslty (a.u,)

curved top. Observation of this

impurity peak suggests that there is

essentially no quantum confinement in

the vertical direction, a conclusion Figure 41. Temperature dependent

photoluminescence

For the third widest line of an [011]
oriented mesa.

which is consistent with the growth

rate enhancement in this region. (See

e.g. Figure 36.)

At this point, it may be useful to quantify some of the shifts seen in the PL
peaks. The unpatterned well has an estimated thickness of 10.5 nm. From the
tables in Appendix C, this means the composition is 45.8% Ga - a little over

one percent indium rich compared to lattice matching. For the second widest
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line, the dominant peak has shifted to 833 meV, which would correspond to
an increase of 1% in indium content, or a width enhancement of ~30%. SEM
micrographs of wide InGaAs layers suggest that the thinnest InGaAs regions
of the wider mesas do not differ measurably in width from the unpatterned
sample. However, for the narrow mesas, there can be a substantial growth
rate enhancement. This is seen at its most extreme in Figure 36, where it
amounts to an almost threefold growth rate enhancement. Looking at the
sixth line, the peak has shifted to 809 meV, which would correspond to
41.5% Ga if the well remained the same width. However, this is very close to
the bulk bandgap of 805 meV for InGaAs with a composition of 45.8% Ga.
Thus the shift to this point can be explained entirely by an increase in the well
width. The last line, at 713 meV is shifted so far, however, that it must be
concluded that the indium concentration has also increased by perhaps as
much as 15%. In general it would appear that some of the shift is due to a
increase in indium content, and some due to an increased well width. The
(111)B facets supply gallium and indium to the (100) plane, but it would
appear that indium is supplied at a higher rate. This is consistent with the
longer diffusion length usually associated with indium.
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The temperature dependent PL (Figure 41) of these levels reveals that the
highest energy peak disappears very rapidly with an increase in temperature.
This, at first sight seems unusual, since one might expect, instead, a lower
energy impurity peak would disappear with temperature as the impurities
become ionized. But if the high energy peak is related to the curved area
tilted slightly away from the (100) plane and the middle peak is related to the

" lj\/\ A’\/\
| & &Y | Y~
El e
y L —
Z
}
X

Figure 42. Model of [011] mesas.

memmmmmmwmupmmmm
schematically represents the PL spectrs. The peak in question is dark.
Below each spectrum is a graph of the energy band structure with depth
into the structure. The narrower gap region is InGaAs. An arrow points to
a schematic of the mesa InGaAs region showing where the transition takes
place. The z-direction is the growth direction, the x-direction is measured
perpendicular to the mesa stripe, but the y-direction in the energy band
disgrams represents the perpendicular to the quantum well plane (usually
close to the z-direction).
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(100) plane this effect can be understood.

In this case, it takes only a small amount of thermal energy to send
excitons from the curved portion to the flat top. Since for the widest mesa the
flat top is large, recombination can occur there without difficulty. In fact, the
high energy peak is all but gone at 30K, which corresponds to about k37=3
meV. By comparison the two largest peaks are separated by 28 meV.

The above discussion of the PL data together with the SEM micrographs
is summed up by Figure 42, wherein each PL peak represents a distinct lateral

region of the mesa well.

Inverted V-Shaped Mesas

For narrow mesas, which had grown to a V under the growth conditions
of Table 6, results were similar to growths of V-shaped mesas InGaAs on
GaAs. Photoluminescence revealed two overlapping broad peaks shifted to
low energy (Figure 43). The reference quantum well grown on an unpatterned
substrate corresponds to nearly lattice matched (47% Ga) with a width of
~8.6 nm. The low energy peak was shifted down by 90 meV and the
intermediate energy peak shifted down by 41 meV. The high energy peak
corresponds to an increase in indium composition (to 40% Ga) or an increase

in width to 19.0 nm. For the lowest energy peak it appears that the
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composition must have shifted,

because even for the extreme case
of bulk InGaAs the composition
would have to be ~42% Ga.

PL Intensity (a.u.)

The true structure does show a P T
700 800 900 1000

bulge at the vertex of the V. This Energy (meV)

can be seea from an SEM photo of
a similar growth (Fi 44), for Figure 43. Photoluminescence of an
(Figure 44) InP Inverted-V Crescent

which thick layers of InGaAs were |The sharp peak at 870 meV is a reference
quantum well. The broad double peak at 829

grown, rather in quantum meV and 780 meV comes from the InGaAs
than thin crescent structure on InP.

wells. (For a thin quantum well layer the InGaAs layer would be very difficult
to observe.) In contrast to layers grown while the V still had a bit of a flat

top, which can show substantial growth rate enhancement, the maximum
thickness of the crescent on a completed V is typically less than the nominal
(100) well width. The (111)B sidewall growth, while somewhat asymmetric,
is about a third as wide as the bulge of the crescent. The radius of curvature
of the indium phosphide layer in this image is ~30.0 nm. The top radius of
curvature of the InGaAs layer is thinner.

There is a lot of variability between layers, but it may be instructive to use
Figure 44 to predict the structure of the much thinner InGaAs layer. The
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nominal (100) growth for the thick layers of InGaAs was 110 nm. From the
uﬁddleminﬁmﬁ,memﬁmhﬂgeis%nm,mdtheleﬁmd
right sides 26 nm and 44 nm, respectively for an average of 35 nm. The radius
of curvature is 30 nm. Scaling this down to the nominal 8.5 nm thick (100)
quantum well for which the PL is presented in Figure 43, the result is ~6.0 nm
bulge and 2.7 nm minimum. The radius of curvature should remain
unchanged, at 30 nm.

One model consistent with the PL would be that the low energy peak
eomﬁ'omthehlgemandthesecondpukcoﬁomtheside
quantum wells. However, the (111)B quantum wells are usually quite thin,
and it seems unlikely that the observed PL comes from them, unless they are
indium rich. Note, however, the right hand side quantum well of the bottom
crescent in Figure 44, which suggests some (111)B wells may be wide enough
to be the origin of the second peak. In general there was substantial
roughness in the InGaAs crescent layer shape. Another model consistent with
the PL could be that the peaks are radial (normal to the epilayer) modes, and
that their breadth comes from a large number of very closely spaced angular

(parallel to the epilayer) modes.
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Conclusion

In this chapter, it has been
demonstrated that  indium
phosphide based growth has
many advantages for selective
area epitaxy. Although the main
goal had been to fabricate
quantum wire structures, along
the way it was shown that
bandgap shifting of over 100
meV results from decreasing the
mesa width in the micron regime.

Though indium  phosphide

Figure 44. InGaAs V-shaped crescent
structures on InP

The top is light because it is near the surface and
overexposed. The light V-shaped crescents are
InGaAs, and the dark areas are InP. The mesa is
(O11] oriented. The white marker, bottom,
center, represents 100 nm.

structures are smoother than their gallium arsenide counterparts on a broad

scale, it has been shown that some roughness exists for the thinnest mesas.

The explanation may be that growth conditions were chosen with the (100)

surface in mind, and the formation of facets. However, best growth

conditions may be different for overgrowth on those facets. In particular, the

growth the V-shaped mesas is more similar to growth on unpatterned (111)B

substrates than (100) growth, and ideal growth conditions may be different.



SEM analysis of thick layers was used to estimate the size of quantum
wire structures. The final wire structures are very small, and may be small
enough to exhibit Iateral confinement. However, there may be a limit to the
sharpness of the facet intersections, which would limit the usefulness of the
technique for fabricating nanostructures. The tips of the crescents always
appeared curved with a radius of curvature of greater than 10 nm. If this is a
fundamental limit, the structures will only show very weak confinement, even
at SK. Transmission electron microscopy or another high resolution technique
might enable a more direct determination of structural properties. But
photoluminescence, which has been used above quite extensively, is very
sensitive to small scale structural parameters.

Ultimately the crescent photoluminescence is quite similar to that of the
gallium arsenide based structures. However, unlike for simple
heterostructures for which spectra can be related to structural parameters (for
example, see Appendix C), we lack the analytical tools to make such an
identification for crescent structures. In the next chapter this problem is
addressed by developing a simple analytical model for geometrical quantum
confinement.
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Chapter 4

THE THEORY OF QUANTUM WIRES

Introduction

The ability to fabricate structures which can meaningfully be called
quantum wires is very recent®>**® and, compared to the bulk or to
quantum well based heterostructures, quite primitive. Many important
properties, some of which will be highlighted in the next section, have only
been theoretically studied in the past five to ten years.

The treatment of conventional epitaxial heterostructures is well
established. At its simplest, the problem of calculating energy levels and
matrix elements of optical transitions for a narrow bandgap epilayer reduces
to the solution of the Schrodinger’s equation for a constant potential well.
The wavefunction can be expressed analytically and is used, for example, as
the starting point for investigating device concepts. A model of this type
would be helpful for the characterization and application of crescent
structures. It turns out that there is only one such model which is separable
and the main purpose of this chapter is to describe it.
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Background

The progress in the early years of semiconductor physics, and indeed solid
state physics in general, can be attributed in large measure to the
simplification of the mathematics which arises from transiational and
rotational symmetries. The bulk properties of semiconductors are understood
in terms of the energy dispersion curves which arise from the solution of
Schradinger’s equation subject to these symmetries. Even impurities, which
break these symmetries, are usually understood as perturbations to the
symmetric solutions. Part of the difficulty in calculating the properties of
quantum wire structures is that by definition they involve breaking these
symmetries strongly along two axes.

A partial answer to the question of how to deal with quantum wires can
be realized by analogy with quantum wells. Since their inception in the early
1970s, quantum wells have been understood in terms of the effective mass
approximation (EMA) - also known as the envelop function approximation
(EFA)®. In the EMA the quickly and slowly varying parts of the
wavefunction are separated. The quickly varying part gives rise to bulk-like
dispersion curves. The slowly varying part gives rise to an effective mass
Schrodinger equation with constant potential wells corresponding to the
difference in bandgap between barrier and well materials. (The total difference
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must be apportioned between conduction and valence bands.) The continuity
equations for the derivative of the wavefunctions are modified to include the
effective mass for each layer.

Within this approximation there are at least three distinct means of
laterally confining carriers. The first and most obvious, but in practice most
difficult to fabricate, is to have a lateral bandgap variation alone. Another
means - the primary means here, also used to great effect in 0D** - is to
have a local thickness fluctuation, such that a particle is confined in a bulge.
The last is quite subtle. A particle can be confined in a bend.® All these
effects may be combined in a true wire structure. The analytic model to be
described below includes the second and third effects, though it is not
possible to separate the contribution of each. The model could be extended to
include changing potentials, but that is not pursued here. It should be
emphasized that the bulge and bend confinement mechanisms are purely
quantum mechanical in origin, in that they rely on the particle satisfying a
wave equation. Only the lateral bandgap variation has a classical analog. It is
worth elaborating on these effects.

The bulge confinement is readily understood. Loosely speaking the
Schradinger equation implies that energy eigenstates increase with increasing
curvature of the wavefunction. In a quantum well, for example, the
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wavefunction is forced to bend in such a way as to disappear in each barrier
layer. If the well thickness is increased the wavefunction does not have to
curve as much and so the energy is lower. If there are local thickness
fluctuations, for example in a quantum well, it is expected that the wider
sections would therefore be more likely to contain the particle. This is the
bulge confinement.

This effective bandgap approximation was apparently first used and
extended by Kapon as a means of estimating energies in crescent structures.™
To make this more quantitative, an elementary description of an effective
binding energy resulting from the bulge will be used.” Consider an infinite
square well of thickness a. It will have the ground state of E,=#7/2md’. If
the well is made thicker by &z the ground state will drop to
E..e=#7°/2m(a+&a)’. Suppose the well is narrow except for a small region
which is thicker. Then a particle can be bound to the thicker region (in an

approximate sense) by

< RO N

where the approximation assumes small &z. Note that a T-shape or cross

shape is represented by ( 15) with &g—.
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The bound state in a bend is a consequence of the Helmholtz equation
which was apparently not fully apprecisted until the late 1980s. Consider a
quantum well that is deformed slightly so that its width (measured
perpendicular to the surface tangent) remains constant. There is no bulge.
Such a structure has been proved to support a bound state.” The proof was
beautifully generalized by Goldstone and Jaffe™ showing that, “A bulge
corresponds to attraction, and in one dimension an attraction no matter how
weak suffices to produce binding.” (Even before these papers were published
it was known that a broad, smooth curve could be mapped into a tangential
coordinate system wherein the curve could be represented by an attractive
potenﬁdwaﬁngutheinvuseofﬂnmdhuofmaﬂmsqmred.Anelegam
proof is given in ref. [™]. More recent work extends this approximation to
more general geometries.”*)

A limiting case might be a right angle, though it should be recognized that
the distance between the vertices of the potential barriers is wider (by V2)
than the perpendiculars to the tangent, and so includes a bulge in some sense.
In that case, numerical simulations and experiments in the microwave
analogy” show that the ground state emergy lies 7% below the lowest
quantum well level. Therefore, in approximate terms, the maximum bend

binding energy is
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E, ., ~-007-E, (16)
where E, is the quantum well ground state.

A comparison of ( 15) and ( 16) suggests that although the bend and
bulge binding energies can be of similar magnitudes, the bulge binding energy
can be made even an order of magnitude stronger.

A number of approximations are given in the references cited above. It
would be useful if an exact analytic solution could be found to represent
geometrical quantum confinement. What is needed is an analytic solution on a
constricted geometry. As it turns out, there is one and only one coordinate

system (Figure 45) with a constriction (i.e. a local increase in width within

Figure 45. The elliptical cylindrical coordinate system.

The xy plane is covered by the quasi-radial coordinate 7, and the
quasi-angular coordinate 6, The lines of constant 7, are cllipses with of
interfocal distance 2s. Lines of constant 6 are hyperbolac. The z-axis,
out of the plane of the page, is the usual Cartesian one.
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narrower width regions) for which the Schrodinger equation separates: the
elliptical cylindrical coordinate system. The main difficulty in dealing with the
solution is that the eigenfunctions are not calculated in most computational
packages.”

After considerable effort was expended on this solution the author learned
that this coordinate system had been used once to represent quantum wire
structures.™ However, in that case the constricted geometry was not used -
instead only a flattened structure was investigated - and it is difficult to
meaningfully define geometrical confinement in that case. Furthermore, a
table lookup method was used for the eigenfunctions, which limited the
calculations which could be performed to a handful of energy levels for a few
specific shapes. Still, features of the solution presented below can already be
seen in ref [76], it demonstrated the usefulness of using a fixed cross-
sectional area for the calculation, and it represents a special case of the
following model.

In what follows the elliptical cylindrical solution will be developed fully to

represent geometrical quantum confinement.

“ It may seem peculiar to suggest that computational problems limit the usefulness of an analytic
solution. What is meant is that the solution can be expressed entirely in terms of well known
special functions. However, most computational libraries do not compute those special functions.
The analytic form is still useful because the properties of the special function are well understood.
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Mathieu Function Model

In the case of a stepwise constant potential, as in the standard EMA

trestment of a quantum well, the solution of Schrddinger’s equation reduces
to that of the Helmholtz equation

V¥+2¥=0 (17)
where x’=2m(E-V)/# with m being the carrier effective mass, E the
cigenenergy, and V the potential, a piecewise constant function of
coordinates. All coordinste systems in which the Helmholtz equation
separates are known.” In only one such coordinate system in two dimensions
do the coordinate lines form a constriction. This is the elliptic cylinder
coordinate system (Figure 45), defined by™

x = scosh ncosé (18)
y = ssinhnsiné
z=z

where x and y are the usual Cartesian coordinates, s>0 is a constant, ne(0,)
is a quasi-radial coordinate, and 6e(0,2x) is a quasi-angular coordinate. Lines
of constant 7 are ellipses of interfocal distance 2s and ellipticity £°=1-tanh’7.

Lines of constant § are hyperbolac. The crescent quantum wire can be

represented by half of the ellipse, taking the bulge at 6 =7/ to be the wire
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region, and uuneatmg the ellipse along the 6=0, x plane. That is, the crescent
wire is approximated by half of the elliptical cylinder.
Writing ¥(n,60) = (0)N(n)Z(z), the separated ordinary differential

equations are
&0 +(a-29¢0s26)0 =0 (19)
&N -(a-2gcosh2n)N =0 (20)
FZ+K'Z=0 (21)

where q=fs% is the in-plane eigenenergy up to a scaling factor, X, the
longitudinal momentum (due to the out-of-plane eigenenergy), and the
separation constant a(q) is a continuous function of this energy. At any given
q there is an infinite sequence of possible a(g). Eq. ( 19) is known as the
Mathieu equation, and Eq. ( 20) the modified Mathieu equation. Their
solutions are the Mathieu and modified Mathieu functions, respectively.

The general solution to the Mathieu equation is a sum of periodic and
aperiodic parts.” For concentric elliptical shells of constant 7, since the
angular coordinate must have 2r periodicity, we may ignore the aperiodic
solution, leaving

©,(6) = 4,3¢.(6.9) (22)
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0.(0) = B, ce,(6,9)

or

(23)

where se(z, g) and ce(z, g) are the sine elliptic and cosine elliptic Mathieu

functions, respectively, and the sets 4, and B, are constants. These functions

can be calculated by expanding
them in Fourier series. The
Fourier coefficients are the
eigenvectors of a tridiagonal
matrix equation linear in g,
with eigenvalues a.(g), the
separation constant described
above® Details of the
calculation are given in
Appendix D.

The quasi-radial solutions
to the modified Mathieu

equation are

N_(m) =C,_Sey_(n,9) +D,Gey.(n,9)

N,.(n) = F, Cey,(n,9)+G,Fey,(n.9)

7
A V=V,

..........

Figure 46. A crescent wire in the elliptical
coordinate system.

A double crescent is bounded by constant elliptical
coordinate lines in the plane, which should be
viewed as an slice of an infinite cylinder coming
out of the planc. The potential is zer0 between
hardwall barriers (here Vy—>o0). The crescent can be
mwmammmu@!m:m

(29)

or

(25)
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where in Eq. ( 24), Sey(z, 9) and Gey(z, q) are the first and second modified
Mathieu functions corresponding to the sine elliptic quasi-angular solution,
lndthesetsC.,D..,F..de.meonm.Eq.(25)istheanalogous
solution corresponding to the cosine elliptic quasi-angular solution. These
ﬁmeﬁommbeacpreuedeompletelyinmnsofthe&uriercoeﬁdents
usedforthe(unmodiﬁed)MﬁhiwﬁmeﬁommdBuwlﬁxmﬁonsofposiﬁve
integer order.™

nesimplestposs'blemodelforgeomariedqumtImconﬁnementisa
cylindtialshcllboundedbyconcenuicellipmofconmnt n, with zero
potenmlbetweentheelhpsesandmﬁnnepotenmlelsewh«e@igurem If
theinnerdlipseisdeﬁnedbyrﬂ,mdtheouterellipseby 1=p, then the
boundary condition that the wavefunction vanish on both these ellipses is
satisfied, for the sine elliptic quasi-angular solution, when the following
function vanishes

Z.(B.p.9) = Sey.(p.0)Gey.(B.9) - Sey.(B.)Gev(p.0)  (26)
provided Seya(z, g) is nonzero on the boundary. The cosine elliptic solution is
completely analogous with the substitutions se—ce, Sey—>Cey, Gey—Fey, so
it will not be considered separately.

The solution is a function of three geometrical parameters: s, a scaling

factorwhichdeﬁnesthecoordimtesystuntbroughliq.(w),ﬂ defining the
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inner ellipse and p defining the outer ellipse. The corresponding inner and
outer bounding ellipticities are s=&(f) and s=&(p). The complete solution
can be reduced to two parameters by noting that under an isotropic scaling
x—>ax, y—>ay, the Laplacian V—(/c?)-V, so that given a solution ¥(x, y) to
the Heimholtz equation ( 17) with eigenvalue 7, ¥(ax, ay) is a solution of
the isotropically scaled boundary conditions with eigenvalue 7%/a?. Therefore
by fixing s, the entire parameter space can be explored by varying & € (0,1)
and 5€ (0, 5). The factor a can be chosen such that the zero potential
region has a constant area, 4. (Ref. [76] is the case >/, for sine-like states.)

Such a choice is

a

. msfi-d |i-& (27
T4 \ 5 - &g )-

This simplification can be generalized to finite potentials, with the potential

height scaled by a factor a’.
For infinite potentials, the result of such a choice is that the eigenenergies

are given by

E_thn_ . ‘/l-s:_\/l-e,’ (28)
T T& e

The eigenenergies as a function of &, for various & are shown in Figure

47 for the sine-like solutions of Eq. ( 22) and Eq. ( 24). The different levels
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are denoted [m, k] where m refers to the index in Eq. ( 22) and ( 24). In the
limit of zero ellipticity, in which the Mathieu functions become Bessef
functions, m can be viewed as a quasi-angular quantum number, while & can
be viewed as a quasi-radial quantum number. This relation can be established
by comparing the eigenenergies of the elliptical potential (Figure 47), in the
limit as the outer ellipticity goes to zero, with the eigenenergies of a circular
drum (Figure 49). However, it is not strictly correct to assign a purely quasi-
angular or purely quasi-radial character to either quantum number, since a
change in either quantum number affects both quasi-radial and quasi-angular
behavior. Figure 48 shows eigenenergies as a function of & for £=0.90 for
the cosine-like solutions of equations ( 23) and ( 25).

The idea of geometrical confinement becomes meaningful when bulge
ecigenenergies are referred to the normal one dimensional quantum well
energy levels. The thick line on Figure 47 and Figure 48 represents the 1D
quantum well ground state for a well of thickness equal to the narrowest
space between inner and outer ellipses. A level can be said to be geometrically
confined if it lies below this ground state. It is seen that the larger ellipticities
have more geometrically bound levels. At £~0.15 the lowest wire level
becomes a geometrically bound state. As this ellipticity is increased, one by

one more levels become geometrically bound.
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Figure 47. Sine-like eigenenergies of the hard wall elliptical
shell potential.

The cigenenergies are plotied for various inner ellipee eccentricities (a)
§=0.999, (b) £=0.975, () £=0.900, (d) &=0.600. The energy, in terms
of the quantities defined in the texr, is plotted against the outer shell
ellipticity. Levels are enumerated by [m,k] where m is the quasi-
angular quantum number, and k is the quasi-radial quantum number.
The thick black line represents the ground state of the infinite square
well of thickness corresponding to the narrowest distance between inner
and outer ellipses.
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The energy levels plotted are cut off at high outer ellipticity because the

calculation proceeds up to a fixed q. The constant area factor @™ results in

the maximum energy calculated being reduced as the ellipticities approach

one another. They have also been cut off at very low &, for convenience

because as g0, the corresponding quasi-radial coordinate z—<o and the

numerical calculation loses precision.

The sine-like solutions are
always nodal at 0 and &-=x
therefore they also represent
solutions of a crescent structure
(i.c. half of the elliptical cylinder
structure, cut along 6=0 and 6=x).
Consider the high inner ellipticity
sine levels (Figure 47a). The left of
the abscissa corresponds to ‘a
circular outer surface, the right
corresponds to a highly elliptical
structure. For small &, the solution
corresponds to that of a
semicircular potential. The quasi-
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Figure 48. Cosine-like eigenenergies of
the hard wall elliptical shell potential.

The cigenencrgies are plotted for s inner
ellipse eccentricity £=0.900. Here m is the
quasi-radial quantum number, and & is the
quasi-angular quantum number. The thick
black line shows the ground state of the
infinite square well of thickness corresponding
to the narrowest distance between inner and

outer ellipees.
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radial and quasi-angular modes are well spaced. As 55, the quasi-angular
m-modes bunch together, losing their distinction, while the quasi-radial 4-
modes become more strongly separated. The constant area constraint pushes
all the energy levels up.

One consequence of the change in level spacing is that some levels must
cross. In fact, all but the lowest levels appear to show crossings. For example,
Figure 47a shows the [4,7] and [/,2] levels crossing, as seen in the limiting
case.”® More generally, the [mk] and [m-3k+1]] levels appear to cross.
Moreover, they cross at nearly the same ellipticity, in this case, slightly above
&=0.5. Such geometrical band crossings are a generic feature of two or more
dimensions of confinement: if one dimension of confinement can be controlled
independently of the other, a band crossing can be expected as one direction
of confinement comes to predominate over another. However, these band

crossings occur only in geometrically unbound levels in this model.
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Fiéure 49. Resonant modes of a drum

The solutions to the Helmholtz equation for a fixed circular boundary are simply the
vibrational modes of a drum.** Here are shown the first few angular and radial modes,
displacement (i.c. wavefunction) are dark, negative displacement, light. For the quantum
separating the first column is to emphasize that the zero node angular solution is not
allowed, since in this case the boundary conditions require that the wavefunction be zero
along the 6-0,x plane. The modes are enumerated in order of the magnitude of the energy
cigenvalues (italics, below and to the right of the circles). In this way, eliminating the first
column, we can identify the first three quantum wire modes as different angular quantum
numbers, followed by a different radial quantum number.

As the inner eccentricity is reduced (Figure 47 b,c,d), the same bunching
of quasi-angular m-modes can still be seen. The same bands cross one
another. However, this crossing occurs at a lower outer ellipticity. At small

outer ellipticities, all levels depend only weakly on the inner ellipticity. This
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occurs because, as the outer eccentricity approaches zero, the wire outer
boundary approaches a circular shape. For fixed area, the coordinate system
is such that any ellipse of larger ellipticity (not equal to one) becomes
vanishingly small compared to an ellipse for which &-»0. Therefore,
effectively the wire cross-section is circular, with a central, small point of

As with the sine-like solutions, each successive quasi-angular cosine-like
mode has additional zeros. However, these zeros are not at multiples of x
and therefore none of the cosine-like solutions are solutions of a crescent
structure described above. In a sense these cosine-like modes are the bonding
states between two crescents while the sine-like solutions are the anti-bonding
states with zeros between the two crescents.

The cosine levels show asymptotic degeneracies with the sine levels. If the
lowest cosine level is enumerated by m=0, while the [m, k] cosine and [m, k]
sine levels are degenerate at small &, the [m-1,k] cosine and [m, k] sine levels
become degenerate as 5, —&;. The cosine levels therefore show a similar level

crossing behavior to the sine levels.
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Comparison to Experiment

It is of interest to compare the predictions of the idealized model to
experiment. Energy levels of crescent quantum wire structures are readily
measured by photoluminescence experiments, and an independent estimate of
the potential profile may be obtained, for example, using transmission electron
microscopy.

Since perfect elliptical structures have not been fabricated, there is some
necessary ambiguity mapping the parameters of the experimental structure
into this simplified three parameter model. The best mapping would be to
digitize the observed interface positions and use a means test such as a least
squares fit to find best fit ellipses for the inner and outer walls in the wire
area. Given the simplicity of the model, however, a rougher approximation is
justified.

Comparison to others

A good test structure for this model may be the crescent quantum wire
structure grown by Koshiba et al.”* and recently modeled with a discretized
solution by Inoshita and Sakaki.® A 64 meV difference was found between
the quantum wire transition and a transition associated with material of the
same composition that was not patterned into a wire. The maximum thickness

of this crescent was 8.0 nm, and minimum, 4.6 nm. A straightforward
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mapping might be to use the maximum and minimum thickness obtained in
the elliptical model. The minimum well thickness () and maximum well
thickness (Z) are respectively

1={i_l) (29)
& §

_ 1 1 (30)
L-.{vg-l- ?—IJ.

The model of Inoshita and Sakaki is a two parameter model while the

Mathieu function model is a three parameter model, so there remains one
parameter to fix. A good choice, since it represents a minimum interfocal
distance might be to take s=10.0 nm, since it is roughly analogous to the
width parameter 5=10.0 nm in Inoshita and Sakaki. Then the ellipticities are
0.66 and 0.94 respectively, and the energies are calculated in the manner of
Figure 47. Using low tempersture GaAs effective masses for the electrons
and the holes of 0.0665m, and 0.5m, gives E.~106 meV and Ejo14 meV.
This compares to the calculated E,+E,280 meV which can be read off Figure
5 of Inoshita and Sakaki. It is the effect of finite barriers that is the primary
reason forthedis&epancy, not the geometry.

Rather than work through the full finite potential problem, the effect of
. finite barriers might be estimated by comparing the ground states of infinite
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square wells and finite square wells of similar geometry and material
parameters, to the one considered here. For example, taking a barrier height
of 0.3 eV, effective mass m=0.07, and width 10.0 nm, the Ben Daniel-Duke
quantum well has the ground state energy 34 meV *. The same structure, for
an infinite well has a ground state of 53 meV. The finiteness of the barriers
thus amounts to a 64% correction. The same correcfion applied to our
calculation gives 77 meV, in good agreement with Inoshita and Sakaki. To
reconcile either model with the measured PL peak energies it is necessary to
include excitonic effects.

Comparison to InP V-Mesas

Having seen how this simple model compares to others’ work, it can be
applied to samples like those described in Chapter 3. The parameters
estimated from the SEM photographs of a crescent were for a nominally 8.5
nm (100) growth, 6.0 nm for the bulge, 2.7 nm for the minimum width and 30
nm for the radius of curvature. It should be emphasized, again, that there was
a lot of variability between layers, and most certainly, along the mesa. This
structure is narrower, but has a larger radius of curvature than the one
discussed above. Applying the same mapping as used in the previous section,
these parameters imply ellipticities of 0.926 and 0.855. The area of the

crescent is 308 nm’. Using for the InGaAs an electron and heavy hole
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effective mass of 0.04 and 0.36 m,, respectively, results in a ground state of
E,=266 meV and Eyu=29 meV which must be added to the bandgap of the
InGaAs. To fit the lowest PL peak of 780 meV the composition would have
to be ~94% indium. As shown above, though, finite bands would give a more
realistic (smaller) indium content.

The model provides more information, which can explain some features of
the PL. First, the radial modes are widely spaced, with the second radial mode
0.79 eV higher. Only the first two radial modes have geometrically bound
states. Although the spacing is too large, as expected because of the infinite
potential walls, this is consistent with two main peaks in the PL. Also,
between each radial mode are dozens of angular modes, the average spacing
of which is about 25 meV. Allowing them to be even closer together, because
the potential is finite, the many angular modes are probably part of the
explanation of the breadth of the PL. (Other factors include the obvious

roughness, and possible band filling.)

Conclusion

Above, the only separable solution for geometrical quantum confinement
was described. The machinery required to calculate energy levels and
_ wavefunctions was also described. The model was compared to realizable
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structures, and seen to compare well to non-analytic models currently in use.
The model overestimates energies, particularly for narrow structures, because
of the hard wall barriers. But since this model is easy to use, it is of interest to
apply it to calculate quantities which are more difficult to obtain in other
models. For example, for the photoluminescence of quantum wells it is
necessary to account for the substantial redshift (~/0 meV) caused by the
exciton binding energy. This binding energy can only be increased by the
additional quantum wire confinement here. It is worthwhile to go beyond the
cylindrical wire approximation used by others ®** and estimate this in the
elliptical-cylinder coordinate system. In fact, such a calculation is crucial for
very small structures since, as explained below, in 1D the exciton binding
energy diverges as the radius of confinement goes to zero. The machinery
developed in this chapter will be used in what follows to better account for

the exciton.

140



Chapter S

EXCITONS IN QUANTUM WIRES

Introduction

Having developed a simple model of crescent structures, this chapter is a
first step towards making the model more realistic. There are many ways to
improve the model, for example, to include dispersion in k-space, instead of
considering only flat band conditions, to include muitiple bands, not just the
conduction and valence band, and to allow them to interact, and to consider
finite wells. These are important to characterization, however, they involve
the introduction of many parameters, and would not likely show effects which
are distinctly one-dimensional. Another possibility is to look at the exciton in
these structures. In real heterostructures excitons are typically dominant in the
optical spectra. Moreover, their binding energy can decrease significantly with
increasing confinement. In fact, in one dimension, as the radius of
confinement drops to zero, the binding energy diverges. By studying the
exciton the model can be made more realistic, but at the same time, we are
focusing on a key problem in one dimension. In this chapter, then, the model
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developedinthepreviouschapterisappliedtoaﬁmatetheexcitonbinding

energy.

Background

A single particle picture is not sufficient to explain the observed spectra of
even bulk semiconductors. It is necessary to consider the effects of collective
excitations, whereby through particle-particle interactions the carriers are able
to reduce their total energy. Probably the simplest and most important such
excitation is the exciton. Though it should more correctly be viewed as a true
collective excitation - i.e. involving many carriers, it can be mapped onto a
two particle picture.* In this picture the exciton is viewed as an electron-hole
pair bound by the Coulomb interaction. Although in ITI-V semiconductors the
lowest conduction band level is derived from an s shell and the highest
valence band is derived from a p shell, a simple hydrogenic model for the
exciton of the electron hole pair taken from these bands has been used in the
bulk case with considerable success, for example in predicting excitonic
binding energies.

The application of such a model to confined systems is more difficult. The
difficulty stems from the fact that the Coulombic term in the Hamiltonian has

asphericalsymmetryintheinterpuﬁdesepantion.Tbeconﬁningpotenﬁal
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has no such symmetry. Even for a simple quantum well, for which there is
confinement only along one axis, it becomes necessary to resort to
approximate methods. .

Perhaps the simplest way of accounting for the exciton is to use the
variational method. A variational calculation provides a means of estimating
the excitonic binding energy without having to know the exact solution. In
fact, insofar as heterostructures are concerned, variational calculations are the
method of choice for estimating binding energies.**"*** The calculations
always give a lower bound on the ground state energy. The closeness to the
actual ground state energy is determined by how close the trial function is in
the abstract Hilbert space to the true ground state. By changing a variational
parameter in the trial solution a trajectory is followed through this space, and
of course, the lowest energy point on this trajectory represents the best
solution. With more than one variational parameter, a subspace thought to
approximate the exact solution may be explored. Fortunately, even a fair
approximation to the wavefunction tends to give a good approximation to the
ground state energy.

Having already proposed a basis for the single particle states, below they
will be used to build the variational solution for the exciton. First, however, a
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digression regarding the Coulomb interaction in one dimension highlights the
importance of such a calculation.

Coulomb Interactions in One Dimension

If the exciton is an essential spectral feature in bulk and in two
dimensions, it is even more important to treat realistically in one dimension.
Intheemrqnelimitoftmeonedimenaiomlconﬁmmt-thatis, solving the
Schrodinger equation in one spatial dimension only, the Coulomb interaction
givecﬁsetoasingdnﬁtyimplyingthuﬂwexdtonhasmbinding
energy.® In a real structure there can only be quasi-1D confinement, meaning
the wavefunction has a finite extent in the confined directions. This alone is
enough to remove the singularity, and some simple reasoning will be used to
explain the problem, and its resolution, below. However, this underscores the
factthatthee(citonbindingenagyhasthcpotanialtobequitehrgeasthe
confinement becomes stronger and stronger.

The Coulomb interaction energy, since it varies inversely with interparticle
spacing, is singular for zero interparticle spacing. Treated semi-classically,
this singularity can be avoided by allowing the two mutually attractive
particles to orbit one another - they never collide with one another, so the

singularity is avoided. Of course, such orbits may be possible in three or two
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dimensions, but if the particles are constrained to travel along a fixed axis (i.e.
if they are one-dimensional), they can only fall together and upon colliding,
infinite Coulomb attraction ensures they never separate.

The purely quantum mechanical resolution to the problem arises because
the probability densities are smeared out and physical parameters must be
obtained as integrals over that probability density. In fact the probability
density of electron and hole are allowed to overiap in space, but the
mathematical requirement to integrate over space eliminates the singularity.
The Coulomb interaction still contributes a 1/r term to the Hamiltonian, but
integration in 3D gives rise to a Jacobian factor 7 which eliminates the
singularity. In 2D a Jacobian factor of 7 eliminates the singularity. In 1D it
persists.

In both pictures it is clear that for quasi-1D confinement, that is
confinement to a tube of narrow cross-section, the singularity is avoided.
However, it should also be clear that as the cross-section of a wire is reduced,
the excitonic binding energy should increase until, in the limit, it is infinite.
This underscores the importance of correctly accounting for this energy for

quantum wires.
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Non-interacting Exact Solution

In the absence of any Coulomb interaction, for hard wall confinement the
electronsandholusepuatdysaﬁsfythesinglepuﬁcle&hmdimequaﬁon
For example, the electronic wavefunction is an eigenstate of the Hamiltonian

_pl (3D
Hc = 2"" +K("oa) .

Here the subscript c represents the conduction band, p is the momentum
operator for three dimensions and V represents the potential profile. In the
useofhndwaﬂs,tbeMenﬁaliswoinsidethecrmeut,inﬁniteoutside,
and implies that integration over all space can be replaced by integration over
the crescent only (because any wave function must be zero outside the
crescent). For hard wall potentials the solution was seen in the previous
chapter to be the product of the Mathieu and modified Mathieu functions that
vanishes on the hard wall boundary. The eigenstate corresponding to the
above Hamiltonian is then, inside the crescent

¥. = 20 6IN.(n)e*, 2
and zero outside the crescent. A positive z traveling solution has been chosen,
and C is a normalization constant such that the integral of the product of the

quasi-angular and quasi-radial solutions is unity. It is not meaningful to
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normalize the z dependent factor since it is a traveling wave. The hole
solution is treated in a similar fashion here.

Excitonic Hamiltonian

Tuming on the Coulomb interaction, the total Hamiltonian of the
excitonic calculation is the sum of kinetic energy terms for the electron and
hole, potential energy terms, and the Coulomb attraction term.

_ i P’ __ e (33)
H-ﬂ- - En + 2’", +P"(1”a)+ m +Vv(":a’ xlxg ‘xvl

Here xis the static relative permesbility of free space, and e the elementary
charge. The units are such that 47s,=]. Let the z-axis represent the
translational symmetry axis of the wire. Then it is convenient to write the
Hamiltonian explicitly in terms of this axis. Considerable simplification obtains
from the use of relative and center of mass coordinates, instead of separately
locating each particle (see e.g. Bastard™). Defining z and Z through
z=z -2, (34)
(m, +m,)Z =m,z, +m,z,, (35)

and for notational convenience setting

Az = (xe —xv)z +(yc -yv)z ( 36)
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m 3
). (37
m +m,
M=m_+m, (38)
Then the Hamiltonian may be rewritten
2 2 39
Hm = E” “’%*’K(’I»Q*’%*‘K(’lﬂ) ( )
& RFE RSP
xNE+7 2u& 2MT

where we have written the z-direction momentum operators explicitly in

terms of derivatives. Having written out the Hamiltonian in this form the trial

solution can be constructed.

Trial Solution

The estimate of the variational energy will only be as good as the trial
solution. Therefore the trial solution should be picked with some care.
However, the main purpose here is to demonstrate the utility of the simple
solution, and therefore the simplest reasonable trial solutions will be used.

In the previous chapter the solution to the non-interacting part of the
Hamiltonian was already found. The solutions were shown to be expressible
as Mathieu functions. It is natural then to use these products in the excitonic
wavefunction. If the excitonic wavefunction has the single particle solutions
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as factors then it is assured that the excitonic wavefunction vanishes at the
hard wall barriers.

Physically, because of the translational symmetry along the z-axis, the
exciton can be expected to move freely in this direction. Thereforéatraveling
wave dependence on the center of mass Z coordinate can be used.

Since the Coulomb term is attractive, it seems reasonable to assume that
the excitonic wavefunction gradually increases as the hole and electron are
brought closer together. If there were no potential variation the exciton
would form a hydrogenic state, with the wavefunction exponentially
decreasing from zero interparticle separation. A reasonable trial solution
might include such a hydrogenic factor in interparticle separation. However,
for simplicity, a separable solution in z might be used. With these

considerations the trial solution may be represented by

¥ =20,(0.)0.0.)N .1V, (1) @)=, (40

where C is a normalization constant, chosen such that the probability
integrates to unity (excluding the traveling wave Z which, by definition,
cannot be normalized), X is the center of mass momentum and f{z) will be
defined below.

In the case of a quantum well the analogous separation does very well for

narrow structures.” It is important to remember, however, that with this
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choice the in-plane Coulombic interaction is not explicitly part of the
variational solution. For wide structures variational solutions which represent
this interaction will be more accurate. However, the separation allows for an
additional step of integration to be made analytically, and so reduces the
computational difficulty. For the purposes of this work, computation time
was reduced to minutes from hours because of the extra dimension of analytic
It remains to choose a suitable f{z). It must vanish at infinity in both
directions. Since the potential is symmetric under reflection z— -z, the same
symmetry should be expected of the wavefunction. Finally, since the
Coulombic attraction increases as the relative separation between electron
and hole decreases, it seems reasonable to assume that the function is peaked
at zero interparticle separation, decreasing continuously away from this peak.
One may draw inspiration from the exponential form of the hydrogenic
wavefunction and try
f(Z)=e* (4)
where A is in a sense a Coulomb interaction length, and can be used as a
variational parameter. As will be shown below, this choice requires some

caution due to the discontinuity in the = momentum across zero interparticle
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separation (Appendix E). A simpler choice meeting the criteria above is a
Gaussian form
f(z) = e-:’lz” . (42)

where A again is a variational parameter.

Variational Calculation

The task is to calculate

qz].%zz,, (4

where E, is the exact ground state.” Obviously it is the closest E to the exact
gronmdsutewhichisofimuut,solis-chosentominimizethevector
product. It is important to note here that the inner product implies integration
over all coordinates, and so if elliptical cylindrical coordinates are used, the
appropriate Jacobian must be introduced to the integrand as follows:

fdA = fdxfdy = 'qu’fda s’(cosh2 n - cos?@). (44)

Using the separable trial solution with the excitonic Hamiltonian in the

variational calculation the result is
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E[A}=E,, +E.;p +E.2p- (A’ >/(‘I'|‘I’) (49
(-2 fem B

Here the single particle eigenenergies E.op and E,p  have been used. The
fourth term, representing the Coulomb interaction, will be examined below.
The fifth term represents the kinetic energy of the electron and hole as they
are forced together. It can be evaluated without difficulty for the Gaussian
trial solution, but requires caution for the decaying exponential. The last term
is the center of mass dispersion relation. Only the fourth term (implicitly,
through the wavefunction), and the fifth term are functions of the variational
parameter. Rather than minimize the total energy, equivalently the exciton

binding energy (at K=0)

uaelil= £ ) form (-2 oy

can be maximized.

Evaluation of the Exciton Binding Energy
For brevity, define the (boundary condition dependent) integral operator

[dA¢* = [[dA.dA,©%(6.)0%(6, )N (n. )N (n.)- (47)
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The exciton binding energy will be expressed in terms of this integral
operation.
Exponential Solution

Using integral tables™ the expectation value of the Coulomb term can be
integrated with respect to z, and the denominator’s integral with respect to z
is trivial. The kinetic term, despite appearances, requires some care. The
result for the kinetic term is expressed here, and its derivation is left for
Appendix E.

(¥|¥)= 57‘“‘2 ie""'/"dz = '&21_'1 [dA¢ (48)
1\ 1 e MR (49)
(7?I?> ac i A e
1 24 24
- gertaag [ (2)-r(%)]
AN LY ug (50)
( 2ﬂa’> o 2,.1“’“ '

Above, H, is the Struve function, and ¥, the Neumann function (i.e. the
Bessel function of the second kind). It is unlikely, except perhaps for some
special limiting case, that products of the Struve function and Mathieu
functions could be integrated analytically, so the problem reduces to the

numerical maximization of Esumdmg, Which can be written
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(51

Bult] - £ 2

xfdas’[m (2)-r. u)] (52)
Al=
Since all the functions are well defined and lack singularities apart from at

A=0 for the Struve and Bessel functions, the integral can be straightforwardly
Gaussian Solution

The Gaussian solution is easier to evaluate, lacking the discontinuity in
momentum of the exponential solution at z=0. Again, with tables the
Coulomb term can be integrated with respect to z. The denominator and the
kinetic term are standard Gaussian integrals in z.

g2 g =L‘IZ . (53)
(¥19)= L faag* T = Lo fE faag
1 \_1 22, e’ (54)
<JA’+z=>"C’ A Sl e
_1 2 (aa) AT
-FI‘H‘ e(N KO([I])
1 ¥ 2 (59
<2ﬂdz’> C’hd\/_"“’
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Above K, is the Macdonald function (i.e. the modified Bessel function of the
third kind). Again, it is unlikely that the Coulomb term can be simplified any
further analytically, so

_eJgw (56)
E‘*[‘]— A 2 ,dz
with
e IdA‘zeW‘)’ KO([%r) (57)
e

Here,again,theonlysingulaﬁtyocanswhenthearggunentoftheBessel
function (i.e. A)iszero,thereforetheintegnlnuysimplybediscreﬁm
Numerical Integration

The integrals in I ( 52) and J ( 57) were evaluated using the extended
open trapezoidal rule.”® The integrals are four dimensional, each coordinate
was discretized evenly. The calculstion time scales for each dimension
separatelyasO(M,withNthemeberofdiscretesamplu, so with each of
the four dimensions sampled the same number of times, the process is
~O(N’). This means there is a practical limit on the number of samples
possible if the calculation is to be completed in a reasonable amount of time.
Using more than about 40 points per dimension was prohibitively slow.

A Monte Carlo integral may seem easier for such an integral, however,

the use of the analytic crescent solution meant that the boundary conditions
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are extremely simple. The trapezoidal rule used here converges as O(I/N°) -
much faster than Monte Carlo convergence of O(1/WN). A speed advantage is
also gained by precalculating many terms on the mesh and reusing them at
each step. To estimate the accuracy of the integration the area of the crescent
was calculated using the same numerical routines and compared to the
analytic solution, and the result was found to agree to within 10%.

The only technical difficulty in these integrals stems from the fact that
Kox) and Hi(x)-Yo(x) are logarithmically singular as their arguments
approach zero. (The integrals converge, however. See Appendix F.)

The integrals listed formally in ( 52) and ( 57) were split up so that x=0
was always on a boundary. For example, the double integral boundaries 7.
[B.p), 7€ [B.p] could be split into 7€ [B,p), v [B,7) and 7 € (7.,p). The
reason for using the open integration routine is that, by definition, the
integrand is never evaluated at the boundary.

A final comment regarding both the Gaussian and exponential integrals. In
the above form in which they are written, they may appear to be dependent on
B, p, and s. Howevgr, if A is written in terms of s, the s dependence cancels,

and it is seen that / and J depend on ,p and, of course A.
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Results

The results of the (a).:
varistional calculation are m_' .:z_\‘\‘
. % 15 - E ~~‘~_~ -
shown in Figure 50. The £
Coulombic and kinetic §
[ 4
1]
terms are shown separately.
It is seen that for very short

variational parameters (ie.

a very compact structure)

the kinetic term wins out,

whereas for large

3
variational parameters the E
Coulomb term wins. The g
competition between the N )
two terms determines the % 1; . ;30

Variational Parameter (nm)
maximum binding energy.

Parameters were chosen |Figure 50. Variational calculation of exciton
bindi

. shown separately, together with the total variational

previous  chapter.  An lenergy for (a) exponential and (b) Gaussian trial

electron effective mass of |perameter correspond to the maximum of the total

CneTgy curve.

to compare with the
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0.0665 m,, a hole effective mass of 0.5 m,, and a dielectric constant of 13¢&
was used. The inner ellipticity was chosen to be 0.94, outer ellipticity 0.66,
and scale factor of 10.0 nm, for a maximum crescent width of 7.8 nm, and a
minimum width of 4.6 nm. The constant area eigenstate was g=4.01. The
crescent was discretized evenly into 40 angular and 40 radial points. The
numerical calculation of the area of the ellipse differed from the exact value
by less than 8%.

At first glance the two curves appesr quite similar, however, it should be
cautioned that the two variational parameters in fact have different meanings
for the two integrals. For example, the rm.s. z value of the exponential
integral I[A] is 4/v2, while the Gaussian integral J{4] is 4 /2. The exponential
integral gives an excitonic binding energy of 12.9 meV, with a variational
parameter of 14.2 nm, while the Gaussian integral gives an excitonic binding
energy of 13.3 meV with variational parameter of 13.9 nm.

That both calculations give a similar binding energy is hopeful, suggesting
that the calculation may be quite close to the true value. A variational
calculation can only give an energy greater than the ground state energy, or in
this form, can only give a binding energy lower than the true binding energy.
Thus, assuming the numerical calculation is accurate, the Gaussian integral is

more valuable since it gives the highest value, and so the binding energy must
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be greater than or equal to 13.3 meV. A better bound can be found by
including an in-plane Coulombic interaction in the trial wavefunction. The
fairly small r.m_s. z separation arising from the variational parameters suggests
that this may be significant. However, this involves a considerably more
complicated calculation, since the fact that the trial function was z-separable

Inoshita and Sakaki® used an exciton binding energy of ~15 meV,
calculated for an infinite barrier circular cylindrical wire.* The bulk exciton
binding energy was estimated to be 4.2 meV. The exciton binding energy
enhancement for a sharp crescent is seen to be quite strong. However, in that
work there is no indication of how to determine an effective circular cylinder
radius for a given crescent, so it is not possible to attach much meaning to a
comparison of the respective wire binding energies.

Finally, the variational calculation can be applied to the idealized indium
phosphide structure grown as part of this work. Using again a 6.0 nm bulge,
2.7 nm minimum width, and a 30 nm radius of curvature, using a 40x40 grid,
the exponential trial solution gave, with a 23.3 nm variational parameter, a
7.9 meV binding energy and the Gaussian trial solution, with 22.0 nm

variational parameter, gave an 8.2 meV exciton binding energy. This is
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substantially higher than the ~2 meV exciton binding energy in the bulk for

indium rich InGaAs.

Conclusion

The simple analytic formulation for geometric bound states developed in
Chapter 4 was exploited to provide a varistional estimate on the exciton
binding energy for a real crescent structure. The analytic solution makes such
calculstions considerably simpler and faster than other techniques. It is
important to perform the variational calculation of the exciton binding energy
in such a realistic coordinate system, rather than the more common circular
cylinder coordinates because the energy is unbound as the wire becomes
infinitely thin. For very thin crescents in-plane Coulomb interactions should

also be included.
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CONCLUSION

Summary

The preceding chapters focused on a particular fabrication technique,
relying on only a few characterization techniques, and some simple theory.
The thesis began with a description of some of the tools available in the
fabrication of semiconductor structures, and explained a means of using them
to fabricate on scales far smaller than usual. Looking first at gallium arsenide
based materials, it was shown that the final structure was very sensitive to
growth conditions, in particular, V-III ratio. With some understanding of the
growth, it became possible to grow inverted-V crescents, which were seen to
be optically active. Although at least as good as can be achieved by other
means, it was seen that there was room for improvement in sample roughness,
and in the breadth of the photoluminescence. With this in mind, indium
phosphide based growth was explored, and, at least on the wider mesas,
produced much higher quality structures, both structurally and optically. The

need for a means of characterizing crescent structures lead to the
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development of the only separable model of geometrical quantum
confinement in two dimensions. To make the model more realistic, and to
demonstrate its use, the excitonic binding energy, a particularly important

quantity in one dimension, was estimated.

Future Possibilities

There are many possibilities for future work on this project.

The simple theoretical model can straightforwardly be extended to finite
barriers. It should also be extended to include dispersion in k-space, and
multiple valence bands could be introduced. Optical transition selection rules
eanbeobtainedrelaﬁvelyusilyforananalyﬁcsoluﬁonandcouldbe
calculated. Finally, the Schrodinger equation could be solved self-consistently
with the Poisson equation to account for electron-electron interactions at high
carrier densities. The Mathieu functions could be used as a basis for such a
calculation.

For fabrication of nanostructures, the most fundamental problem here is
the V-shaped tip sharpness. This should be minimized. Further studies of
mesa tips may allow this size to be reduced from the present ~20 nm radius of
curvature to something still sharper. On the other hand, it may suggest that

there is a limit to sharpness obtained from this technique. Roughness also

162



remains an issue, especially for GaAs mesas. Much of the roughness appears
to occur after the (100) surface has vanished and only (111)B planes remain.
The quality of structures could be improved by studying (111)B growth, and
adjusting the growth conditions on completed (111)B mesas accordingly.

There are applications of faceting other than nanostructures that would be
a logical outgrowth of the present work. For example, gratings of extremely
high precision could be fabricated for applications such as distributed Bragg
reflectors.® Migration of material from the (111)B to the (100) could be
used for bandgap shifting.”” There may also be applications for the growth of
heterostructures on facet planes, for optoelectronic applications (although
usually this means facet planes normal to the (100) plane™), perhaps, for
example, to escape the normal incidence selection rule® of intersubband
transitions.

Progress in nanostructure fabrication would be faster with better
characterization tools. A serious difficulty with quantum wires and dots as
compared to quantum wells is that the potential geometry is much more
complicated, and compositions may vary in three dimensions. Further use of
high resolution microscopy techniques such as TEM, scanning tunneling
microscopy (STM) or atomic force microscopy (AFM) could give more

detailed structural information. Newer techniques such as near field optical
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microscopy suggest the possibility of obtaining information about
composition as well. Ideally, characterization would be done in situ, while the
structure is being fabricated.

In general, it can be said that going from planar to laterally patterned
quantum semiconductor structures involves a giant leap in science and
technology. In this work some steps were taken in that direction, and, some
key issues raised, but the ideal nanostructure is still in the future.

Epilogue

Although the above chapters are concerned primarily with a specific
fabrication technique and a specific type of structure, it may suggest some of
the broader issues associated with fabrication and characterization of
semiconductor nanostructures.

Because human hands grip on the scale of centimetres and human eyes see
down scales of microns we have long been denied the possibility of building
structures on small scales which have always been accessible to nature. With a
variety of techniques, more and more, scientists are able to manipulate
structures on the scale of nanometres. Although many technical difficulties

arise when trying to work on these scales, the field shows great promise.
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Appendix A

FLOW RATES

In CBE, as opposed to MBE, sources are supplied as gases, and the rates with which
these gases flow are controlled by mass flow controllers (MFC). It is possible to operate
a CBE machine solely by monitoring the flow rates of the gases relative to previous
growths. However, it is sometimes useful physically to find the sbsolute rate of flux or
the flux of one source reiative to another. This appendix describes the relation between
the flow rates as given by the MFC digital readouts and the actual flux of material using
simple thermodynamic arguments and using the MFC documentation.'®

The MFCs measure the gas flow by monitoring the temperature profile of a laminar
flow. They are calibrated to give a correct reading for nitrogen gas (N2). Each mass flow
controller is rated at a specific maximum flow rate, given in standard cubic centimeters
per minute’ (sccm). If nitrogen was the gas, the readout would return the percentage of
the full scale - that is the percentage of the maximum flow rate. Thus for a flow of
nitrogen,

Fugsz'r Al

° The “standard” in sccm refers to Standard Pressure, defined as 760 mm of Hg, and Standard Tempersture defined
as0°C.

165



Table 8. Maximum flow rating for gas lines Table 9. Gas correction

Tine Gas Muac(sccm) factors

AS1 Arsine 20 Gas car
AS3 Arsine 50 Hydrogen 1.011
HYD2 Phosphine 50 Arsine 0.67
OoM1 TEG + Hz 20 Phosphine’ 0.76
oM2 ™I +H; 20

OM3 TetraESn 20

OM4 DiEZn 20

where F is the actual flow rate of nitrogen, My is the maximum rating of the MFC, and
ristheraﬁowhichcorrapondstothepacemageofﬁlllsalerad.(Tlmis,
r=percent/100.) The maximum rating of the MFC for each gas line on the CBE machine
is shown in Table 8.

The sensitivity of the MFC is a function of gas type, however, and a correction must
be made for gases other than nitrogen. Typically, the MEFC is less sensitive to gases with
larger constituent molecules. The flow rate of a gas other than nitrogen may be expressed
as

Fou =CFy,. A2

For some gases the gas correction factors are known. It is tabulated in Table 9 for

selected gases. More generally,

'mmwmmmmnumkmanwmw mesning that the gas correction factor
was already included in the reading.

166



S
p"C" :

f 4

C% =03106 A3

where o5 is the density of the gas at 0°C, in g/L, C;* is the specific heat of the gas in
cal/g/C, and § is a structure factor equal to 1.030 for monatomic gases, 1.000 for
diatomic gases, 0.941 for triatomic gases, and 0.880 for polyatomic gases. In summary,

combining A 1 and A 2,

Fn=Cme" A4

where C°% and Miurc are found from the above tables or C° from relation A 3. For the
hydrides the problem is solved. For the organometallics, since a hydrogen carrier gas is
used, two gases are involved, and the situation is more complicated.

To understand the situation for the organometallics, it is necessary to consider the
thermodynamics of the bubblers (refer also to Figure 4, p15 ). The bubbler is a heated
chamber, containing the solid or liquid which is to be carried, through which flows a
carrier gas. The bubbler is maintained at a constant pressure, in this case 40.0 torr. Of

that pressure, some fraction may be attributed to the vapor pressure of the organic

Table 10. Vapor pressures of organometallics

Organometaliic Bubbler T 4 B P perltOTT)
™ 370 3014 10.5 6.27

. TEG 30.0 21 8.08 8.86
Source: Morton International CVD Metalorganics
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source material. To a very good approximation the vapor pressure of organometallics
sources is an exponential in inverse temperature.

P_,(torr) =10%4T AS

Above, the temperature T is in Kelvin. Since the material constants A and B are known
for TMI and TEG, knowing the bubbler temperatures the vapor pressures in equilibrium
can be calculated. The values are tabulated in Table 10 for the bubbler temperatures used
in this work.

The organometallic is carried in “bubbles” which contain vapor and carrier gas in
equilibrium. Assuming that both gases are ideal, knowing the volume of a bubble, since
its temperature is fixed, the number of molecules it contains can be calculated directly
from the ideal gas law. The MFCs are designed so that the fraction of molecules of each
gas remains fixed. The MFCs effectively determine the volumetric flow rate dv7/dt for a
fixed T and P (not necessarily the same as the bubbler T or P). The final result is that the
flow rate F is proportional to the pressure in the bubble, with the same proportionality
constant for the total flow as well as the partial flow of each constituent. It would seem
straightforward to calculate the flow rate of organometallics, except that the MFC has
different sensitivity to different gases. This is a peculiarity of the particular system used
here, because the MFC is located downstream, after the bubbler. If the MFC were

located upstream to the bubbler, the only flow to measure would be hydrogen.
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If the MFC reads a total flow R, given by

R=afFp, +fFy, . A6
where a and B are the sensitivities of the MFC to TM7 and H; respectively, using the
proportionality between flows and pressures,

aFna:R‘Kl‘Pm/Pr)E" A7

where the subscript “7” refers to the total flow. Although not exact for mixtures of
gaseo,thesensiﬁviﬁesmaybetakentobethegaseonecﬁonfacton, very nearly unity for
hydrogen, and typically quite small for a large organometallic molecule.

Since the flow rate of organometallic is typically much less than that of hydrogen gas,
a simpler approximation is to assume that the MFC measures only the hydrogen flow
rate. Then using a gas correction factor of nearly unity the simpler result of the
proportionality is

Fo, = Fy, A8
n (g/Pm-lj

This is the expression used to estimate the organometallic flux in this work.

It may be of interest to convert these flow rates in sccm to a number of atoms per

second. Using the ideal gas law for Standard conditions

169



(101,325 Pa) _1m* 1m
(1381x10® J/ K)27315 K) 10° c® 60 s

= 4.47 x 10" . F(sccm)

DY (aoms 1 5) = F(scem) A9

Themolewlarbumiswiderthanthembstruewidth.Forcompaﬁson, 8 2 inch GaAs
(100) wafer requires 5.14x10' atoms to complete a monolayer. Since typical gas flow
ntaareafewsccm,andtypialgrowthntuareontheorderofamonohyuper
second,itennbeconcludedthatofthegasmaingthechamber, roughly 5 to 10% is

incorporated into the sample.
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Appendix B

WAFER SPECIFICATIONS

A crystal is a highly ordered structure, having a variety of symmetries, or,
alternatively, having a variety of special directions. Since most fabrication processes that
a semiconductor crystal is made to undergo are chemical in nature (¢.g. epitaxy, etching),
they are often orientation dependent. Therefore, for many processes, it is very important
to be able to align a wafer uniquely, and be aware of the underlying crystalline structure.

Commercially available (100) GaAs and InP wafers are made of circular slices of a
cylindrically ground ingot of bulk crystal."” An etch is conventionally used to orient the
crystal, and a long major flat is ground along the (011) surface (longitudinally on the
cylinder) and a narrower minor flat along the (011) (also longitudinally, perpendicular to
the major flat). The ingot is sawed into separate wafers and ultimately one side is
polished.

Because zinc-blende structure lacks reflection symmetry in the (100) plane, the
orientation of the crystal surface is dependent on which side of the wafer is polished.
There are two wafer conventions in use: the EJ spec (for European-Japanese
specification) and the SEMI spec (an American specification). In the EJ spec the minor
flat is clockwise from the major flat viewed from above. If the wafer is cut slightly

misoriented from the (100) towards this direction planes are preferentially arsenic
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terminated. The SEMI spec
corresponds to polishing the opposite
side of the wafer, and so although the
minor flat still lies along the (0O11)
plane, misorientation of the top
surface towards the minor axis now
results in
preferentially gallium terminated. In
the SEMI spec, then, the minor flat is

planes that are

located counterclockwise to the
major flat. One can tell by inspection
of the flats relation to one another
which specification is in use and so
which direction corresponds to
preferentially arsenic or gallium
terminated planes.

Ga terminated

=
( = )%

¢

i

As terminated

Figure S1. Wafer specifications

An ingot, pictured here is a circular cylinder, with a
major (011) oriented flat - toward the front - and minor
(011) flat - to the right - ground into the curved surface.
SEMI spec and EJ spec wafers polished surfaces
correspond to the top and bottom of this ingot,
gallium terminated in the EJ spec and arsenic terminated
in the EJ spec, as illustrated schematically by the tetrad
of atoms where the dark spheres represent gallium and
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Appendix C

PHOTOLUMINESCENCE CHARACTERIZATION CHARTS

InGaAs on InP

A quantum well of InGaAs on InP can be most simply described by two parameters: a
width and a composition. Knowing a single photoluminescence (PL) transition energy for
a single quantum well alone cannot provide both parameters. Some possibilities to
uniquely determine compositions and widths include growing two (or more) quantum
wells of different composition or different widths and observing the PL of both, using PL
in combination with x-ray diffraction on a superiattice structure, or photoluminescence
excitation spectroscopy which provides access to higher level transitions. However,
knowing the PL spectrum alone does provide a single constraint on the energy level. Of
course, very thick (>20 nm) layers can be considered as the limit of large wells, and in that
case one measurement is sufficient to get the composition, with the caveat that care must
be taken to account for strain.

In PL, light (typically laser light) of energy larger than the bandgap energy of the
barrier material is used to excite carriers from the valence band to the conduction band.
Conduction band electrons typically relax non-radiatively into the lowest quantum well
level where they can recombine (in a type I semiconductor) by a spatially direct transition
into the highest quantum well hole band. The holes likewise relax to the highest hole band.

The depth of the well, and hence the energy of the transition depends on the composition
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of the well material since InAs is narrower

band gap than GaAs. The differences in
effective masses and the need for a strained
epitaxial layer to accommodate itself to the

Energy (meV)

underlying substrate also affect the transition

energy. A complication is that the band

offset (the alignment of bands between
different materials) is difficult to determine.

Any numbers derived from the PL data or
for InGaAs on InP rely on a computer 2950.
program, “Quatemaire”, written by Alsin | 3 *°
Roth, which accounts for strain as a '5""",
perturbation, and uses phenomenological °°°4° ' 45 ' 50 55 ' 60

Composition (%Gs)
estimates of bandgaps, offsets, strain

coefficients and effective masses from the Figure 52 Linear composition dependence

of the lowest quantum well transition for

literature. Quantum well layers are assumed InGaAs:InP

to be unrelaxed. All calculations are for a
sample at a temperature of 4.2K. It is possible to demonstrate some rules of thumb which
follow from running the program in the reglme of interest, namely for coﬁ:pmsively
strained (high indium content) quantum wells.

The first rule of thumb is that the transition energy varies linearly with composition as
long as the heavy hole or light hole transition remains the lowest (Figure 52). Because the

material system switches from compressive to tensile strain, there is a transition point
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between these two lines which have different slopes. (The heavy hole line shows a larger
slope.) This transition does mot occur exactly at the transition between tensile and
compressive strain however, because lower effective mass of the light hole pushes its
transition up.'®(The matching conditions between layers bring effective masses into the
calculations of the energies.) The transition point is well width dependent, but is pushed
well to higher Ga content than lattice matching, which occurs at 47% Ga.

Throughouttheregimeofimmforthiswork(comprusivdyminedhymof

Ga as %
T 1 T 1| ofgrouplll
o000 | ® —.—47%
--0--45%
> @
%; 880 | \ &--43% § -
g L A N '\ —v—-41% [ .
. 860} y . e ® -
w’ A \- ]
> gaof A& Te TT—g_-
9 A - s‘~“ -
e .| v. A %
T 820 |- S AL
B '\.\. Tt A__:
800 |- "s'\\ -
S RPN P S Y-
6 8 10 12 14
Well Width (nm)
Figure 53. Ground state transition dependence on well width
For InGaAs quantum wells on InP substrates.
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InGaAs between ~6 nm and ~12 nm in thickness lattice matched to InP) the transition
energy shows nearly an exponential dependence on well width (Figure 53). This second
rule of thumb, together with the previous one allows the width and composition
dependence to be separated out of what in the full solution is a transcendental equation:
E = E_(x,w)+E e " ™V* (%))

Here x and w represent the fraction of Ga and the well width respectively. Eo, a fitting
parameter representing the energy of an unrelaxed infinitely wide layer, is only weakly a
functionofwandean,toaﬁrstapproﬁmaﬁon,beukenaslimrinx.’l'hetwoﬁtﬁng
parameters w and a, are roughly constant throughout the regime of interest and represent
the width dependence of the ground state energy. In that case, the x and w dependencies
are completely separate. Best fits to exponentials yielded the following parameterization
for composition as a fraction and width in nanometres: w=5.75 nm,0=4.5 nm Egy=83
meV, with E.to be linearly interpolated between 829 meV for 47% Ga and 782 meV for
41% Ga. This can be used to quickly obtain an idea of the composition, but a more precise

ﬁttingwiththeprogramisnec&sarywhereahighlevelofacmracyisrequirei

InGaAs on GaAs

To calculate the ground state energy of a quantum well of InGaAs on GaAs a
computer program (“Struct.c”) was written based on Alain Roth’s “Quaternaire”. It was
possible to run the program once for the entire parameter space available, namely varying

composition and well width. Again, all calculations are for a sample at a temperature of

176



42K Sinceindiumislng«thangaﬂh:mthcmmmwellsmdwayscomprusivdy
strained,andthehnvyholemnsiﬁoninlwaysthelowestmgymsiﬁom

In this program the unstrained lattice constant, strain tensor components, deformation
potentials, electron effective mass and dielectric constants were linearly interpolated
betweenknowngalﬁumusenideandindhmusuﬁdevahsatSKTheﬁmdamemdbmd
gap and spin orbit splitting were quadratically interpolated from known values. The hole
effective masses were obtained by linearly interpolsting Luttinger parameters and
cdaﬂaﬁngthemlﬁngeﬂ'ecﬁvemsm.Ambmdoﬁ‘sawuappﬁedwthebmdm
calculated including strain effects following refs. ['%,1%4.

The end result of this calculation is shown in Figure 54. Like the InGaAs:InP quantum

1500 [-

1450 | s
3
13 :
F 1400

130 T

0 5 10 15
Width (nm)

Figure 54 Lowest energy transition of an InGaAs quantum well.

The lowest transition is always corresponds to the conduction band to
havyhhmnﬁﬁmuhmpﬁminkwumofmm
mmmu.mgmm
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weﬂ,throughoutthemgeofint«enthembeapptoﬁmatedbymatponenﬁal.
Furthermore, provided the composition is greater than ~5% less than ~20% (above which
thelayerislikelytoreluevenforthinllyus,myway),foraﬁxedwellwidththe
mﬁﬁonvuynudychmguﬁnuﬂywithachmgeineomposiﬁonkrbapsthisismt
mrpﬁsingsincemanyparamctmw«eobuinedvhﬁnwhuupohﬁon,mdthosetha
were obtained quadratically had relatively small bowing parameters.
Itshouldbewxﬁonedthatﬁg\mﬁumﬁmplifyinguunpﬁomfortheband
structure and effective mass following ref. [104] which are not made in the program
“quaternaire”. Although the results compare favorably for low compositions (<10%),
there is an overestimate (~3%) of the composition for high composition (~20%) wells in
compaﬁsomWhuehighaccumcyisrequired,andparﬁaﬂnlyforhighindmwm

wells, the program “quaternaire” should be used.
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Appendix D

MATHIEU FUNCTION CALCULATIONS

There are several ways to calculate these functions.” I will highlight two - first, the
way used in this project, which is probably the easiest to code for, and is very efficient if
very high precision is not required, and only a few eigenfunctions are required, and
second, the eigenvector method, which is more general. (The routines compared well to
tabulated values selected at random.)

The Mathieu equation is

70 +(a-2qcos26)0=0 E1l

and its solutions are known as the Mathieu functions. The modified Mathieu equation is
the same with the substitution 8—i6, which is equivalent to changing the “+” to a “-”
above, and the “cos” to a “cosh”. The important point is that if the Mathieu function is to
be periodic in 2, the characteristic number (a) is a function of ¢.

In the limit g—0 the equation is satisfied by a sinusoid. The first expansions for the
Mathieu functions were given as a power series in g with coefficients that include
sinusoids in . The functions can be divided up into ones that become cosines as g—»0, and
ones that become sines as g—>0. This can further be subdivided into expansions in even or

odd factors of @ Each type has a different recursion relation to calculate the coefficients

'mmmm.wmmmmmw-unnmmdm
work it did not calculate modified Mathieu fimctions.
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of the expansion. The recursions can be found in several texts. °*19¢197 One example is

given below, for cex(6,g) which is obtained from the expansion

ceun(0.9) = 3 4, cosars). E2

The recursion resulting from substituting (E 2) into Mathieu’s equation is

ad, - g4, =0 E3
(a- )4y - a4, +24)=0.
(4‘4'2)41' -q(4,.2 +4,,)=0

For arbitrary g the characteristic number can be calculated quickly by substituting each
of (E 3) into one another to create an infinite continued fraction for a(g). The continued
fraction can be evaluated quickly using the Wallis algorithm.'* There is an infinite ladder
of ax(q) symbolized by the index 2n in (E 2). Fortunately, power series in ¢ and
asymptotic expansions in I/g converge rapidly for small and large g respectively. The
numerical programs used in this project guess at the initial ax(q) using these expansions
and then use the successive approximations to the continued fraction to refine the
estimate.

Knowing a(g), the recursion (E 3) can be used directly to find the coefficients 42,. The
rapidly convergent Miller’s algorithm'® was used (in the stable direction of decreasing
coefficient 27). An extremely small seed number is used for some large Az’s. The
recursion is then followed back to A,. Coefficients agreed to many decimal places with
tabulated values.

One problem remains in the calculations of the Mathieu functions, namely that the

sinusoidaltetmsreaﬂtinveryslowconvetgenceofthesaiat‘o:myaFormmely, the
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same recursion can be constructed with several different Bessel function expansions,
which converge extremely quickly with &The most rapidly convergent expansion can be
found in the NBS tables.'* Since the recursion is the same, they rely on exactly the same
coefficients. The modified Mathieu functions are calculated using the same coefficients,
but with 8-i@ which amounts to changing some of the Bessel functions J to Y in the
most rapidly convergent series.

Having outlined the approach used in this project, a more general method should be
described. This has been incorporated into the periodic, unmodified Mathieu function
calculations available in the IMSL library. This method stems from the realization that
(E3)anditscounterpartsfortheMathieuﬁmcﬁonsothetthancez.(O,q)canbewﬁttenas

an eigenvector problem with

T(g)-A=aA. E4

where the infinite matrix T is tridiagonal, and the elements of the infinite vector A are the
coefficients A,. Very fast routines exist to calculate the spectra of eigenvalues a, and the
components of the eigenvector A5, for example in the LAPACK library.'** Some routines
can be sped up by a guess at the eigenvalue or components such as the one used in the
other calculation method.

Ultimately this eigenvector approach will be faster for obtaining the entire spectrum of
eigenvalues simultaneously, as well as determining the componeants to a higher degree of
accuracy. The approach used for this project has lower overhead in addition to being
easier to code in its entirety, so it is fast for finding a particular characteristic number, or

for finding the coefficients knowing the characteristic number.
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There are many references which describe the properties of the Mathieu functions and

list identities which they satisfy,'¥*-196107111
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Adppendix E

THE USE OF DISCONTINUOUS TRIAL FUNCTIONS

Thueisadmgetinusingﬂidﬁmcﬁomwithdiseonﬁnuousdaivaﬁv&invaﬁaﬁonﬂ
calculations, namely that such functions can make the kinetic energy operator non-

Hermitian.!'? Failure to exercise caution with such

Quantity x<0 x>0

functions could result in a negative kinetic energy, ) Jke*= Jke ™
which would most certainly ruin a varistional Klg)  ik¥e™  -ik¥Ve™
(PIK  -ike™  @k¥e™
(eiE)xle) K
KYp) -kPe™ —kPe™

(o Jke™ Jke ™
energy term will be correctly evaluated. « ¢|)(Kz| ¢)) —k?

estimate of an eigenenergy. In Chapter 5 an
exponential trial solution with a discontinuous

derivative was tested. In this appendix the kinetic

The one-dimensional trial solution of interest is

o(x) = Jke El

Table 11. Application of the
momentum operator.

where k is a constant x is the spatial coordinate. Although this solution is continuous, the

derivative is not continuous at x=0. If the momentum operator is P = AK then in the
position basis K —» i % . The results of applying this operator are tabulated in Table 11.
It can readily be seen from the table that
(Pl(’l0)) = ((eIK)Klp)) E2
in fact, they differ only in sign. The left hand side is unphysical since it gives a negative
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kineﬁcenergy.BmifEZholdsasanhwquﬂity,theopentorKisnotHetmiﬁmThe
problem here stems from an incorrect handling of the discontinuity in momentum across
x=0. A solution is to enforce Hermiticity by always using the right hand side. "'> It is
imauﬁngmmtethatthispmblanwmﬂdmthaveaﬁminthemomenﬂmbuis.mm
msonisthatinthemomennnnbuistecomesammber,notanopentor,sothe
Hermiticity is guaranteed.

The correct result is

(PlK’| ) = -":I_f"""j:—, e = k. E3

as used in the variational calculstion of the exciton binding energy in Chapter S. Implicit in

E 3 is the idea that the derivative operator is such that momentum is Hermitian.
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Appendix F

CONVERGENCE OF VARIATIONAL INTEGRALS

The Coulomb interaction term in the Hamiltonian scales as 1/r in interparticle
separation. Thus it is singular at zero interparticle separation. In two and three dimensions,
this singularity is lifted by the 7 and 7* dependence of the Jacobian. In one dimension, as
diswssedphysiedlyintheinﬁoducﬁonwcuptas,thisﬁnguhﬁtypasimma
integration. Mathematically, the Jacobian contains no term in 7 to cancel the singularity.
Thewmhisminﬁnhee&citonbindingenugy,maninginp\ndyonedimensionthe
electron and hole do not form a stable pair and are compelled to recombine.

The integrals in ( 52) and ( 57) are suspect since they involve integration over a
singularity. Moreover, they relate to the exciton binding energy in quasi-1D. There are at
least two ways to resolve this problem. First, there are physical arguments, and second
rigorous bounds can be put on the integrals. Both approaches will be used below.
Physical Argument

‘The semiclassical physical argument is as follows: In 2D a stable excitonic state can
be formed because centrifugal force can balance the Coulombic attraction. There is no
reason why a finite 2D slab, say of circular cross-section, could not contain such an orbit
and support such a bound state. Such a circle can be inscribed in the crescent, and so it
toomustmpponmchaboundstate,atlustforsomesizeofcrmnt. The binding

energymusttheteforebeﬁnite,andsincethevaﬁaﬁomlbinding energy must be less than
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the true binding energy the integral must converge. But this argument is perhaps circular,
so the purely mathematical approach will be followed below.

Exponential Integral
Looking at the numerator of ( 52), and using the fact that the Mathieu functions are

finite and may be normalized to be everywhere less than unity,

far () o) o]

Changing to a relative coordinate so that

x=¥c—x, FZ
y=XYe=J
X=X,-X,
Y=Y -F
A
x=—2-reos.9
y=%rsin.9
The integral may be bound by
< [dX[d¥[dSfrar[Hy(r)- ¥ (r)]. F3

where all the bounds on the integral are finite, and should be chosen to encompass the
same region as above. Up to a (finite) factor this is

<frarl(r)- frark,(r). F 4

where the bounds c is finite and has been chosen to include the entire area of integration.
Both these integrals are finite, and can be obtained from tables.''* (If the integrand
changes sign on this region the integral can always be split up into regions of different sign
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and since each part is finite, the magnitude can then be added to give a finite resuit.)
Therefore the integral converges.
Gaussian Integral
A similar line of reasoning shows that the Gaussian integral converges. Since the range
is finite,
f a;’é’/“x.(—";) <cf aux,,(i:). F5
A A
for C some finite factor. The same sort of relative coordinste transformation as used in (F
2) puts the following bound, up to a finite factor on the integral:
<§rd'K,(r’)uc§'dlKo(u). Fé6
Here a and b are finite. The rightmost integral is finite can also be found in Prudnikov ez
al.'¥® (To be completely rigorous, care must be taken that if the integrand changes sign on
the circular region in F 6, it should be split up its magnitude added. However, this can

always be done since the integral converges for any b, and since Ky(x) changes sign a finite
number of times on that interval.)
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