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Abstract

This thesis is concerned with the fabrication and characterization of semiconductor
nanostructures. In particular, the semiconductor material used in this research consisted of
InGaAs, as a quantum well layer, sandwiched between layers of InP, which acts as a barrier
layer.

The driving force behind this research was twofold. Firstly, it included a desire to
understand the physics governing the behaviour of these devices. As the lateral sizes of these
devices decrease, theories predict that the structures will give strong atom-like resonances, so
a study of these structures is similar to studying large quasi-atoms. Secondly, besides the
fundamental physics involved, there was also a practical application stimulating this
research. Already, quantum well lasers are used in the consumer electronics market, and it
was speculated that by using quantum wire or dot systems the laser threshold currents would
be reduced still further, yielding improved laser efficiency.

The fabrication process involved electron beam lithography to pattern structures as small
as 10nm in diameter, reactive ion etching (RIE) to transfer these patterns to the
semiconductor, and various other post-RIE fabrication steps including wet chemical etching
and annealing, as required. No evidence of an optically inactive “dead layer” was found
because luminescence was observed from even the smallest structures. If an optically
inactive region did exist its thickness could only be of the order of a few nanometres. The
characterization of the nanostructures included techniques such as photoluminescence
spectroscopy and absorption measurements.

The photoluminescence measurements revealed the participation of a number of different
energy levels in the emission spectra when the lateral dimensions of the nanostructures were
reduced to 100nm or less. This high energy level participation became more pronounced
when the lateral dimensions were reduced below 50nm.

Quantum confinement was clearly observed in the low temperature emission spectra of
10nm and 20nm diameter dots. This quantum confinement was manifested by an energy
upshift of the PL peak energy.

It was found that exciton transport plays a crucial role in the emission strength of wires.
This was attributed to localization effects resulting from variations in the layer thickness at
the InGaAs/InP interface, as well as alloy potential fluctuations.

Annealing of a sample after RIE and wet chemical etching reduced the absolute PL
intensity of the quantum structures and also caused narrowing of the PL emission.

Wet chemical etching of a sample after RIE narrowed the PL spectrum of quantum
structures compared with structures of similar lateral dimensions which were only subjected
to RIE. In particular, the samples which were wet etched did not exhibit the broadening to
high energies characteristic of the RIE only samples.
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The storm is chang’d into a calm
at his command and will;

So that the waves, which rag’d before,
now quiet are and still.

Then are they glad, because at rest
and quiet now they be:

So to the haven he them brings,
Which they desired to see.

(Scottish Metrical Psalms, Psalm number 107 verses 29 & 30)
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CHAPTER 1 Introduction and basic theory

Chapter 1
Introduction and
basic theory

1.1 Progress in microelectronics

Since the beginning of the microelectronics era, which was ushered in with the discovery
of the transistor in the late 1940's, there has been a continuous trend towards smaller device
dimensions to provide, amongst other things, faster devices and greater device density on
integrated circuits.

" This philosophy that smaller devices are inherently better than larger ones led to the
harnessing of optical lithography to reduce integrated circuit linewidths to approximately
0.3um, and now utilises electron beam lithography to enable linewidths of the order of tens
of nanometres to be produced.

However, in pursuit of miniaturisation the linewidths have become so small that they are
comparable with the de Broglie wavelength of the carriers in the substrate material. The de

Broglie wavelength, Ap, is given by equation 1.1:

As=h/p 1.1

where p is the carrier momentum, which is related to the effective mass of the carriers (m*) by
equation 1.2:

p?=2m*k T 1.2
The laws of 'classical mechanics' no longer account for the behaviour of these small

structures because they are in the regime where quantum size effects become increasingly
important and can even dominate the behaviour of the devices.
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CHAPTER 1 Introduction and basic theory

Quantum size effects are manifested by the occurrence of new physical phenomena which
accompany the reduction of device dimensions. This research work is concerned with the
study of these new phenomena in structures fabricated to sizes within the quantum size
regime. Examples of these phenomena will be introduced and considered throughout this
chapter.

1.2 Excitons

Perhaps the single most important concept which must be grasped in order to understand
this area of research is that of the exciton. An exciton, in general, is the name given to an
excited electronic energy state of a semiconducting or insulating crystal (Elliot, 1957).

When a semiconductor is irradiated with light of energy approximately equal to or greater
than its energy band gap then it begins to absorb the incident energy. In this absorption
process an electron from the valence band is excited into the conduction band leaving behind a
positively charged hole in the valence band. This electron-hole pair can, under certain
circumstances, form an exciton. An exciton is an electron-hole pair which is bound together
by the mutual interaction arising from the coulombic attraction between the negatively charged
electron and the positively charged hole (Dexter and Knox, 1965).

The energy required to form an exciton is less than the energy of the band gap. This

. energy difference corresponds to the binding energy of the exciton. Since excitons in GaAs

and InGaAs are only weakly bound they are analogous to the hydrogen atom, and the allowed
energy states of the exciton can be approximated by a hydrogenic model (i.e. the effective
mass approximation) such as equation 1.3. (Bube, 1981):

ok 11
Eml = - ??EH 1.3

where Ey is the ground state energy of an isolated hydrogen atom, m, is rest mass of an
electron, € . is the dielectric constant of the material, n is the principal quantum number, and
U, is the reduced mass of the exciton, which is given by equation 1.4

L L 1.4

For InGaAs, using the values given in Appendix A, the light-hole exciton ground state
binding energy is 1.6meV, and the heavy-hole exciton ground state binding energy is
2.7meV.

An exciton can diffuse through the semiconductor and transport energy (represented by
the binding energy of the electron and hole), however, because the exciton is electrically
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CHAPTER 1 Introduction and basic theory

neutral no net charge is transported (Kittel, 1986). The approximate total energy of an exciton
is given by equation 1.5:

K2,

* * +E 1'5
2(m; +m,)

ex ex,n

where the first term on the right hand side of the equation represents the kinetic energy of the
exciton, Kex is a wave-vector which represents the motion of an exciton's centre of mass, and
Eexn is the binding energy of the exciton in its nth state (N.B. the binding energy is
negative).

The effective "size" of an exciton is given by the Bohr radius (ag) which, in 3
dimensions, is given by equation 1.6.

= &% 1.6

K,

ag

where a, is the Bohr radius for a hydrogen atom.

For InGaAs, this equation yields a light-hole exciton Bohr radius of 32nm and a heavy-
hole exciton radius of 19nm. These values of Bohr radius for InGaAs are approximately
double those of GaAs, the implications of which will become clear when quantum wire and

" dot fabrication problems are considered in the fabrication chapter of this thesis (chapter 3).

1.3 Low dimensional effects

Foremost amongst the new phenomena which occur with a diminishing of the structure
size is the radically altered density of allowed energy states.

In a bulk semiconductor - i.e. a semiconductor whose lateral dimensions are very much
greater than the de Broglie wavelength of the carriers - the density of allowed energy states
takes the form of a continuum beginning at the band gap energy and with an E? shape. If
one of these lateral dimensions is reduced sufficiently (the so-called quantum slab) then the
DOS (density of states) becomes step-like. When two dimensions are reduced (the so-called
quantum wire) the DOS assumes the form of a single step followed by a tail with an
approximately E'? dependence; and finally, when all these dimensions are small (the so-
called quantum box or dot) then the DOS becomes a series of delta functions which resemble
the energy level scheme of atoms.

These conditions are termed 3D, 2D, 1D and 0D quantum confinement respectively, and
are illustrated schematically in figure 1.1.
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CHAPTER 1 Introduction and basic theory

Thus, it is clear that the term 'low dimensional' has a twofold meaning: used in one sense
it can refer to reduced dimensionality, i.e. a regime where carriers are confined in one or more
direction - as shown in figure 1.1; but in another sense the term can be applied where low is
used to mean small, i.e. where sizes are small compared with the de Broglie wavelength of
the carriers (Razeghi, 1989).

The radical change in the DOS produces major changes in the optical properties of
semiconductors of reduced dimensionality. As can be seen from figure 1.1 the band-
broadened optical properties of bulk solids are transformed to sharp, atom-like resonances
with the move to lower dimensional structures. With these sharp, atom-like resonances comes
a concentrated oscillator strength. Confinement of the carriers does not actually change the
oscillator strength per electron-hole pair, but the strict requirement of momentum conservation
is relaxed with reduced dimensionality. This has the effect of concentrating the oscillator
strength compared with the bulk system, the 3D case (Weisbuch, 1991).

Lx, Ly, Lz>>A g
L
Lx Yy
Eg
......Lz...2D...._
| Ly I_.X,LY>>A.B
Lx Lz

:.-:A’B

Density of allowed energy states

1D
N = Lo

I l | Lﬁ;ll:; (I)g, Ly, lz=)p
Energy

Figure 1.1 Variation of the density of states with increasing confinement

1.4 Heterojunctions
Figure 1.1 shows the effects of reduced dimensionality which arise as a result of the small

lateral dimensions of a semiconductor. It is now necessary to consider how these small sizes
are achieved in practice. This inevitably introduces the concept of the heterojunction.
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CHAPTER 1 Introduction and basic theory

A heterojunction results when two different semiconductors are brought together to form
an abrupt junction. In a perfect heterojunction the bulk properties of each semiconductor
remain unchanged right up to the interface, and then they abruptly change into the bulk
properties of the other semiconductor. To satisfy these conditions the semiconductors which
constitute the heterojunction must have similar lattice structure and lattice constants (Jaros,
1989).

The next problem concerns the electronic structure of the heterojunction system, and
particularly the alignment of the band structures, i.e. the alignment of the two periodic
potentials relative to each other. Since the band structures (the dispersion energy Ey versus
wave vector k) are different for each semiconductor then there will be a discontinuity (a
potential step) in both the conduction and valence bands at the semiconductor interface: these
discontinuities are called the conduction band and valence band offsets, respectively.

The mean electron charge density must be the same on each side of the interface, and so
the Fermi energies of the two semiconductors (which have similar lattice constants) must
align. Figure 1.2 shows two semiconductors which are separated initially, and the
bandstructure which results when the two are brought together to form a heterojunction .

AE E)
,". ‘ ‘ ‘.‘ . Wl - - - -
w2 | s
Bg | 2R LT _ . _ Y ]l Er iEgz
(a)
YL
Visssrrsz, Y AE,
Egi _Em _ _ _ _Er_ Eg
7777777 } aE,
TITTITT 7
(b)

Figure 1.2 Band diagram of two different semiconductors when separated (a) and when
forming a heterojunction (b). After Jaros, 1989
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CHAPTER 1 Introduction and basic theory

1.4.1 The quantum well

The logical extension of the concept of the heterojunction is the double heterojunction
system, one example of which is the quantum well. A quantum well consists of a thin layer of
material with energy gap Egp (the quantum well layer) sandwiched between two layers of
material with a larger energy gap Eg) (the barrier layers), as shown in figure 1.3. This figure
shows the so-called type I quantum well, which means that the electrons and holes are both
confined in the layer with energy gap Eg.

The effect of this structure is to confine both of the carriers (electrons and holes) within
the conduction and valence bands (respectively) of the lower band gap material. This is the
method commonly used to obtain 2D confinement - the quantum well slab of figure 1.1.

LLLLLLLLLS, LLLLLLLL
[/ A AE
V. /LS c
E gl E g2 1 Eg]
777777777,
2 1 } 2k,
777777777 777777777

Figure 1.3. Diagram of a quantum well system.

1.5 Exciton confinement effects in quantum structures
1.5.1 Exciton confinement effects in quantum wells

Thus far, it has been assumed that confinement effects - such as those exhibited by the
quantum wells - are complete, i.e. that the electron and hole wavefunctions are perfectly
confined to the quantum well layer with no leakage of the wavefunction into the barrier.

However, this is not the case for real quantum wells because the confining potential in the
well is finite. As the well width is reduced the confinement of the wavefunction becomes
stronger until a certain critical size of well width is reached; below this critical size
confinement effects weaken because the bound state is pushed up near to the top of the well,
which lowers its binding energy and allows the wavefunction to leak into the barrier (Davies,
1992).

A simple approximation of the well width which yields maximum electron confinement is
given by equation 1.7:
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2 2
d= |F 1.7
2m.V

e o

where d is the well width and V,, is the conduction band offset. For InGaAs this yields a
value of 6nm for optimum confinement of the electron wavefunction.

To differentiate between perfect 2 dimensional confinement and confinement where the
wavefunction leaks into the barrier the pre-fix "quasi" is usually added to the 2D in the latter
case to signify that the system is not perfectly 2 dimensional.

The Bohr radius and binding energy calculations in section 1.2 referred to an exciton in a
3 dimensional system. In a 2 dimensional system these values require modification because
confinement enhances the exciton kinetic energy and reduces the electron-hole separation,
thus increasing the confined-exciton binding energy. In a perfectly 2D system the exciton
binding energy increases four-fold and the Bohr radius is halved. An estimation of the 2D
Bohr radius is given by equation 1.8 (Bryant, 1988).

\E_ 1.8
8 u

For InGaAs equation 1.8 yields a light-hole value, aﬁ,D, of 20nm; and a heavy-hole value,
aZ’, of 12nm. .

1.5.2 Exciton confinement in quantum wires and dots

A common method of preparing wire and dot samples relies on patterning a quantum well
sample in the plane of the quantum well. Most fabrication processes produce wire and dot
structures with lateral dimensions (L) considerably larger than the well width, as shown in
figure 1.4. This raises the question of how small L has to be for confinement effects to
become important. The answer to this question is of great importance as it is fundamental in
interpreting the photoluminescence spectra recorded in chapter 6.

* E Z/ * /’l{ ~1000L

L

Figure 1.4 Typical differences between wire and dot widths and lateral dimensions
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It is thought that there are three distinct regimes of confinement (D'Andrea et al, 1990).
The first of these is where the lateral dimensions (L) are very small (comparable with the 2D
Bohr radius) and the electron and hole wavefunctions are quantised independently, this is the
regime of strong confinement, or separate electron and hole confinement.

The second regime is for samples with L » apg but still less than some critical value
(approximately 200nm for InGaAs), in this regime there are electron-hole pairs rather than
excitons. Although in this regime the electronic wavefunctions are not quantised
independently the exciton is still not completely free to move in the plane of the well because
of "reflections" from the wire or dot boundaries. This gives rise to a standing wave pattern
with quantised energy levels (Heitmann et al, 1991). The kinetic energy for centre of mass
motion is given by equation 1.9.

2 2
kin h° K¢,
o™ T

e 1.9
2(m, + m,)

In the direction perpendicular to the wires, K¢, can only have quantised values

K% = Zn n=123,.. 1.10

" The third regime includes the size range between strong confinement (20nm) and centre of
mass confinement (200nm). In this regime there is a gradual increase in the exciton ground
state energy with decreasing lateral dimensions (L). It is expected that in this regime there is a
transition from centre of mass confinement to strong confinement. As the lateral dimensions
decrease the confinement energy increases but so does the binding energy (it becomes more
negative) which tends to mask the increase in confinement energy and offset any small blue-
shift in, for example, the photoluminescence (PL) spectra.

As a result of these competing processes and the different regimes of confinement, careful
interpretation of the PL spectra of quantum wires and quantum dots is required.

1.6 The Ing53Gag 47As/InP quantum well system

A number of possible material systems can be used to produce quantum well structures,
the most common being the GaAs/AlGaAs system. In this system the GaAs acts as the
confined layer and the AlGaAs as the barrier layer; these layers are grown successively onto a
GaAs substrate. The InGaAs system is different because the ternary (InGaAs) acts as the
confined layer and the binary (InP) as the barrier layer.
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1.6.1 Advantages of the Ing53Gag 47As/InP system

There are several reasons why the InGaAs/InP material system was used and studied in
preference to the GaAs/AlGaAs system.

A major advantage of this system is that the electron and light hole effective masses in
InGaAs are lower than in GaAs. One of the fundamental length scales which affects carrier
behaviour in quantum wells is the Bohr radius - the distance between the electron and hole in
an exciton. The low electron effective mass in InGaAs ensures that the exciton Bohr radius is
much larger in InGaAs (~20nm) than in GaAs (10nm), and so confinement effects should
become apparent for larger wire and dot dimensions in this sytem. This eases the fabrication
problems slightly because it is possible to fabricate structures with lateral dimensions as small
as 20nm, which is the regime for strong confinement for this system.

Another advantage of this system is the lower surface recombination velocity in InP than
in GaAs - up to 100 times lower according to some sources (Casey et al, 1977) - which
implies that there will be greater luminescence efficiency for the InGaAs system than for the
GaAs system. Patterning dots and wires greatly enhances the surface to volume ratio of the
active material and so any surface defects become very important, and could even dominate
the device behaviour by quenching the luminescence via non-radiative recombination centres.
In light of this the prospect of a material system with a low surface recombination velocity is

. veryappealing.. . . . . . .

Finally, the InGaAs/InP system is very attractive for optoelectronics device applications,
particularly for optical communication systems, because the system covers the region from
1.3 to 1.6um. It is in precisely this region that the spectral range of low dispersion and
minimum attenuation for silica fibres occurs. No elemental or binary semiconductor has an
energy band gap within this range, so a ternary or quaternary material (such as InGaAsP) is
needed.

1.7 Growth of InGaAs/InP

Producing heterostructures which are abrupt on an atomic scale requires the use of
advanced epitaxial growth techniques. Numerous methods have been used to grow InGaAs
epitaxial layers onto an InP substrate, examples include: low-pressure metal-organic vapour
phase epitaxy (LP-MOVPE) (Razeghi et al, 1983), atmospheric pressure MOVPE (Skolnick
et al, 1986 and Seifert et al, 1990), chloride VPE (Kodama et al, 1983), hydride VPE
(DiGiusseppe et al, 1983), solid source molecular beam epitaxy (MBE) (Marsh et al, 1985),
gas source MBE (Temkin et al, 1985) and chemical beam epitaxy (CBE) (Tsang and
Schubert, 1986). Figure 1.5 shows some of the most common epitaxial growth technologies,
with typical values of operating pressures.
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1.7.1 Elemental source MBE

MBE employs atomic beams obtained from elemental sources which are evaporated at
high temperatures onto a heated crystalline substrate where they react chemically under ultra
high vacuum conditions . Although MBE is a very popular and good (in terms of interface
and well quality) technique for growing GaAs/AlGaAs quantum wells, it is not so well suited
to growing InGaAs/InP quantum wells due to the difficulty in handling phosphorous in a
MBE system.

1.7.2 MOVPE

MOVPE growth proceeds with the introduction of metered amounts of group III alkyls
and group V hydrides into a quartz tube containing a substrate on a heated carbon susceptor.
This hot susceptor has a catalytic effect on the decomposition of the gaseous products and so
the growth takes place primarily at this hot surface. The chemicals reach the substrate surface
by diffusing through a stagnant gas boundary layer above the substrate.

There are three other growth techniques which bridge the gap between MBE and
MOVPE, and offer some of the advantages which are associated with each process.

1.7.3 Gas source, metal-organic and chemical beam epitaxy .

The term gas source MBE is used when elemental group III and vapour group V sources
are used. The conventional group V elements are replaced by the gases AsH3 and PH3 which
are decomposed to yield molecular beams containing As;, P, and Hp.

In metal-organic MBE the group III metal evaporation sources are replaced by metal-
organic compounds but the group V source is still elemental.

Chemical beam epitaxy is the name given to the process which uses both vapour group III
and group V starting sources. The Ga and In are derived from the pyrolysis of triethylgallium
and trimethylindium at the heated substrate surface, and the arsenic and phosphorous are
obtained by thermal decomposition of their hydrides. These chemicals are then admitted into
the high vacuum chamber in the form of a beam.
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Figure 1.5 Epitaxial layer growth technologies (from Ploog, 1991)
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1.7.4 Heterojunction interface quality

Regardless of which method is used to grow the quantum well the most important factor
from a spectroscopist's point of view is the quality of the interfaces produced, with a high
premium set on abrupt interfaces.

Assessing the quantum well interface quality is usually done by photoluminescence
measurements. Although this technique may, on occasion, yield slightly misleading results,
the advantages associated with it account for its widespread use. These advantages include the
following: at low temperatures the principle linewidth broadening mechanism is the interface
roughness (Singh et al, 1984); the technique is non-destructive; the experiment can be
performed reasonably quickly; the quantum well signals are intense with strong resonances
appearing which correspond to recombination in the well; impurities and native defects can be
detected, even when they are in concentrations as low as 1015 cm-3 (Razeghi, 1989); and the
type of emission - free exciton, bound exciton, donor-acceptor pairs, etc. can often be
determined.

Figure 1.6 shows a graph of PL linewidth versus InGaAs quantum well width for various
growth techniques. A striking feature of this graph is the dominance of the CBE technique: it
produces InGaAs quantum wells with considerably lower values of full width at half
maximum (FWHM) than any other technique. The material used throughout this research

. came from four different sources. AP-MOVPE grown quantum well material was supplied by.

RSRE, Sheffield University provided solid source MBE grown samples, RWTH in Aachen
supplied MOVPE material which was specifically designed for this research work, and
Thomson-CSF supplied some LP-MOVPE material. Comments on the quality of the material
used will be given in chapter 6 of this thesis. In all cases, the FWHM values measured at 5K
were larger than those obtained from samples grown by the CBE technique.
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Figure 1.6 Linewidths for various growth processes
1.8 Surface recombination -

Patterning wires or dots onto a sample surface inevitably increases the proportion of the
quantum well material which is exposed to air. Any surface related effects will be exacerbated
because of this increase in surface area which accompanies the patterning of wires and dots.
For this reason it is necessary to study the role of surface effects.

The surface of any semiconductor represents the loss of periodicity of that semiconductor
in one dimension, and hence there will be a change in the electronic states at that surface
(Lassatére, 1987). The crystal surface gives rise to additional electron states whose
wavefunctions extend over the entire crystal surface but which are sharply attenuated with
distance into the sample (Christman, 1988). Surface states can be associated with dangling
bonds, structural imperfections, modifications to the surface stoichiometry and adsorbed
impurities. These electronic surface states (states with wavefunctions restricted to the surface)
behave as trapping or non-radiative recombining centres and so introduce allowed energy
levels into the band gap. There are also surface states which are introduced by defects and
these states are localised at a certain point on the sample surface. These new energy levels
increase the probability of non-radiative carrier recombination and hence reduce the
luminescence signal.
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This increase in non-radiative recombination suggests that there will be a lateral size for
wires and dots below which radiative recombination will not be observable. If this lateral size
is greater than the size where confinement effects become significant then the result is
catastrophic because it will inhibit observation of quantisation effects. In the light of the above
both the native surface properties and the effects of further processing on these properties
become crucial.

Unlike GaAs, where the Fermi level is pinned approximately midway inside the bandgap,
InP and both n- and p- type GalnAs have a Fermi level pinning position within 0.2eV of the
conduction band minimum. The density of the surface states of InP is also more than an order
of magnitude lower than that of GaAs (Wieder, 1985).

The position of the Fermi level pinning is an important parameter because it affects the
size of the space-charge layer (also known as the "dead layer"). Pinning of the Fermi level
(which can occur when there is a surface defect concentration as low as 0.1%) together with
the presence of surface states gives large recombination velocities at the surfaces. The surface
space-charge layer is related to the position of the Fermi level at the surface as measured from
the conduction band and is called the barrier height: the smaller the barrier height the smaller
the "dead layer" (Casey et al, 1977).
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Chapter 2
Literature survey
and review

2.1 Fabrication of quantum structures - background information

The general aim of this research is to produce samples which are patterned in such a way
as to exhibit the effects of quantum confinement. More particularly, this research focuses on
the use of the Ing 57Gag 47As/InP material system.

The Nanoelectronics Research Centre at Glasgow University is not alone in pursuing the

" goal of achieving quantum’ confinement in hetérostructures. Many other research

establishments throughout the world have turned their attention to this problem. As a result,
diverse methods to achieve this goal have come to light, each of these methods having its own
peculiar advantages and disadvantages. This chapter deals with the work published by other
groups in this burgeoning field, and seeks to elucidate some of the features of the more
promising techniques for obtaining quantum confinement.

If quantum dot or wire technology is to be used for commercial applications, for example
as the active layer in laser devices, then the technique used to create such structures needs to
have certain features in order to lend itself to industrial applications. These features include the
need for a reliable and reproducible fabrication process and preferably one that is amenable to
high sample throughput. These industrial considerations have affected certain research groups
who look towards industrial integration, as far as possible, for all their processes. However,
since the subject is comparatively new and there remains much that is not fully understood,
the suitability of the fabrication process to industrial use is not the primary concern of this
work. The primary concern of this work is to fabricate these structures and understand the
physics involved in their response to optical excitation.
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The study of quantum confinement in heterostructures began in earnest when Dingle et al
(1974) observed the quantisation of energy levels in quantum wells of GaAs surrounded by
AlGaAs barriers. Since then, with the availability of highly controllable growth techniques,
this field of study has received much attention world-wide, and work done on quantum well
structures has proliferated.

2.2 Fabrication of quantum wires

In some ways the fabrication of wires is more appealing than the fabrication of dots. One
of the main problems associated with quantum structures is the low signal strength of
luminescence from these structures, making luminescence studies very difficult. In addition to
other physical considerations, this problem arises from the low percentage of material left to
luminesce after structures have been patterned to such small sizes ( a few tens on nanometres).
The percentage of quantum well material remaining after patterning tends to be greater in
quantum wires (approximately 10 to 20%) than in quantum dots (approximately 4 to 10%),
thus - in general - it is easier to obtain photoluminescence (PL) spectra from quantum wires
than from quantum dots. The following sections deal with different methods used to pattern
wires and so attain quasi-one dimensional confinement.

2.2.1 Direct growth of quantum wires

A method of growing quantum wires directly onto an epitaxial layer is a very attractive
concept because it has the advantage of not introducing any damage to the wires, which
inevitably occurs with processes which use dry etching or ion implantation to pattern wires.
This method of direct growth also obviates the problems associated with nanometre scale
lithography. A further advantage of a direct growth process is that buried wires can be
fabricated in one process stage, and so the resulting wires are free from interface
contamination or any other surface defects which are associated with etching (wet or dry), air
exposure or subsequent regrowth steps.

Galeuchet et al (1990) fabricated wires using a one-step MOVPE growth process. This
technique relies on differences in the growth behaviour of the ternary (GalnAs) for different
crystal planes, and results in the reduction during growth of large dimensions on the substrate
to the very much smaller dimensions of the wires grown.

They started with an InP substrate which was either patterned (for growth in a channel or
on a mesa) or masked with silicon dioxide (for growth in a window in this mask). A plane
selective growth technique was then used to obtain GalnAs layers which had both lateral and
vertical dimensions in the quantum size regime. Cathodoluminescence (CL) experiments on
these wires revealed a strong luminescence signal and a FWHM of 8meV indicating that the
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wires were of high quality (see section 1.7.4 for typical values of FWHM for various growth
techniques).

Cox et al (1989) proposed a direct growth technique which used a different method to that
of Galeuchet et al (1989), their method utilised vicinal substrates. A vicinal substrate is a
substrate which has a surface slightly misoriented from a low-index plane - for example, from
the (001) direction. The process requires a grating of parallel grooves to be etched on the
surface of a vicinal substrate, followed by an epitaxial growth stage which fills in the grooves.
They demonstrated the principles of this process by fabricating very large GalnAs wires on an
InP substrate, but no data is available for wires with dimensions in the quantum size regime.

2.2.2 Ton implantation to obtain quantum wires

Weiner et al (1990) employed an in situ focused gallium ion beam writing technique
together with dry etching and gas source MBE to fabricate quantum wires. The process begins
with the growth of a 3nm oxide layer on the top of an InP substrate. Squares are then
patterned in the substrate using a gallium ion beam and the sample is etched by approximately
300nm using argon ion beam assisted chlorine etching. The last stage of the process is to
regrow layers of InP and InGaAs within these etched squares using MBE.

The resolution limit of this process is determined by the spot size of the focused gallium
. ion beam, which for their particular experimental apparatus was approximately 200nm. The
smallest wires they fabricated had a width of 200nm and a period of 2um. These wires were
assessed using CL. The lateral variation in CL intensity for these wires was small, which led
them to conclude that recombination at the wire interfaces does not substantially degrade the
quantum efficiency of the wires.

If the fabrication resolution of this technique could be lowered from the present value of
200nm then perhaps it would be a useful means of obtaining quantum confinement, however,
the attainable size of 200nm is far too large to observe the quantum confinement effects
associated with separate electron and hole confinement.

2.2.3 Strain confinement of carriers to quantum wires

Kash et al (1989) described a novel method of confining carriers by deliberately creating
Strain patterns in a quantum well. A uniform strained layer of GaInAsP was separated from
the GalnAs quantum well by a thin barrier layer of InP. The strained overlayer was patterned
with wires and etched away. The strained overlayer relaxes partially, producing an
inhomogeneous strain pattern in the underlying material, creating a potential well for excitons
under the strained layer by confining primarily the electrons.

page 19



CHAPTER 2 Literature survey and review

They performed PL measurements on 400nm wide wires fabricated using this technique
and found that the quantum well emission was red shifted. They cited the high luminescence
efficiency of the GalnAs quantum well as evidence of the lateral confinement of carriers to the
regions beneath the wells.

The smallest width of wires which they produced using this technique was 200nm. They
did not state the resolution limits of this process, so whether it will be of use in obtaining clear
evidence of quantum confinement remains an open question.

One obvious advantage of this process is that there is no need for any physical patterning,
and therefore degrading, of the quantum well layer, only the layer above the quantum well.
One disadvantage of this technique is that it is not integratable in this form. However, the use
of strain within a structure combined with etching comparatively far away from the quantum
well area is a promising route to achieving quantum confinement.

2.2.4 Selective barrier removal to obtain quantum wires

Gréus et al (1991) published work done using the InGaAs system (Ing 18Gag g2As) but
they used GaAs as the barrier layer rather than the more commonly used InP. The technique
they used relies on the patterning and removal by wet etching of the barrier layer (GaAs).
They call this process selective barrier removal because the barrier - and not the quantum well

. - Is removed by etching, although a small amount of the quantum well surface (~2nm) is

inevitably removed because of the non-zero etch rate of InGaAs in the wet etch.

Confinement of the carriers to the quantum well layer is obtained by virtue of the high
energy barrier of the uncovered quantum well compared with the masked quantum well
region. These GaAs covered quantum well regions represent structures which are effectively
buried, and so do not require subsequent overgrowth steps to improve the quantum
efficiency. The active regions of these wires are also defect free because they are not subjected
to etching or any other patterning technique.

They presented data which compares three different methods of producing quantum
confinement: their own selective etch technique, deep wet etching (etching through the
quantum wells), and deep dry etching. Their PL intensity results showed that the
luminescence intensity of the wires fabricated by selective barrier removal remains comparable
with that of the control sample down to smaller lateral sizes (100nm) than deep wet etched
wires (approximately 500nm) or deep dry etched wires (1000nm).

PL spectra of 70nm and 35nm wires revealed blue shifts (shifts to higher energies) of
approximately 7meV and 15meV respectively. These results are somewhat surprising because
the blue shifts obtained are greater than expected. Indeed, for the 70nm wide wires no blue
shift at all is expected (assuming a square confining potential). They attribute these stronger
than expected blue shifts to uncertainties in determining the actual wire width, as compared
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with the geometrical wire width (the confining potential is not necessarily square). A
broadening of the emission spectra of narrow wires was reported and accounted for by
variations in the widths of the wires over the array excited by the laser light.

2.2.5 Holographic photolithography to produce quantum wires

Miller et al (1989) used holographic photolithography to create arrays of quantum wires.
This method involves a departure from the ubiquitous electron beam lithography technique
which is commonly used to pattern wires. As the name suggests, holographic
photolithography utilises photo-resist and an holography technique to pattern gratings.
Holography is the term used when an interference pattern is produced by the crossing of two
laser beams, producing small period gratings (typically 100nm) over comparatively large areas
(for example, 5mm?2). This process offers the advantage of producing large arrays of wires
much quicker than conventional electron beam lithography is able to. After they patterned and
developed an array of wires in the resist they used wet chemical etching to transfer the pattern
to the single InGaAs quantum well layer. Afterwards, the wires were overgrown using
atmospheric pressure MOVPE.

The data they presented relates to wires with lateral widths between 30 and 40nm.
Characterisation of the wires was done by PL spectroscopy. An interesting aspect of their PL
experiments was the fact that they only focused the laser beam spot to a size of 500um, which
is comparatively large. The reason for doing this was that it ensured that a large number of
wires were sampled, and so large PL intensities and good signal to noise ratios were obtained,
enabling them to vary the laser pump power over an incredible seven orders of magnitude.

They found that after regrowth the normalised PL intensity of the wires (taking the fill-
factor into account) was 1.95 compared with a value of 1 for the control area. Although this
might seem to indicate an increased luminescence efficiency this is not necessarily the case.
They state that it is likely that electron-hole pairs will be captured from the InP areas between
the wires, which would cast doubt on the validity of normalising the PL intensity by the fill-
factor of the wires. Perhaps the best way of presenting the data is to say that the wire arrays
emit with an integrated PL intensity approximately one third of that of the control area
(without any correction or normalisation). They reported a 6meV shift to higher energies for
these quantum wires which they ascribe to quantum confinement; although they did not
discount the possibility that strain induced by the etching and/or regrowth stages may
contribute to this energy shift.

This method of fabricating quantum wires appears to be quite attractive because of its
ability to pattern large arrays very quickly and because of the low damage nature of wet
etching. However, Miller et al (1989) did not state the resolution limits of this technique.

page 21



CHAPTER 2 Literature survey and review

2.2.6 Lithography and wet etching to produce quantum wires

Naganuma et al (1990) and then Notomi et al (1991) published results based on electron
beam lithography followed by selective wet chemical etching. An array of wires with a period
of 150nm was written along a certain crystallographic axis, the <011> direction, of the InP
using electron beam lithography. A selective, anisotropic etch was then used, which utilises
the natural phenomenon of preferential etching of InP in one plane, to produce wires in the
InP which have a reverse mesa shape, i.e. they are wide at the top and much narrower at the
bottom. This technique permits the fabrication of wires whose lateral dimensions are much
smaller than the original width defined by electron beam lithography.

Thus, this technique enables wires to be fabricated in a reproducible manner with minimal
and uniform lateral dimensions (10nm); in addition, because a wet etch is used the surface
damage should be low.

Naganuma et al (1991) reported CL experiments performed on wires fabricated using this
technique and subsequently overgrown with InP. The smallest wires which they probed were
30nm wide. The CL spectrum of these wires showed a blue shift of approximately 9meV. The
normalised integrated PL intensity of the wires (i.e. taking the fill-factor into account) was
0.25 compared with a value of 1 for the control area. They stated that this was indicative of a
good quality wire with good interfaces between the wire and the overgrown InP.

Notomi et al (1991) reported a systematic study of arrays of wires whose widths varied
from 10 to 80nm. They performed PL measurements of the wire arrays, which were
overgrown with InP. This investigation is undoubtedly the most comprehensive study of wire
widths as they vary from sizes below to sizes above the Bohr radius of the InGaAs heavy-
hole exciton (approximately 30nm).

They obtained a PL signal from even the smallest wires (the smallest being a mere 10nm)
and cited this as strong evidence that the fabrication process - in particular the wet etching
stage - inflicts little damage on the quantum well layer. They omitted to give information on
how the luminescence intensity changes with decreasing wire width, or whether the signal
scales with fill-factor.

They observed a definite high energy shift with decreasing wire width, up to a maximum
value of 50meV for the 10nm wide wires. They plotted the wire width versus energy shift for
25 different wire widths and found that the experimentally determined energy shift (from the
PL spectra) was in good agreement with the calculated shift. This calculation assumed that the
lateral confining potenetial was rectangular and finite. An extra shoulder feature which
appeared at higher energies was observed on all spectra (except for the smallest wires) which
they attributed to the second quantised level of the lowest (n=1) electron-heavy hole transition,
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due to lateral quantization. However, there was a larger discrepancy between the experimental
and theoretical energy shifts for this transition than for the main transition. They attributed this
larger discrepancy to the higher level being complicated by band mixing or confinement
effects.

Perhaps it is worth noticing that the spectra they published relating to the 10 and 20nm
wide overgrown wires showed considerable broadening.

2.2.7 Lithography and ion beam milling to fabricate wires

Fabricating wires using electron beam lithography followed by argon ion milling or Ar/0p
reactive ion beam etching has proved to be a popular method in the pursuit of quantum
confinement.

Temkin et al (1987) used electron beam lithography and argon ion milling to fabricate
wires down to 30nm wide. The PL spectrum showed a blue shift of 14meV although this shift
changed with incident laser power, which lead them to conclude that perhaps only 6meV of
the shift was caused by confinement, the rest by band-filling effects. The normalised,
integrated (i.e. taking the fill-factor into account) PL intensity was approximately 0.02
compared with a value of 1 for the control area. This represents a reduction in PL intensity of
almost 2 orders of magnitude. When the integrated PL intensity of the wires was plotted
against the incident laser power (using logarithmic scales on both axes) the slope was linear,
with a gradient of approximately 1. This smooth decrease in PL intensity with decreasing
incident laser power implies that there is no significant non-radiative surface or defect
recombination. They attributed the lower intensity to remnants of the etch mask screening the
laser light.

Gershoni et al (1988) used the same technique to fabricate 35nm wide wires, which they
probed using both PL and PLE. The PL spectrum exhibited a blue shift of 11meV which did
not change with laser power. The PLE spectrum showed two additional peaks which they
assigned to the excitonic transitions associated with lateral confinement in the x direction.
They found that the PL intensity scales with fill-factor and cited this as confirmation of their
previous statements that there is a negligibly low density of non-radiative recombination
centres in argon ion milled wires of InGaAs.

Maile et al (1989) carried out temperature dependent luminescence studies of wires
fabricated by Ar/0> reactive ion beam etching RIBE with widths between 5um and 40nm.
They stated that the quantum efficiency at high temperatures (room temperature) was
predominantly affected by surface recombination and they invoke a "dead layer" (an optically
inactive layer) concept to account for the quenching of luminescence from wires narrower than
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40nm. The "dead layer" width was quoted as being approximately 19nm. This figure was
obtained by fitting their luminescence intensity model to the experimental data, which
indicated that the luminescence quenched when structures less than 40nm wide were
fabricated. The defects which give rise to this "dead layer" are non radiative recombination
centres which do not introduce a lateral barrier. Thus the PL spectrum of 40nm dots is not
significantly different to that of 5000nm dots because the excitons are not confined by the
"dead layer". Figure 2.1 shows how the luminescence intensity of their wires changes with
geometrical wire width.

100
=
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S o T =77K
g e T = JOOK
10°3
InGaAs/InP SQW L, = 8nm
19-‘. LA S B LB ESUREUU SRSV B B LI L SRR AU AL AL D
102 10° 104

Geometrical wire width (nm)

Figure 2.1 Wire emission intensity as a function of geometrical wire width. The points refer
to experimental data and the lines refer to the calculated dependence (Maile et al, 1989)

A more recent study of the quantum efficiency of wires etched by Ar/02 RIBE was
published by Lehr et al (1992). They compared the luminescence of a number of arrays of as-
etched and overgrown quantum wires the widths of which varied from 800nm down to 65nm.
The luminescence was obtained under both resonant and non-resonant excitation. In this case
resonant refers to the selective excitation of the quantum well layer (InGaAs) and non-
resonant refers to the excitation of both the quantum well and barrier layers (InGaAs and InP
respectively).

After overgrowth the quantum efficiency was at least an order of magnitude higher than it
was prior to overgrowth, which they attributed to suppression of the surface recombination at
the active wire region boundaries and a reduction in the optically inactive layer thickness.

The use of resonant and non-resonant excitation enabled them to distinguish between
carrier loss mechanisms in the barrier and in the active wire region. The quantum efficiency is
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defined as the ratio of the emission intensities (under identical conditions) of the wire or dot
structures to the control (mesa) area. An ideal quantum efficiency has a value of

=1 2.1

They find that resonant excitation yields greater values of quantum efficiency than non-
resonant excitation, which suggests that non-radiative processes in the barrier strongly
influence the quantum efficiency of the wire. Even the smallest overgrown wires (65nm) have
a high quantum efficiency (0.84) when excited resonantly.

The difference in quantum efficiency for resonant and non-resonant excitation increases
with diminishing wire width, which implies that the capture of carriers from the barrier also
decreases with wire width. This difference in quantum efficiency for the excitation energies is
always greater in the as-etched than in the overgrown wires, which suggests that overgrowth
enhances carrier capture from the barrier.

Finally, they warned that models which are based on surface recombination at active wire
boundaries are only valid when the quantum well material alone is excited, and not the well
and barrier layers together. This could prove important because most of the PL measurements
published have used non-resonant excitation conditions, which excite both the well and barrier
layers.

2.2.8 Lithography and reactive ion etching to fabricate wires

Patillon et al (1990) used electron beam lithography followed by CH4H RIE to fabricate
wires with lateral dimensions down to 80nm. They performed both PL and PLE
measurements on the samples, some of which were as-grown structures and others were
overgrown with InP. The as-etched wires showed considerable broadening of the PL
spectrum, with the presence of a high energy hump which they attributed to modifications of
the relaxation mechanisms. After overgrowth, however, the PL spectrum displayed a FWHM
comparable with that of the reference part of the sample. The PL spectrum showed a small
(2meV) blue shift of the wires which they tentatively attributed to quantum confinement.
These results highlight the difficulty in interpreting bumps and peaks in PL and PLE spectra.
It would be useful if it could be ascertained why there is a shift in the peak position after
overgrowth.

Izrael et al (1991) used electron beam lithography followed by CH 4H/Ar RIE to fabricate
wires. They presented PL measurements on a single quantum well sample patterned with
wires of 15nm lateral width. The PL spectrum revealed a 30meV high energy shift for these
wires which is indicative of quantum confinement. They state that PL. measurements on wires
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between 60 and 100nm wide showed no shift in energy. The normalised PL intensity of the
wires (i.e. taking the fill-factor into account) was approximately 0.13 compared with a value
of 1 for the control piece of the sample.

Adesida et al (1992) fabricated wires 40nm wide using electron beam lithography and
CH4/H RIE. They performed PL experiments and noted a high luminescence efficiency from
the quantum wires down to 60nm (the signal was 70% of that of the control sample or a
quantum efficiency of 0.7) and good emission from the 40nm wires (10% of that of the
control sample) which suggests that their RIE process induces low damage in the etched
wires. The PL spectrum of the 40nm wires showed no blue shift but it did have a broadened
hump at higher energies which they could not account for.

Samuelson et al 1992 used electron beam lithography, electron cyclotron resonance metal-
organic reactive ion etching and wet chemical etching to produce quantum wires down to
80nm wide. They presented 25K CL spectra of an unetched area and an area patterned with
80nm wide quantum wires. The CL spectrum of the wires was shifted to higher energies (blue
shift) by approximately 10meV compared with the spectrum obtained from the unpatterned
area. It is interesting to note that prior to the wet etch the CL spectra obtained exhibited a blue
shift which varied across the sample. They attributed this variation in shift to strain induced by

. the residue which was left on top of the wires after etching. They stated that the brief wet etch

removed this residue along with approximately 10nm of the wire surface, which removed the
layer of material which was damaged during etching and also straightened the wire sidewalls.
They reported that there was no loss of luminescence intensity after fabrication of the wires.

2.3 Fabrication of quantum dots

Compared with the abundance of literature on quantum wires the volume of literature
published on fabricating quantum dots in InGaAs/InP material has been meagre. Perhaps the
reason for this is related to the lower fill-factors associated with dots, and hence the signal
intensities obtained are lower and more difficult to detect. Many of those techniques described
above which are used to fabricate quantum wires are unsuitable for fabricating dots, but - in
general- any method which can be used for dots can also be used for wires. The four methods
for fabricating dots detailed below were also used by the authors for fabricating wires and
these results have already been given under the quantum wire section above.
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2.3.1 Direct growth of quantum dots

Galeuchet et al (1991) fabricated buried quantum dot arrays using selective area MOVPE
growth. The smallest dots fabricated had a lateral width of approximately 150nm. The CL
spectra obtained from the dots was shifted to lower energies, which they attribute to an
increase in the indium content and an enhancement of the quantum well thickness in the buried
InGaAs dots. The normalised integrated PL intensities of the dots (i.e. taking the fill-factor
into account) are very large. For example, they quote a value of 4 for 280nm wide dots
compared with a value of 1 for the control area. They claim that their quantum efficiency
figures compare very favourably with those published by Maile et al (1989). They state that
their normalised integrated PL intensity figures are between 3 and 6 times larger than those
obtained by Maile et al (1989) for comparable dot sizes. However, it is possible that these
dots capture electron-hole pairs generated in the InP under the original SiO2 mask, thus
artificially boosting the luminescence efficiency values. The size of dots grown (150nm) is too
large to observe quantum confinement effects. Whether smaller dots can be grown by this
method or not is unclear because the authors do not state if there are any fundamental limits to
the minimum size of dot which can be grown by this technique.

2.3.2 Strain confinement of carriers to quantum dots

Kash et al (1989) applied their strain technique (see section 2.2.3 for details) to the
creation of quantum dots. The 5K PL spectrum of an array of dots, each 400nm in diameter,
showed a large (~10meV) shift to lower energies and exhibited a luminescence intensity which
(after taking the fill-factor into account) has a value of 2 or 3 compared with a value of 1 for
the control region. They attributed the shift to lower energies (red-shift) to the creation of
larger potential wells for excitons.

However, dots which are 400nm in diameter are at least an order of magnitude larger than
the 3D Bohr radius and so quantum size effects should not be dominant.

2.3.3 Lithography and ion beam milling to produce dots

Temkin et al (1987) fabricated wires (see section 2.2.7) and dots using electron beam
lithography and argon ion milling. The 6K PL spectrum of the dot array showed an energy
upshift of approximately 6meV. The spectrum displayed considerable broadening, which they
attributed primarily to variations in the dot size over the array but they did not exclude other
possible explanations.
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2.3.4 Lithography and reactive ion etching

Patillon et al (1990) used electron beam lithography and CH 4H> etching to fabricate
quantum dots of 80nm width. They performed both PL and PLE experiments on the dot
arrays and found a small (5meV) energy upshift on the PLE spectrum and a high energy hump
on the PL spectrum. This high energy hump occurred at a higher energy than the lowest
electron-heavy hole transition and was attributed to modifications of the high energy levels
and perhaps even luminescence associated with an electron-light hole transition.

2.4 Summary of literature published on quantum wires and dots

The above summary of the work done on quantum wires and dots plainly reveals the
inconsistency of the results obtained. In order to show this more clearly, table 2.1 summarises
the wire widths and the energy shifts (to higher energies) obtained from these wires. The dash
(-) indicates that the information required was not given in the reference.

Geometrical Reference Fabrication | Energy shift Intensity Overgrowth
wire width | (first author method (meV) compared with
(nm) and year) mesa
35 . .|. Miller'92. | Wetetching | . . 6 . - | . . 195 . N
30 Naganuma '90 | Wet etching 9 0.25 V
10 Notomi '91 | Wet etching 50 - \
20 Notomi '91 | Wet etching 10 - «/
40 Notomi '91 | Wet etching 5 * - v
30 Temkin '87 Ar milling 6 0.02 X
35 Gershoni '88 Ar milling 11 1 X
80 Patillon '90 RIE 2 0.4 v
15 Izrael '91 RIE 30 0.13 X
40 Adesida '92 RIE 0 0.1 X
80 Samuelson '92 | ECR RIE 10 1.4 v

Table 2.1 Summary of published wire widths and corresponding energy shifts
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Figure 2.2 Graph of PL peak energy shift versus wire width

Though much work has been done to obtain confinement using the InGaAs/InP material
system there is still much confusion and debate over the processes which take place within the
wire and dot structures. Many groups have reported energy shifts - some to higher energies,
others to lower energies - but it is difficult to ascertain exactly what is happening or to attribute
modifications of the PL spectra with any degree of certainty. Matters are complicated by the
difficulty in obtaining any absorption or PLE measurements. Even a cursory glance at the
above literature review is sufficient to reveal the absence of PLE measurements from all but a
few of the papers. PLE or absorption data provides invaluable information regarding the
internal energy states, and would greatly assist in ascribing any changes in the PL spectra.

The most lucid work done seems to be that of Notomi et al (1991) who use
crystallographic wet chemical etching and have published a study of the energy shifts for
various quantum wire widths within the region of greatest interest (10 to 80nm).

Some research groups rely on damage induced during the processing stages to lower the
"electronic" width of the quantum wires or dots. Whilst this may give rise to energy shifts it is
not an elegant way of achieving quantum confinement because of the inherent difficulty in
ascertaining the "electronic" width (which requires the use of magneto-optics).

This present work uses electron beam lithography and RIE to fabricate dots and so it is
unlikely to induce as little damage as wet etching would, but it does have the advantage of
being more amenable to the fabrication of dots than wet etching.
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Chapter 3
Pattern delineation
and lithography

3.1 Lithography - General principles

Lithography, in general, is a process used to create a pattern consisting of lines, squares,
rectangles, etc. in a material which covers the sample surface. The material - usually an
organic substance (resist) spun onto the sample to ensure uniform thickness - is sensitive to
the radiation used in the lithographic process.

" There aré séveral different types of lithography, including x-ray lithography (Spears and
Smith, 1972), ion beam lithography (Komuro et al, 1979), electron beam lithography (Watt,
1985) and optical (photo) lithography (e.g. Sze, 1988). Of these, the most commonly used
process, particularly in industry, is photolithography.

In photolithography, ultra-violet light is projected through a mask (usually emulsion on
glass or chromium) which has patterns 'cut' out of it. The light is incident on the resist, thus
producing an image of the mask on the resist.

The minimum feature size which can be written using photolithography is chiefly
determined by the wavelength of the radiation used, i.e. it is a diffraction limited process.
Optical lithography typically uses an ultra-violet light source which emits light in the
wavelength range 300 - 500nm and as a result of this the minimum achievable resolution is
limited to approximately 0.3um. Linewidths of this size are far too large to be of use in
fabricating structures exhibiting quantum size effects (which need to be less than 100nm) and
so optical lithography could not be used for this work.

In order to overcome the limitation due to the photon wavelength of ultra-violet light,
electron beam lithography was used throughout this research. In a typical electron beam
lithography machine the electron wavelength (which is dependent on its velocity) is many
orders of magnitude lower than that of the wavelength of UV light.
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Table 3.1 shows values of electron mass and wavelength for various electron velocities (Watt,
1985).

Voltage (volts) Velocity (relative to | Mass (relative torest | Wavelength (nm)
velocity of light) mass)
1 0.0020 1.0000020 1.226
10 0.0063 1.0000196 0.3878
100 0.0198 1.0001957 0.1226
1000 0.0625 1.001957 0.03876
10 000 0.1949 1.01957 0.01220
100 000 0.5482 1.1957 0.00370

Table 3.1 Wavelengths and masses of moving electrons

The values of electron wavelength in table 3.1 show that in electron beam lithography the
resolution (which is 2nm in good systems) is not limited by diffraction effects. Ultimately, the
resolution of electron beam systems is limited by the beam size (which is influenced by
abberations introduced by the electron optics), the lateral secondary electrons which are caused
by electron scattering of the main beam, and development and related effects.

‘The relationship between-accelerating voltage-and electron wavelength is clearly shown in
table 3.1: the higher the accelerating voltage the lower the electron wavelength. Using only
this information it would appear that those electron beam lithography machines with high gun
voltages would have better resolution than their lower voltage counterparts. This is usually
true, not because the lower electron wavelengths associated with the higher energy electrons
lead to reduced diffraction effects (since the resolution of electron beam systems is not
diffraction limited), but because of the higher energies of the electrons, as will be discussed in
section 3.2.4.

In contrast to photolithography, electron beam lithography is usually (though not always)
a direct writing process: this means that there is no need for a mask because design patterns
are entered as software files which the computer uses to control the electron beam. This gives
tremendous flexibility in designing and altering patterns.

3.2 Resists

A resist is usually an organic substance which is sensitive to a particular kind of radiation.
In photolithography the resist used is sensitive to photons, and in electron beam lithography it
is sensitive to electrons.
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There are certain desirable qualities of a good electron beam resist. It must be capable of
being spun onto a sample, producing a smooth pinhole-free film, and be easily removed after
subsequent processing stages. The resist should only be sensitive to electron radiation. The
sensitivity of a resist is a measure of how much electron dose is required to produce a
lithographically useful image (Deckman and Dunsmuir, 1983). In theory, low electron doses
are preferable, otherwise the lithography process would be time consuming because of the
direct writing nature of electron beam lithography. Finally, the resist should be capable of high
resolution in order to utilise the high resolution of the electron beam lithography machines. As
is often the case a trade-off is required because not all of these qualities are present in any one
resist, e.g. the resists which have the highest sensitivity do not have the best resolution
(Wilkinson and Beaumont, 1986) and so the choice of resist will be determined by the
particular needs of the application. In this research high resolution is of paramount importance
so the resist was chosen with this in mind.

Two types of resist, negative and positive, are in common use. Each has its particular
application and usefulness, its own advantages and disadvantages, and both were used during
the course of this research.

3.2.1 Negative resist

Negatlve resists are polymers which behave in such a way that any area exposed to
electron radiation becomes insoluble in a developer whereas the unexposed areas are
dissolved. This happens because the resist is composed of many short-chain resist molecules.
Exposure to electron radiation causes these chain-like molecules to link together in a network
forming larger molecules which have higher molecular weights than the unexposed resist.
This is called cross-linking (Roberts, 1976). By choosing a suitable developer the areas of
low molecular weight (the unexposed areas) are dissolved whereas the areas of high molecular
weight (the exposed areas) remain because they are insoluble in the developer.

3.2.2 Positive resist

As suggested by the name, positive resist works in the opposite way to negative resist.
Areas of positive resist exposed by electron beams are dissolved by the developer whereas the
areas which were not exposed remain. Positive resist consists of long-chain resist molecules.
When subjected to electron bombardment these long-chain molecules are fragmented and
broken down to short chains, a process called chain scission (Roberts, 1976). These short-
chain molecules have lower molecular weight than their long-chain counterparts and so can be
dissolved in a suitable developer (a developer which dissolves areas of low molecular weight
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but not areas of high molecular weight). Figure 3.1 shows the operation of both positive and

negative resist.
* electron beam *

negative resist positive resist
Figure 3.1 Positive and negative resist operation
3.2.3 Resist exposure

It has been stated (section 3.1) that electron beam machines can have resolutions of 2nm
but this does not mean that 2nm wide lines can be written on any resist regardless of its
thickness or chemical composition; other factors become important when small sizes are to be
patterned on a resist. These factors include the thickness of the resist, the size of the resist
molecules, the number of sites to be patterned in an area and how cfosely spaced these sites
are. In order to understand how these factors will influence the resolution attainable it is
necessary to consider electron scattering.

3.2.4 Electron scattering - the proximity effect

In electron beam lithography a narrow beam of electrons (sometimes as small as 1nm in
diameter) is used to expose an area of resist. However, as this narrow beam enters the resist it
is scattered by both the resist and the substrate atoms. When the electrons are scattered
inelastically secondary electrons are produced. These secondary electrons usually have much
lower energies than the electrons in the primary beam and are thought to be responsible for the
exposure of the resist (Wilkinson and Beaumont, 1986).
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When the primary beam is scattered by the resist then small angle forward scattering
results. This inevitably broadens the narrow beam and causes exposure of an area larger than
the original beam diameter. As the thickness of the resist increases forward scattering will
increase the width of resist exposed. This explains why thinner resists are generally capable of
higher resolution than their thicker counterparts.

Another effect which needs to be considered is the backscattering of electrons by the
substrate. Unlike scattering due to the resist, substrate scattering causes electrons to scatter
over a larger area, thus creating a background exposure over an area considerably broader than
the main beam diameter. This is important because it suggests that the exposure required for
two features which are close together will be different to the exposure they would require if
they were much further apart. Both of these effects (small angle forward scattering and
backscattering) are shown in figure 3.2 (Craighead, 1986).

| | Electron beam

Resist

Substrate
Backscattered\
electrons

Figure 3.2 Diagram of forward scattering and backscattering of electrons

By using electron beams which have high particle energies (50-100kV) the forward
scattering distribution is narrowed and the backscattered electrons are smeared out over a
much larger area (Beaumont, 1991). It is for this reason (and not because of electron
wavelength considerations) that higher accelerating voltages (e.g. 100kV) are used on electron
beam machines in order to obtain high resolution (<30nm) lithography.

Having considered electron beam lithography, resist types, and factors affecting electron
beam machines in general, the particular electron beam machines used in this research will
now be considered.

3.3 PSEMS500 electron beam machine

Three electron beam lithography machines were used during the course of this research,
the first of these was the PSEM500, which was used for the initial two years because it was
the only one available. The PSEM500 system at Glasgow University is a scanning electron
microscope modified to facilitate electron beam lithography. The maximum accelerating
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voltage available is 50kV, the nominal spot size can be varied from 1um down to 8nm, and
the range of magnification is from 20x to 80 000x. Table 3.2 shows some frame and pixel
sizes for certain useful magnifications on the PSEM500. A diagram of the PSEM500

lithography system is shown in figure 3.3.

magnification x pixel size y pixel size x frame size y frame size
5 000 7.3 nm 5.4 nm 25 um 22 um
1250 28 nm 21.3 nm 115 um 87 um
80 400 nm 317 nm 1640 um 1300 um

Table 3.2 Frame and pixel sizes and corresponding magnifications for PSEM500

\J electron gun

| beam blanking
computer
control

T condenser lens
digital
ginga’tor _.M N deflection coils

& & objective lens

sample
[ ]  stage

Figure 3.3 Modified PSEM500 lithography system

The magnification (given in table 3.2) is an important parameter because it determines the
size of frame to be exposed. This frame is divided into an array of 4096 by 4096 pixels so the
higher the magnification the smaller the pixel size. However, with increasing magnification the
frame size decreases. The highest useful magnification for writing dots is 5000x because at
this magnification the pixel size is less than the lowest nominal spot size.

3.3.1 Fabrication process for PSEM500
To pattern very small (100nm) features using electron beam lithography it is critical to

focus accurately on the sample surface. To simplify the focusing process - and to make it more
accurate - it is a good practice to pattern large alignment marks on the sample; these marks also

page 37



CHAPTER 3 Pattern delineation and lithography

serve to locate the small patterned areas when performing PL experiments. Alignment marks
should be made of a metal with a high atomic number because the number of backscattered
electrons increases sharply with atomic number (Watt, 1985). A suitable material for
alignment marks is gold, due to its ease of evaporation and high atomic number.

A sample of quantum well material, usually 5Smm square, was cleaned using the following
standard process: a 5 minute soak in trichloroethylene, followed by a 5 minute soak in
methanol, followed by a 5 minute soak in acetone, followed by a 5 minute soak in
isopropyl alcohol, all performed in an ultrasonic bath.

After this cleaning/de-greasing process, positive resist was spun at 5 000rpm producing a
resist layer 1700nm thick, which was then baked for 12 hours at 180°C. The positive resist
used was poly(methyl methacrylate) of molecular weight 185 000. This consisted of 18%
BDH dissolved in chlorobenzene (Adams, 1990). Alignment marks were patterned using
electron beam lithography, the resist was developed in developer consisting of one part of
MIBK [methyl iso butyl ketone] to one part of IPA [isopropyl alcohol] at 23°C for one
minute, and blown dry with nitrogen gas.

A layer of nichrome 20nm thick was evaporated onto the sample for good adhesion
followed by a 150nm thick layer of gold. A "lift-off" was then performed by soaking the
sample in acetone, which dissolves the resist and leaves only the nichrome/gold alignment
marks. This "lift-off" process is shown in figure 3.4.

evaporated metal
~N
resist || -I.l. —

substrate

Figure 3.4 The "lift-off" process

There is a disadvantage associated with depositing gold alignment marks which becomes
evident when performing photoluminescence measurements of small dots. The gold marks act
as effective dry etching masks for the underlying quantum well material and so when high
laser powers are used in PL experiments - as frequently occurs when trying to record the low
intensity signals emanating from small quantum dots - luminescence is detected from the
underlying material which obscures the true signal from the dots. For this reason it was
decided to use wet etched alignment marks.

A suitable wet chemical etch should have a slow etch rate and be non-selective between
InP and InGaAs. The etch used was a mixture of concentrated hydrochloric acid, concentrated
ethanoic acid and hydrogen peroxide (35%) mixed in the ratio of 1:1:1 (Adachi et al, 1982).
The actual mix quantities were:
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CHAPTER 3 Pattern delineation and lithography

High resolution negative resist of molecular weight 11 000 (8% HRN dissolved in
Microposit thinner) was spun at 7 000rpm onto the sample surface producing a layer 110nm
thick. The resist was baked for at least 3 hours at 1200C following which dots or wires were
patterned. After exposure, the resist was developed using MIBK for 15 seconds then IPA for
15 seconds, followed by MIBK for a further 15 seconds and IPA again for 15 seconds. The
remaining resist served as a suitable mask for dry etching. This process and the positive resist
patterning process are illustrated in figure 3.7, the words in bold indicate process stages.

negative resist positive resist
Ooaoaoononon resist 1 O0O00O0Onr—
substrate
lithography
el i . A A
lift-of T
resist titanium
/ N
—— dots
RERRR R —«—nannnn
dry etch

Figure 3.7 Fabrication of dots using positive and negative resists

Table 3.3 gives details of magnifications, spot sizes, pixel separation and exposure dose
for some of the dot files used for patterning 8% HRN negative resist (these dot files were
originally developed by Amot, 1990).

; Magnification Dot size (nm) No. of pixels | Exposure dose | Pitch (pixels)
(uCcm-2)
5000 60 4x4 9000 50x65
5000 100 9x12 2000 82x108
2500 250 7x12 2000 52x68

Table 3.3 Details of exposure values for dot files using PSEM500
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3.3.2 Sample layout and design

The sample layout was the same as that which was used previously by Amot (1990). It
was designed to make the PL experiments as simple as possible by arranging the arrays in two
columns. This simplifies the PL experiments because with the particular optical cryostat used
for this research it was easier to adjust the laser spot in the vertical direction than in the
horizontal direction. It was necessary when designing a layout to include unpatterned areas -
called mesas - which provide an area of original material for comparison with the etched areas.
Ideally, these mesas should be located as closely as possible to the patterned areas, without
being so close as to contribute stray luminescence when the patterned area is excited by the
laser during PL experiments. The sample layout chosen has the advantage of having a mesa
close to every dot array, so that spurious results are not recorded which are due to shifts in the
PL peak position across the wafer. Figure 3.8 shows a diagram of the sample layout, and
figure 3.9 is a micrograph of an actual sample.

column

patterned =g

with dot == column

arrays =) - patterned
B & 4" with mesas
(] ()
= “aligriment
8 & 1 marks
=

Figure 3.8 Sample layout for use with PSEM500
3.3.3 Disadvantages of the PSEM500

There are a number of disadvantages associated with the PSEM500. Not only is it slow at
writing patterns - partly due to its low beam current - but, more importantly, its minimum
linewidth is comparatively large.

By trial and error it was found that the inherent resolution of 8% HRN resist was
approximately 60nm. This could be reduced by using a negative resist with a lower percentage
content of HRN, such as 4% HRN (Thoms et al, 1988), but this resist would be too thin to
work as an effective etch mask during the dry etching process. However, using positive resist
together with the lift-off technique, linewidths down to 40nm can be obtained using the
PSEMS500; although this is still much greater than the inherent resolution limit of the positive
resist. Although the PSEM500 has a nominal spot size of only 8nm, in practice it was
suspected that this value was never really attained.
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CHAPTER 3 Pattern delineation and lithography

The disadvantage of the stitching technique lies in the inability of the PSEM500 to align
adjacent frames to the stringent specifications required.

Stitching eighty frames together usually results in lines which resemble 'wires' where two
frames overlap, and areas with no dots where frames do not quite touch each other. The latter
problem is not too serious, it merely results in a slight change to the actual fill-factor and a
lower luminescence signal. However, the creation of 'wires' presents a more sinister problem
because it is possible that these pseudo-wires will emit with greater luminescence efficiency
than the dots, rendering any luminescence intensity measurements useless.

A final problem connected with the fabrication process was the difficulty of focusing on
the wet etched alignment marks. Obtaining an accurate focus was troublesome because the wet
etched walls were very smooth, and there was little contrast between the etched and unetched
areas. This focusing problem had serious ramifications because the depth of focus on electron
beam lithography machines is small and when tiny feature sizes are being patterned the focus
is critical.

Though none of the above mentioned disadvantages was intolerable, their cumulative
effect represented a serious hindrance to the reproducible fabrication of small dots over large
areas. However, by using another electron beam lithography machine, the Jeol 100 CXII,
most of these problems were overcome.

. 3.4 Jeol.100.CXII electron beam machine .

Unlike the PSEM500, the Jeol 100CXII is a converted transmission electron microscope
(TEM) with a scanning attachment, which was extensively modified for use as a lithography
system. Figure 3.10 shows a diagram of the column of the Jeol 100CXIIL

The Jeol 100CXII has a maximum accelerating voltage of 100kV and a spot size of
approximately 2nm (which it probably attains, unlike the PSEM500) which gives it greater
resolution than the PSEM500. Its microscope functions and optics are completely computer
controlled, and owing to its design the Jeol has larger electron beam currents for a particular
spot size than the PSEM500, hence it is able to scan patterns much quicker than the
PSEMS500.

In a similar way to the PSEM500, the Jeol uses a frame which is divided into an array of
4096 by 4096 pixels. To pattern very fine lines (less than ~30nm) high magnifications (2400
or greater) are required in order to reduce the pixel size. However, with an increased
magnification comes a diminished frame size, which introduces the problem of having to step
and repeat the pattern more often than before in order to cover the array size required (usually
at least 200pm squared for PL experiments).

This problem was eased however when the scan generator was modified. One of the
modifications to the scan generator enabled more pixels to be addressed in the same frame
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CHAPTER 3 Pattern delineation and lithography

size. Previously, only 4096 by 4096 pixels could be addressed, but with the modification it
was possible to set the scan generator so that it would allow 8192 by 8192 pixels to be
addressed. This had the effect of reducing the pixel size (four new pixels were the same size

as one old one) without reducing the frame size.

U Wehnelt cap
lstgc ond | |__:[| blanking unit
condenser
: X X
coils ———-53¢ mm lowmag \ deflection
secondary 1 E/-—— high mag J cols
electron — K} 7
detector ayo
an stage driven by
objective 1 E E stepper motors
lens coils I objective pole
TEM image = o pieess
forming lens — <ﬂ =
coils .
transmitted electron detector

Figure 3.10 Modified Jeol 100CXII (from Jeol instruction manual)

Table 3.4 shows some frame and pixel sizes for certain useful magnifications on the Jeol,
which relate to a frame composed of 4096 by 4096 pixels. When small dots (down to 35nm)
were patterned using a magnification of 1200, the useful Jeol frame size was approximately
115um by 80 um. In practice, this enabled areas of 400um square to be patterned with small
dots, which was ideal for spectroscopy. Another advantage of the large frame size was the
reduced effect of stitching on the actual fill-factor.

magnification x pixel size y pixel size x frame size y frame size
600 66.7 nm 54.9 nm 273 um 225 um
1200 33.4 nm 27.9 nm 137 um 113 um
2400 16.7 nm 13.8 nm 68 um 56 um

Table 3.4 Frame and pixel sizes and corresponding magnifications for the Jeol 100CXII
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3.4.1 Fabrication process for Jeol 100CXII

Alignment marks are an essential part of the fabrication process when patterning samples
using the PSEM500, but they are not necessary when patterning samples using the Jeol. The
reason for this relates to the different ability of each machine to focus on the sample surface.

The standard method of focusing the Jeol is to focus at each comer of the sample. The Jeol
then calculates the best-fit plane through the four points and gives the deviation of each point
from the best-fit plane. This verifies the consistency of the focus across the sample.

Using the Jeol it is relatively simple to focus on scratches made in the resist; and since the
patterned areas are large (400um square) it is simple to locate them when doing PL
experiments, thus obviating the need for alignment marks. With alignment marks redundant,
the associated problems of stray luminescence from underneath the gold alignment marks and
the difficulty of focusing when using wet etched alignment marks disappear.

By not using alignment marks several stages are removed from the over-all fabrication
process, which is advantageous because with an increased number of process stages comes an
increased probability of sample failure during the fabrication process.

Only positive resist was used on samples patterned by the Jeol. To ensure maximum
posssible resolution and to aid the lift-off process very thin layers of PMMA were used in a
bilayer structure. The lower layer of PMMA had a molecular weight of 185 000 (it consisted
- of 2.5% BDH dissolved in chlorobenzere ) and the upper layer hiad a molécular weight of
350 000 (it consisted of 2.5% Elvacite dissolved in O'xylene). The higher the molecular
weight of resist, the higher the exposure dose needs to be to expose it completely. Thus the
linewidth of the upper layer of resist is narrower than the lower resist layer. This bi-layer
resist structure raises the probability of performing a successful lift-off by giving an undercut
profile, as shown schematically in figure 3.11 (Mackie et al, 1982). The combined thickness
of the bi-layer resist structure was approximately 50nm.

2.5% ELV
/ 25%BDH
n/ R
exposure evaporation lift-off

Figure 3.11 Lift-off with bi-layer resist

Once the resist had been patterned by the Jeol the next step was to evaporate a suitable
material for use as a mask during the dry etch process.

The choice of this material was not trivial. In addition to the fundamental property of being
resistant to etching during the rf discharge, a mask must also be amenable to any experiments
which will be performed subsequent to the dry etching process.
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If PL spectroscopy is to be done then it is vital to have an optically transparent mask such
as negative resist or a strontium fluoride based mask (a mixture of 92% SrF» and 8% AlF3 by
weight). When patterning samples using the Jeol, the strontium fluoride based powder was
favoured because it is easily evaporated and can be removed very rapidly in dilute HCI. This
ability to remove the mask is essential if overgrowth is to be performed. Throughout this
research the amenability of patterned samples to be overgrown subsequent to fabrication was a
strong consideration.

As an alternative, a very thin layer (9nm) of nichrome was used as a mask. The aim of this
was to discover whether a thin layer of metal would be transparent. The nichrome mask had
the advantage of good adhesion, but it was not completely transparent; it reduced the PL signal
by approximately 50%. This reduction in PL signal is unacceptable because the PL signal
from small dots is difficult enough to detect without unnecessary attenuation introduced by the
mask. Thus the need for an optically transparent mask precludes the use of even a thin
nichrome mask.

If Raman scattering experiments are to be done, to investigate surface phonon effects, then
a transparent mask is not required. A mask which is highly resistant to etching (e.g. titanium)
is more suited to these experiments because very tall structures are necessary, and these need
longer etch times than the standard quantum dot process.

A final caveat about the positive resist process: it is difficult to perform a successful lift-off
with small patterns which.are closely spaced, which-isa problem that is not encountered when -
negative resist is used. Thus the change from using negative to positive resist, although
enhancing the minimum achievable linewidths, greatly increased the number of sample failures
during the fabrication process.

3.4.2 Sample layout and design
The layout of patterns on the sample surface was deliberately changed for use with the

Jeol. Figure 3.12 shows a diagram of the new pattern layout, and figure 3.13 is a micrograph
of an actual sample.

B mesa
large dots/wires
small dots/wires

Figure 3.12 Sample layout for use with Jeol
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CHAPTER 3 Pattern delineation and lithography

3.4.3 High resolution lithography using the Jeol

The smallest wires produced on InGaAs quantum well material had a lateral width of
approximately 20nm * 5nm, although wires were patterned on GaAs substrates which had
lateral dimensions of 15nm + 5nm. When wires as small as this are patterned then the edges of
the wire become very uneven because of the comparatively large variations in wire width
along the length of the wire (the absolute variations in wire width may be only a few nm but
this is large compared with the overall wire width).

Some examples of the small wires and dots produced by the Jeol are shown in figures
3.14 to 3.16. All of these structures were patterned using a magnification of 2400 and the
8192 by 8192 pixel format, which meant that each pixel was ~9nm by 7nm. Table 3.5 shows
some of the conditions used for patterning wires and dots on the Jeol. The column headed
"No. of pixels" refers to the number of pixels exposed in the structure (whether wire or dot),
the number of scanbits refers to whether 4096 pixels (12 represents 212) or 8192 pixels (13
represents 213) were used for each frame and the beam current refers to the typical beam
current available at the particular aperture/spot size combination used.

Magnification | Dot size Wire size No. of No. of Exposure Beam
(nm) (nm) pixels scanbits uCem2 | current
. . Ao - (pA)
2400 25 1 x 4400 13 2000 30
2400 50 2 x 4400 13 2000 30
600 60 1x1 12 1200 80
600 100 1x1 12 2500 80

Table 3.5 Details of Jeol parameters for fine line lithography
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CHAPTER 3 Pattern delineation and lithography

STORAGE TILT
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TRAP.DEFL,
CONTROL
i BEAM BLANKER
N CONDENSER 1
X
____\\\\\\ CONDENSER 2
[ DEFL.
. ' R MAIN COIL
Y CURRENT TRAPEZIUM COIL
TRAP.DEFL.
CONTROL MAIN COIL
FINAL LENS
— SUBSTRATE
SUBSTRATE CHAMBER }
i
|

Figure 3.17 Diagram of Beamwriter (EBPG HR5) column
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Due to the strength of the luminescence signal PL measurements do not require large
arrays (e.g. 1mm?) of wires and dots. However, for experiments which have notoriously
weak signals, such as PLE with a white light source, large arrays of wires or dots are
indispensable. It is in producing samples with large patterned areas that the Beamwriter

‘excels.

3.5.1 Fabrication process for the Beamwriter

The fabrication process for the Beamwriter was very similar to that used for the Jeol. No
alignment marks were required. The same bilayer resist structure was used for the Beamwriter
as was used with the Jeol, 2.5% BDH and 2.5% Elvacite, and then a layer of StF»/AlF3
approximately 25nm thick was evaporated and lifted-off.

3.5.2 Sample layout and design

The method of clamping samples in the Beamwriter obscures approximately 2mm of the
sample and as a result, to reduce wastage, the minimum useful size of sample which could be
patterned was approximately 10 by 5Smm. Yet again this called for a new sample layout, which
is shown in figure 3.18.

- Each array is 500um by 500um and is separated from its nearest neighbour by 1Imm. The -
layout of the sample is such that the sample is symmetric about its length.

. mesa

. D ﬂ]]] - 250nm wires
U MM 30nm wires
N 0 B N
g 25nm wires
E H 0 [@M MW = 300nm dots

50nm dots
O EHE W N

D 25nm dots

Figure 3.18 Sample layout for use with the Beamwriter
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CHAPTER 4 Pattern transfer and reactive ion etching

Chapter 4
Pattern transfer and
reactive ion etching

4.1 The Need for dry etching

Wet chemical etching is a simple, useful, low damage technique for transferring a large
(several microns) pattern from a mask to the underlying substrate. The problem with wet
etching lies in the isotropic nature of the etch profile, which renders it unsuitable for patterning
small (a few hundred nanometres) feature sizes, and completely useless for producing narrow
cylinders which are etched to a depth very much greater than the mask thickness.

Although wet etches have been used (most notably by Notomi et al, 1991) to produce very
narrow wires, the wires were carefully aligned along etch planes and the etch chosen was
selective, in that it was specific to one particular etch plane. It is a process which requires
painstaking preparation to ensure alignment of the wires and a tightly controlled etch time.
This crystallographic etching process lends itself to making wires but is not so well suited to
fabricating dots.

In view of the unsuitability of wet etching for creating structures of small dimensions on
randomly oriented substrates, an alternative process is required which is anisotropic in nature;
the only suitable candidate is the dry etching process. One of these processes is reactive ion
etching.

4.2 Reactive ion etching - general introduction
A typical reactive ion etching machine has a vacuum chamber containing two parallel
electrodes, one of which is grounded and the other is connected through a blocking capacitor

to a radio-frequency generator (van Roosmalen et al, 1985). RIE is a term given to the process
of etching a substrate in a neutral, partially ionised gas which contains mainly neutral radicals,
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CHAPTER 4 Pattern transfer and reactive ion etching

free electrons and ions - most of which are positive: this neutral, partially ionised gas is called
a glow discharge.

Unlike wet etching, where the substrate is immersed in the etching reagent, RIE proceeds
with the substrate being subjected to ions, atoms, molecules and radicals (a radical is a
fragment of a molecule with an odd number of unshared electrons {Lehmann, 1985}). The
areas exposed to the plasma are removed by either physical bombardment (sputtering) of the
substrate, or a chemical process whereby a volatile etch product is formed; or perhaps a
combination of these two processes, with ion bombardment aiding chemical etching by locally
heating the substrate and loosening the chemical bonds. Figure 4.1 shows a diagram of two of
these processes, sputtering and chemical etching (after Ruska, 1987).

®

o
X TO/ ®\ fo/ \ (’/
@ ion
@ gas molecule

Figure 4.1 Sputtering of substrate with ions, and chemical etching with gas molecules

The basic processes involved in RIE are: generation of reactive species, transport of the
reactive species to the substrate surface, absorption onto the surface, reaction with the
substrate forming a volatile product, transport of the product species away from the substrate,
and removal of the species from the chamber via the pumping process (Carter et al, 1989).

4.3 Basic theory of RF discharges

The etching mechanism of an f discharge process relies on having highly reactive species
which will react with the substrate to form a volatile product.

4.3.1 Generation of active species

These species are created by a radio-frequency discharge, which generates chemically
reactive species from molecular gases which are sometimes relatively inert proir to
dissociation (Coburn & Winters, 1979).

The rf electric field causes acceleration of the electrons in the plasma and the resulting high
energy collisions precipitate changes in the gas molecules. Some examples of these processes
are shown in equations 4.1 to 4.3:
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Tonisation Ar —— Ar* + 2¢ 4.1
Electron impact ionisation H,—— 2H + ¢ 4.2
Excitation Ar —= 5 Ar" + € 4.3

These species - ions and atomic hydrogen (for example) - are highly reactive, and will
either react with the substrate or recombine. To minimise this recombination process the etch
gas is kept at low pressures in a vacuum chamber, thus increasing the average distance
between collisions (low pressures also ensure that there is a high dc bias). The applied rf
electric field offsets the continual relaxation and recombination by imparting energy to the
electrons which enables them to ionise, dissociate and excite the gas molecules (Chapman,
1980).

Due to the presence of some high energy electrons in the plasma (most of the ions in the
plasma have low energy but the ions traversing the dark space have high energies), which are
considerably higher than a chemical bond energy (Ruska, 1987), the etch gases are broken
down into every conceivable fragment, e.g.

CH4,CH3, CH , CH, C , H and other combinations including the ionised
versions of all of these.

. 4.3.2 Anisotropic etching

In an rf discharge process the plasma contains charged particles - ions and electrons -
which are mobile; therefore, the plasma is a good electrical conductor and so it is at a uniform
potential throughout. However, the plasma cannot exist in contact with an object and so it is
separated from both the walls of the chamber and the substrate to be etched by an area with
few electrons. This region is comparatively dark due to the lack of excited molecules and
atoms relaxing and emitting photons, whereas within the plasma the constant relaxation of
excited atoms ensures a bright glow. These dark spaces (or ion sheaths) act as small
capacitors.

The positive ions and electrons can escape from the plasma to the sidewalls; electrons
(being lighter) escape more readily than the ions, but this is soon balanced out because the
plasma gradually becomes positively charged due to the preferential loss of electrons, and so
electrons are then retained by the attraction of the overall positive charge of the plasma.

With the application of an external alternating electric field it would seem reasonable to
assume that the substrate would only experience ion bombardment for half of the voltage
waveform cycle, but this is not the case. The reason lies in the fact that the electrons are far
more mobile than the ions. The effect of this is to offset the substrate voltage waveform, and
to displace it to a negative value known as the dc self bias, as shown in figure 4.2 (Chapman,
1980).
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Voltage
\ZE

VA /\ JA » time
Z _\\:/ _v_ \—] — dc self bias

Figure 4.2 Effect of rf signal on substrate

As can be seen from figure 4.2, the substrate voltage is negative for almost all of the
cycle, and so the substrate is bombarded with ions almost continually. Positive ions are
accelerated away from the glow and across the sheath, giving a salvo of ions on the horizontal
surfaces, whereas the vertical surfaces are subjected to a greatly diminished flux of ions,
which arise from reflection of particles from nearby horizontal surfaces. It is this almost
continuous bombardment of the sample with ions normal to the surface which aids and
encourages vertical (anisotropic) etching, without promoting sidewall etching.

" 4.4 Etching with a methane/hydrogen gas mixture

During the last few years many different etch gases have been used to etch InP and its
related compounds (InGaAs and InGaAsP). These include gases as diverse as: CCI2F2/Ar/O2
(Hu and Howard, 1980), Cl»/O2 (Coldren and Rentschler, 1981), SiCl4 with and without Ar
(Stern and Liao, 1983), CH31/O; (Doughty et al, 1986), Ar with and without O, (Germann et
al, 1989), CH4/He, CH4/Ar (Andideh et al, 1989), and CH4/H2 with Ar (Henry et al, 1987)
or O (McNabb et al, 1991).

During this research the etch gases used to etch InP nanostructures were methane (CHy)
and hydrogen (H2). The main advantage of this etch mixture over the chlorine containing gas
mixtures was that the etch did not need to be performed at high temperatures, which would
not have been acceptable for etching samples with a negative resist mask because this would
have caused the resist to flow and hence change the shape of the mask. RIE of InP in chlorine
containing etch gases needs to be performed at high temperatures because of the low volatility
of InCly compounds (McNevin et al, 1986).

Andideh et al (1989) compared the results of etches which used CH4/H2, CHy4/He and
CHu4/Ar gases. They found that all three etches had similar etch rates and characteristics.
CH4/H3 had a higher etch rate than CH4/He although helium being heavier should be a better
sputtering species, from this they deduced that the etching role of hydrogen was more
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chemical than physical in nature. CH4/Ar had the highest etch rate of all due to the physical
nature of argon etching as a sputtering species. The most anisotropic profiles they obtained
used hydrogen to dilute the methane.

Although much of the methane/hydrogen etching process remains recondite, several
theories for the etching mechanism have been proposed and substantiated by some
experimental evidence.

The etch process is generally thought to be the reverse of the MOVPE growth process. It
has been shown that phosphine (PH3) is the primary phosphorous-containing volatile product
(Hayes et al, 1989) and it is postulated (although not proved) that trimethyl indium is the
primary indium containing volatile product. It is not easy to verify this because the methyl
radical species (CH3) is so reactive that it is difficult to detect by mass spectrometry, which
tends to detect the products of reactions rather than the reactants themselves. Equations 4.4
and 4.5 show possible dissociation processes involving the etch gases and equation 4.6
shows how these gases are thought to react with the InP.

CH, —< 5>CH, + H 4.4
H, — 3 2H 4.5
CH, + 3H + InP —— (CH,),In + PH, 4.6

Itis obset-'ve-d t-ha.t a.fte.r CH4/H2 étcﬁiﬁg .thére.is .a ﬁolymer coating on the etch mask. This
polymer is thought to be an organic substance originating from the methane because the
polymer thickness increases with methane content. It is postulated that the methyl groups
interact with each other because they cannot react with the substrate.

There appears to be two competing reactions in equation 4.6. The methane seems to be
responsible for removing the indium, and the hydrogen atoms - from both the hydrogen and
methane gases - for removing the phosphorous. It has been observed that as the amount of
hydrogen in the gas mixture increases the sample surface becomes more and more depleted of
phosphorous. This is evidenced by small (30nm) rounded features on the sample surface
which have been attributed to both ion induced topography (Hayes et al, 1989) and islands of
metallic indium (Pajot et al, 1989). As the amount of methane in the gas mixture increases so
the etch rate increases and the polymer deposition increases until a certain point is reached,
beyond which the etch rate decreases. Thus the etch gas mixture is critical in order to obtain a
good etch.
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4.5 Surface damage due to RIE

In order to create structures in a substrate material it is necessary to remove the unwanted
material - the etching process. With the removal of this material it is inevitable - with wet or
dry etching - that damage is inflicted on the substrate; but what is most important is the level
and type of damage inflicted.

There are three types of defect which commonly occur in dry etching: deposition of a
substance onto the mask and/or substrate, diffusion of some of the plasma species or products
into the substrate, and dislocation of the crystal lattice (Doughty et al, 1986).

Quantitatively assessing the extent of the damage inflicted is a difficult process, many of
the techniques which are used give results which are more qualitative than quantitative in
nature. A further complication arises from the possibility that the sidewall damage is different
to the surface damage. It is simpler to assess the surface damage, but it is more important in
fabricating quantum dots and wires to know the sidewall damage as this affects the
luminescence intensity.

Needless to say, the best dry etching process is the one which produces least damage yet
still manages to etch the material anisotropically.

4.6 The ET340 reactive ion etch machine

The first dry etch machine used during the course of this research was an Electrotech SRS
Plasmafab 340 RIE machine, which, at that time, was the only one available in the department
for CH4/H; etching. It is a reactor which has a 3.3 to 1 ratio of anode area to cathode area,
and both electrodes are made of aluminium. The sample to be etched is placed on a titanium
oxide coated cathode which has a diameter of 17cm. The cathode (driven electrode)
temperature was regulated by circulating cooling fluid which was maintained at a constant
temperature of 30°C during etching. A diagram of the ET340 is shown in figure 4.3.

Qmm anode
NN —. (earthed plate)
N P
N i
NE NN\
to pump * ; | matching network
rf generator
cathode
(driven electrode) -
gas inlet

Figure 4.3 Diagram of the ET340 etch chamber
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The ET340 permits control of the gas flow rates and forward power but the pressure
cannot be controlled independently of the flow rates (the machine has been modified since this
work so that the pressure can now be controlled independently), it can only be adjusted by
varying the flow rate of the etch gases. As a result of the chamber geometry, the dc self bias
was usually in the range from -600 to -1100V. This is quite high compared with other
machines which would only generate a dc self bias in the range from -200 to -400V. This high
dc self bias arouses suspicion that the etching process will inflict serious damage due to the
large potential accelerating the active species in the plasma, and the corresponding high
momentum of species as they impinge on the sample substrate, perhaps causing crystal
dislocation.

Much work has been published on CH4/H> etching since it was first reported as suitable
for etching InP by Niggebrugge et al, 1985. However, there are many different reactive ion
etch machines used in research establishments, and as the etching conditions (gas flow rates,
chamber pressure, etc.) generally differ for different chamber geometries there is no standard
optimum recipe for all machines, but each brand of machine will have its own optimum etch
conditions. These conditions can vary considerably between machines.

It is also likely that the etching conditions could be different depending on what features of
the etched structures are the most desirable: whether it is more important to obtain vertical
sidewalls or smooth surfaces. The etch conditions could also be different depending on
whether large structures (several microns) such as waveguidés, or small structures (100 im) -
such as quantum wires are to be etched.

For these reasons it was decided to do a wide range of tests in order to optimise the
etching conditions for the ET340 and especially for the particular feature sizes - quantum
wires and dots - which were of interest during this research.

4.6.1 Optimising the ET340 CH4/H2 process

With dry etching it is difficult to predict accurately what changes will occur in the etch if
one parameter is changed, the best way to find out is to use an empirical approach and
perform the particular etch. However, matters are complicated by the large number of
parameters which can be altered. Those parameters which can affect the etch include: methane
flow rate, hydrogen flow rate, etch pressure, forward power, methane to hydrogen ratio and
electrode temperature. It is also not certain whether it is the methane to hydrogen ratio or the
absolute methane flow rate which determines whether or not the etch mixture is methane rich.

Previously, InP had been etched in the ET340 machine within the department (Arnot,
1990), but that etch process used forward powers of approximately 180W which gave rise to
a dc self bias of approximately -1100V. This value of dc bias was considered to be likely to
produce some form of damage on the sample surface (as a comparison the work done on
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etching GaAs to fabricate dots uses a dc bias of approximately -300V) due to the high energy
of the ions traversing the dark space and impinging on the sample.

In attempting to optimise the etch process this forward power of 180W was used initially
but the power was gradually reduced to the minimum possible value which would support
anisotropic etching.

The results obtained are summarised in Table 4.1. Each etch was performed for 3 minutes
to ensure that the results could be compared directly, and the chamber was conditioned prior
to etching by doing a short (1 minute) etch, as suggested in the literature (Hayes et al, 1989).
Negative resist (8% HRN) was used as the etch mask. The dot profiles always exhibited an
overcut profile (the thickness at the top of the structure was always less than the thickness at
the bottom of the structure). The overcut is thought to be due to build-up of organic polymer
on the mask surface: as the polymer builds-up less of the substrate area is exposed to the etch
and so the etched feature inevitably broadens, thus exhibiting an overcut profile. This is
shown schematically in figure 4.4.

CH4:H> CHy Pressure Power Indium Overcut Etch rate
Ratio Flowrate | (mTorr) (W) droplet | (estimate) | (nm/min)
(sccm) size (nm)
3:2 7.5 7.3 180 30 big 120
32 "6 '5.5° 180 40 small "130°
1:7 6 20.5 180 80 small 120
3:2 7.5 6.6 150 50 medium 104
1:5 7 18 120 75 medium 104
1:3 8 15 110 40 big 120
1:1 8 9.2 110 30 medium 120
4:3 8 8.9 110 40 medium 140
2:1 8 8.6 110 40 big 140
3:2 12 8.9 110 45 medium 93
5:4 10 10.4 100 25 small 89
9:8 9 8 100 35 medium 82

Table 4.1 Summary of important etch results
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mask\ polymer

substrate

Figure 4.4 Changes in etch profile with time, showing origin of overcut profile

The column which is headed "overcut" is intended to serve only as a qualitative indication
of how steep this angle of overcut is. The reason that more accurate results are not given is
that the overcut is not always reproducible as it depends on the polymer deposition, and it is
difficult to measure the overcut with any degree of certainty as the polymer build-up on the
mask is not uniform and the dots were only etched to comparatively shallow depths (300nm).

On examining the etch rates shown in table 4.1, it is clear that the highest etch rates are
achieved by a judicial choice of gas ratios and flow rates, and they do not correspond solely to
the etches with highest values of forward power.

The etch conditions which were chosen as giving the optimum etch are recorded in the
penultimate row of table 4.1. This etch uses a CH4 to H ratio of 5:4 with a CH4 flowrate of
10sccm. Several other etches were performed to ascertain the etch rate more accurately. The

_ mask used for these etches was titanium, and the etch depths were measured using a Tally- .

Step surface profiler. The results are plotted in figure 4.5.

500
E 400 - Etch conditions
E Methane 10 sccm
£ 300 Hydrogen 8 sccm
I Pressure 10.4 mTorr
S 200 - Power 100 W
= dc self bias 817V
[3]
& 100 -
0 T T
0 100 200 300

Time (sec)

Figure 4.5 Etch depth versus time for optimum CHy / H3 etch conditions

The etch rate determined from the slope of the best-fit line in figure 4.5 is 105 nm/min. At
first it might seem surprising that this line does not go through the origin. However, one
explanation for this is that there is an induction time when the plasma stabilises during which
no etching takes place. Another possible explanation for the delay in the etch process starting
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is that there could be some native oxide on the sample surfaces and so this oxide would have
to be removed before etching could proceed. From the graph this induction time corresponds
to 23 seconds.

An etch was also performed under identical conditions, except with the forward power
increased to 150W, giving a dc bias of 973V. The measured etch rate was 160 nm/min.

The criteria used for selecting the optimum etch for fabricating dots and wires were the
following: as smooth a surface, as small indium droplets, and as low a dc bias as possible.
However, for certain experiments (notably those on surface phonoﬁs) the important feature of
the etched structure needs to be vertical sidewalls. These are most readily obtained when the
mixture has little methane and so the optimum etch for these experiments could be different.

Figure 4.6 shows two micrographs with near horizontal views of two different dot sizes
etched in conditions which were considered to be the optimum for fabricating dots. Figures
4.7 and 4.8 show the micrographs, taken at an angle of 40° from the vertical, of some of the
other etch results obtained. These results are all documented in table 4.1.
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4.6.2 Damage inflicted by ET340 during CH4/H2 etching

The aim of this research is to examine the effects of fabricating submicron structures such
as wires and dots. Optimising the etch process is not an end in itself but a means to an end; the
end being the fabrication of quantum dots - pillars which exhibit effects caused by quantum
confinement of the carriers.

Optimising the etching conditions to produce smooth surfaces is aesthetically pleasing but
it does not necessarily mean that the etched structure has only suffered a low level of damage;
whether or not this is true must be assessed by other means.

The amount of damage that the etched material has sustained is very important. If a high
degree of damage has been inflicted then there could be a large number of non-radiative
centres, the result of which would be to reduce drastically the luminescence intensity. Such an
outcome would be catastrophic. '

The reason for this is that after etching the surface into free-standing pillars only a small
fraction of the quantum well material remains. This small volume of active material must
produce a large enough signal to allow detection with the germanium detector. With the
decrease in dot size there comes a corresponding decrease in the luminescence signal because
of the increase in the surface area to volume ratio. This research being chiefly concerned with
fabricating structures which are as small as possible, it is vital to maintain as strong a
lurninescence signal as possible in order to be able to detect any signal, and thereby furnish
experimental data on quantum confinement effects. This problem of a weak luminescence
signal is exacerbated by the fact that there is a fundamental limit on how close the dots or
wires can be spaced - this limit is imposed by resist and lift-off considerations - and so the
pattern cannot simply be made more dense to counteract the decreasing luminescence signal.
This shows the importance of the etch process being one which inflicts minimal damage to the
sample surface, and the catastrophic effects of an etch process which inflicts a large degree of
damage.

As previously mentioned, it is not a trivial task to assess the extent of the damage which is
inflicted on the sample surface and especially on the sidewalls during etching.

In order to assess the damage both photoluminescence spectroscopy and phonon Raman
scattering were performed. Whilst photoluminescence has been used previously to assess
etching damage, it is difficult to interpret the data obtained and derive any meaningful
conclusions from the luminescence data alone. However, when used in conjunction with
Raman scattering it can provide useful information. Raman scattering is used because it is
sensitive to any disorder of the crystal lattice, showing up any slight lattice disorders with a
broadening of the LO (longitudinal optic) phonon peak. It might also show a peak associated
with the TO (transverse optic) phonon after etching, which is normally symmetry forbidden
for (100) surfaces in cubic crystals (Watt et al, 1988).
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4.7 The pP80 reactive ion etch machine

During the course of this research another RIE machine suitable for CH4/H3 etching was
purchased. It was a Plasmafab Microprocessor RIE 80, which is a parallel plate reactor with a
2.8:1 ratio of anode area to cathode area. The sample to be etched is placed on a graphite plate
which completely covers the lower electrode (the cathode). Both the methane and hydrogen
gases are introduced into the chamber via a shower head in the anode. During etching the
cathode temperature was regulated by circulating cooling fluid at a constant 25°C because the
electrode temperature rises during the etching process. A diagram of the uP80 etch chamber is
shown in figure 4.9.

—_— shower head
gas flow / in anode
OSSN SOCN N NN N ]-—_L

|__ cathode

| ]
ul matching network
to pump if generator

Figure 4.9 Diagram of the uP80 etch chamber
4.7.1 Advantages of the uP80 RIE machine

Since so much time and effort was devoted to optimising the etching conditions for the
ET340 RIE machine, the question that naturally arises is, why change to a different RIE
machine which uses exactly the same etch gases?

There were several reasons for pursuing etching using the uP80. The most notable among
these was the lure of the low dc self bias. During etching the uP80 typically develops a dc
bias of approximately -300V for a forward power of 100W, this is only a third of the typical
value developed by the ET340. This low accelerating voltage tantalises with the prospect of a
low level of sample surface damage; and with low damage comes the boon of a stronger
luminescence signal - and hence of dots and wires which will emit light when fabricated to
smaller lateral dimensions, thus increasing the possibility of achieving the goal of this
research, namely, observing quantum confinement effects. So for this reason alone - the
possibility of lower surface damage - etching on this machine had to be pursued.

There were also other advantages associated with the uP80. It allowed the user to control
the chamber pressure independently of the gas flow rates - a facility not available on the
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ET340. A further advantage was related to the fact that, as the name suggests, the pP80 was
microprocessor controlled, and so it could accommodate a multi-step etch process. The
usefulness of this function, although perhaps not immediately apparent, will become clear
later, in the surface phonon section (section 4.7.3).

4.7.2 Optimising the uP80 CH4/H> process

It was thought probable that the optimum etch conditions of the uP80 would differ from
those of the ET340 because the chamber geometry of the uP80 is different to that of the
ET340. In order to verify this and to obtain the optimum process conditions a series of
experiments was embarked upon.

Rather than expending copious amounts of time and effort characterising the etching
process on the uP80, as was done on the ET340, it was decided that only a few tests would
be done and thereby an acceptable etch process would be developed. This procedure was
adopted because there was a paucity of time available and, as stated previously, the etching
process is only a means to obtaining quantised structures. If, however, after doing PL on
structures etched using this process the signal was very low then it would still be possible to
return to the etch process and adjust some of the parameters to obtain a more critically
optimised etch process. If a strong PL signal was obtained then this would confirm that the
- etch process was suitable for the fabrication of small structures and so verify that it would be -
sufficient for the needs of this work.

As with etching using the ET340, when using the uP80 the forward power was kept
constant at 100W. Although this decision was taken somewhat arbitrarily, it did serve to allow
comparisons to be made between etches performed on the two machines.

Initially, only three etches were performed. The methane flow rate and etch pressure were
held at a constant value and the hydrogen flow rate was varied. Adesida et al (1990) used
exactly the same machine (uP80) and etch gases for RIE of InP and they quoted a methane to
hydrogen flow rate of 1:3 as the optimum etch conditions. With this in mind it was decided to
perform some tests with parameters which were similar to these conditions, hence methane to
hydrogen flow rate ratios of 1:2, 1:3, and 1:4 were used. These parameter are shown in table
4.2, along with the etch rates and maximum surface indium droplet size. Micrographs of two
of the etch processes are shown in figure 4.10.

As can be seen from table 4.2 and the micrographs shown in figure 4.10 the variation in
hydrogen gas flow rate has little effect on the etch profile. However, with low hydrogen
concentrations there is a more noticeable amount of polymer build-up. These results seem to
be in agreement with those obtained by Thomas and Clements (1992), who suggest that the
etch rate is chiefly determined by the partial pressure of methane, and not by the ratio of CHyg
to Ho.
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