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Abstract

Lateral Surface Superlattices were fabricated by etching in strained InGaAs
layers above a GaAs/AlGaAs 2DEG channel. These were etched both by dry plasma
wet chemical etching to produce periods of 100nm, 200nm and 300nm. These
superlattices were fabricated on Hall bars to allow four terminal measurement and a
blanket gate was placed on top, to allow variations in the carrier concentration.

The magnetoresistance effects of these superlattices were studied at varying
values of gate voltage, which varies the carrier concentration and the electrostatic
periodic potential and at temperatures down to 45mK in a dilution refrigerator. From
the oscillations observed in the magnetoresistance traces it is possible to calculate the
magnitude of the periodic potential. This showed that the etched, strained InGaAs was
producing an anisotropic piezoelectric potential, along with an isotropic electrostatic
potential. The variation in period allowed a study of the change of this piezoelectric
potential with the period as well as a study of the interactions between the electrostatic
and piezoelectric potentials.

Further, at the lowest temperatures a strong interaction was observed between
the Commensurability Oscillations, caused by the periodic potential, and the
Shubnikov-de Haas Oscillations due to the Landau Levels. This interaction was studied

as it varied with temperature and carrier concentration.
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Chapter 1 Introduction

1.1 Introduction

This thesis will cover work carried out between October 1996 and October 1999. It
was a continuation of work carried out by S. Vallis and E. Skuras et al[1-4] prior to
my arrival in the group.

They had studied striped metal gate superlattices, with a variety of periods. They
studied the magnetoresistance traces obtained for various magnitudes of potential and
with various periods. They discovered that strain in the metal gates led to a
piezoelectric potential, which combined with the purely electrostatic potential from the
biased gates. It was therefore suggested that producing superlattices using intentionally
strained, etched layers would lead to larger potential magnitudes and allow greater
study of the piezoelectric contribution. Also, it would allow the electrostatic variation
of the carrier concentration to be carried out independently of the periodic potential.
Hence, for this work I studied etched superlattices on similar wafers to that used by E.
Skuras and S. Vallis, concentrating on the magneto-resistance results.

I produced 300nm, 200nm and 100nm period superlattices with a range of electrostatic
potential sizes. These were produced by dry plasma and wet chemical etching, making

use of a positive resist mask, with the pattern being written by a beam writer.

1.2 Qutline

In Chapter 2 will detail the basic theory behind semiconductor heterostructures and
superlattices. This will include a look at the theory of the piezoelectric effect as applied
to periodic arrays of stressor material.

Chapter 3 details the fabrication procedures involved in the production of the
experimental samples. This will include wafer preparation, beam writer techniques and
a full list of the different patterns written.

Chapter 4 involves the measurement equipment used. This involved two different
Oxford Instruments cryostats, denoted black and blue, with two different cooling

inserts.



Chapters 5,6,and 7 will detail the results obtained. Chapter 5 will involve the initial
experiments carried out while the fabrication procedure was still being perfected,
involving 300nm period devices. Chapter 6 will include 100nm and 200nm devices as
measured in the blue measurement system at higher temperatures and Chapter 7 will
cover the 100nm devices, measured at the lowest temperatures in the black system.

Chapter 8 will bring together all the conclusions obtained through out the work.

1.3 Review of previous work

The previous work carried out in this department involved striped metal gates.

That is, a striped, periodic pattern was written in resist by the beamwriter and then a

gold film was evaporated over the top. When the resist was dissolved away any gold

‘adhering to the wafer surface remained, leaving behind a set of gold lines. These were

then connected together, away from the measurement region, to form one continuous
gate. A bias could then be applied to this gate to create a periodic electrostatic potential
at the level of the 2DEG. It is the interaction between the electrons and this periodic
potential that was studied. These were studied by A.C. lock-in techniques in a Helium
cryostat at temperatures of approximately 1.5K.

There are a number of problems with this method. For small periods it can be
very difficult to get a continuous gate. This can lead to unmodulated areas of the
electron gas. Also, as the period becomes reduced, the effective potential at the 2DEG
becomes smeared. Thus we end up simply depleting the electrons with no periodic
effect. The magnitude of the potential is usually of the order of one percent of the
Fermi level which is not very large, giving rise to small, noise prone oscillations.

It was, however, noted by those working in Glasgow [3] that there was a small
periodic potential even when the gate bias was zero. This, it transpired, was due to
strain from the gate metal. As the sample is cooled to measurement temperatures, the
gate contracts at a different speed to the underlying substrate. This leads to a strain at
the interface. It was initially believed that the electrostatic potential seen by the 2DEG
was due to the deformation effect. This was proved to be theoretically too small
however. Thus it was believed that the piezoelectric effect was the source.

Hence, the motivation for my work was to introduce a deliberately strained

superlattice and study its properties. The aim being to prove that the piezoelectric effect



was present. After proving this I moved on to producing short period superlattices with

potentials approximately ten percent of the Fermi level using these strained layers.
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Chapter 2 Basic Theory

2.1 Introduction

All experiments in this work were carried out on III-V semiconductors. The
basic theory of charge accumulation and flow in these materials has been extensively
studied. The effects of periodic potentials on the properties of these semiconductors is
a more recent addition to the theory. The basics will be set out in the following

chapter.
2.2 2DEG Formation

For any semiconductor the lattice can be thought of as a set of periodically
charged points which make up planes of charge. As is known from X-ray optics, waves
in a periodic structure undergo Bragg reflection. This is the fact that as the wave

number becomes a multiple of the periodicity of the lattice, back reflection becomes a

large factor. Thus when & = n (where k is the wavenumber, n is an integer and a is
a

the period of the crystal lattice) a standing wave is set up between neighbouring lattice
planes. This can be then described as two different charge densities which then allow
two different energy states to exist [1]. These have the same wavenumber, and thus
crystal momentum, but different energies. Thus an energy gap is formed. An insulator
has an energy gap insurmountable to all electrons while a semiconductor has a smaller,
yet not insignificant, gap. The region below the gap, where the majority of states are
filled, is known as the valence band. Above the gap, where most of the states are
empty, the region is known as the conduction band as this is where the electrons that
conduct current reside, in our samples.

When a junction between two different layers of semiconductor is formed the
energy gap is distorted. This can be best illustrated in a conduction band diagram. This
is a diagram which describes the variation of the conduction band edge as a function of
position. Fig. 2.1 shows such a diagram for a delta doped GaAs/AlGaAs

heterostructure.
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The number of electrons is governed by the energy band offsets in the sample
and the depth of the well which is a function of the layer structure. If we assume that
the donor ions are frozen at measurement temperatures, then the Fermi energy is

pinned, and thus the concentration of electrons can be described as follows [3];

(AEc -E4u )30

RCATAL .

where n,p is the carrier concentration, AE; is the conduction band offset between

the GaAs and AlGaAs layers, Eyq is the pinning energy of the donor ions, €, and €, are
the dielectric constants of the AlGaAs and GaAs respectively and s and a are as shown

in Fig. 2.1.

2.3 Bulk effects in a magnetic field.

Applying a magnetic field perpendicular to the plane of the 2DEG causes the

electrons to execute circular orbits. These are known as cyclotron orbits whose

o = eB| R - N2mE
frequency is: ©iml The cyclotron radius is given by: ‘ leB] [2]-

For a 2DEG in zero field all different values of k have different energies.
However, as a field is applied, solving the Schrédinger equation for a magnetic field
perpendicular to the flow of charge reveals that these states collapse into n degenerate
levels broadened by scattering events, such as electron-electron scattering or impurity

ho,

[4

2e
2.2 all levels below the Fermi level are filled. As the magnetic field increases the energy

scattering. [2]. These levels have energies of E, = (n - %) . As can be seen in Fig.

of the Landau levels increases. Thus the Landau levels move past the Fermi level of the
2DEG forcing all the electrons in to lower levels and causing oscillations of the Fermi
energy. The density of states available at the Fermi level changes, altering the

resistance. The resistance oscillations, known as Shubnikov-de Haas (SdH)
oscillations, are periodic in -%}— in the following manner;

1 hnyp

B 2e (2.2)
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impeded. The electrons then stream laterally in this magnetic field. This causes the
resistance to rise with increasing magnetic field [18]. These streaming orbits become
closed cyclotron orbits past a “magnetic breakdown” point. This point occurs when the
electrostatic force is equal to the magnetic force. This point can be calculated as;

27,
B, = =0 2.9)

avy

where V) is the size of the potential, vr is the Fermi velocity and a is the period of the
potential [19]. The streaming orbits do not become closed instantaneously. There is a
rapid decay of the streaming orbits, prior to the breakdown point, which can be seen as
a decrease in the resistance. However, in our samples, this decay is not seen, due to
other, higher field, effects overlapping this region.

At high magnetic field a rise in resistance is also seen. It is proportional to the
square of the magnitude of the periodic potential in the following way;

2
5_p =1+(%) a)czz'z (2.10)
P F

where 7= L [19]
Ve

It is also heavily modified by any Shubnikov-de Haas oscillations present. Both
these effects are known as Positive Magnetoresistance (PMR) effects.

The above arguments have assumed that the commensurability structure is a
simple semi-classical effect. It is possible, however, to perform a quantum mechanical
analysis of the periodic modulation [20]. This gives a similar magnetoresistance result
for a first order perturbation. It is interesting to note that the COs manifest as a
modulation of the width of the Landau Levels, as the magnetic field is varied. The LLs
are broadened at a resistance maximum and are unmodulated at a resistance minimum.
Further broadening terms, such as random impurity scattering, can be added into this
analysis, making it a very powerful tool.

As the quantum mechanical SdH oscillations are very temperature dependant
most work has been done at temperatures sufficient to smear out these SAH
oscillations and leave the CO behind. However, little has been done to study the
interactions between the two types of oscillation at low temperatures. A simple

explanation of what happens is that the SdH oscillations have their average value

16



modulated by the CO. Thus the SdH amplitudes are unaffected but their absolute value
in resistance is shifted depending on the underlying CO. Chapter 7 will cover work
designed to study this particular area.

2.6 Estimation of potentials

There are two methods by which we can calculate the magnitude of the
potentials used in these experiments. As the magnetic energy must be equivalent to the
modulation energy at the PMR peak it’s position in magnetic field can be used to
estimate the potential. It should be noted that the “magnetic breakdown” point that
Eqn. 2.6 refers to occurs just after the magnetoresistance peak, when all the open
orbits have become closed. In experimental traces it is not possible to discern this
point. Thus the peak itself is used. This will introduce some error.

With equations (2.6) and (2.7) the carrier concentration can be calculated from
the position of a trough (a useful check against the value found from the SdH

oscillations) and, if combined;

k-2 = ), @.11)
and then rearranged (for arbitrary CO oscillation number k);
@4k-Da v.m,
8§ B (2.12)
If this is then combined with (2.9);
eV, 8B,
E. (4k-1)zB @2.13)

The other method makes use of Beenaker’s perturbation calculation which
relates the magnitude of the CO oscillations to the magnitude of the potential.
Beenaker showed that the longitudinal resistance varies with magnetic field in the

following way;
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If a periodic potential is present then the features shown in Fig. 2.9 should
appear in an Ry against B trace. There will be a PMR peak at low fields (<0.3T). This
is due to the open, streaming orbits described earlier. As the magnetic field increases
the cyclotron orbit becomes commensurate with the potential period. Thus CO appear.
As the cyclotron orbit is initially large the oscillations are small. This comes from the
Beenaker equation (2.14) where Jp is inversely proportional to R.. The oscillations

3
then increase as the radius contracts until the radius is equal to 3 of the period (from

equation (2.7) for k= 1). This gives the large minimum at ~0.8T. In this example the
SdH oscillations are becoming visible at this field and so they begin to modulate the
CO. As the field rises further the sample moves into the Geim PMR region. It is
heavily modulated by SdH oscillations, however, and the interplay between these two
effects is not fully understood.

The magnitude of the potential can be calculated in a number of ways. As
described earlier, the relative positions of the PMR peak and the k=2 CO trough give
one estimate of the magnitude. Thus, from a trace such as the one above, positions can
be measured and the potential calculated. Unfortunately, if the SdH oscillations are
large they can overlay the k=2 minimum. This can add errors to the measurement of
position. Also, if the potential is large, the two points become very close together.
Thus it can be difficult to confidently say that the k=2 minima is not being offset by the
PMR peak. The size of a CO peak, i.e. 8p, is also an indication of the potential
magnitude. However, this can also be modified by similar factors. SdH oscillations can
make it hard to say at which point a peak or trough occurs and a large potential can
cause most of the oscillations to be drowned out by the PMR, leaving nothing to
measure. Also, a very small potential gives small oscillations. These can introduce large

measurement errors when the peak heights are measured from the experimental trace.
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All the samples used in these experiments were fabricated in the Department of
Electronics and Electrical Engineering at the University of Glasgow. Much help and
advice was supplied by the technical staff in the Ultra Small Structures Lab where the

majority of the work was carried out.

3.2 Facilities

The majority of the work was carried out in a class 10,000 clean room. This
contained two class 100 fume cupboards, two baking ovens, a Plassys Metal
Evaporator and access to the beamwriter. The department has a Leica Cambridge
Beamwriter EBPG-5. This works by projecting an electron beam onto the wafer. The
beam can be moved by magnetic coils such that it draws out the required pattern. This
pattern is drawn in light-sensitive resist which undergoes a chemical reaction upon
illumination. The illuminated resist will then dissolve in a mixture of IsoPropyl Alcohol
(IPA) and Methyl isoButyl Ketone (MiBK) leaving a patterned mask for further
processing. A second clean room in the department has a Rapid Thermal Annealer
(RTA) which is used for the annealing of Ohmic contacts. There are also two Hitachi
Scanning Electron Microscopes, a DC probing station, a wafer scriber and a gold wire
bonder available.

All wafers used in these experiments were grown by Molecular Beam Epitaxy
(MBE), also in the Department of Electronics and Electrical Engineering.

3.3 Fabrication Techniques

All the wafers used in these experiments were of a similar nature. They
consisted of a simple delta doped heterojunction, as had been used on many occasions
by others in the group, with a novel Iny,Gao sAs layer near the surface to introduce
stress. The “stressor” layer structure is as follows;

Surface

10nm GaAs

6nm Ino 2Gap sAs

2nm GaAs

4nm Aly3Gag 7As
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2nm GaAs

10nm Al 3Gag 7As
8—doping (3.5e12cm™?)
20nm Alp3Gag 7As

GaAs channel and substrate

In addition a “control” wafer was also grown, at the same time. This had an
identical set of layers, except that the “stressor” InGaAs layer was replaced with a pure
GaAs layer. Thus, it would be possible to fabricate samples on this second wafer, any
differences between the two being attributed to the stress produced.

When received these wafers were cleaved by a diamond tipped scriber into
quarter wafers for ease of fabrication. They were then cleaned by ultrasound in acetone
for five minutes and rinsed in Iso-Propyl Alcohol (IPA) for a further five minutes with
ultrasound and dried with compressed nitrogen gas. This cleaning procedure would be
carried out before fabrication of each layer as contamination of the surface could
impair adhesion of resist to the surface or distort the pattern required. The sample had
a Poly-Methyl Methacrylate (PMMA) resist spun on it and was submitted to the
beamwriter technicians.

The usual method for generating the PMMA layer was to spin a thick layer of
the resist, bake it for a short time to prevent mixing with a second layer, and then spin
the second layer which was baked for longer (Fig. 3.2). The baking causes the resist to
harden, allowing the mask produced to be rigid. After the resist had been baked it was
submitted to the beamwriter. After writing the sample was then developed. This
involved dipping the samples in a mix of IPA and Methyl iso-Butyl Ketone (MiBK),
known as a developer. The exact ratio of these two, and the length of time the sample
would be immersed, depended upon the job in hand. The electron beam generates a
pattern by reducing the PMMA to smaller molecules. These are small enough to be
dissolved away by the developer, leaving behind the undeveloped resist. This can then
be used as a mask for metallisation and wet or dry etching.

Metallisation was carried out in the Plassys evaporator. The sample was placed
in a vacuum and metal was evaporated over the visible surface. Once metallised the

sample was placed in warm acetone. This dissolved the unexposed mask resist, taking

24



the excess metal with it. Thus the desired pattern in metal is left behind. This process is
called lift-off. For etching, wet or dry, the sample is merely etched to the required
depth and then the mask resist is removed with warm acetone as above.

The bi-layer structure was most important where a metal pattern was to be
deposited. It is desirable that the lower layer dissolves slightly quicker during
developing. This creates an overhang at the edge of the pattern. Hence the lower layer
is spun with a lighter resist, which is broken up more by the electron beam, and hence a
slightly larger feature is created in the lower area, creating the desired overhang. When
the metal is evaporated it will fill the exposed area but will not move under this
overhang. Thus, when removing the excess metal and resist later the acetone is free to
attack the PMMA from the side without any metal being in the way. In the case of
etching it is more important to have straight edges to the resist mask. This will more
effectively guide the etchant to the wafer surface. Thus a single layer, or perhaps two
layers of similar material, are used.

The resists available were of two types. They were known locally by the
manufacturers names and were Aldrich (Ald) and Elvacite (Elv). They had an average
molecular weight of 120,000 and 360,000 respectively. The polymers were dissolved
in chlorobenzene or xylene to a number of different percentage weight contributions.
The higher the percentage of PMMA in the solvent the thicker becomes the resist
when spun on to a wafer.

To expose the resist in the beamwriter, for each layer of the process, a separate
“pattern” and “job” file were required. These computer files instruct the beamwriter as
to its task. Initially a CAD package called Wavemaker (Wam) was used to create the
designs. Each layer was then analysed by a program called CATS to produce the
pattern file. A second program, BWL, was used to set parameters such as dose and

sample position. This is the job file.
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Table 3.1: Parameters of superlattices produced for this thesis.

Period Written Mark:Space  Spot Size  Step Size  Resist  Dose

(nm) (nm) (nm) (nm) 1C)

300 130:170 12 10 4% Ald 590
4% Elv

200 85:115 12 5 4%Elv 570

100 35:65 12 5 4%Elv 700

The superlattices are developed with 3:1 IPA:MiBK developer. They are only
dipped in the solution for 30s as little resist has to be removed. Once the superlattice
has been developed the sample is handed over to a dry etch technician with instructions
as to type of etchant and time in the plasma.

The dry etching for these samples was done in a SiCl, plasma for 60s in the
case of the 300nm LSSL and 90s in the case of the 100nm LSSL. This etches the
required 16nm into the wafer. Unfortunately the plasma has an induction time of
approximately 30s. This time is not constant and thus introduces a significant error into
the fabrication. Thus, when fabricating, a number of different etch times were tried on
test pieces and whichever gave a reasonable strength of modulation was assumed to be
the correct time. When full devices were produced, all samples to be etched for a
specific time were etched in the same machine run to ensure consistency. A further
problem is that the indium does not fully dissolve in the plasma. Thus it can redeposit
on the surface of the wafer or indeed in the etched regions. When the sample is
returned the resist is removed by the cleaning procedure outlined above.

On a number of occasions a wet etch technique was used. In the initial test runs
the etchant used for the isolation layer was used. This produced reasonable results, but
with a very short etch time, of the order of 15s. This was deemed too prone to error,
and the dry etching was pursued. A period of inconsistency in the dry etch machine
was encountered in early 1999, which prompted a re-investigation of wet etching. This
was carried out by another PhD student, Suja Chowdhury, and the last set of samples
were produced using this technique.
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