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Summary

The purpose of this work was to try to identify the amount, degree and
physical nature of the damage caused on both the surface and sidewalls of reactive
ion etched GaAs and AlGaAs nanostructures using a variety of complimentary
characterisation techniques, and to develop low damage high resolution dry etch
processes for GaAs and AlGaAs. The gases investigated included SiCly, CH4/Hp
and CClpFy/He. Two new methods of etching GaAs anisotropically by magnetron
radio-frequency and electron cyclotron resonance radio-frequency reactive ion
etching employing CClpFo/He, and the use of a novel gas mixture CH4/H» to
reactive ion etch GaAs in the conventional radio-frequency mode were developed. It
was found to be important to distinguish between surface and sidewall damage, and
both were characterised using electrical, optical as well as analytical techniques. In
particular, two novel processes were developed using high resolution fabrication
techhiques for the construction of sidewall Schottky diodes and electron transparent
thin wire specimens to allow the amount of sidewall damage to be estimated and its
nature to be realised through diode characteristic measurements and transmission
electron microscopy analysis. To investigate the surface damage caused after
etching, techniques such as Schottky diode performance, integrated band-gap
photoluminescence, Raman scattering and X-ray photoelectron spectroscopy were
employed; and for the first time, the usefulness of specular X-ray reflectivity for the
identification of surface damage was explored. Sidewall damage was examined
using room and low temperature conductivity, and low temperature
magnetoconductance of nt GaAs quantum wires, sidewall Schottky diode
characteristics and transmission electron microscopy on thin wire specimens. The
dependence of surface and sidewall damage on etch time and etch power was also

studied.
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Chapter 1 Introduction

1.1 General introduction

In the past 20 years, electronic devices based on GaAs/AlGaAs have been
reduced from an initial millimeter scale to the present sub-micron size. This
reduction in device dimension enable the possibility of improvements in their
operationl.1,1.2. Moreover, quantum structures in this sub-micron size regime
allow fundamental limits imposed by quantum mechanics and statistical physics to
be exploitedl-3‘1-6 and are potentially of importance for the development of new
electronic devices. The fabrication of these nanostructures such as quantum wires,
dots1.3-1.6 and various transistor schemes!-7-1.11 require advanced pattern
definition and transfer techniques. At the moment, the most common way to
produce these structures involves the use of electron beam lithography followed by
dry etching. While the use of dry etching is essential due to the isotropic nature of
conventional wet etching techniques, the action of the energetic ions and reactive
radicals bombarding the surfaces and sidewalls of the etched structures during dry
etching can cause damage directly or indirectly to the semiconductor thus degrading
the material's electrical and optical performance. Therefore, the present work is
concerned with the identification of the amount, degree and nature of the possible
damage caused on both surfaces and sidewalls of the etched structures in GaAs and
AlGaAs after reactive ion etching using a variety of electrical, optical and analytical
characterisation techniques and the development of low damage dry etch processes

suitable for the application of high resolution fabrication.
1.2 Thesis outline

Chapter 2 gives a brief account of electron beam lithography in the
application of high resolution pattern definition along with the various techniques of
pattern transfer. The use and mechanism involved in dry etching, in particular,
reactive ion etching (RIE) are discussed in more detail. The possible sources and
reduction of damage in dry etching and some proposed chemistry in the RIE of
GaAs using SiCl4 and CH4/H> are presented.

In Chapter 3, RIE of GaAs and Alg 3Gag 7As using SiCly are




investigated. In addition, the surface damage is examined using Schottky diode
characteristics, low temperature integrated band-gap photoluminescence and Raman
scattering measurements; possible identification of the nature of this damage
employing X-ray photoelectron spectroscopy is presented. A novel process for
constructing Schottky diode onto the sidewall of the etched structures for an
estimation of the induced sidewall damage is described.

Chapter 4 involves the development of a high resolution reactive ion etch
process using a mixture of CH4/H» for GaAs. The passivative nature of the atomic
hydrogen, the damage caused on the etched surface and the effect of annealing are
studied using electrochemical profiling, Schottky diode characteristics and low
temperature integrated band-gap photoluminescence measurements, and these
effects on the sidewalls are characterised by measuring the conductance and cut-off

widths of n*+ GaAs quantum wires.

Chapter 5 reports on the work carried out in IBM Thomas J. Watson
Research Centre, Yorktown Heights for four months during the course of this
project. It involves the development of magnetron and electron cyclotron resonance
rf RIE of GaAs in CClpF7/He using optical emission spectroscopy. The damage
induced on both the sidewalls and surface was characterised by applying the
knowledge of the techniques acquired at Glasgow, namely, room temperature
conductivity of n* GaAs quantum wires, Schottky diode performance and X-ray
photoelectron spectroscopy. In addition, the low temperature conductance of the n*
GaAs wires and their rms amplitude in the Universal Conductance Fluctuations are

investigated.

Chapter 6 presents two novel analytical damage charaterisation techniques:
specular X-ray reflectivity and transmission electron microscopy (TEM). In the case
of TEM, using high resolution patterning techniques, a novel structure which allow
sidewall damage to be studied was developed.

Finally, findings based on the present work and some suggestions for
future work are given in Chapter 7.
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Chapter 2 Electron beam processing, dry etching and damage

2.1 Introduction

This chapter gives an overview of the technology used in the fabrication
of nano-structures: pattern definition using electron beam lithography and resists,
and pattern transfer using metallisation and dry etching techniques. Mechanisms
associated with dry, in particular, reactive ion etching and the possible damage
caused by RIE are discussed.

2.2 Pattern definition

In general, patterns can be defined onto a substrate using lithography.
This is normally done by exposing an image using some type of radiation into a
‘resist’ layer. In the application of fabrication of structures in semiconductors and
metals, a range of radiation may be used: namely, optical, x-ray, and electron and
ion beams. The resolution of the various lithographic techniques differs widely
depending on the size of the source, its wavelength and energy, and contributions
from diffraction and scattering effects. Up to the present time, the smallest feature
defined in resist is = 2nmZ2-1 with the use of electron beams. However, the ultimate
resolution of electron beam lithography is limited by the electron beam size (the
smallest at present = 2nm) and scattering from lateral secondary electrons which
lead to the proximity effect 2-2-2.4, While advantages in particle scattering,
exposure efficiency and chemical possibilities may make ion beam lithography of
importance in the future, the presently available ion sources and optics do not allow
the focussing of an ion beam to less than 30nm. Electron beam lithography has
been used throughout this work both at Glasgow Unversity and at IBM Yorktown
Heights (Ch.6). The process and the lithography system used at Glasgow
University will be described briefly below as details can be found in the theses of
Rishton2-4, Mackie2-5 and Binnie2-.




2.2.1 Electron beam lithography

In electron beam lithography, a focused electron beam is deflected in a
controlled manner over an electron sensitive material (usually a polymer) known as
a resist. The irradiation modifies the molecular structure of the resist such that when
immersed in a developer, the development process selectively dissolves either the
exposed areas (positive resist) or the unexposed areas (negative resist). This

process is known as pattern definition and is illustrated in figure 2.1.

2.2.2 Electron beam lithography (E.B.L.) system

At Glasgow, the electron beam lithography was carried out using a Philips
PSEM 500 Scanning Electron Microscope which has been modified into a very
high resolution Electron Bean Lithography (E.B.L.) system. The modifications
enable the beam deflection coils to be driven under external software control. This
is achieved using an Olivetti computer to drive a scan generator which contains two
16 bit digital to analogue converters. The converters are used to 12 bit accuracy to
obtain a 4096 by 4096 pixel exposure field. The essential features of the Philips

vector scan electron beam lithography machine are as follows:

a) a filament electron source with associated magnetic lenses giving electron spot
sizes ranging from §nm to lum

b) variable accelerating voltage from 1.5 to 50kV

c) a specially fitted transmission detector for Scanning Transmisson Microscopy
(STEM)

d) a fully eucentric goniometer on which a specimen can be positioned in the X and
Y directions in 1pm steps and rotated with an accuracy of 1/68th of a degree

e) X- and Y- electronic beam shifters for fine positioning in the X and Y directions
of up to + 10um

f) X- and Y- varymag control which allows the magnification and therefore frame
size in the X and Y directions to be increased continuously by a factor between 1
and 2.5

g) beam blanking which, when activated, deflects the beam into an aperture thus

avoiding unwanted exposure.




Exposure pattern files are developed on an Olivetti computer using a
computer aided design software package (DE). The design aid was developed by S.
Thoms at Glasgow University for pattern data preparation and allows multi-level
mask design. After the design files are generated, they are then stored in floppy
disks for future use. The PSEM based E.B.L. system is shown in figure 2.2.

2.2.3 Positive resist

At Glasgow, the positive resists used were polymethylmethacrylate
(PMMA) with molecular weights of 185,000 and 350,000. Two resist systems

were employed:

1) 1pum thick layer 185,000 MW PMMA
2) a bilayer resist system consisting typically of a 20nm thick layer of 350,000 MW
PMMA on a 100nm thick 185,000 MW PMMA layer.

Resist (1) is obtained by spinning 15% PMMA (BDH) in chlorobenzene
at SK rpm for 60s. For resist (2), 4% PMMA (BDH) in o-xylene and then 4%
PMMA (Elvacite) in o-xylene are spun for 60s at 6Krpm respectively. The bottom
layer is baked at 180°C for at least one hour before coating on the top resist layer.
Both resist systems are hardened by baking at 180°C for at least one hour before
exposure. It is necessary to bake the resists overnight at 180°C if they are to be used

as wet etch masks.

Resist (1) (thicker layer) is used for low resolution patterning while the
bilayer resist is suitable for defining high resolution patterns. After exposure, the
thick resist is developed in 1:1 Isopropylalcohol (IPA):Methylisobutylketone
(MIBK) for 45s at 23°C and the bilayer resist in 3:1 IPA:MIBK for 20s at 23°C;
followed by a 30s rinse in IPA for both resist systems. As PMMA is a positive
resist, it is characterised by a reduction of molecular weight owing to chain scisson
of the molecules on exposure to the electron beam, therefore, the development
process preferentially dissolves the exposed areas leaving behind a resist stencil on
the substrate. Both resist systems develop into undercut profiles which facilitate
better lift-off. In the case of resist (1) when well exposed, the undercut profile

results from the divergence of the electron beam by electron scattering as it passes




through the resist film2-4, see figure 2.3a). The undercut in resist (2) arises
because the lower resist layer is more sensitive to the electron beam than the top
layer, therefore, when the resist is developed, more material is dissolved from the
bottom layer, leaving an undercut proﬁl52-7 as shown in figure 2.3b).

2.2.4 Negative resist

The negative resists used were Philips High Resoultion Negative Resist
(HRN)2-8 and Polyimide (preimidized Ciba-Geigy XU218 dissolved in 35:65
acetophenone:xylene)2-9. For high resolution patterning, 8% HRN is spun coated
on the substrate at 6K rpm for 60s to give a thickness of 0.1pm and baked at 120°C
for 20 minutes. After exposure, the resist is developed in MIBK for 30s at 23°C,
then rinsed twice in IPA for 30s. For low resolution work, 15% HRN of 0.251tm
thick, (with the same spinning and development procedures as for 8% HRN) and
10% polyimide were used. In the case of 10% polyimide, the solution is spun on at
6K for 60s to give a thickness of 0.35um and baked at 180°C for at least 2 hours;
overnight if the polyimide is to be used as a mask for wet etching. After exposure,
the poljrimide is developed in acetophenone:xylene, 65:35 at 23°C. In contrast to
PMMA, the molecular weight of the areas exposed to the electron beam in negative
resist increases due to the cross linking of the molecules. On development, the areas

which are not exposed are dissolved.
2.3 Pattern transfer
2.3.1 Metallisation
Once the patterns have been defined by electron beam lithography, they
were subsequently transfered into the solid substrate using metallisation, more often

known as lift-off, and either wet or dry etching techniques.

In the case of positive resist, the developed resist layer can be used

directly as an etch mask or a pattern can be transfered by evaporating metal onto the




resist stencil, then, the lift-off process is carried out in acetone, which dissolves the
remaining resist leaving the deposited metal on the substrate2-10. The metal can
then be used as an etch mask for dry etching. A number of metals were used,
namely: nichrome, gold/paladium and titanium, as these metals have a relatively
small grain size suitable for high resolution patterning.

The use of negative resists are generally due to its economy of processing
since the molecules are crosslinked on exposure, therefore after development, the
areas which has been exposed are not dissolved. This remaining resist can then be
used as a mask for etching. Different techniques of pattern transfer are illustrated in
figure 2.4.

2.3.2 Etching

In general, when transfering patterns into solid substrate, material can be
removed in two ways: wet or dry etching. In wet etching, material is removed by
immersing the substrates in the required chemicals for an appropriate time whereas
in dry etching, material is removed by a chemical gas. While wet etching often has
the advantage of being selective (defined as the ratio of etch rates between two
materials) and fast, it usually leads to an isotropic etch profile (see figure 2.5a))
because the etch front moves at the same rate in the vertical as well as in the
horizontal direction. On the other hand, dry etching is capable of producing very
anisotropic profiles, figure 2.5b). Wet etching can also produce anisotropic etching
in crystalline materials, this occurs when the etch rate along different
crystallographic orientations vary by a large extent2-11. However, the diffuculty in
obtaining good uniformity and the critical adherence of the mask to the substrate
surface in wet etching renders dry processing more desirable over wet etching. But
clearly, as the dimensions of electronic devices and quantum structures shrink to the
nano-metric scale, the need for producing anisotropic profiles is of prime
importance in their fabrication, and therefore, the development and use of dry
etching techniques are essential. But there is one potential problem associated with
the use of dry etching, that is, the presence of energetic ions which bombard the
substrate can cause damage to the material. The following chapters will contain
investigations of this damage using a variety of characterisation techniques. At

present, an account of the variations in the dry etching techniques available, in




particular, mechanisms associated with the etching process and damage in reactive
ion etching will be discussed.

2.4 Dry etching

There are many configurations of dry etching, including: ion beam etching
(IBE), plasma etching (PE) [barrel and planar], reactive ion etching (RIE), reactive
ion beam etching (RIBE), chemically assisted ion beam etching (CAIBE), radical
assisted ion beam etching (RBIBE), chemically assisted reactive ion beam etching
(CARIBE), magnetron ion etching (MIE), magnetron reactive ion etching (MRIE),
and electron cyclotron resonance reactive ion etching (ECR-RIE). In these
processes, material is removed by either subjecting the surface to reactive radicals
and ions generated in a plasma, or by bombarding the surface with an energetic
beam of ions/reactive ions. In the next sections, ion beam etching and variations of
it, and plasma etching (barrel and planar) will be described briefly; a more detailed
account will be given for reactive ion etching since the present characterisation is
mostly concerned with RIE; and magnetron reactive ion etching and electron

cyclotron resonance reactive ion etching will be discussed in chapter 5.

2.4.1 Ion beam etching and its variations

In ion beam etching (IBE), an inert gas is ionised by a hot filament. It is
then drawn out into a beam through a series of grid and accelerated through an
acceleration grid to a specific energy. The ions pass from the gun into the etch
chamber in the form of a beam which impinges onto the substrate and material is
removed by physical sputtering2-12-2.17_ Chamber pressures below (5-10)mTorr
are usually employed with ion energies in the range of 100-1000eV. However,
since the etch mechanism is solely physical, most materials have a similar etch rate
and consequently etch selectivity is poor. Nevertheless, this can be improved by the
use of a reactive gas instead of an inert one. This is known as reactive ion beam
etching (RIBE)2-17-2.19,2.34 The etching process then becomes a combination of
physical sputtering and chemical reaction at the surface thus enhancing the etch rate
and through a proper choice of reactive gas, selectivity can also be improved. But

the introduction of reactive gases into the ion source can cause a reduction in




lifetime of the exposed filaments and grids. This then leads to a variant of RIBE,
which is chemically assisted ion beam etching (CAIBE) or also known as ion beam
assisted etching (IBAE). In this configuration, inert gas is fed into the ion gun as in
IBE, but a reactive gas is admitted just in front of the substrate. In this way, the
etch rate and etch selectivity can be enhanced compared with IBE. Moreover, since
the angles of incidence of the inert beam and the reactive gas can be independently
varied, the process can be easily controlled and a wide range of etch profiles can be
achieved 2.20-2.23; this technique also eliminates the problem of short gun
lifetime. There also exists a newly developed etching technique using a combined
radical beam and ion beam etching (RBIBE)2.24 which uses a microwave excited
radical beam combined with an inert ion beam. This differs from CAIBE in that the
reactive etch gas is microwave excited, and etch rates have been observed to be
higher than using CAIBE.

2.4.2 Plasma etching (barrel)

In barrel plasma etching, rf power, usually at 13.56MHz frequency, is
applied to the barrel shaped reactors via external capacitive or inductive coupling.
Normally, the samples sit in the glow on an insulating (often quartz) holder
surrounded by the cylindrical column of plasma. This configuration is characterised
by a high operating pressure = 1 Torr and the etching results solely from the
chemically reactive species created in the plasma diffusing into the substrate region.
Therefore, the process is highly selective, but isotropic in nature. In this work, the

barrel etcher was mainly used for stripping resist in an oxygen plasma.

2.4.3 Plasma etching (planar)

In planar plasma etching, the etch chamber consists of two parallel
electrode plates. The bottom electrode is grounded and the top electrode is driven by
an r.f. generator (either 13.56MHz or low frequency, 0-100kHz), connected
through a capacitor and an impedance matching circuit, see figure 2.6. The sample
is normally mounted on the grounded electrode. An etchant gas is fed into the etch
chamber which is kept under a pumped evacuated environment. Free electrons in

the chamber gain energy from the applied r.f. power which lead to the ionisation of
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some of the feed-gas molecules and consequently, a plasma is created. The gas is
chosen such that it dissociates to produce reactive radicals which will react with the
substrate material to be etched. Because of the r.f. cycle, the ions and electrons are
alternately accelerated towards the r.f. driven electrode. But as the electrons have a
higher mobility than the ions, more electrons are drawn towards the electrode
during the positive half of the cycle compared with the number of ions drawn
during the negative half of the cycle. However, the net d.c. current to this
capacitively coupled electrode must be zero, that is, the total ion and the total
electron charge reaching the electrode during each cycle must be equal. This leads to
the formation of an equilibrium whereby a negative d.c. voltage component is
developed across a dark space region (plasma sheath) which separates the main
plasma from the powered electrode. The potential distribution established is shown
in figure 2.6, where Vp is the plasma potential. (Since the total ion and the total
electron charge reaching the electrode during each cycle are equal, insulating
substrates can be etched without charging effects.)

In plasma etching, because the sample being etched is placed on the
grounded electrode, the ions bombarding the etched surface is of relatively low
energy (< 50eV). In addition, relativiely high chamber pressures in the range 0.1 to
10 Torr are usually used. This implies that as the ions and reactive radicals are
accelerated across the plasma sheath, they suffer many collisions, and their
momentum is randomised. Hence in general, the etching process is isotropic due to
the non-directionality of the low energy ions bombarding the etch surface, but
highly selective because of the chemical nature of the reactive radicals.

2.4.4 Reactive ion etching

Reactive ion etching is very similar to planar plasma etching except that
the bottom electrode, where the sample is situated, is now the driven electrode (at
13.56MHz), see figure 2.7. In addition, the bottom electrode is smaller in area than
the top electrode leading to an asymmetrical configuration. Since the plasma
potential can be determined by the following cxpression2-25:

Vo =Vi/(AyAp4 @2.1)
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where V is the potential difference between the powered electrode and the plasma
and V the potential difference between the grounded electrode and the plasma and
Ap/A1 is the ratio of the respective electrode areas, the accelerating field for the ions
near the sample is greatly enhanced. The resultant potential distribution is shown in
figure 2.7. The negative d.c. voltage component (described in the previous section)
in this configuration is developed across the bottom electrode (where the sample is
situated) and is largely increased. This results in the bombarding ions having a
higher mean energy (=300-1000eV) compared to plasma etching, corresponding to
the negative d.c. bias (-V4c) with an oscillating component. However, with a high
frequency (13.56MHz), this oscillating component is small. Furthermore, the
pressure used in reactive ion etching is rather less than that used for plasma etching,
being in the range 5-100 mTorr. Hence, the mean free path of the ions is increased
so that they are not randomised in direction while traversing the plasma sheath. The
above features such as the driven electrode being the bottom one where the sample
is placed, electrode asymmetry and low pressure operation all lead to an
enhancement in the energy and directionality of the ions bombarding the etch
surface, thus increasing the degree of anisotropy obtained in RIE. (Note that
increasing the power density in RIE also increases the ion energies.) However,
since RIE utilises both chemical and physical etch mechanisms, while the energetic
ions bombarding the sample may cause physical damage to the material,
contribution to damage from etch chemistry is also possible. Therefore, in order to
gain a fuller understanding of the induced damage, knowledge of the fundamental
processes involved during etching concerning the roles of reactive radicals and ion
bombardment is beneficial and will be discussed in the following section.

2.4.4.1 Plasma surface interactions

There are basically four processes which occur in reactive ion etching (and
plasma etching). They are the 'production’ of reactive species in the plasma,
‘adsorption' of the reactants on the substrate surface, 'reaction' with the surface
material and 'desorption’ of the reaction products.

The generation of reactive species in the plasma are due to the collisions of

electrons with the etch gas molecules whose rate R is given by:
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R =kneN 22)

where ne is the electron concentration and N the concentration of the reactant. k is
the rate coefficient which is a function of the reaction cross section and the electron
distribution function. However, accurate expressions for these parameters are
usually not available and therefore, R can only be determined qualitatively, e.g. via
Langmuir probe measurements2-26-2.28,

Before any reaction can take place on the substrate surface, the reactive
radicals have to be adsorbed at surface sites. After the reaction has taken place, the
reaction product has to be desorbed from the surface again. Often in an etching
process, the rate limiting step (which determines the etch rate of a particular
material) is governed by one of these mechanisms and its identification vary
depending on the chemical system. In reactive ion etching, since the gases chosen
are such that they will adsorb and react with the substrate, the rates of adsorption
and reaction will be finite but fast, a more important parameter to note is the
desorption rate, which is related to the vapor pressure of the etch products, the
higher the vapour pressure, the faster the desorption rate. However, the presence of
ion bombardment in RIE can also play an important role in the etching process.
While the ions can etch the substrate by physical sputtering processes, (as in IBE),
there are also three other ways in which the ions can participate in enhancing an

etching reaction:

1) on an adsorption/reaction level, by creating surface damage. Ion bombardment
serves to create or enhance reactive sites on the substrate surface. While the former
mechanism implies no reaction will take place in areas without ion bombardment
and has been used to explain why GaAs was only etched in the presence of argon
ions in an IBAE study using molecular Cly by Balooch et. al.2-29; the effect of
enhancement of adsorption was observed by Coburn et. al.2.30 by independently
controlling the impingement of Art and XeF on silicon. Moreover, a mechanism
involving the creation of surface damage has been proposed for the production of

anisotropy2-31, as long as the ions are directional, as in the case of RIE.

2) on a desorption level, by chemically enhanced physical sputtering. Ion

bombardment can stimulate or increase the rate of desorption and help remove
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reaction products held on the substrate surface2.32. In particular, the rate of
desorption of GaF3 have been found to be the rate limiting step in the reactive ion
etching of GaAs using CClyF92-33, and similarly, GaCly in the RIE of GaAs in
Cly2.34, RIBE in Clp2-35, and IBAE in Art and Cl,2-20,2.29,

2.5 Dry etching damage

In dry processing, the action of the energetic ion bombardment can cause
damage on the material being etched. In ion beam etching, the crystal can suffer a
high degree of damage since the etch mechanism is purely physical. Studies on the
damage induced in GaAs and GaAs/AlGaAs structures by ion beams have been
carried out by a number of workers2:12,2.36-2.42_Since all variants of ion beam
etching involve the introduction of a reactive gas resulting in the addition of a
chemical component during etching, the damage caused in those configurations is
expected to be lower, and has been demonstrated by various authors2-42-
2.45,2.20 1n this work, damage characterisation has been carried out mostly in the
area of reactive ion etchin g, although magnetron and electron cyclotron resonance
RIE have also been investigated. While in general, it is expected that a reactive
component in etching can reduce the induced damage, it can become an indirect
cause of damage, as will be shown later. Reduction of damage is also possible by
passivation of defects2-46-2.48 or by using very low ion cnergicsz-42’49'50s70. It
1s important at this point to note that damage can occur both on the surface and
sidewalls of etched structures. This effect is illustrated in figure 2.8. In RIE, while
the surface may suffer physical damage from the bombardment of directional ions
and reactive radicals and/or chemical damage from the reactive radicals, effects from
the non-directional ions and reactive radicals and possibly redcposition2-71'73
from the bottom surface can also contribute to the causes of damage induced on the
sidewalls. The study and minimisation of sidewall damage is at least as important as
surface damage in applying dry etching techniques to fabricate electronic devices
with nano-metric dimensions. Although there has been many investigations on RIE
surface damagcz-44’45,51'56, outwith Glasgow, less effort has been directed
towards sidewall damage studies 2-48,49,57.58 These studies will be discussed in
detail later. A variety of electrical, optical and analytical characterisation techniques
can be used to investigate damage2~50'55’5 9,60, 1t is, in fact, essential that

complimentary techniques are used in order to obtain both quantitative and
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qualitative information about the damaged layer due to the different depth resolution
and origin of sensitivity associated with the different techniques as will be shown
later.

2.6 Reactive ion etching of GaAs in silicon tetrachloride (SiCly)

2.6.1 Chemistry

Stern et. al.2-61-62 were the first workers reported to use SiCly for the
high resolution reactive ion etching of GaAs and InP; 20nm wide patterns, defined
by electron beam lithography, were transferred into GaAs using NiCr as the dry
etch mask. At pressure around 20mT and a lower power than was used in this
work, crystallographic etching in the (100) orientation in GaAs using this etch gas
has also been observed2-63:64, Furthermore, using optical emission spectroscopy,
the type of products excited in a SiCl4 microwave plasma were monitored by
Rowe2-65 who found that SiCly gas is broken down to SiCl*, SiCly and CIt.
Since the Cl* reactive radicals excited in the SiCl4 plasma are believed to be
responsible for the etching of GaAs, it is highly possible that the type of etch
mechanism and products produced in the SiClg process are similar to the species
produced from studies of the ion-assisted etching of GaAs using molecular Clp and
argon ions2-29,66_ In Balooch's experiment2-29, etching of GaAs in molecular
chlorine was observed only in the presence of argon ion bombardment. Using a Clp
flux of 1 x 1017 molecules/cm?2s to impinge on the GaAs surface, they observed
AsCI3*, AsClyt, AsClt, GaClgt, GaClyt and GaClt ions, and suggested that
they had arisen from AsCl3 and GaCl3. It was also evident, according to their data,
that ion bombardment did not cause sputtering of Ga or As but instead, enhances
the production and/or desorption rate of GaCl3 leading to their belief that the rate
limiting step for the etching of GaAs in their experiment is the rate of desorption of
GaCl3. On the other hand, in a similar experiment by McNevin et. a1.2-66, they
employed a maximum Cl flux of 5 x 1014 molecules/cm2s and found AsCl3,
GaClp, and possibly GaCl as major species leaving the GaAs surface. In addition,
from their experimental data, they proposed a very different reaction model which

involves the enhancement of the reaction of adsorbed Cly with the arsenic on the

15




GaAs surface which produces AsCl3. The difference in the reaction products
observed and possibly the models proposed in the two cases may be explained by a
thermodynamic analysis of the steady state chemical etching of GaAs using Clp
performed by McNevin2-67; by minimising the Gibbs free energy and assuming
that the fluxes of Ga and As leaving the surface, and the amount of Cl incident and
the amount of Cl leaving the surface were equal, it was predicted that under chlorine
deficent conditions, the less than fully chlorinated species, GaCly will be formed
while under chlorine excess conditions, the fully chlorinated species, GaCl3 and
AsCl3 will be formed. However, this analysis only takes into account of the
chemical component of etching and has been applied by McNevin et. al.2.66 o
their ion enhanced chemical etching experiment and they found that the predicted
reaction products in chemical etching (AsCl3 and GaCl3) were in contrast with the
species AsCl3 and the less than fully chlorinated GaClp/GaCl species observed
experimentally. Nevertheless, the etch chemistry involved during the etching of
GaAs using SiCly based on the above information suggests the following;:

plasma excitation
SiCly(g) ------ > SiCly + SiCl* + CI*+ GaAs(s) ------> GaCly + AsCly + excess

wherex'=1,2,3andy=3

The vapour pressures of the reaction products (GaClp, GaCl3 and AsCl3) are
plotted against temperature as shown in figure 2.9. It is clear that AsCl3 is the most
volatile, followed by GaCl3, with the least volatile product being GaCl). A more
detailed analysis of the microscopic relationship between the flow rate and etch rate,
and the possible etch products formed in the reactive ion etching of GaAs using

SiCly in the present work is described in section 3.3.

At Glasgow, SiCl4 was developed by S.Thoms as a dry etchant for the
high resolution etching of GaAs2-57. A useful etch mask for this etchant was found
to be NiCr lifted-off from PMMA polymer resist, see section 2.3, with the ratio of
GaAs etch rate to mask etch rate of > 50:1. High resolution negative resist HRN

was found not to be so resistant to the etch, at best, a ratio of > 10:1 was observed.
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2.6.2 Machine

The reactive ion etching system (Plasmatech RD80) used is a conventional
13.56MHz parallel plate reactive ion etcher. The anode and cathode are aluminium
with hard anodisation, in particular, three NiCr pins are fitted around the perimeter
of the cathode to enable d.c. voltage measurement. The cathode is 17cm in diameter
and the anode to cathode area ratio is 2.8:1. The pumping system consists of an
Edwards two stage rotary (mechanical) pump and a Roots blower (mechanical
booster). In all experiments, the etch chamber was evacuated to a base pressure of
around 10-3 to 10-4 Torr range before the samples were loaded, and the
temperature of the cathode, where the GaAs samples were mounted, was kept
constant at 40°C. The optimum etch condition found to give clean, vertical sidewalls
and maximum reproducibility was at a power density of 0.44W/cm?2, true volume
flow rate of 9sccm, (after applying a calibrated correction factor of 0.28) and a
pressure of 12mTorr giving a d.c. bias of 300V. The etch rate of GaAs etched
under this condition is 200nm/min.. SEM 2.1 shows some thin GaAs ridges of
widths = 170nm etched in SiCl4 using HRN as the etch mask.

2.7 Reactive ion etching of GaAs in a mixture of methane and
hydrogen (CH4/H»)

2.7.1 Chemistry

The use of CH4/H> for the etching of semiconductor compound materials
was first developed by Niggebriigge et. al.2-68, They reported reactive ion etching
of indium phosphide (InP), indium gallium arsenide (InGaAs) and the quarternary
compound indium gallium arsenide phosphide (InGaAsP). By choosing the
appropriate parameters, (1 to 3 Pa total pressure, volume flow rate of 15 to 20 %
CHy), a good degree of anisotropy and an excellent surface morphology was
produced. A high selectivity was also brought about by using photoresist and SiOp
as dry etch masks. However, they were unable to use this mixture to etch GaAs.
With 20% CHy in Hy, a power density of 0.4W/cm? and pressures of 10 and 20
mTorr, very slow etch rates below 10nm/min. and considerable surface roughness

were observed.
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Using mass spectrometry, a detailed analysis of the plasma species
present during the reactive ion etching of InP with CH4/H has been studied by
Schmid2-69. The mass spectra of neutral compounds with and without the plasma
are depicted in figures 2.10a) and b). Ethine, ethene, ethane and molecules with
carbon chains of higher order appear as products formed in the plasma. The
spectrogram of positive plasma ions were also taken and is shown in figure 2.11. It
is a common belief that the chemistry of the RIE of InP in a CH4/H7 plasma relies
on the formation of phosphine and group I alkyls. Indeed phosphine was clearly
resolved by mass spectroscopy as a neutral compound as well as in ionic state as
shown in figure 2.12. Although the limited resolution of the mass spectrometer did
not allow the identification of group III etching products, the auther believes that the
similar dependence of the InP etch rate and the concentration of neutral products on
total pressure (figure 2.13) suggests that the methyl radicals play an important role
in the etching mechanism.

Unfortunately, no such detailed analysis has been done in the etching of
GaAs using CH4/Hp, nonetheless, it is likely that the etch chemistry involved with
GaAs is similar to InP and may be written as follows:

plasma excitation
CH4 + H2 —— CxHy + Ha+ + CHb+ + CXHZ+ + GaAs(s) —> (CH3)3Ga +
AsH3 + excess

where x = 1,2;y=2,4,6;a=2,3;b=3,4,5;z=2,4,5, 6. This is similar to
the inverse metal organic chemical vapour deposition (MOCVD) process. In
MOCVD, the reactant products, (CH3)3Ga and AsHj3 are transported in a Hp
carrier gas to the growth zone where GaAs is formed through the chemical reaction:

(CH3)3Ga + AsH3 ------- > GaAs + 3(CHy).

A plot of vapor pressure vs. temperature is shown in figure 2.14 illustrating the
volatility of the products of the suggested reaction.
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2.6.2 Machine

The reactive ion etching machine used was also a conventional 13.56MHz
parallel plate reactive ion etcher, (Electrotech BRS Plasma-fab 340) with an
anode/cathode ratio of 3.3:1. Both electrodes are made of aluminium with titanium
oxide coated on the cathode which is 17cm in diameter. The pumping system used
and the base pressure acquired are the same as in the RD80 RIE machine. The
temperature of the cathode, where the GaAs samples were situated, was kept
constant at 30°C. Section 4.2 describes the optimum condition developed for the
high resolution etching of GaAs using this mixture.
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SEM 2.1 GaAs ridges fabricated by reactive ion etching using
SiCl4 under the optimum conditions: power density 0.44W/cm”,

12mT total pressure, 300V d.c. bias and 9sccm volume flow
rate, with the HRN mask still remaining on the wires
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Chapter 3 Reactive ion etching of GaAs and Alg 3Gag 7As using
SiClgy and damage characterisation

3.1 Introduction

This chapter investigates the reactive ion etching of GaAs and
Al 3Gag 7As using SiCl4. Damage characterisation on the etched surface was
performed using quantitative electrical and optical techniques such as Schottky
diode performance, integrated band-gap photoluminescence and Raman scattering;
analytical X-ray photoelectron spectroscopy was also employed to study the
chemical bonding on etched surfaces. A novel fabrication process was developed to
allow Schottky diodes to be constructed on the etched sidewalls so that the damage
inflicted on the sidewalls may be estimated.

3.2 Etch rate dependence on power density and pressure in the RIE
of GaAs and Alg 3Gag 7As

- The reactive ion etching of GaAs employing SiCly4 has been developed at
the University of Glasgow by S. Thoms previously 3-1 and using a power density
of 0.44W/cm2, 12mT total pressure with a volume flow rate of 9sccm, vertical
sidewalls and smooth surfaces were obtained suitable for fabrication of structures in
the nano-metric scale. While it has been demonstrated that SiClg can be used to
reactive ion etch aluminium3-2 through the formation of AICI3 compounds, the
technique has also been investigated by Salimian et. al.3-17 for the reactive ion
etching of GaAs/AlGaAs and applied to the fabrication of optical waveguidcs3-15
and quantum wires in GaAs/AlGaAs heterolayers by etching through the AlGaAs
layer3-16, Moreover, the etch rate ratio between GaAs and AlxGaj.xAs has been
studied by a number of workers using a variety and mixture of gases, etch
parameters and systems to obtain either equi-rate or selective etching for the
fabrication of optoelectronic devices and transistor structures3-3-3-11, In this
section, the etch rate dependence on power density and pressure around the
optimum condition in the etching of both GaAs and Al 3Gag) 7As using SiCly has
been investigated.




3.2.1 Experimental

Throughout the work of this chapter, the GaAs used was a 2 x 1017¢m™3
Si-doped epitaxial layer of thickness 1um on an n* substrate, and the AlGaAs
material was of 30% aluminium and 70% gallium composition doped with 1 x
1017¢m-3 silicon of thickness 1jim, on a 2 pm thick 2 x 1018¢m-3 Si-doped
GaAs, grown by molecular beam epitaxy on an nt substrate, (provided by
University of Nottingham); the Aly 3Gag 7As was capped with 20nm of undoped
GaAs. In order to characterise the etch rate, the wafers were scribed to 5 x 5 mm2
chips and half covered with 15% PMMA BDH positive resist before etching. The
GaAs capping layer was left on the AlGaAs to avoid oxidation from air. After
etching, the resist was removed in acetone and the etch depths were measured using
a Talystep. The reactive ion etching was carried out using the Plasmatech RD80
etcher described in section 2.5.2. To investigate the shape of the structures after
etching, NiCr of 30nm thick lifted-off from a double layer PMMA polymer resist
(section 2.2.2) was used as a dry etch mask for both materials since NiCr has been
found to be a good etch mask for GaAs in SiCly rendering a ratio of GaAs etch rate
to mask etch rate of > 50:1 3.1,

3.2.2 Results and discussion

Initially, Alg 3Gag 7As patterned with NiCr lines were reactive ion etched
under the optimum conditions developed for GaAs and results showed that vertical
sidewalls were produced. Quantum wires in GaAs/AlGaAs heterolayers have been
fabricated under similar etching conditions3-16. Figure 3.1 shows the graph of etch
depth vs. time for both GaAs and Al 3Gag 7As reactive ion etched in SiCly at a
power density of O.44W/cm2, 9sccm, 12mT, 300V d.c. bias. Similar etch rates and
an induction period of 5 seconds were observed for both materials. Since the GaAs
cap was left on the AlGaAs, the induction period is believed to be the time taken to
remove the native oxides on the GaAs surface and has been observed by others in
the reactive ion etching of GaAs/AlyGaj_xAs3-8:3.9 It is well known that
AlxGaj_yxAs oxidises readily in the presence of oxygen and Al»Oj3 is an involatile
product which is bélieved to hinder the etching process; because of this, the etch

rate of AlyGaj_xAs has been found by others using various gases to be slower than
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GaAs 3-3:3.8, Moreover, this characteristic has been used to obtain a selective etch
for GaAs in RIBE using Ar/O,3-18 and in RIE by adding Oy to a BCl3/Ar gas
mixture3-6. In this work, similar etching rates for GaAs and Al 3Gag 7As were
measured. While the prevention of Alg 3Gag 7As oxidation through the presence
of the capped GaAs layer before etching may explain this observation, this result
also suggests that the amount of oxygen present in the etching chamber during
etching does not cause a high level of Aly 3Gag 7As oxidation, at least to the
degree of which may effect the etching rate in the presence of ion bombardment, see
below.

Figure 3.2 shows the etch rate and sidewall profile dependence on power
density for both GaAs and Al 3Ga( 7As reactive ion etched in SiCly at a constant
pressure of 12mT with power densities varying from 0.08W/cm? to 0.44W/cm?2.
An increase in etch rate with power density is observed. Since the etch mechanism
in reactive ion etching is a chemical as well as a physical one, it is likely that
increases in radical generation and ion bombardment with power density are
responsible for the corresponding increase in the measured etch rate. For both
mateﬁals, overcut sidewalls are observed at power densities below 0.44W/cm?2
while at a power density of 0.44W/cm?2, vertical sidewalls are present. Thus it may
appear that the verticality observed at higher power density is largely due to a higher
degree of ion bombardment during etching, though the possibility of a higher
reaction probability with the sidewalls from the larger radical generation at high
power densities could not be ruled out. Similar etch rates are measured for GaAs
and Al 3Gag 7As, this data is consistent with those reported by Salimian et.
al.3-17_In this work, although the Alp 3Gag 7As was prevented from oxidation by
leaving on the GaAs cap layer, low concentrations of oxygen may be present in the
etcher during etching which may cause the formation of AlpO3. In a RIE study by
Nagasaka et. al.3-8, they found that AlIGaAs was not etched with a Cly plasma and
a CCly plasma etches AlGaAs with a slow rate, but fast and an equal rate of etching
between GaAs and AlGaAs was obtained using a suitable mixture of Cly and CCly.
This they attributed to the possibility of the removal of Al;03 which could have
been formed on top of the AlGaAs substrate or during etching by the CCl3* ions.
A similar etch mechanism was also suggested by Tamura et. al.3.3 using BCl3-Clp
as the etch gas. It is possible, therefore, that the etching mechanism of
Alp 3Gag 7As in SiCly resembles that in BCI3-Clp and CClg-Clp, and in this case,

the SiClx* ions would be responsible for the removal of the low level of involatile
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Al>O3 thus enabling the CIt to react with the underlying Alg 3Gag 7As.

By varying the feed gas flow rate, the etch rate and sidewall profile
dependence on gas pressure for GaAs and Al 3Gag 7As etched in SiCly from
5mT to 32mT at a constant power density of 0.44W/cm2, 300V d.c. bias was
investigated, see figure 3.3. At a gas pressure above 12mT, an increase in etch rate
and undercut profiles are observed for both materials. At higher pressure
conditions, a larger reactive radicals generation and the development of a lower self
d.c. bias are expected. Although the increase in etch rate may be explained by the
larger radical generation, the undercut profiles could be a result of both the larger
radical generation and the shorter mean free path of the ions associated with a lower
d.c. bias3-78. On the other hand, at lower pressure conditions, while both the
larger self d.c. bias developed and the lower radical generation may account for the
vertically etched sidewalls observed, the dominant role of ion bombardment in the
etch mechanism in this pressure regime is suggested from the slight increase in etch

rate at pressures below 12mT.

3.3 Microscopic relation between flow rate and etch rate in the
reactive ion etching of GaAs

The etch rate dependence on the volume flow rate of SiCly in the reactive
ion etching of GaAs has been studied and figure 3.4 shows such dependence for
power densities 0.44W/cm2 and 0.88W/cmZ2. The volume flow rate was varied
from 2.8 to 11.6 sccm (with a corresponding chamber pressure change of 4 to
16mT). An increase in etch rate with gas flow rate is evident with a higher etch rate
observed at higher power density. While the larger concentration of reactive radicals
generated with an increase in gas flow rate may explain the similar trends of etch
rate increase observed, the larger etch rate measured at 0.88W/cm? may result from
both the higher generation of reactive radicals and the larger d.c. bias developed at a
higher power density. More information on the effect of gas flow rate on etch rate
on a microscopic level both experimentally and theoretically is possible by
calculating the following assuming the etch reactions which occur are those
proposed in section 2.6.1. Experimentally, by taking the area of the GaAs exposed

to a plasma to be a x b cm?2 with an etch rate of ¢ cm/min., the volume of the GaAs
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etched per minute is therefore a x b x ¢ cm3. Since the density of GaAs is 2.21 x
1022 molecules/cm3, the number of GaAs molecules etched per minute can then be
determined. To calculate the experimentally available Cl (in sccm) for reaction, the

following assumptions may be made:

a) the feed gas ionisation efficiency in conventional reactive ion etching is = 0.01%,
(see section 5.2.1)

b) in an emission spectroscopic study of a SiCl4 plasma by Rowe3-12, 229 CI
atoms were measured to have been produced from the ionised SiCly

c¢) according to a study of ion-assisted reactions using a steady state molecular and
modulated ion beam by Balooch et. al.3-13 where a Clp flux was used to react with
GaAs, some 8% reaction probability was measured by monitoring the reduction in
the intensity of the reflected Clp beam when an argon ion beam was turned on.

At standard temperature pressure, 1sccm = 2.69 x 1019 molecules/min. and
therefore, the available Cl (in sccm) for reaction can be converted to atoms/min.. In
theory, if the reactant products produced under steady state conditions are assumed
to be GaCl3 and AsCl3, since they are the most volatile reactant products and have
been observed by Balooch et.al.3-13, this would result in 6 Cl atoms reacting with
1 GaAs molecule. Hence, a comparison between the theoretically determined and
the experimental result of the Cl atoms available per minute for the GaAs molecules
consumed per minute for a power density of 0.44W/cmZ2 may be plotted and is
shown in figure 3.5. Clearly, in the regime of flow rates considered, the plasma is
operating under chlorine deficient conditions. In a thermodynamic study of GaAs
chemical etching using Cly at a temperature of 300K by McNevin3-14, it was
predicted that the dependence of the relative chlorination of the reactant products on
the amount of chlorine available for reaction, leading to the formation of different
reactant species. In the situation where chlorine is deficient, i.e. there is not enough
chlorine to react with all of the Ga and As atoms, a competition for the limited
amount of available chlorine results and consequently, the less than fully
chlorinated species As, GaCly or GaCl are formed. In contrast, when there is
excess chlorine, i.e. there is more than enough chlorine to react with all of the Ga
and As, the formation of the fully chlorinated species AsCl3z and GaClg are
expected, as in the present theoretical assumption. Therefore, if the formation of
reactant products were assumed to be GaCly or GaCl and AsCl3 instead of GaCl3
and AsCl3; i.e. 5 or 4 Cl atoms to 1 GaAs molecule, a similar graph of Cl atoms
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available/min. vs. GaAs molecules consumed/min. may be plotted and is shown in
figure 3.6. In this case, GaCly and GaCl are most likely to be formed
corresponding to flow rates of 11.6sccm and 7.2sccm respectively. Hence, in the
flow rate regime where the plasma is normally operated, i.e. 9sccm; the formation
of the less chlorinated species GaClp and GaCl and possibly As may be expected.
However, it is worth noting that the 8% reaction probability assumed from Balooch
et. al.3-13 js probably an underestimated value. Although their estimation was
taken in the presence of ion bombardment, as would be the case in RIE, it was the
Cly reaction probability which was being measured rather than the CI reaction
probability. It has been found that the Cl radicals adsorb much more easily on the
GaAs surface than the Clp molecule3-19 and that enhanced etching of GaAs has
been observed using Cl radicals rather than Clp in the presence of ion
bombardment3-20, Therefore, information on the Cl reaction probability would
have been more useful for the present calculation since the Cl radicals are
responsible for the reactive ion etching of GaAs in a SiCl4 plasma. An additional
uncertainty between Balooch's and this experiment concerns with the different
effects of ion bomdardment contributed by different ions3-30,3.32,3.77 5 jon-
assisted reactions. So overall, such type of calculation should be taken with caution

- but does reveal that chlorine deficiency is not improbable.

3.4 Characterisation of damage induced in GaAs and Alg 3Gag 7As
after reactive ion etching

The characterisation techniques used to investigate the degree and nature
of damage caused on the semiconductor surface include measurement of ideality
factor of Schottky diodes, low temeprature integrated band-gap photoluminescence,
X-ray photoelectron spectroscopy and Raman scattering. To quantify the degree of
damage induced on the sidewall, a novel technique was developed by fabricating a
Schottky diode onto the sidewall of the etched structure.

3.4.1 Surface damage - Schottky diode characteristic

3.4.1.1 Theory
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The transport mechanisms which determine the conduction properties of
Schottky barriers under forward bias for an n-type semiconductor are shown
schematically in figure 3.7, where gy, is the height of the barrier measured from the
metal Fermi energy level, V{ is the diffusion voltage or "band bending", and & is
the energy difference between the conduction band and the semiconductor Fermi
level; while the inverse processes occur under reverse bias. The basic mechanisms

are:

a) emission of electrons from the semiconductor over the top of the barrier into the
metal,

b) quantum-mechanical tunneling through the barrier,

¢) recombination in the space-charge (depletion) region, and

d) recombination in the neutral region.

When process a) described above is the dominant transport mechanism in
a Schottky diode, the diode can be considered as nearly ideal, n = 1 (see derivation
below); while processes b), ¢) and d) cause departures from the ideal behaviour, n

>>1;nis commonly known as the ideality factor.

" Furthermore, there are two ways in which the electrons can be emitted
over the Schottky barrier in mechanism a) described above. Before the electrons are
emitted over the barrier into the metal, they must first be transported from the
interior of the semiconductor to the interface. In traversing the depletion region of
the semiconductor, their motion is governed by the usual mechanisms of diffusion
and drift in the electric field of the barrier. When they arrive at the interface, their
emission into the metal is controlled by the number of Bloch states in the metal
which can communicate with states in the semiconductor. These two processes are
effectively in series, and the current is determined predominantly by whichever
causes the larger impediment to the flow of electrons. According to the diffusion
theory of Wagner3-21 and Schottky et.al. 322, the first of these processes is the
limiting factor whereas in the thermionic-emission theory of Bethc3-23, the second
is more important. However, in Roderick's analysis3-24 of Smith's experimental
data3-25 on GaAs diodes, it was shown that the forward current in these diodes at
room temperature is almost certainly limited by thermionic emission provided the
forward bias is not too large. This conclusion was further confirmed by Gol'dberg

et. al.3-26_ In addition, contributions to the electron transport across the GaAs
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Schottky junction through recombination in the depletion region (process c) due to
the short lifetime of the electrons, and tunnelling through the barrier (process b)
because of their very small effective mass (m* = 0.07m) seem to play significant
roles in making the fabrication of ideal GaAs diodes (n = 1) very difficult; however,
n of the order of 1.04 can generally be achieved3-27-3.34, Furthermore, the effects
of quantum-mechanical tunneling appear to be very sensitive in the reverse bias
configuration when measuring the reverse leakage current, as will be shown in
section 4.3.2.3.

Therefore, assuming the electron transport mechanism from GaAs into the
metal is attributed almost entirely to thermionic emission, the current-voltage
characteristic of a practical diode is given by3-38:

I =1, exp {eV/nkT} {1-exp[-eV/kT]} (3.1)
where Io = A**T2 exp {-e@p/kT } x area (3.2)

where A** is the Richardson constant modified to take into account of the effective
mass, quantum-mechanical reflection and phonon scattering of the electrons

(8.6A.K‘2cm‘2), T is the absolute temperature and n is the ideality factor; n>1.
When V > 3kT/e, equation 3.1 approximates to:
I=1, exp {eV/nkT} (3.3)

A straight line results when Inl is plotted against V for small forward bias ( =
0.5V), and the ideality factor n is calculated from the slope of the graph, see figure
3.8. If large values of n are calculated or Inl against V plots are non-linear, the
diode is far from ideal probably due to the presence of a thick interfacial layer or to
recombination in the depletion region via localised centres, traps. This measurement
of the ideality factor from Schottky diodes as a quantitative study of the degree of
damage induced on the semiconductor surface after dry etching have been used
widely by a number of workers 3.27-3.37,
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3.4.1.2 Experimental

The material configurations used for GaAs and Alg 3Ga(_ 7As diode
fabrication have been described in section 3.2.1. Ohmic contacts were prepared on
the back surface of the wafers by alloying 100nm:20nm:50nm of AuggGe12:Ni:Au
in an Ar:Hp 95:5 ambient at 325°C for 1 minute, which is the composition
optimised for low temperature ohmic contacts formation3-39. To avoid any surface
oxide, the wafers were etched in NH3:HO; 4:16 for 60s before evaporation.
Normally, HCI:H2O; 1:1 would have been used as a wet etch to remove the surface
oxide, but in this case, since the HCl in the mixture would react with the Al in the
Al 3Gag 7As to produce AICI3, an alternative surface oxide etch was chosen. A
piece of thin wire was also mounted in the middle of the wafers before evaporation
to ensure a discontinuity so that the conductance of the ohmic contacts can be tested
after annealing. The wafers were then scribed into 3 x 3 mm?2 chips. Six chips from
each material were processed of which one was used as a control sample. The
others were reactive ion etched in SiCly for 30s at varying power densities from
0.08W/cm?2 to 0.44W/cm?2 at a chamber pressure of 12mT, volume flow rate
9sccm. To investigate the damage dependence on etch time, three samples from the
GaAs wafer were reactive ion etched in SiCly for 30s, 60s, 90s, and 120s with a
power density of 0.44W/cm2, 12mT pressure and a volume flow rate of 9sccm.
The etching machine used has been described in section 2.6.2. For the AlGaAs
material, the GaAs capped layer was left on the Alg 3Gag 7As for the samples
which were subjected to dry etching; the GaAs cap on the control sample was
removed in HyO,:NH3; 40:1 for 2s, a selective GaAs to AlGaAs wet chemical etch
with an etch rate of = 1um/min.. After etching, a single layer of 15% PMMA in
chlorobezene (185,000MW) = 1um thick was spun onto the chips at SK rpm and
baked at 180°C overnight. Windows of area 5 x 5 m? in the resist were exposed
with an electron beam at 0.25um spot size at S0kV in a 1.56 x 1.18 mm frame.
After exposure, the exposed resist was developed in 1:1 MIBK:IPA for 60s at 23°C
followed by a 30s rinse in IPA. Native oxides on all samples were removed by
NH3:HO; 4:16 for 60s followed by a 30s rinse in deionised water before diode
evaporation. The Schottky diodes were formed by evaporating 60nm-Ti/50nm-Au
and subsequently, lift off was performed in acetone. The I-V characteristics of the

diodes were measured using an HP 4145A semiconductor parameter analyser.
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However, a high density of oval defects were present on the
Alg 3Gag 7As material. While the formation of these defects during the molecular
beam epitaxial growth of GaAs and AlyGaj.xAs is a well known effect3-40-3.44,

their origin still remain a controversial topic. The long oval axis of these defects all

lie along the <110> direction with densities ranging from 103 - 105 cm-2. They are
commonly proposed to result from spitting of globules of material from the group
ITI (e.g. Ga) element effusion cells3-42-3.44 and there is increasing effort directed
towards their reduction3-43-3.-47_ The defect density of the present material was
determined using the optical microscope and was measured to be approximately 8 x
105cm-2. Therefore, the area of the openings in the resist was chosen to reduce the
probability of fabricating the diodes onto these defects. It is also assumed that the
resistance of the additional Alg 3Gag 7As/GaAs interface is negligibly small
compared with the metal/Al 3Ga() 7As interface so that the Schottky characteristics
measured would be a valid assessment of the state of the metal/Alg 3Gag 7As

interface.

3.4.1.3 Results and discussion

Figure 3.9 shows a graph of ideality factor vs. power density for GaAs
and Al 3Gag 7As reactive ion etched in SiCly at 12mT for 30s in a volume flow
rate of 9sccm with power densities varying from 0.1W/cm2 to 0.44W/cm2. The
control GaAs and Alg 3Gag 7As samples exhibit ideality factor of values 1.04 and
1.14 respectively. The higher ideality factor measured for the Aly 3Gag 7As
sample is attributed to the ease of oxidation of the Al and the quality of the MBE
growth. Nonetheless, a valid comparison may be made since the state of the dry
etched surfaces would be relative to that of the wet etched. In a recent damage study
by Pearton et. al.3-48, higher ideality factors have also been measured on both
unetched and etched AlGaAs surfaces compared with GaAs surfaces. In this work,
the n values measured for the etched GaAs and Al 3Ga( 7As surfaces show an
increase from their unetched samples, this implies the state of the semiconductor
surfaces has been deteriorated electrically after etching, probably from the
introduction of interface traps. A monotonic increase in the measured n values
towards higher power densities is observed, this may be a result of more energetic

ion bombardment associated with higher power densities. It is worth noting that the
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relative increase in the ideality factors for the etched Algy 3Gag 7As surfaces is
higher than the etched GaAs surfaces, this is an indication of more degraded
Alg 3Gag 7As than GaAs surfaces after etching. However, since Al is very easily
oxidised, it is not entirely clear whether the result of more degraded Al 3Gag 7As
surface after etching is due to more damage caused during the etching process, or
because of more susceptive surface reactions (e.g. oxygen uptake) from an equally
deteriorated surface after etching. A similar trend is observed for both
semiconductors producing a minimum n value at a power density of around
0.22W/cm2. A dramatic increase in the measured ideality factor is also evident at
around 0.1W/cm?2 power density. This seemed a surprising result in a low power
density regime with a low level of ion bombardment. However, according to figure
3.1, this corresponds to a regime where no measurable etch depth resulted.
Therefore, deposition appears to be a likely cause for the high ideality factors

measured.

Figure 3.10 shows a graph of measured ideality factor as a function of
etch time. The deteriorative effect of the damage layer appears to have saturated
after 30s of etching. It is possible that this is a result of the simultaneous production
and removal of the surface damage layer, since the substrate surface is being etched
constantly. It is also worth noting that a similar effect was observed in some recent
experiments using CH4/H) as the etch gas3-79. On the other hand, in an RIE study
using CCIpF7/He by Knoedler et. al.3.80, they found that the surface damage
increased with overetch time. However, their substrate configuration contained an
AlAs etch stop layer, which was different from this work; and their investigation
was concerned with the damage caused in the underlying GaAs after having reached
the AlAs etch stop layer as a function of overetch time, rather than etch time. This
data is significant in that while they observed an increase in GaAs surface damage
with etch time without removal of the substrate surface (due to the AlAs etch stop
layer), no such dependence is evident from this work with continuous removal of
the substrate surface.

3.4.2 Low temperature integrated band-gap photoluminescence
measurements



The optical performance of the unetched and reactive ion etched GaAs
surfaces in SiCl4 was investigated by low temperature integrated band-gap
photoluminescence measurements.

3.4.2.1 Theory

Photoluminescence can be defined as the optical radiation emitted by a
physical system resulting from excitation to a nonequilibrium state by irradiation
with light. Three processes may be distinguished:

a) creation of electron-hole pairs by absorption of the exciting light,
b) radiative recombination of electron-hole pairs, and
¢) nonradiative recombination caused by centres such as deep traps, impurities and

defects from the sample.

Figure 3.11a) shows the energy (E) vs. wavevector (k=2np/h) diagram for the
photoluminescence process for a perfect (i.e. without nonradiative recombination
centres) direct band gap semiconductors such as GaAs, where p is the momentum
and h Planck's constant. The electron-holes pairs are created by the absorption of a
photon having energy hf > Eg, where Eg is the value of the forbidden energy
gap,which is 2.24 x 10-19 J, or 1.4eV for GaAs. Recombination of the photo-
excited electron-hole pairs then occur, emitting light with energy of the forbidden
gap with maximum intensity. However, in the case where nonradiative
recombination centres are present, which are normally deep states situated in the
middle of the energy gap, some electron-holes pairs will still recombine with energy
Eg but the output intensity will be decreased, since some of the radiation will be lost
through the nonradiative deep centres. This situation is illustrated in figure 3.11b).

Clearly, b) and c¢) are competing processes in a damaged sample while
process b) will be larger in an undamaged one. In integrated band-gap
photoluminescence, it is the measurement of the difference in intensity of the
resultant light emitted from processes b) and c) which gives an indication of the
state of the semiconductor surface. This technique has been used by Namba et.
al.3-49 and Kawabe et. al.3-40 1o study the effect of rf sputter.etching and ion
milling by argon respectively on Si-doped GaAs with a He-Cd laser.
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Since the exciting light is absorbed in creating electron-hole pairs, the
greatest excitation of the sample is near the surface; the resulting carrier distribution
is both inhomogeneous and not in equilibrium. In attempting to regain homogeneity
and equilibrium, the excess carriers will diffuse away from the surface while being
depleted by both radiative and nonradiative recombination processes. Therefore,
most of the excitation of the semiconductor is restricted to a region within an
absorption length of the illuminated surface; for the He-Ne laser employed in the
present experiment, the absorption length in GaAs is 270nm.

The photoluminescence measurements are carried out at around 15K. The
need for this low temperature is that in order to obtain information about the
quantity of the nonradiative deep centres which might be present in the
semiconductor, any electrons recombining in these states must not be re-ionised
themselves. At tempefatures much greater than OK, the otherwise recombined
electrons will be thermally liberated from all traps and defects, making the analysis

insensitive to the presence of these centres.

3.4.2.2 Experimental

The GaAs used for this photoluminescence study was a 2 x 1017¢m 3 si-
doped GaAs epitaxial layer of 1um on an n¥ substrate. In this experiment, four
GaAs samples of area 4 x 4 mm?2 were prepared. Three of which were reactive ion
etched in SiCly using the etcher described in section 2.6.2 at a total pressure of
12mT, volume flow rate 9sccm for 30s with power densities 0.44W/cm?2,
0.22W/cm2 and 0.08W/cm2. The remaining unetched chip served as a control
sample.

The photoluminescence equipment used was one which has been set up
by the molecular beam epitaxy group at Glasgow University. A schematic diagram
of the system is shown in figure 3.12. The sample is mounted on a nickel plated
copper block which is fixed to a metal support rod using adhesive/acetone and the
temperature is lowered from ambient down to 15K by a commercial refrigeration

cryostat system. The laser power output is nominally 27mW at 6328A. Any infra
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red radiation is blocked by the KG3 filter. The laser beam is chopped at 40Hz, a
value which optimises the operating signal/noise conditions for the germanium
detector. Mirrors M1, M2 and M3 are coated with dielectric giving 99.9%
reflectivity at 45° angle of incidence and 6328A wavelength. The laser beam is then
directed towards the focussing lenses L1 and L2 by mirrors M1 and M2, which are
fixed in position, before arriving at M3, which is adjustable over a small angle to
allow the beam to be incident on a sample of minimal size 1mm?2. The beam
diameter at the sample can be focussed to less than 0.5mm. Due to the transmission
losses from the filter, mirrors and lenses, the peak power which reaches the sample
is reduced to 15mW. In practice, the average incident power on the sample is
further reduced to 7.5mW since the chopped beam has a mark/space ratio of
1:1.The output light from the sample is then focussed and directed through the
vertical input slit of the monospectrometer. In all experiments, the scan rate and the
range of wavelengths scanned have been kept constant at S500A/min. and from
7500A to 18,000A respectivcly. The output of the germanium detector is detected
by a lock-in phase sensitive detector and amplified before the spectrum is recorded

on a chart recorder.

3.4.2.3 Results and discussion

Figure 3.13a) shows the photoluminescence spectrum for the unetched
GaAs sample excited by the He-Ne laser at 15K. The main peak at 831nm is due to
process b) described above through donor-acceptor and band to acceptor
transitions; the small peak at 850nm is a phonon sideband of the main peak. The
820nm peak is due to excitons. The spectra of the GaAs samples reactive ion etched
at power densities 0.44W/cmZ2, 0.22W/cm?2 and 0.08W/cm?2 are shown in figure
3.13b) - d) respectively. It is evident that the intensity of the main peaks for all
power densities have decreased from their original spectrum indicating a
deterioration of the semiconductor surface optically after etching. A more useful
graph of the normalised luminescence intensity to the unetched sample may be
plotted against power densities and is shown in figure 3.14. A higher normalised
PL intensity is observed at a power density of 0.22W/cm2 compared with
0.44W/cm?2 implying less non-radiative recombination centres are introduced to the
GaAs surface after etching at 0.22W/cm?; this is probably related to the lower ion

energies associated with lower power densities. Very low luminescence resulted at

37



a power density of 0.08W/cm?2 indicating a highly degraded semiconductor surface
after etching. In this power regime, deposition is believed to occur, see figure 3.1.
It is worth noting that these optical measurements correlate very well with the
electrical Schottky characteristics observed in the previous section.

3.4.3 Raman scattering

Raman scattering was also used to evaluate the possible structural damage
induced in GaAs after reactive ion etching. The experiments were carried out in
collaboration with the low temperature group of University of Glasgow and details
of the theory, experiment, and discussion of results can be found in Ch.6 of the
Ph.D thesis of Morag Watt, 1989 and ref. 3.51-3.52. Therefore, only a brief
account on part of the experimental results which verify the usefulness of this
technique and correlation with other experimental measurements will be presented

here.

The material used was a 2 x 1017 cm-3 Si-doped GaAs epitaxial layer of
1pum thick on an n* substrate. Similar to the photoluminescence experiment, four
GaAs samples of area 4 x 4 mm?2 were prepared. Three of which were reactive ion
etched at a total pressure of 12mT, volume flow rate 9 sccm for 30s with power
densities 0.44W/cmZ (100W), 0.22W/cm?2 (50W) and 0.08W/cmZ (20W). The
remaining unetched chip served as a control sample. These samples were studied
with various laser lines from a Coherent krypton-ion laser in order to change the
penetration depth of the light and therefore, probe different depths in the GaAs
which allowed evaluation of the depth dependence of the damage.

The Raman spectrum of the GaAs (001) surface is well documented in the
literature3-53,3.55_ The feature arises from the interaction between the
electromagnetic field of the incident laser light and the variation in the crystal
potential caused by the quantised lattice vibrations (phonons). The dominant
features of the GaAs Raman spectrum are the longitudinal optical (LO) phonons and
the transverse optical (TO) phonons which occur at 292 and 269 cm-1 respectively.
The observable peaks for any given scattering geometry are determined by Raman

group-theoretical selection rules. The selection rules for GaAs, in backscattering
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geometry, show that only the LO phonons are allowed to scatter while the TO mode
contribution is forbidden by symmetry3-55. However, in the presence of damage
or strain in the crystal, the selection rules are destroyed and as a result, the TO
mode will appear3'56. Therefore, the measurement of the variation in the TO mode
intensity will give an indication of the degree of structural damage caused by RIE.
This technique has been used by other workers to study the inflicted crystalline

damage on GaAs surfaces after dry etching3~56‘3-58 and ion implantation3-58‘
3.60

The Raman spectra of the unetched and etched GaAs samples excited from
a light wavelength of 4825A with a penetration depth of 350A3-61 are shown in
figure 3.15. It is clear that the selection rules are obeyed very well for the unetched
control sample where scattering from the LO mode but no corresponding feature
from the TO phonon is observed. The other etched samples show different
behaviour in that the TO mode is present in each spectrum. This suggests that the
etch process has disordered the crystal and relaxed the selection rules. The ratio of
TO:LO intensities are compared for the etched samples giving a value of 0.3 for the
sample etched at 0.44W/cm?2 (100W), 0.17 for the 0.22W/cm?2 (50W) sample and
0.40 for the 0.08W/cm?2 (20W) sample. While the sample reactive ion etched at
0.08W/cm?2 (20W) exhibits the highest TO:LO ratio suggesting a largely disordered
crystal, it appears that this is the etch condition at which deposition was believed to
occur (see sections 3.4.1.3 and 3.4.2.3) and indeed, the surface produced on this
sample was particularly bad, being dull and rough, even to the naked eye.
Therefore, it is highly possible that the enhanced TO:LO ratio observed in the
"spectrum of this sample arose less from the greater intrinsic damage inflicted into
the crystal and more from the overall reduction in intensity of the allowed scatter, it
is certain that the LO phonon intensity from this sample was far less than any of the
other three samples. In the case of the other two samples, the 0.44W/cm?2 sample
showed a larger TO:LO ratio than the 0.22W/cm?2 sample without degradation of
the overall spectral intensity. This can be regarded as evidence that the 0.44W/cm?
sample suffered more crystalline damage than the 0.22W/cm? sample. This result is
significant in that it correlates very well with both Schottky diode and
photoluminescence measurements conducted on similarly etched GaAs surfaces
(sections 3.4.1.3 and 3.4.2.3). In order to acquire a quantitative estimate of the size
of the damaged region, the Raman spectra of the samples were taken at different
penetration depths by varying the light excitation wavelength. The Raman spectra of
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the control, 0.22W/cm?2 (50W) etched and 0.44W/cm?2 (100W) etched samples
recorded with an excitation wavelength of 5309A with penetration depth 650A are
shown in figure 3.16. It is evident that a TO mode is observed for the 0.44W/cm2
sample while for the 0.22W/cm2 sample, it has disappeared. This change is
indicative of crystalline damage that lies close to the surface of the material. As the
penetration depth is increased, the scattering volume is increased and the
contribution to the scattered signal from the surface region is reduced. It is worth
noting that the Raman spectrum of the 0.44W/cm? etched GaAs sample recorded
with 6471A exciting light with a penetration depth of 1450A exhibited only an LO
phonon with no evidence of a TO phonon suggesting that the contribution of the
damage layer after reactive ion etching at 0.44W/cm? is still significant up to a
thickness scale of 650A but no longer so on a scale of 1450A.

3.4.4 X-ray photoelectron spectroscopy (XPS) analysis

~ In order to investigate the nature of the modified GaAs surface after
etching, XPS analysis was carried out on both unetched and reactive ion etched
GaAs in SiCly.

3.4.4.1 Theory

XPS is one of the many important surface analytical techniques available
and many reviews have been written3-62,3.63, Essentially, in XPS, X-rays are
used to eject electrons by raising each electronic energy level from its original value
by the amount of the photon energy hv, while the number and kinetic energy of
these photoemitted core level electrons are measured. The relevant energy

conservation equation is:

h1)+Eim=Ekin+l-3f

tot

) 3.4)

where E,__ is the total energy of the initial state, E,; is the kinetic energy of the

photoelectron, and Efo((k) is the total final energy of the system after ejection of the



photoelectron from the kth level. The binding energy of the photoelectron is defined
as the energy required to remove it to infinity with a zero kinetic energy. In XPS

measurements E;’(k), the binding energy of an electron in the kth level referred to
the local vacuum level, is defined as:

Ey(K) =E,, - B, 3.5)
giving
hv=E_ +E &) (3.6)

Generally, in the study of semiconductors, binding energies are expressed relative
to the Fermi level. The exact binding energy for an electron in a given element
depends on the chemical environment of that element. This is because in a given
core level, the energy of an electron in this core state is determined by the Coulomb
interaction with the other electrons and the attractive potential of the nuclei, any
change in the chemical environment of the element will involve a spatial
redistribution of the valence electron charges of this atom and the creation of a
different potential will be seen by a core electron. This redistribution affects the
potential of the core electrons and results in a change in their binding energies.
Therefore, in addition to the identification of the particular elemental species
associated with certain electron binding energies, analysis of the exact peak
positions can indicate the chemical binding state of these elements. This technique
has been used by a number of workers to study the chemical binding state on the
GaAs surface after ion implantation using Si2+ ions3-64 and reactive ion etching
employing a variety of gases3-03-3.69_ Since the X-rays only have a penetration
depth of = 5nm, XPS is a purely surface sensitive technique. A variant from XPS
is angle resolved XPS in which the angle of the detector of the output electrons is
changed whereby the depth of the modified surface may be probed3-69,3-70’3-35.

3.4.4.2 Experimental

The material used for the XPS study was a 2 x 1017cm3 Si-doped GaAs
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layer of 1um thick grown on an n* substrate by molecular beam epitaxy. Due to the
time slots available on the XPS equipment, it was only possible to carry out
measurements on two samples. Therefore, two chips of area 5 x 5 mm?2 were
prepared. One was reactive ion etched in SiCl4 at a power density of 0.44W/cm?2,
12mT total pressure, 9sccm volume flow rate for 30s, while the other served as a

control sample.

The actual XPS experiment was carried out in collaboration with the
Department of Physics of the University of Strathclyde. The experimental
equipment is similar to the one used at Harwell laboratory, see section 5.4.2.1,
except that the ouput data was taken as analogue signals and was plotted
simultaneously on a graph plotter instead of being digitally recorded in a computer.
The kinetic energies for the recorded spectra were scanned from 1485eV to
1188eV.

3.4.4.3 Results and discussion

The XPS spectra taken from the unetched and etched GaAs samples are
shown in figure 3.17a) and b) respectively. The peaks at binding energies 19.5eV
and 41.3eV from the unetched GaAs sample are due to signals from Ga(3d) and
As(3d) and are indicative of the presence of Ga to As bonds3-81,82, An additional
peak in the As(3d) signal at binding energy 44.2eV is observed on the GaAs
surface which has been reactive ion etched. This peak is commonly resolved as
arsenic - oxygen bonding3-65-69,83 the observation of this peak is a result of the

presence of Asp0O3 on the substrate surface.

The ratio of the concentration of Ga/As may be estimated using the
approximation that the area under Ga(3d) / area under As(3d) is proportional to the
concentration of Ga / concentration of As3-71. In this simple analysis, it is assumed
that the photoelectron peaks have about the same energy, their photopeak
efficiencies and photoelectric cross-sections are about equal. Under this
assumption, the area under the Ga(3d) signal / the area under the As(3d) signal for
the unetched sample was measured to be 0.98 while for the etched sample, it was

1.14. This suggests that the reactive ion etched GaAs sample has become deficient
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in As after etching. While this is a rather crude analysis compared with the one
carried out in section 5.4.2.2, it still appears that both Asy0O3 and an As deficiency
are present for the reactive ion etched GaAs sample. Oxygen uptake and Ga-rich
surfaces after the reactive ion etching of GaAs employing other gases have also
been observed by various workers3-67-3.70 (also see section 5.4.2.2). In the
present work, the reactant products in the reactive ion etching of GaAs in SiCly are
GaCly and AsCly, and because of the higher vapour pressures associated with
AsCly products, it is likely that they will vapourise faster than the GaCly products,
leaving behind a Ga-rich surface. However, the importance of ion bombardment in
increasing the production and/or desorption rate of the etch products, as has been
demonstrated by McNevin et. al.3-72 and Balooch et. a1.3-13, must not be
overlooked. Moreover, it is possible that the diode characteristics measured in
section 3.4.1 is a result of this defective layer containing As vacancies and Asp0O3,
since it has been reported that As vacancies in GaAs behave as donors3-73,74 and
this type of donor defect layer has been suggested to cause enhancement in the
tunneling transport across GaAs Schottky diodes thus increasing the ideality factors
and decreasing the barrier height measured after rf sputter etching3-37 and ion
sputering3-27,29,35, Furthermore, Robinson3-75 concluded that the larger ideality
factor resulting from the interfacial oxide in a metal/semiconductor junction is a
consequence of the creation of interface states coincident with the formation of the
native oxide, which in turn cause an interface charge which increases the probability
of conduction by tunneling. However, the possibility of creation of other defects
(e.g. As and Ga antisites, interstitials and complexes) cannot be ruled out. Since the
XPS data suggests the existence of As vacancies and the electrical properties
suggest the presence of a donor layer, it may be concluded that As vacancies
dominate the damage layer. This damaged layer can behave as traps or strain thus
leading to the low output of luminescence and the presence of the symmetry
forbidden TO mode in Raman scattering observed for the etched surfaces.

3.5 Sidewall damage

A novel characterisation technique was developed in order to estimate the
amount of damage induced on the sidewall of etched structures. This is possible by
constructing a Schottky diode directly onto the etched sidewall and measuring its
ideality factor.
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3.5.1 Development of the fabrication of sidewall Schottky diode
3.5.1.1 Experimental
Material and fabrication outline

The starting material was a 2 x 1017cm™3 Si-doped GaAs epitaxial layer
of 0.5um thick grown by molecular beam epitaxy on a semi-insulating GaAs
substrate. The wafer was diced into 5 x 5 mm?2 chips and nine (3 x 3) device
patterns were defined by electron beam lithography using the converted Philips
PSEM 500 scanning electron microscope, see section 2.2.2. The lithographic steps
consists of three levels, the design of which are shown in figures 3.18a) - c¢). First,
the sample was cleaned for 30s in trichloroethylene for 30s, then rinsed in acetone
for 30s, followed by isopropanol alcohol (IPA) for 30s. Ohmic contact and
alignment marks were prepared by alloying Au-Ge-Ni-Au at 325°C, figure 3.18a).
The next stage defines the mask for etching a ridge into the semi-insulating
substrate, figure 3.18b). Both polymeric high resolution negative resist and metal
(NiCr) were tried as dry etch masks with NiCr rendering better results, see section
3.5.1.2. Subsequently, Schottky diode was fabricated by evaporating 60nm:60nm
Ti:Au onto one side of the ridge. The third level defines an opening to provide
access to the ohmic contact for probing and lines for isolation amongst the devices,
see figure 3.18c).

Ohmic and alignment level

Single layer 15% PMMA in chlorobenzene (185,000 MW) = 1um thick
was spun onto the chip and baked at 180°C overnight. The ohmic and alignment
pattern was exposed with a 0.125um spot at 50kV in a 1.56 x 1.18 mm frame.
After exposure, the resist was developed in 1:1 MIBK:IPA for 60s at 23°C for 60s
followed by a 30s rinse in IPA. Ohmic contacts were made by evaporating
100nm:20nm:50nm of AuggGe12:Ni:Au on the exposed areas and annealed at
325°C for in an Ar:Hyp 95:5 ambient for 60s. Lift off was performed in acetone. See
figure 3.19a).



Masking level

Two types of etch masks were tried, namely: a polymeric high resolution
negative resist and metal (NiCr) mask. In the case of polymeric resist, 15% HRN
of 0.25um thick was spun onto the sample and baked for 20 mins.. The masking
area was exposed with a 0.125um spot size at S0kV in a 1.56 x 1.18 mm frame.
After exposure, the resist was developed in MIBK for 30s at 23°C, then rinsed
twice in IPA for 30s. The sample was then ready for dry etching. In the case of
metal mask, more processing steps were required. To open the masking area for
etching, 15% PMMA was spun onto the sample, baked, exposed and developed in
the same way as in the ohmic level with the exposed pattern being the masking
level. After development, NiCr of 80nm thick was evaporated onto the exposed
area and lift off was performed in acetone. The sample was then ready for dry or

wet etching, see figure_3. 19b).

Sidewall Schottky diode

Since the HRN resist is an insulator, the sample processed with this mask
would be ready for the fabrication of sidewall Schottky diode after etching. On the
other hand, if NiCr was used as dry etch mask, its removal was required after
etching and was carried out using HCI:H>O 4:1 for 2 minutes. Subsequently,
evaporation of 150nm of SiO; at 60° to the sample was neccessary in order to avoid
contribution of conductance from the surface of the epitaxial layer, see figure
3.19¢c). In both cases, the Schottky diode was fabricated by evaporating
60nm:60nm Ti:Au: at 60° to the sample, see figure 3.19d). Before diode
fabrication, the samples were subjected to HCI:H,O 1:1 for 30s, a chemical etch to

remove surface oxide, followed by a rinse in deionised water.
nin hmic con vice isolation lev

In order to facilitate probing to the devices, it was neccessary to make
access to the ohmic contacts and to isolate the devices from one another. To do this,
18% PMMA of 2um thick was spun onto the samples and baked overnight, the
thicker resist used was to avoid subsequent wet etch attack. The area around the
ohmic contact and the isolation lines were exposed with a 0.125um spot size at

S50kV in a 1.56 x 1.18 mm frame. After exposure, the resist was developed in
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MIBK:IPA 1:1 for 60s at 23°C. After development, the gold which would be
exposed was removed in a gold etch, iodine/potassium iodide (I/KI) 1:1 by weight
for 50s. If HRN resist was used as a dry etch mask, the Ti which was underneath
the gold would be removed in HF for 10s in a cold bath, an O plasma would then
be used to strip the HRN for half an hour and the 18% PMMA would be removed
in acetone. In the case of metal mask, both Ti and SiO2 would be removed in
HF:H0 3:1 in a cold bath for 50s and the 18% PMMA in acetone. This process
along with the final diode structure is illustrated in figure 3.19¢). Since the result of
the wet etches which contain HF rely largely upon the resistancy of the 18%
PMMAA resist, they were carried out in a cold bath as the resist is more resistant to

wet etch attack at lower temperatures, see section 3.5.1.2 below.

Alignment

The alignment scans for aligning to the registration marks (in the first
level) are shown in figure 3.20a) and b). The squares are used for coarse alignment
while the outline of the 'T" shape is used for fine alignment. The scans are scanned
at a rate of 2us per pixel and the alignment was carried out by adjusting the X-Y
varymag, the stage rotation and the beam shifters.

Etching

The gas used for reactive ion etching was SiCl4 with 9sccm volume flow
rate, 0.44W/cm?2 power density, 12mT total pressure for 3 mins.. The chemical
etch used for wet etching was HCI:HO in the ratio 20:1 for 16s.

3.5.1.2 Preliminary data

Initially, the sidewall Schottky diodes were fabricated using HRN as dry
etch masks and their ideality factors were measured to be around 1.153. However,
there were some problems associated with this fabrication method. Detail
observation of the devices using both optical and scanning electron microscopes
revealed the shrinkage of the HRN resist after etching (see also section 4.3.5.2)
thus exposing = 100nm of unetched GaAs on the top surface of the etched structure
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before diode evaporation, see SEM 3.1. This implies the diode charateristics are
due to both the 100nm of unetched surface and 500nm of the etched sidewall.
Alternatively, a metal mask can be used for dry etching. Therefore, another sample
was processed using NiCr as the dry etch mask and very satisfactory etching
resulted producing vertical sidewalls and a smooth etched surface with no problem
of mask shrinkage, see SEM 3.2. After the removal of NiCr in HCI:H7O 4:1 for 2
mins., Si07 of 150nm thick was evaporated at 60° to the sample in order to insulate
the top conducting GaAs surface. The effect of shadowing after evaporation is
shown in SEM 3.3. Subsequently, Ti/Au is evaporated at 60° to the other side of
the sample, see SEM 3.4. In practice, the shadowing effect from the previous layer
of SiOy can cause a discontinuity in the Ti/Au layer as shown in SEM 3.5. In this
case, an additional evaporation of = 50nm of Au is needed to ensure good contact.
In the final step of wet etching for the removal of Au, Ti, and SiO, the sample was
scribed into 3 chips. One was used for wet etching at room temperature and the
ideality factor measured for the sidewall diodes on this chip were 2.471. However,
further examination of the sample in the scanning electron microscope revealed
holes on the Ti/Au layer, see SEM 3.6. This is believed to be due to wet etch attack
from the HF mixture during the removal of Ti and SiO7 and may account for the
high ideality factor measured. Therefore, the remaining chips were wet etched at
low temiperature = 3°C and the final surface did not appear to have been attacked,
see SEM 3.7, and the ideality factor was measured to be 1.827.

Figure 3.21 shows the I-V characteristics of the sidewall diodes fabricated
using both HRN and NiCr as dry etch masks. In this case, the NiCr masked sample
was wet etched at 3°C. It is evident that more current flows through the diode
fabricated using HRN compared with metal mask. In particular, at a forward bias of
3V, the surface current was measured to equal half the sidewall current. The graph
of In I vs. V for the same samples is shown in figure 3.22 giving ideality factors of
1.152 for the HRN masked and 1.827 for the NiCr masked samples. It is likcly that
the higher current and the lower ideality factor measured for the HRN masked
sample are due to contributions from both the sidewall and part of the unetched top
GaAs surface as a consequence of the shrinkage of the resist after etching and
therefore, the NiCr masked sample which was wet etched at low temperature offers

a more valid result.
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3.5.2 Effect of an hydrochloric acid (HCI) boil

There is evidence that by boiling a sample patterned with quantum dots
which have been fabricated with reactive ion etching using SiCly in similar etching
conditions as those considered in this work in concentrated HCI, a reduction in dot
size is observed3-76. Therefore, it appeared that the effect of the HCI boil initiated
the removal of some material from around the etched dot. To investigate whether
this would have any effect on the characteristics of the diodes, two reactive ion
etched GaAs samples were prepared for both surface and sidewall Schottky diode
fabrication. After etching, both samples were boiled in concentrated HCI for half an
hour before diode evaporation.

3.5.3 Results and discussion

A summary of the ideality factors measured for both surface and sidewall
Schottky diodes having been treated by a) wet etch in HC1:H»O9 20:1; b) reactive
ion etch in SiCly at 0.44W/cmZ2, 12mT; c) reactive ion etch in SiCly at 0.44W/cm2,
12mT, with a 30mins. boil in concentrated HCI; is shown in figure 3.23. As
expected, both wet etched samples show very low n values at around 1.05 implying
very little appreciable damage is caused. The process of reactive ion etching
increases the n value of the surface diode to 1.172 and that of the sidewall diode to
1.54. While this suggests that a higher degree of modification to the GaAs etched
sidewall is produced compared with the etched surface after reactive ion etching in
”SiC14, it is not possible to conclude whether the larger degradation is due to a
thicker sidewall damaged layer or a more severely damaged one. Nevertheless, this
seemed a rather surprising result since in reactive ion etching, the ions produced in
the plasma are accelerated directionally towards the substrate surface and therefore,
the surface exposed to this directional physical energetic bombardment is expected
to be more susceptible to the occurence of physical damage. However, it is also
possible for damage to be produced by the chemical component of etching, for
example, a more volatile etch product may vaporise faster than a less volatile one
thus leaving behind a stoichieometric surface after etching. In addition, the final
vaporisibility of the products may be affected by their desorption rate, which in turn
is related to the degree of ion bombardment. From the present experimental data, it

is inadequate to pinpoint the nature of this damage layer. Additional analytical
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techniques such as XPS (see sections 3.4.4 and 5.4.2) and transmission electron
microscopy (TEM) (see section 6.3) are needed to reveal more of the physical
nature of the damaged layer. Nonetheless, it appears that its deteriorative effect is
more prominent on the sidewall than on the surface. This may be explained by the
fact that during etching, the material on the substrate (probably damaged) surface is
constantly being removed by ions and reactive radicals and therefore, whatever
damage is being induced is also being removed at the same time, see section
3.4.1.3. On the other hand, although the sidewall surface is not exposed to the
directional bombardment of the ions, because it is not being etched constantly, any
damage caused by the bombardment of ricochetting atoms or the chemical
component of etching will remain on the sidewall and probably increase with time
(see section 5.3.5.2). Moreover, the structure of the sidewall may also be very
susceptible to redeposition effects3-84-86 from the bottom surface, which may
contribute to the modified layer observed. At this point, it is worth mentioning that
the larger damage observed on the sidewalls in this section could be a result of the
sidewall damage dependence on etch time, (evidence of which can be found in
section 5.3.5.2), since the sidewall structure was etched for 3 mins. and only 30s
for the surface. The effect of the concentrated HCI boil after etching on the ideality
factors measured are also shown in figure 3.23. The n values for both diodes were
measured to have decreased from their values after dry etching giving 1.11 for the
surface and 1.20 for the sidewall diodes. This implies the state of the GaAs has
been recovered to some extent after the acid boil. From the previous evidence of a
reduction in dots sizes measured after the acid boil, see section 3.5.2, it may appear
that some material has been removed, but no further information as to the nature of
the removed material can be obtained from this experiment. However, it may be
speculated that if Ga-rich surface and sidewalls were present after RIE, which is
evident both from the XPS data on the reactive ion etched surface (see section
3.4.4.3), and the data suggested from TEM analysis on the etched sidewall (see
section 6.3.3.1), these Ga-rich surfaces and sidewalls may have reacted with the
HCI producing gallium chloride ions, hence giving a better GaAs surface. It is also
worth noting that a larger decrease in n value is observed for the sidewall diode
compared with the surface, which may be indicative of a more chemically damaged
sidewall.

3.6 Conclusions
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1) The etch rates and sidewall profile dependence on power density and gas
pressure in the RIE of both GaAs and Alg 3Gag 7As using SiClgy were
investigated. Results suggest the presence of a low level of O3 in the etcher during

etching and the importance of ion bombardment in the etch mechanism.

2) The etch rate was observed to increase with flow rate in the RIE of GaAs in
SiCly4. Comparison of theoretical and experimental calculation in a microscopic
level indicates that the standard etch conditions operate under a Cl deficient state and
as a result, the less chlorinated species GaCly and GaCl and possibly As may be
expected.

3) The ideality factors of both etched GaAs and Al 3Gag 7As surfaces were
observed to increase with power densities implying more interface traps are
introduced at higher power densities. In addition, more degraded Aly 3Gag 7As

surfaces were evident before and after etching.

4) While the ideality factors of etched GaAs surfaces in this work in which the
substrate surface is constantly being etched did not exhibit dependence on etch time,
surface damage dependence on overetch time was observed by others3-80 with an

etch stop layer. See no.8).

5) The output photoluminescence intensity decreases with power density increase
implying more non-radiative recombination centres are introduced after etching with
higher power densities. This data is consistent with the electrical measurements
conducted on the etched surfaces.

6) More structural damage is also evident from the emergence of the TO phonon
mode in Raman scattering measurements at higher etch power densities consistent
with previous electrical and optical measurements and at a power density of
0.44W/cm?2, the thickness of the damage layer appear to be significant up to a
thickness scale of 650A but no longer so on a scale of 1450A.

7) XPS data suggests that the damage layer contains As vacancies and As203.

Such a surface layer can contribute to the behaviour of a charged layer, traps, or
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strain which may explain the electrical and optical characteristics observed on the
etched surfaces.

8) A novel process for fabricating sidewall Schottky diode was developed.
Comparison of sidewall and surface diode characteristics indicate that more damage
is induced on the sidewall of the etched structures. However, since the surface
damage has been found to saturate with etch time (no.4)) and the sidewall damage
dependent on etch time (Ch.5), the more damaged sidewall could be a manifestation
of etch time dependence.
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Figure 3.13 showing the photoluminescence spectra with the main

transition at a wavelength of 831+lnm for a) unetched, and SiClg

reactive ion etched GaAs at a power density of b) 0.44W/cm?2 , C)

0.22W/cm2 and d) 0.08W/cm?2
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Figure 3.14 Normalised PL intensity vs. power density for GaAs

surfaces reactive ion etched in SiCly4
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Figure 3.15 showing the Raman scattering spectra for unetched and
reactive ion etched GaAs at different powers with TO:LO phonon mode

ratios. Excitation wavelength was 4825A (After M.Watt Ph.D thesis,

1988)
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Figure 3.16 Raman scattering spectra of unetched and reactive ion etched
GaAs at different powers with TO:LO phonon mode ratio. Excitation

wavelength was 5309A (After M.Watt Ph.D thesis, 1988)
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Figure 3.18a) Ohmic and alignment level in the fabrication of sidewall

Schottky diode
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Figure 3.18b) Masking level in the fabrication of sidewall Schottky
diode



“Figure 3.18c) Opening of ohmic contacts and device isolation level in the

fabrication of sidewall Schottky diode
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SEM 3.1 showing the shrinkage of HRN resist after reactive ion
etching during sidewall Schottky diode fabrication

0000 £5KV X14.SK £.03um

SEM 3.2 Using NiCr as dry etch mask resulted in very
satisfactory etching with no problem of mask shrinkage



SEM 3.3 Effect of shadowing after the evaporation of SiC>2 at
60° during sidewall Schottky diode fabrication

SEM 3.4 The result of the subsequent evaporation of Ti/Au at
60° from the other side (on top of the SiC>»)



SEM 3.5 Discontinuity due to the shadowing effect from the
underlying SiC>2 layer after Ti/Au evaporation
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SEM 3.6 The presence of holes in the Ti/Au layer due to wet
chemical attack



SEM 3.7 shows the final structure of a sidewall Schottky diode
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Figure 3.21 I-V characteristics showing the difference in current flow in

the sidewall diodes using a) HRN and b) NiCr as dry etch masks
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Chapter 4 Development and damage characterisation of reactive ion
etching of GaAs in CHy4/H>

4.1 Introduction

This chapter is concerned with the development of the reactive ion etching
of GaAs using CH4/Hj; in addition, both damage and passivation effects caused by
etching on the surface and sidewalls of etched structures are characterised
employing electrical and optical techniques.

4.2 Development of reactive ion etching of GaAs using CH4/H,
4.2.1 Experimental

In order to develop the high resolution etching of GaAs using CH4/H», a
suitable dry etch mask has to be produced. Initially, single layer 15%
polymethylmethacrylate (PMMA) positive resist (with molecular weight 185,000)
was tried for low resolution etching. GaAs samples were half patterned with the
resist and subsequently reactive ion etched. Although inpection of the etched sample
under the Hitachi S800 scanning electron microscope (SEM) showed a high degree
of reacted polymer (a blue residue) on the resist after etching, which was neither
removable by soaking in acetone, nor in an O) plasma, the etched surface was very
smooth. Therefore, various metals and negative resist were tried, the necessary fine
metal lines were patterned using electron beam lithography and lift-off. After
etching, the etch depths were measured using a Taly-step stylus.

4.2.1.1 Resolution tests

Resolution tests were carried out using the positive resist and the lift-off
process described in sections 2.2 and 2.3. The double layer resist was exposed by

an electron beam using a converted Phillips PSEM 500 séanning electron
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microscope (SEM) (section 2.2.2) at 8nm spot of 50keV energy in a (25 x 19)um
frame. The exposure doses used were as follows:

1) 2000-10,000uC/cm2 for the 1-pixel lines;
2) 1000-50000.C/cm? for the 2-pixel lines;
3)  800-2500pC/cm?2 for the 4-pixel lines;

4) 400-1250uC/cm? for the 8-pixel lines;

5)  350-500pC/cm? for the 16-pixel lines;

6) 320-370puC/cm? for the 40-pixel lines.

SEM 4.1 shows the 1-pixel Ti lines of linewidths 450A-550A with exposure doses
from 2000-3500pC/cm? on a GaAs sample. SEM 4.2 shows the entire exposure
test pattern with the smallest Ti lines with linewidths at 400A exposed at
20001.C/cm?2 for 1-pixel and 1000pC/cm? for 2-pixel. In order to test the degree of
etch resistancy of the various masks, 8% HRN negative resist and different metal
lines were fabricated on GaAs samples using this resolution test pattern and

subsequently reactive ion etched in CHy/Hj.

4.2.2 Reactive ion etching

The RIE machine used was an Electrotech SRS Plasmafab 340 and has

been described previously in section 2.7.2.

Initially, a large number of etching conditions within the parameter
space?-1 was tried in order to find the correct feed gas composition and etch
condition to provide the anisotropy needed for high resolution applications.
Thereafter, the change in etch rate as the power density was varied about the
optimum condition was studied; with a constant power density of 0.4W/cm?2, the
effect of gas composition on etch rate and sidewall profile was observed by varying
the Hy flow rate while fixing the flow rate of CH4 at 6.9sccm while maintaining a
constant total pressure of 14mT. A residual gas analyser (RGA) was also employed
to investigate the type and concentration of gases present in the exhaust gas. The
RGA was fitted in a separately pumped chamber about 1 meter away from the main
chamber. A sample of the exhaust gas is admitted through a needle valve and is

ionised by a gauge head before entering the analysing chamber. The ions in the
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chamber are then separated by their molecular weight and displayed on the screen of
the control unit. In this way, the type of gaseous species present in the main
chamber can be monitored by detecting their ion signals.

4.2.2.1 Conditioning of the etch chamber

Normally, after two to three reactive ion etch runs in CH4/Hj, the etch
chamber is contaminated with polymeric material deposited from the CHy/Hp
plasma. Since carbon and oxygen impurites is believed to strongly influence the
plasma confinement as discussed by McCracken and Stott42 and it has been
demonstrated that the use of hydrogen plasma cleaning and conditioning can
remove these impurites4-3, it was decided to clean the chamber using a Hp plasma
with a flow rate of 25sccm, 0.6W/cm2 power density and a pressure of 10mT.
However, after 30minutes of cleaning, the polymeric material still remained.
Therefore, it was decided to try to remove the carbon-containing compounds first
with an O plasma for 30 minutes with a flow rate of 25sccm, 0.2W/cm? power
density and a pressure of 15mT, followed by a Hy clean for 30 minutes. This
arrangement rendered very satisfactory results. In order to quantify the cleaning
process, RGA signals were taken from the various stages during a Hj clean. Figure
4.1 shows the RGA spectra with the addition of hydrogen gas after 30 minutes of
cleaning in an oxygen plasma. Apart from the ions from the Hy gas observed at
molecular weights 1, 2 and 3g; the ions of HpO at 17g and 18g, and carbon-
containing compounds at 28g are clearly evident. Figures 4.2a) - d) show the RGA
Eignals after 10 minutes, 15 minutes, 25 minutes and 30 minutes of Hp plasma
cleaning. The concentration of the ions from the water and carbon-containing
compounds are observed to decrease as the duration of cleaning increases; after 30
minutes, most of the impurites are removed. Therefore, throughout this work, the
etch chamber was preconditioned with O and Hp before etch runs were carried
out.
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4.2.3 Results and discussion
4.2.3.1 Masks

Two classes of mask were considered, namely metals and polymer
resists. Metallic masks of gold/paladium (Au/Pd), nichrome (NiCr) and titanium
(Ti) were tried. However, after etching, the Au/Pd and NiCr masks exhibited
pyramid shaped profiles. Similar profiles have been observed when other metals
were sputtered by high energy inert ions#-4 indicating a similar process occuring on
these masks. On the other hand, Ti did not appear to have been sputtered, instead,
an etch ratio to GaAs of = 20:1 after reactive ion etching in CHg4/H7 was observed.
It is possible that this is a result of the lower sputtering yield associated with Ti
compared with other metals as reported by Laegreid and Wehner?-5. Polymeric
resists 8% HRN and 15% PMMA were also tried. 8% HRN was also observed to
have been sputtered while a polymeric material which was not removable either in
acetone or an Op plasma resulted when 15% PMMA was used.

4.2.3.2 Etching

The etch condition which produced the vertical sidewalls needed for high
resolution application was found to be 0.4W/cm? power density, 14mT total gas
pressure, CHy volume flow rate of 6.9sccm with a CHy to Hp gas ratio of 1:5,
rendering an etch rate of 20nm/min.4-6. SEM 4.3 shows a micrograph of a thin rib
of width 30nm on a very smooth surface etched under these conditions using a
50nm thick Ti mask. The change in etch rate as the power density was varied about
the optimum condition is shown in figure 4.3. The etch rate was found to increase
with power density. While this observation may be due to the increase in reactive
radical generation with increasing power densities, contribution from an enhanced
ion-assisted processes as a result of more energetic ion bomdardment (see section
2.4.4.) at higher power densities cannot be ruled out. At power densities below
0.2W/cm2, no etching but rather polymer deposition was observed. This is
probably due to the presence of less energetic ions at such low power densities
leading to a build up of the less volatile reactant products on the substrate surface

thus inhibiting the etching process. Etch profiles are also dependent on power
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density, changing from overcut at low power to vertical profiles at higher power.
Although the vertical profile observed is probably because of the effects from the
more energetic and directional ions at higher power densities, it is also possible that
at higher power densities, more reactive radicals will be available to react with the
sidewalls of the etched structures. Reverse explanations may also apply to the
overcut profiles observed at lower power densities with lower radical generation
and less energetic ion bombardment. However, it is difficult to distinguish, from
this experiment alone, the dominant effect which affects the profile dependence, it is
probably a combination of both physical and chemical contributions, especially in
RIE. Experiments whereby the chemical and physical components during etching

can be independently controlled are beneficial for this type of etch mechanism
study4.7‘4.9'

Figure 4.4 shows the dependence of etch rate and sidewall profile on feed
gas composition with the power density and total gas pressure being kept constant
at 0.4W/cm? and 14mT respectively. An initial experiment in pure H, showed a
very slow etch rate of 6nm/min., as observed by Chang et al.4.10, As the

concentration of CHy4 was increased, the etch rate also increased to a maximum of

20nm/min. at a ratio of 1:5 CH4:H,, then decreased with additional CHy. It is
possible that the decrease in etch rate at low methane concentration is a consequence
of an inadequate generation of (CH3)3 species for reaction. On the other hand, the
decrease in etch rate at high methane concentration may be due to an excess
generation of methyl species, leading to the formation of long chain polymers
which may deposit on the surface of the GaAs surface, thus inhibiting the etching
process. This explanation is further supported by the formation of a deposit with
increased CHy4 concentration which is removable in an O, plasma. This suggests
that a polymeric film is formed, which is a common occurrence with hydrocarbons

in a gaseous discharge4-11,

Overcut profiles were observed in both high and low CH4 concentration
regimes. While the overcut phenomena observed in the high CH4 concentration
regime may be a result of a high level of methyl species generated leading to
redeposition of polymeric material onto the sidewalls of the etched structures, it is
somewhat surprising to observe overcut profiles in the low CHy concentration
regime since with a lower concentration of CHy, less methyl species would be

generated.
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It is worth noting that recently, GaAs etch rates of up to 45nm/min. has
been demonstrated by increasing the CH4 molecular concentration in the CHyg/Hp
gas mixture using Shipley positive photoresist $1718-J5 in a Plasma Technology
RIE80 system4-12,

4.3 Damage characterisation

The amount and nature of damage induced after CHy4/H» etching was
characterised by a number of techniques. However, the damage measurements were
complicated by the effect of passivation of the donors in GaAs from the atomic
hydrogen generated in the CH4/Hj) plasma. Nonetheless, to characterise both the
passivation and damage effects on the etched surface, electrochemical profiling,
Schottky diode characteristics and low temperature integrated band-gap
photoluminescence were used while the conductivity of nt GaAs quantum wires
were measured to study the etched sidewalls. Comparison tests were made by dry
etching in SiCl4 and wet etching in potassium chlorate (KCIO3).

4.3.1 Hydrogen passivation and the effect of annealing

The incorporation of hydrogen in semiconductors (e.g. Si, Ge, InP,
GaAs, AlGaAs) is well documented in the literature4-13-4.25, Hydrogenation
occurs when the samples are subjected to exposure of a Hp plasma, or implantation
of H* ions from a beam source. In n-doped GaAs, atomic hydrogen has been
observed to passivate donors leading to a decrease in carrier concentration4-16-
4.18, increase in electron mobility#-14 and an increase in the photoluminescence
spectra4-20 measured. The incorporated hydrogen is also found to passivate deep
level defects such as M1, M2, M44-21 and EL24.23, bulk donor defect (at E.-
0.36eV)4-15, argon sputter-etch induced defects®26 and non-radiative deep
centres#20. Moreover, after hydrogen plasma exposure, passivation of Si donors
and DX centres in AlGaAs occurs4-22. Although electrical activity of the shallow
donors can be restored by annealing at temperatures around 400°C for 10
minutes4-17,18,21 deep levels M1, M2 and M4 remain fully passivated up to
anneal temperatures around 600°C*21, From a photoluminescence study by Weber
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et. al.4-20, they found that while the Si donors were recoverable from passivation
at anneal temperature of 400°C, the nonradiative centres were not. It follows,
therefore, that there is a wide temperature window within which it is possible to
regain the carrier concentration without loss of passivation of the deep level defects
and non-radiative deep centres. Furthermore, the effect of hydrogenation has been
demonstrated to passivate dry etched defects in Ge, Si and GaAs#26-28 and has
been applied to the fabrication of a field-effect transistor4-29.

The type of bonding arrangements for the donor neutralization in GaAs
still remains an open question although some models have been suggested4-13:17'
20, The fact that the activation energy for the recovery of electrical activity varies
with donor species suggests that atomic hydrogen is in some way bonded to the
donor ion, see figure 4.5. While some simple microscopic bonding models
involving the utilisation of the extra electron from the donor leading to the formation
of hydrogen to Ga-site donor (Si, Sn, and Ge) or As-site donor (Se, S, and Te)
complexes have been proposed4°17’20, the possibility of a hydrogen to arsenic
bond, where the arsenic is supposed to sit as a first nearest neighbour of the silicon
donor atom, giving rise to (SiAs3)As-H complexes has also been suggested from
infrared absorption spectroscopic studies on hydrogenated n-type silicon doped
GaAs4-13.

4.3.2 Surface damage - Electrochemical profiling

4.3.2.1 Experimental

The material employed was a 2 x 10 7cm-3 Si-doped GaAs epitaxial layer
of 1um thick on an n* substrate. For this experiment, the GaAs wafer was diced
into five 6 x 6 mmZ2 chips. The surfaces of four unpatterned GaAs samples were
CHy4/H) etched for 2 minutes to an etch depth of = 40nm. The etch condition used
was as in section 4.2.3.2. The remaining unetched chip serves as a control sample.
After etching, three samples were annealed on a strip heater in a 95% Ar/ 5% Hp
ambient for 2 minutes at 200°C, 300°C and 380°C. The carrier concentration

profiles of the five differently treated GaAs samples were obtained from
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capacitance-voltage measurements on Schottky barrier structures formed by an
electrolyte (0.1 molar Tiron solution) in contact with the samples. Instead of
varying the applied voltage to change the depletion depth at which the carrier
concentration is measured as in the conventional C-V profiling, this electrochemical
method changes the depth (the sum of the depletion depth and the etched depth) by
etching smoothly the semiconductor in a controlled way while keeping the applied
voltage constant. In principal, the electrochemical profiler is able to measure
profiles to an unlimited depth or very highly doped layers (n > 1019 cm3) since it
is not limited by the Schottky breakdown voltage.

4.3.2.2 Results and discussion

Figure 4.6 shows the carrier concentration before and after processing as
a function of depth. In the unetched control sample the carrier concentration is
uniform from the edge of the surface depletion region through the epilayer. After
CHy/H; etching, the depletion region edge has moved to a depth of 0.2um beyond
which the carrier concentration varies continuously for a further 0.1um from § x
1016cm-3 to the bulk value. Partial recovery of the carriers was possible by
annealing the sample at 200°C for 2 min. and full recovery was obtained after a
300°C anneal for the same period. These results are similar with those previously
reported for the depassivation of Si-doped GaAs exposed to hydrogen
plasmas® 17 Therefore, it appeared that the loss of carriers close to the surface was
largely due to hydrogen passivation though the possibility of near surface damage
could not be ruled out by this experiment alone.

4.3.3 Schottky diode characteristics
4.3.3.1 Theory

The theory concerning the estimation of surface damage by measuring the
ideality factor of Schottky diodes can be found in section 3.4.1.1. In addition to
measuring the ideality factor, the diode barrier height can be calculated by taking the
intercept on the current axis at V = 0 as I, and substituting in equation 3.3. If large

values of n are calculated or Inl against V plots are non-linear, the diode is
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considered to be far from ideal probably due to the presence of a thick interfacial
layer leading to an enhancement in tunneling transport or to an increase in

recombination in the depletion region.

For additional information about the quality of the semiconductor surface,
another useful parameter to measure in a Schottky diode is the reverse leakage
current. This is carried out by applying a moderately small reverse bias (= -2V) to
the metal-semiconductor junction and measuring the resultant current. In this
configuration, the current contributed from quantum-mechanical tunneling,
especially in the presence of additional surface charges and traps become very
significant.

4.3.3.2 Experimental

The material employed for diode fabrication was a 2 x 1017cm"3 Si-doped
GaAs epitaxial layer, 1um thick on an n* substrate. Ohmic contacts were prepared
by alloying Ge-Au-Ni-Au at 325°C on the back surface of the wafer, see section
43.1.1. The GaAs wafer was then scribed into 3 x 3 mm2 chips. To investigate
the effect of annealing on the diode behaviour after CH4/Hy etching, three
unpatterned GaAs chips were CHy4/H etched for 2 minutes to an etch depth of =
40nm. The etch condition used was as in section 4.3.1.1. After etching, two
samples were annealed on a strip heater in a 95% Ar/ 5% Hj ambient for 2 minutes,
one at 200°C and the other at 380°C. The remaining chip served as a control sample.
Two other chips were processed with similar etching conditions as above only with
differing power densities, 0.3W/cm?2 and 0.6W/cmZ2. Then, a single layer of 15%
PMMA in chlorobenzene (185,000 MW) = 1um thick was spun onto the four chips
(one serves as a control sample) at 5K rpm and baked at 180°C overnight. Openings
of 10 x 10 pm?2 were made by exposing the resist with an electron beam at 0.25um
spot at S0kV in a 1.56 x 1.18 mm frame and developing the exposed resist in 1:1
MIBK:IPA for 60s at 23°C followed by a 30s rinse in IPA. Native oxides were
removed by dipping the sample in 1:1 HCI:H,O for 30s followed by a 30s rinse in
deionised water. Schottky diodes were subsequently formed by 60nm-Ti/5S0nm-Au
metallisation. The I-V characteristics were perfcrmed using an HP 4145A

semiconductor parameter analyser.



4.3.3.3 Results and Discussion

A summary of the measurements derived from the I-V characteristics as a
function of anneal temperature for the Schottky diodes is shown in table 4.1. After
CHy4/H7 etching, ideality factor, barrier height, turn on voltage, breakdown
voltage, and reverse leakage current were increased. The effect of annealing at
200°C decreases the barrier height, turn on voltage, and breakdown voltage. At an
anneal temperature of 380°C, the above parameters decrease to values comparable
with the control sample. While these relative changes are attributed to the change in
carrier concentration due to passivation as observed in the carrier profile
measurement, the reverse leakage current is not recovered by annealing, suggesting
that interface traps are generated by the CH4/Hy etch. The ideality factors measured
at various power densities for the CH4/H) etched GaAs surfaces before annealing
is also shown in figure 4.7 along with the SiCly4 etched GaAs surfaces (see section
3.4.1.3). From table 4.1 and figure 4.7, it is observed that small increases in the
ideality factors are measured after CH4/H> etching before and after annealing and
comparing this data with the SiCly etched surfaces (figure 4.7), the CH4/H> etch
appears to cause less damage on the GaAs surface than the SiCly etch (see also
section 4.3.4.3). However, from the reverse leakage current data, the presence of
interface traps are clearly evident after CH4/H etching before and after annealing.

It is worth noting that arsenic deficient surfaces were found from an x-ray
photoemission spectroscopy study of GaAs surface having been exposed to a
multipolar hydrogen plasma%-30 and from a transmission electron microscopy
investigation after the GaAs sample was exposed to a capacitively coupled rf Hp
plasma for 2 hours#-31. However, this effect does not appear to be evident from
the present measured diode characteristics since a decrease in barrier height would
be expected if the GaAs surface was arsenic depleted4-32‘4-35 (also section
5.42.2).
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4.3.4 Low temperature integrated band-gap photoluminescence
measurements

4.3.4.1 Theory - see section 3.4.2.1
4.3.4.2 Experimental

The material used for the photoluminescence study was a 2 x1017¢m-3
Si-doped GaAs epitaxial layer of 1um thick on an n* substrate. In this experiment,
ten GaAs samples of 4 x 4 mm?2 were prepared, seven of which were reactive ion
etched in CH4/H7 for 2 minutes at the condition described in section 4.2.3.2. After
etching, two samples were annealed at 200°C, one for 2 minutes and the other for 4
minutes, while four others were annealed at 380°C for 1, 2, 3, and 4 minutes
separately. The annealing procedure was carried out on a strip heater in a 95:5
Ar:H) ambient. Two other GaAs chips were also reactive ion etched by CHy/H> at
varying power densities of 0.3 and 0.6W/cm2. No annealing was carried out on
these samples. The remaining unetched chip served as a control sample. Details of
the photoluminescencc equipment used can be found in section 3.4.2.2.

4.3.4.3 Results and Discussion

Figure 4.8 shows a graph of integrated photoluminescence intensity (at
the transition wavelength of 831nm) normalised to the unetched control sample for
GaAs after reactive ion etched by SiClq and CH4/Hj at different power densities.
The PL spectra for the SiCly etched surfaces can be found in section 3.4.2.3 with a
more detailed explanation. In the present graph, it is evident that the samples etched
by the CH4/H7 etching process result in much higher PL intensities at all power
densities compared with the SiCly process. This implys that more non-radiative
deep centres are introduced by the SiCly etching process than the CH4/H) process.
It is worth noting that this data is consistent with the Schottky diode characteristics
observed in section 4.3.3.3. One possible explanation for this observation is that
the deep centres introduced by the CH4/H» process are constantly passivated by the
atomic hydrogen since this is believed not only to bind to Si-donors but also to

nonradiative deep centres4-20. 1t has also been demonstrated that atomic hydrogen
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is effective in passivating electrically active damage centres created during sputter
etching of GaAs#-27 and that lattice damage due to ion bombardment can be self-
passivating when hydrogen is present in the bombarding species when etching
silicon4-36,42, However, if all the nonradiative deep centres were effectively
passivated by the atomic hydrogen, an overall increase in luminescence intensity
should be expected for the hydrogenated samples4~20; in this experiment, an
overall decrease in luminescence intensity is observed. Therefore, while it is
possible that the rate of introduction of deep centres by the etching process is higher
than the rate of passivation by the atomic hydrogen, a reduction in the donor-related
transitions resulting from the decrease in donor concentration through the effect of
passivation may also contribute to the decrease in the luminescence intensity

observed.

The effect of annealing on the PL output of the CH4/Hp etched GaAs
samples were also studied. Unetched samples were also annealed to ensure the
validity of this investigation. Figure 4.9 shows the normalised PL intensity vs.
anneal time for the unetched and hydrogenated samples annealed at temperatures
200°C and 380°C. The unetched samples before and after annealing show PL
intensities of around 1 as expected. The general trend of the data shows an increase
in PL output with the anneal time in the hydrogenated samples. From a previous
study by Pearton et. al.4-19, the anneal process is believed to recover the donors
from donor-hydrogen complexes while the activated H is either redistributed deeper
in the sample or is released outwards from the sample depending on the anneal
temperature; this behaviour was observed by Heddleson et. al. 442 in hydrogenated'
silicon. In this study, while the activated H upen annealing from the depassivated
donors (from previous electrochemical and diode characteristic measurements) may
indiffuse into the substrate and passivate the nonradiative centres (probably
introduced by the etching process) thus causing increases in PL output to values
greater than 1 with anneal time at both anneal temperatures, it is also possible for
the donor-related transitions from the recovered donors to contribute to the
luminescence. However, if H indiffusion was the only result of annealing, for the
temperature range considered in this study, a higher PL output would be expected
for the samples annealed at 380°C compared with 200°C according to a carrier
recovery mechanism proposed by Chevalier et. al.4-18 and Pearton et. al.4-17 for
the dissociation of Si-H bond. From their experimental data, the integrated fraction

of the donor-hydrogen complexes remaining N/Ng was found to be dependent on
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the anneal temperature T and anneal time t corresponding to the equation:
N/N, = exp - [tvexp (- Ep/kD | @.1)

where Ep is the dissociation energy and v is the dissociation attempt frequency. For
Si-H complexes, taking v as 10145‘1, Ep was found to be 2.1eV. Therefore, the
smaller PL luminescence intensities observed for the samples annealed at 380°C is
perhaps suggestive of the presence of a H outdiffusion process. But from this
experiment, it is not possible to distinguish whether the H outdiffusion process
only begins or has a faster rate at 380°C.

It is worth noting that the effect of hydrogenation and damage caused by
CHgy/H; have also been studied recently employing thin highly-doped GaAs epi-
layers on semi-insulating substrate using TLM and Hall conductances
tcchniqucs4-43‘45.

4.3.5 Sidewall damage - Conductivity of n* GaAs quantum wires

As already mentioned in section 2.5, compared with studies performed on
dry etched surfaces, relatively little work has been carried out to investigate damage
caused on the sidewalls of the etched structures. Throughout this work, two novel
processes have been developed to enable sidewall damage to be investigated. The
first process involves the fabrication of a Schottky diode onto the sidewall and by
measuring the diode ideality factor, it is possible to estimate the amount of induced
damage, see section 3.5. The second process is concerned with devising a thin wire
structure to exploit the analytical techniques available in transmission electron
microscopy, see section 6.3. In this section, a third technique is presented whereby
through measuring the conductivity of n* quantum wires, the extent of damage
caused on the sidewalls can be deduced. This technique was first developed by
Stephen Thoms at the University of Glasgow4-37.
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4.3.5.1 Theory

This technique utilises the assumption that for GaAs, the expected surface
depletion depth, d, for the epilayer can be found to be:

1/2
[ 2ee,(Vis kT/q):l
d= (4.2)

q (ND" NA)

from Chandra et.al.4-38, where € is the static dielectric constant of GaAs and Vgg
is the built in surface potential, taken as 13 and 0.6eV respectively, and Np-N is
the net donor density. Assuming there is negligible conductance in the depletion
region, for a non-damaged wire at cut-off, defined as the wire width at which the
wire ceases to conduct, the wire width will be simply 2d, where d is the depletion
region. However, for a damaged wire, the additional surface states produced from
the dry etch process will cause the surface depletion width to widen, as a result, at
cut-off, the wire width measured will be larger, and the damage width can be seen
to be (wo-2d), where wy, is the cut-off width for the epilayer. This situation is
illustrated in figure 4.10 by a diagram of a wet and dry etched wire along with a
graph of normalised conductance x length plotted against wire widths#-37. Since
no appreciable damage is expected in wet etching, the cut-off wire width is equal to
2d = 40nm, for n* GaAs with a donor concentration of 1.2 x 1018¢cm=3. In the
case of dry etching, the additional damage layer causes w, the cut-off wire width
to increase to 100nm. This implys the thickness of the damaged layer is 30nm on
each sidewall after SiCl4 reactive ion etching at 0.44W/cm? power density with
300V d.c.bias.

4.3.5.2 Experimental

Material and fabrication outlin

For fabricating n* GaAs quantum wires, the starting material used was a
nominally 1.5 x 1018¢m-3 Si-doped, 50nm thick GaAs epitaxial layer grown on a
semi-insulating substrate by molecular beam epitaxy. The wafer was diced into 5 x
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5 mm chips and sixteen (4 x 4) device patterns were defined by electron beam
lithography using the converted Phillips PSEM 500 scanning electron microscope
(SEM), see section 2.2.2. The lithographic steps consisted of two levels:
ohmic/alignment marks and wire level. First, ohmic contacts and
alignment/focussing markers were prepared by alloying Ge-Au-Ni-Au at 325°C.
Two sets of alignment marks were necessary, one for aligning to the whole frame
and the other for aligning the wires to the rest of the pattern, see next section. The
next stage defines the mask needed for the particular etchant. After the required
masks have been defined, the samples were wet etched in a potassium chlorate
solution (KClO3), and reactive ion etched in SiCly and CHy/H,. The dry etching
conditions were chosen to give clean, vertical sidewalls and optimum
reproducibility.

Ohmic and alignment level

Single layer 15% PMMA in chlorobenzene (185,000 MW) = 1um thick
was spun onto the 5 x 5 mm chip at 5K rpm and baked at 180°C ovemight. The
ohmic, alignment, and focussing patterns were exposed with a 0.125um spot at
50kV in a 1.56 x 1.18 mm frame, see figure 4.11. After exposure, the resist was
developed in 1:1 MIBK:IPA at 23°C for 60s followed by a 30s rinse in IPA. The
metallisation consisted of 100nm:20nm:50nm of AuggGe2:Ni:Au annealed in an
Ar:Hp 95:5 ambient at 325°C for 1 minute, which is the composition optimised for
low temperature ohmic contacts formation4-40. Prior to metallisation, the sample
was etched in HCI:H7O 1:1 for 30s to remove any surface oxide. Lift-off was

performed in acetone.

Wire level

Standard bilayer resist was spun onto the GaAs chip and subsequently
developed (see section 2.2.3). The e-beam exposures were carried out with a 16nm
spot size at 50kV in a 100 x 76 ium frame. In order to avoid exposing the rest of the
sample, the wires were aligned to the rest of the pattern using the small registration
marks (marked 'a’) as shown in the bottom middle of figure 4.11 and refocussed

using the same focussing marks (marked 'focus') for each exposure; the sample
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was then moved down 10um in the y-direction, realigned using the middle
registration marks before exposure. To carry out the alignment process, two fine
alignment patterns are scanned, one at a time, over the sample registration marks at
2us per pixel, see figure 4.12a) and b). The first pattern contains dots around the
registration marks and is used to look for the marks. Once the marks on the sample
are found to be in the vincinity of the dots, or preferably close to the registration
marks of the alignment scan, the second pattern, which contains outlines of the
registration marks is used for fine alignment. When the registration marks is in the
middle of the outlines of the alignment scan pattern, the exposure frame is deemed
to be aligned. The alignment is achieved by adjusting the X-Y varymag, the stage
rotation and the beam shifters. |

In order to optimise the wire design for the devices, different designs
were tried:

Design 1): see figure 4.13; in this design, the wires were fabricated by evaporating
Ti from the left and right sides at an angle of 45° giving a total thickness of ~ 3004,
lifted off in acetone, and then reactive ion etched. The double evaporation was
important since a single evaporation had been carried out [using design 4)] and no
conductivity was measured. This is attributed to the discontinuity between the wire
and ohmic contact, see SEM 4.4. However, even with the use of a double
evaporation, some wires still exhibited Schottky behaviour, indicating the
possibility of 'cracking' at the ohmic-wire junctions. Nevertheless, it was possible
to take preliminary measurements on the wires which conducted. In these
rﬁéasurements, a rapid fall to OpS in the conductivity (nose dive) in the graph of
conductivity vs. wire width was observed, see section 4.3.5.3. This is believed to
be due to the non-uniformities in the wire width near the wire-ohmic junction as
shown in SEM 4.5.

Design 2): this is essentially the same as design 1 but instead of Ti, 8% HRN
negative resist was used as the dry etch mask (see section 2.2.4). However, after
CHy/H, etching, the resist was found to have shrunk. A similar occurence was
also observed during the fabrication of GaAs sidewall Schottky diodes, see section
3.5. Because of this, it was not possible to plot the graph of conductance vs. wire

width making this design not viable.
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Design 3): this design is very similar to design 1), but two extra pads are placed
between the ohmic and wire contact where 8% HRN resist was used to cover the
junction discontinuity and to eliminate the possibility of ‘cracking' at the junction,
see figure 4.14. This design rendered satisfactory results and some preliminary data
was taken (see section 4.3.5.3). In addition, no 'nose-diving' behaviour was
observed in the graph of conductivity vs. wire width, this is perhaps indicative of
the absence of wire non-uniformity. But the main drawback with this technique was
the additional stage needed to pattern the HRN resist.

besign 4): this is the optimum design whereby the problems of discontinuity,
‘cracking', and fluctuation of wire width at the ohmic-wire junction were solved,
and the ease of processing was encouraged. This was possible by combining the
use of design 3) and a double evaporation of Ti =~ 3004, see figure 4.15. In this
way, no discontinuity was observed between the wire and ohmic contact as shown
in SEM 4.6; the wire widths did not fluctuate as in design 1), see SEM 4.7; and the
‘nose-dive' behaviour was no longer observed, see section 4.3.5.4.

Figure 4.16 and SEM 4.8 show the wire design pattern of widths varying
from 0.08um to 0.9um.

RIE in CH/Hp

For CH4/H; etching, a ratio of one part CHy to five parts Hy (by volume
flow rate) at a power desity of 0.4W/cm?, 14mT total gas pressure and a d.c. bias
of 1kV was used. The etch rate of GaAs under these conditions is 20nm/min., see
section 2.7.2 for details of the machine used.

RIE in SiCly

For SiCly etching, a power density of 0.44W/cm2, 9sccm volume flow
rate, 12mT total gas pressure and a d.c. bias of 300V was used. Details of the
machine used can be found in section 2.6.2. A useful dry etch mask for this etchant
has been found to be NiCr lifted-off from PMMA, see section 2.3.1, with a GaAs
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to mask etch ratio of >50:14-37. Although high resolution negative resist HRN is
not so resistant to the etch with a GaAs to mask etch ratio of >10:1 and has poorer
resolution than PMMA (30 vs 10 nm), it was adequate for this experiment and
therefore was used due to its ease of processing.

Wet etching

The wet etch used was a HC1:KCl1O3 [aqueous (aq)]; 50:1 mixture, where
the KClO3 (aq) is a 1% solution by weight. In order to characterise the etch rate of
this solution, 8% HRN lines were patterned (see section 2.2.4) on 6.5 x 1017¢m-3
Si-doped GaAs using an electron beam with a 0.125um spot size at SOkV in a 0.77
x 0.59 mm frame. The samples were wet etched for different time durations and the
depth of etch measured using a Talystep. It was found that the solution etches GaAs
isotropically at a rate of = Snm/min., see figure 4.17 and SEM 4.9.

Annealing

To investigate the effect of annealing on hydrogenation and damage after
CHy4/Hj; etchnig, GaAs samples were annealed at different temperatures. The
annealing procedure was carried out on a strip heater in a 95:5 Ar:-Hy ambient4-40,

The conductivity measurements were performed using the four point
probe technique in conjunction with an HP 4145A semiconductor parameter
analyser.

4.3.5.3 Preliminary Data

Initially, with the use of design 1), a set of wires was fabricated using
CH4/H3 reactive ion etching, most of the wires exhibited Schottky behaviour. This
was attributed to the possibility of ‘cracking' between the wire and ohmic contact,
see section 4.3.5.2. Consequently, another set of wires was fabricated using design
3), from a plot of conductance vs. wire width shown in figure 4.18, a cut-off width
of 0.4um was measured. This implied a large amount of damage was caused by

CH4/H7 reactive ion etching. However, from the knowledge of the donor and

73



defect passivation in GaAs and other semiconductors after exposure to hydrogen
plasmas4-13‘25, and previous damage studies carried out on the etched surfaces,
see sections 4.3.2-4.3.4, it was decided to investigate further the possibility of a
similar occurrence in these GaAs wires through the effect of annealing. Therefore,
two sets of wires were fabricated using design 1), see section 4.3.5.2. One set was
annealed at 375°C for 2 minutes and the other for 4 minutes. The conductance vs.
wire width plots are shown in figures 4.19a) and b). While both plots show "nose-
dive" behaviour towards 0.1um probably as a result of the fluctuation of wire
widths (see section 4.3.5.2), extrapolation of the linear parts of the graph gives a
cut-off width of = 0.051m, and for n* GaAs with a donor concentration of 1.5 x
1018¢m-3, this value approaches those of damage-free wires. The different anneal
times did not cause a great deal of difference in the measured cut-off widths. The
enormous dependence of cut-off width on anneal temperature clearly suggests the
occurence of donor depassivation. Therefore, the cut-off width and resistivity
dependence on different anneal temperatures and anneal times was investigated

further using a proper wire design.

4.3.5.4 Results and Discussion

Using design 4), various sets of wires were fabricated, annealed and
measured. Figure 4.20 shows a comparison of cut-off characteristics of CHy/H,
(before annealing), SiCly, and wet etched wires. (Notice there was no more "nose
dive" behaviour as observed using design 1). The extrapolated cut-off width of the
wet etched wires is 40nm*10nm. The mean value is roughly twice the surface
depletion depth for material of this doping density, which is as expected since wet
etching is not believed to cause appreciable surface damage. The SiCly etched wires
exhibit cut-off widths of (100+5)nm, implying a damaged region of = 30nm on
each sidewall, which agrees with previous datat-37. The effect of both
hydrogenation and damage for the CHy/Hj etched wires shifts the cut-off width to
400nm. A resistivity change is also evident from the change in gradient for the
CHy4/H, etched wires compared with the wet etched wires. While it is likely that
this is due to the graded carrier profile caused by hydrogen penetration from the
sidewalls, the possibility of hydrogen diffusion through the thin Ti mask (which is

thick enough to prevent etching) during etching cannot be ruled out.
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The wire samples were then annealed at 200°C, 300°C, 380°C and 450°C
for 2 minutes: the corresponding cut-off characteristics are plotted in figure 4.21. A
cut-off width of (80%5) nm and full recovery of conductivity were obtained by
annealing at 300°C for 2 minutes. Longer anneals did not reduce the cut-off width.
Therefore, while the cut-off widths of depassivated CH4/H; etched wires are
measurably smaller than those etched by SiCly, it appears that the process causes =
20nm of damage to each sidewall. It is worth noting that Chevalier et al.4.18
observed reductions in conductivity after exposures of heavily doped epilayers to
hydrogen plasmas, of which only 50% could be recovered by annealing. This they
attributed to near-surface damage. On the other hand, in this experiment, the
carriers in the core of the wire were completely recovered, but sidewall damage is
observed. Evidently the mask is capable of protecting the bulk of the wire, but not
the sidewalls, from damage by the etching process. Lower conductances were
measured for the wires annealed at 450°C. This is attributed to the degradation of
the ohmic contacts according to measurements of TLM pattems4-40 fabricated on
the same chip. The possibility of As vaporization is unlikely since its sublimation
temperature is = 613°C.

. The cut-off widths of wires subjected to very short anneals were also
investigated. Full recovery of carriers was found experimentally for anneal times as
low as 1 second. Using Fick's law of diffusion based on the hypothesis that the
rate of transfer of diffusing substance through unit area of a section is proportional
to the concentration gradient measured normal to the section:

F = -D dn/dy (4.3)

where F is the rate of transfer per unit area of section, n is the concentration of
diffusing substance, y is the space coordinate measured normal to the section, and
D is the diffusion coefficient, it is possible to estimate the time required to complete

the depassivation process.

A schematic diagram of a quantum wire is shown in figure 4.22. The
diffusion lengths and coefficients of hydrogen in GaAs as a function of anneal
temperature have been determined previously by Zavada et. a1.4-41. Assuming all

the donors in the wire are passivated, the diffusion direction of the hydrogen is in

75



the y-direction only and a constant diffusion coefficient; taking n = 1.5 x 1018cm-
3,y=50x10"7cm, and D = 0.368 x 10-10cm2s-1 at 300°C from ref.4.41 and
substituting in equation 4.2, the flux can be calculated to be 1.1 x 1013 per unit area

per second. Therefore, the time taken to depassivate the donors is given by:
wyln/Fwl=yn/F 4.4)

and on substituting the values for y, n and F, the time is calculated to be 0.68
second, which is in agreement with the experimental data. However, it is important
to note that while the above analysis assumes the direction of the hydrogen
diffusion to be outward in the y-direction into the atmosphere, it is equally possible
for the hydrogen to indiffuse, especially at this anneal temperature, as has been
suggested by others#-19, 4.42 an( the present surface damage studies, see section
4.3.4.

4.4 Conclusions

1) A novel RIE process was developed to etch GaAs anisotropically.
Preconditioning of the etch chamber using O) and H3 led to a reduction in water
and carbon contaminants in the etch chamber. A suitable mask for this etch was
found to be Ti which possesses a relative low sputtering yield. The etch rate and
profile dependence on power density and the % of CHy4 in Hp around the optimum

etch condition were investigated.

2) From electrochemical profiling, the occurence of atomic Hy passivation of the
Si-donors in the etched surfaces was evident from the total recovery of the carrier

concentration with annealing.

3) While diode characteristics of the etched, unannealed and annealed surfaces after
CH4/Hy RIE suggest the effects of hydrogenation, and damage in terms of
interface traps, comparison with the electrical characteristics of the surfaces after
SiCly RIE indicate lower damage is introduced by the CH4/H7 process.

4) Comparison of the PL output intensities of the SiClq and CH4/Hj etched
surfaces suggests less nonradiative deep centres are introduced by the CH4/H2
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process consistent with previous diode measurements. Such high luminescence
intensities observed for the CH4/H» etched surfaces are believed to be due to the
passivation of the non-radiative centres by the atomic Hy. However, the overall
decrease in luminescence observed is attributed to the higher rate of introduction of
non-radiative centres compared with their passivation rate. While the dependence of
PL output intensities on annealing time suggests the occurence of both donor
recovery and non-radiative centre passivation, its dependence on anneal temperature

indicate the presence of a H outdiffussion process.

5) The effect of hydrogenation and damage on the etched sidewalls was investigated
by measuring the conductances and cut-off widths of n* GaAs quantum wires.
Results show that while hydrogenation occurs throughout the whole wire after
CH4/H) etching, the effect of annealing recovers the conductance (donors) in the
core of the wire, but not the sidewalls. This is indicative of the presence of sidewall
damage, whose width is of the order 20nm on each sidewall.

6) Theoretical calculation of the dependence of donor recovery with anneal time in
these wires agrees with the experimental data.
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SEM 4.1 Ti lines of widths 450A-550A Iifted-off from double
layer PMMA resist on GaAs with electron beam exposure

dosages varying from 2000-3500(iC/cm”

SEM 4.2 shows the entire exposure test pattern
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Figure 4.1 RGA signal of the chamber with the addition of Hy gas
after 30 minutes of cleaning in an O, plasma
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Figure 4.2b) RGA signal with Hy plasma for 1S mins.
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Figure 4.2c) RGA signal with Hy plasma for 25 mins.
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Figure 4.2d) RGA signal of the chamber after Hy plasma for 30 mins.
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SEM 4.3 A thin GaAs rib of width 30nm fabricated by reactive
ion etching in CH4/H2 under the optimum conditions (see text)
using a 50nm thick Ti mask
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Figure 4.3 Etch rate and etch profile dependence on

power density in the of RIE GaAs using CH4/H,
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Figure 4.4 Etch rate and sidewall profile dependence on feed gas
composition in the RIE of GaAs using CH4/H 5
Power density and total gas pressure were kept constant at

0.4W/cm2 and 14mTorr respectively
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Figure 4.5 Plot of experimentally determined reactivation energies for
each donor element vs. hydrogen-donor species bond strength for each
element. (After Pearton et. al. ref. 4.17)
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Figure 4.6 Carrier concentration profiles at different annealing

temperatures for 2 mins. in GaAs (Si) after CHq /H2 etching
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Figure 4.7 Comparison of ideality factors as a function of power

density for GaAs surfaces after CHy /Hy and SiCly RIE
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Figure 4.8 Graph of integrated PL intensity vs.
power density for--GaAs surfaces reactive ion etched

in SiCl4 and CH4 /H2
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Figure 4.9 showing normalised PL intensity vs. anneal

time for the hydrogenated samples at anneal temperatures

of 200°C and 380°C



Wet etched Dry etched

additional damage
r—q—) layer produced by

Conducting region

dry etching

Cut-off wire width mask — /
= 2 x depletion width S|

500
400
300
200
100

4 conductance x length
- (S xpm)

- wet
etched

SiCly
etched

B
>

T T T T T

0.1 0.2 0.3 0.4 0.5

width (um)

18 _
Epilayer 65nm thick ,doping 1.2x10 cm 3

etched at a dc bias of 300V

Figure 4.10 Schematic diagram of a wet and dry etched wire, and a
graph of conductance vs. width. (After S. Thoms. et. al. ref. 4.37)
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