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Summary

The purpose o f 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 SiCl4 , CH4 /H2  

and CCl2 F2 /He. Two new methods of etching GaAs anisotropically by magnetron 

radio-frequency and electron cyclotron resonance radio-frequency reactive ion 

etching employing CCl2 F2 /He, and the use of a novel gas mixture CH4 /H 2  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 

techniques 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 tem perature conductivity, and low tem perature 

magnetoconductance of n+ 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 exploited 1-3-1.6 potentially of importance for the development of new

electronic devices. The fabrication of these nanostructures such as quantum wires, 
dotsl*3~l-6 and various transistor s c h e m e s  1 *7-1 . 1 1  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 2  are presented.

In Chapter 3, RIE of GaAs and AlQ.3 GaQ.7 As using SiCl4  are

1



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 2  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 CCl2 F2 /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 * 2nm^-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 « 2 nm) and scattering from lateral secondary electrons which 
lead to the proximity effect 2 .2-2.4 w hile 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 
Rishton2-45 Mackie^-S and Binnie^A

4



2.2.1 E lectron  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 E lectron  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 8 nm to lpm

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 lpm  steps and rotated with an accuracy of l/6 8 th of a degree

e) X- and Y- electronic beam shifters for fine positioning in the X and Y directions 

of up to + 1 0 pm

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.

5



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) lpm  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 lOOnm thick 185,000 MW PMMA layer.

Resist (1) is obtained by spinning 15% PMMA (BDH) in chlorobenzene 

at 5K 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 6 Krpm 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

6



through the resist f i l m ^ ,  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 profile^-? as shown in figure 2.3b).

2.2.4 Negative resist

The negative resists used were Philips High Resoultion Negative Resist 
(H R N )  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 6 K rpm for 60s to give a thickness of 0. ljim  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 0.25|im 

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 

6 K for 60s to give a thickness of 0.35jim 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 polyimide is developed in acetophenoneixylene, 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 M etallisation

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
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resist stencil, then, the lift-off process is carried out in acetone, which dissolves the 
remaining resist leaving the deposited metal on the substrate^-lO. 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 extent^-l 1. However, the difficulty 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
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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 

(EBE), 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 (EBE), 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 sp u t te r in g 2 -1 2 -2 .1 7  Chamber pressures below (5-10)mTorr 

are usually employed with ion energies in the range of lOO-lOOOeV. 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 (R IB  E )2 -1 7 - 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
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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, O-lOOkHz), 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, relativlely 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 expression^-^:

V2  = V 1/(A2 /A 1)4 (2.1)
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where V j is the potential difference between the powered electrode and the plasma 

and V2  the potential difference between the grounded electrode and the plasma and 
A2 /A 1 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 (-Vdc) 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 (2.2)

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 m e a su r e m e n ts2 * 2 6 -2 .2 8

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 CI2  by Balooch et. al.2-29; the effect of 

enhancement of adsorption was observed by Cobum et. a l.2 -3 0  b y  independently 

controlling the impingement of Ar+ and XeF2  on silicon. Moreover, a mechanism 

involving the creation of surface damage has been proposed for the production of 
anisotropy2.31> as jong 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 CC12F2 2*33, and similarly, GaClx in the RIE of GaAs in 

Cl2 2-34, RIBE in Cl2 2-35, and IBAE in Ar+ and Cl2 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* 12,236-2.42 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 in work? damage characterisation has been carried out mostly in the 

area of reactive ion etching, 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 d e fe c ts 2 * 4 6 -2 .4 8  or by using very low ion energies2*̂ 2’̂ 9-^^’2®. It 

is 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 redeposition2 *2 1 "2 3  

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 d a m a g e 2 * ^ 4 ,4 5 ,5 1 -5 6 j outwith Glasgow, less effort has been directed 

towards sidewall damage studies 2 -4 8 ,4 9 ,5 7 ,5 8  These studies will be discussed in 

detail later. A variety of electrical, optical and analytical characterisation techniques 
can be used to investigate d a m a g e 2 * 5 0 - 5 5 ,5 9 ,6 0  It 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 (SiCl4 )

2.6.1 Chem istry

Stem et. a l .2 - 6 1 - 6 2  were the first workers reported to use SiCl4  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 ( 1 0 0 )  orientation in GaAs using this etch gas 
has also been o b s e r v e d 2 -6 3 ,6 4  Furthermore, using optical emission spectroscopy, 

the type of products excited in a SiCl4  microwave plasma were monitored by 
R o w e ^ - 6 5  wh0  found that SiCLj. gas is broken down to SiCl+, SiCl2  and Cl+. 

Since the Cl+ reactive radicals excited in the SiCLj. 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 SiCl4  process are similar to the species 

produced from studies of the ion-assisted etching of GaAs using molecular CI2  and 
argon io n s 2 - 2 9 ,6 6  jn Balooch's e x p e r im e n t ^ - ^  etching of GaAs in molecular 

chlorine was observed only in the presence of argon ion bombardment Using a CI2  

flux of 1 x 1017 molecules/cm^s to impinge on the GaAs surface, they observed 

AsCl3 +, AsCl2 +, AsCl+, GaCl3 +, GaCl2 + and GaCl+ ions, and suggested that 

they had arisen from ASCI3 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. al.2-66^ they 

employed a maximum CI2  flux of 5 x 10l^ molecules/cm^s and found ASCI3 , 

GaCl2 , 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 CI2  with the arsenic on the
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GaAs surface which produces ASCI3 . 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 CI2  

performed by M c N e v in 2 - 6 7 ; b y  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, GaCl2  will be formed 

while under chlorine excess conditions, the fully chlorinated species, GaCl3  and 

ASCI3  will be formed. However, this analysis only takes into account of the 

chemical component of etching and has been applied by McNevin et. a l.^ -6 6  to 

their ion enhanced chemical etching experiment and they found that the predicted 

reaction products in chemical etching (ASCI3  and GaCl3 ) were in contrast with the 

species ASCI3  and the less than fully chlorinated GaCl2 /GaCl species observed 

experimentally. Nevertheless, the etch chemistry involved during the etching of 

GaAs using SiCl4  based on the above information suggests the following:

plasma excitation
SiCl4 (g )  > SiCl2  + SiCl+ + C1++ GaAs(s) > GaClx + AsCly + excess

where x = 1, 2, 3 and y = 3

The vapour pressures of the reaction products (GaCl2 , GaCl3  and ASCI3 ) are 

plotted against temperature as shown in figure 2.9. It is clear that ASCI3  is the most 

volatile, followed by GaCl3 , with the least volatile product being GaCl2 - 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 

SiCl4  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 GaAs^-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 > 1 0 :1  was observed.
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2.6.2 M achine

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^, 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 SiCLj. using HRN as the etch mask.

2.7 Reactive ion etching of GaAs in a mixture o f methane and 

hydrogen (CH4 /H 2 )

2.7.1 Chem istry

The use of CH4 /H2  for the etching of semiconductor compound materials 
was first developed by Niggebriigge et. a l.2 -6 8  They reported reactive ion etching 

of indium phosphide (InP), indium gallium arsenide (InGaAs) and the quartemary 

compound indium gallium arsenide phosphide (InGaAsP). By choosing the 

appropriate parameters, (1 to 3 Pa total pressure, volume flow rate of 15 to 20 % 
CH 4 ), a good degree of anisotropy and an excellent surface morphology was 

produced. A high selectivity was also brought about by using photoresist and SiC>2 

as dry etch masks. However, they were unable to use this mixture to etch GaAs. 

With 20% CH4  in H2 , a power density of 0.4W/cm^ and pressures of 10 and 20 

mTorr, very slow etch rates below lOnm/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 2  has been studied by 
S c h m i d t - 6 9 .  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 /H2  plasma relies 

on the formation of phosphine and group HI 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 HI 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 /H 2 , 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 AsH3  are transported in a H2  

carrier gas to the growth zone where GaAs is formed through the chemical reaction:

(CH3)3Ga + AsH3  > GaAs + 3 (CH4 ).

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 M achine

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 
SiC14  under the optim um  conditions: power density 0.44W /cm^, 
12mT total pressure, 300V d.c. bias and 9sccm volume flow 
rate , with the HRN mask still rem aining on the wires
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Figure 2.12 InP etch rate and intensities of neutral and ionic 
phosphorous compounds vs. total pressure 
(6 % CH4  in H2 ; power density 0.4W/cm2; flow 25sccm) 
(After Schmid ref. 2.69)
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Chapter 3 Reactive ion etching of GaAs and A lp ^ G a p ^ A s using  

SiC l4  and damage characterisation 

3.1 Introduction

This chapter investigates the reactive ion etching of GaAs and 

Alo.3 Gao.7 As 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 A lp^ G ap ^A s

The reactive ion etching of GaAs employing SiCl4  has been developed at 

the University of Glasgow by S. Thoms previously 3.1 and using a power density 
of 0.44 W/cm^, 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 SiCl4  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 waveguides^-l^ 

and quantum wires in GaAs/AlGaAs heterolayers by etching through the AlGaAs 

layer3-16 Moreover, the etch rate ratio between GaAs and AlxGai_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.ll. in this 

section, the etch rate dependence on power density and pressure around the 

optimum condition in the etching of both GaAs and AlQjGap 7 As using SiCl4  has 
been investigated.
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3.2.1 Experimental

Throughout the work of this chapter, the GaAs used was a 2 x 10^cm"3 

Si-doped epitaxial layer of thickness lfim  on an n+ substrate, and the AlGaAs 

material was of 30% aluminium and 70% gallium composition doped with 1 x 

lO ^ c m -^ silicon of thickness 1pm, on a 2  |im thick 2 x 10^ c m "^  Si-doped 

GaAs, grown by molecular beam epitaxy on an n+ substrate, (provided by 

University of Nottingham); the AIq^GaQ j A s  was capped with 20nm of undoped 

GaAs. In order to characterise the etch rate, the wafers were scribed to 5 x 5 mm^ 

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 SiCl4  rendering a ratio of GaAs etch rate 
to mask etch rate of > 50:1 3-1.

3.2.2 Results and discussion

Initially, Alo.3 Gao.7 As 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 conditions'-^. Figure 3.1 shows the graph of etch 

depth vs. time for both GaAs and Alo.3 Gao.7 As reactive ion etched in SiCl4  at a 

power density of 0.44W/cm^, 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 G a A s / A l x G a j _ x A s 3 - 8 , 3 . 9 .  It is well known that 

AlxGaj_xAs oxidises readily in the presence of oxygen and AI2 O3 is an involatile 

product which is believed to hinder the etching process; because of this, the etch 

rate of AlxGai_xAs has been found by others using various gases to be slower than
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GaAs 33,3-8. Moreover, this characteristic has been used to obtain a selective etch 

for GaAs in RIBE using A r /C ^ - l^  and in RIE by adding O2  to a B C ^/A r gas 

mixture3-6. in this work, similar etching rates for GaAs and A lQ ^G aqjA s were 

measured. While the prevention of AIq.3 Gao.7 As oxidation through the presence 

o f 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 Alo.3 Gao.7 As 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 Alo.3 Gao.7 As reactive ion etched in SiCl4  at a constant 

pressure of 12mT with power densities varying from 0.08W/cm^ to 0.44W/cm^. 

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 

materials, overcut sidewalls are observed at power densities below 0.44W/cm^ 

while at a power density of 0.44W/cm^, 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 Alo.3 Gao.7 As, this data is consistent with those reported by Salimian et. 
al.3-17. in this work, although the Alo.3 Gao.7 As 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 AI2 O3 . In a RIE study by 

Nagasaka et. al.3-8} they found that AlGaAs was not etched with a CI2  plasma and 

a CCI4  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 CI2  and CCI4 . 

This they attributed to the possibility of the removal of AI2 O3  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 BCI3 -CI2  

as the etch gas. It is possible, therefore, that the etching mechanism of 

A lo jG ao jA s in SiCl4  resembles that in BCI3 -CI2  and CCI4 -CI2 , and in this case, 
the SiClx+ ions would be responsible for the removal of the low level of involatile
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AI2 O3  thus enabling the C1+ to react with the underlying Alo.3 Gao.7 As.

By varying the feed gas flow rate, the etch rate and sidewall profile 

dependence on gas pressure for GaAs and AIq.3 GaQ 7 AS etched in SiCLj. 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. b i a s ^ ^ .  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 M icroscopic relation between flow rate and etch rate in the 

reactive ion etching of GaAs

The etch rate dependence on the volume flow rate of SiCl4  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/cm^. The volume flow rate was varied 
from 2.8 to 11.6 seem (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 .8 8 W/cm^ may result from 

both the higher generation of reactive radicals and the larger cLc. 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^ with an etch rate of c cm/min., the volume of the GaAs
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etched per minute is therefore a x b x c cm^. Since the density of GaAs is 2.21 x 

10^2 molecules/cm^, the number of GaAs molecules etched per minute can then be 

determined. To calculate the experimentally available Cl (in seem) for reaction, the 

following assumptions may be made:

a) the feed gas ionisation efficiency in conventional reactive ion etching is ~ 0 .0 1 %, 

(see section 5.2.1)
b) in an emission spectroscopic study of a SiCl4  plasma by R ow e^-l^  22% Cl 

atoms were measured to have been produced from the ionised SiCl4

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 CI2  flux was used to react with 

GaAs, some 8 % reaction probability was measured by monitoring the reduction in 

the intensity of the reflected CI2  beam when an argon ion beam was turned on.

At standard temperature pressure, lsccm = 2.69 x 1 0 * 9  molecules/min. and 

therefore, the available Cl (in seem) 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 ASCI3 , 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 .4 4 W/cm2  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 CI2  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, GaCl2  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 ASCI3  and GaCl3  are 

expected, as in the present theoretical assumption. Therefore, if the formation of 

reactant products were assumed to be GaCl2  or GaCl and ASCI3 instead of GaCl3 

and ASCI3 ; 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, GaCl2  and GaCl are most likely to be formed 
corresponding to flow rates of 1 1 .6 sccm 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 GaCl2  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 is 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 

CI2  reaction probability which was being measured rather than the Cl reaction 

probability. It has been found that the Cl radicals adsorb much more easily on the 

GaAs surface than the CI2  m o l e c u l e ^ a n d  that enhanced etching of GaAs has 

been observed using Cl radicals rather than CI2  in the presence of ion 

bombar dmen t - ^Ther ef o r e ,  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 

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 AlQ.3 G ao.7 As  

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 0 5  is the height of the barrier measured from the 

metal Fermi energy level, 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,

c) 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), c) and d) cause departures from the ideal behaviour, n 

»  1 ; n is 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 W a g n er^ -2 1  and Schottky et.al.3-22^ ^  fy-st Qf  these processes is the 

limiting factor whereas in the thermionic-emission theory of Bethe^--^, the second 

is more important. However, in Roderick's a n a l y s i s 3 - 2 4  of Smith's experimental 

da ta^-25  on QaAs 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. a l . 3 - 2 6  j n 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 achieved^.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 = Io exp {eV/nkT} {l-exp[-eV/kT]} (3.1)

where IQ = A**t 2 exp {-e0t>/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-2 cm-2), T is the absolute temperature and n is the ideality factor; n>l.

When V > 3kT/e, equation 3.1 approximates to:

1 = IQ exp {eV/nkT} (3.3)

A straight line results when lnl 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 lnl 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 Experim ental

The material configurations used for GaAs and Alo.3 Gao.7 As 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 A uggG e^N iiA u 

in an Ar:H2  95:5 ambient at 325°C for 1 minute, which is the composition 
optimised for low temperature ohmic contacts f o r m a t io n 3 * 3 9 .  To avoid any surface 

oxide, the wafers were etched in NH3 :H2 0 ; 4:16 for 60s before evaporation. 

Normally, HC1:H2 0 ; 1:1 would have been used as a wet etch to remove the surface 

oxide, but in this case, since the HC1 in the mixture would react with the A1 in the 

Alo.3 Gao.7 As 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^ chips. Six chips from 

each material were processed of which one was used as a control sample. The 
others were reactive ion etched in SiCLj. for 30s at varying power densities from 
0.08W /cm ^ to 0.44W/cm2 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 SiCl4  for 30s, 60s, 90s, and 120s with a 

power density of 0.44W/cm^, 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 AlQ.3 Gao.7 As for the samples 

which were subjected to dry etching; the GaAs cap on the control sample was 

removed in H2 0 2 :NH3 ; 40:1 for 2s, a selective GaAs to AlGaAs wet chemical etch 

with an etch rate of « lpm/min.. After etching, a single layer of 15% PMMA in 

chlorobezene (185,OOOMW) = 1pm thick was spun onto the chips at 5K rpm and 

baked at 180°C overnight. Windows of area 5 x 5  pm^ in the resist were exposed 

with an electron beam at 0.25pm spot size at 50kV in a 1.56 x 1.18 mm frame. 
After exposure, the exposed resist was developed in 1:1 MIBK:IPA for 60s at 2 3 ° C  

followed by a 30s rinse in IPA. Native oxides on all samples were removed by 

NH3 :H2 0 ; 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 

Alo.3 Gao.7 As material. While the formation of these defects during the molecular 
beam epitaxial growth of GaAs and AlxGai_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 1 0 ^ - 1 0 ^ cm"2. They are 

commonly proposed to result from spitting of globules of material from the group 
TTT (e.g. Ga) element effusion c e l l s 3 - 4 2 - 3 .4 4  and there is increasing effort directed 

towards their r e d u c t i o n 3 - 4 5 - 3 .4 7  The defect density of the present material was 

determined using the optical microscope and was measured to be approximately 8  x 

lO^cnr^. Therefore, the area of the openings in the resist was chosen to reduce the 

probability of fabricating the diodes onto these defects. I t  is also assumed that the 

resistance of the additional Alo.3 Gao.7 As/GaAs interface is negligibly small 

compared with the metaVAlo.3 Gao.7 As interface so that the Schottky characteristics 

measured would be a valid assessment of the state of the metaVAlo.3 Gao.7 As 

interface.

3.4.1.3 Results and discussion

Figure 3.9 shows a graph of ideality factor vs. power density for GaAs 

and Alo.3 Gao.7 As reactive ion etched in SiCl4  at 12mT for 30s in a volume flow 

rate of 9sccm with power densities varying from O.lW/cm^ to 0.44W/cm^. The 

control GaAs and Alo.3 Gao.7 As samples exhibit ideality factor of values 1.04 and
1.14 respectively. The higher ideality factor measured for the AlQ.3 GaQ.7 As 

sample is attributed to the ease of oxidation of the A1 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 AlQ.3 GaQ.7 As 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 AlQ.3 Gao.7 As surfaces is 

higher than the etched GaAs surfaces, this is an indication of more degraded 

Alo.3 GaQ.7 As than GaAs surfaces after etching. However, since A1 is very easily 

oxidised, it is not entirely clear whether the result of more degraded AlQ.3 Gao.7 As 

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/cm^. A dramatic increase in the measured ideality factor is also evident at 

around O.lW/cm^ 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 2  as the etch gas^-79. On the other hand, in an RIE study 
using CCl2 F2 /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 tem perature integrated band-gap photolum inescence  

measurements
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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

c) 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=27tp/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“*9 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 Kawabe et. al.3-40 to 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 temperatures 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 10 ̂ cm "^ Si- 

doped GaAs epitaxial layer of l|im  on an n+ substrate. In this experiment, four 
GaAs samples of area 4 x 4  mm^ were prepared. Three of which were reactive ion 

etched in SiCl4  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^, 

0.22W /cm^ and 0.08W/cm^. 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 M l, 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 LI and L2 by mirrors M l 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 lrnm^. 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 500A/min. and from 

7500A to 18,000A respectively. 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/cm2, 0.22W/cm^ and 0.08W/cm^ 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/cm2 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
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a power density of 0.08W/cm2 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 

ljim  thick on an n+ substrate. Similar to the photoluminescence experiment, four 

GaAs samples of area 4 x 4  mm2  were prepared. Three of which were reactive ion 

etched at a total pressure of 12mT, volume flow rate 9 seem for 30s with power 

densities 0.44W/cm2  (100W), 0.22W/cm2  (50W) and 0.08W/cm2 (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 
literature^-53,3.55^ x h e 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 'l 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 sym m etry^-^ However, in the presence of damage 

or strain in the crystal, the selection rules are destroyed and as a result, the TO 

mode will appear^-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 e t c h i n g 3 - 5 6 - 3 .5 8  ^o n  im p lan ta tion^ 8 " 
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^ (100W), 0.17 for the 0.22W/cm^ (50W) sample and 

0.40 for the 0.08W/cm^ (20W) sample. While the sample reactive ion etched at 

0.08W/cm2 (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-^ sample 

showed a larger TO:LO ratio than the 0.22W/cm^ 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 .2 2  W/cm^ (50W) etched and 0.44 W/cm^ (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 .4 4 W/cm^ 

sample while for the 0 .2 2 W/cm^ 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 SiCl4 .

3.4.4.1 Theory

XPS is one of the many important surface analytical techniques available 
and many reviews have been written^-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:

hv + 4. = Ekm + 4<k) (3'4)

where is the total energy of the initial state, Ekin is the kinetic energy of the 

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

v
measurements Eg(k), the binding energy of an electron in the kth level referred to 

the local vacuum level, is defined as:

E > )  =  4  - 4 ,  ( 3 .5 )

giving

hV = EKn + 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 Si^+ ions3-64 and reactive ion etching 

employing a variety of gases3-65-3.69 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 p r o b e d 3 - 6 9 ,3 .7 0 ,3 .3 5 #

3.4.4.2 Experimental

The material used for the XPS study was a 2 x 1 0 l 7 cm ' 3  Si-doped GaAs
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layer of lpm  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^ were 
prepared. One was reactive ion etched in SiCl4  at a power density of 0.44W/cm^, 

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 b o n d i n g 3 - 6 5 - 6 9 ,8 3 ? th e  observation of this peak is a result of the 

presence of AS2 O3  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 As^-^l. 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 AS2 O3  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 w o r k e r s 3 - 6 7 - 3 .7 0  âjSQ §ee sectjon 5 .4 2 .2 ). In the 

present work, the reactant products in the reactive ion etching of GaAs in SiCl4  are 

GaClx and AsClx, and because of the higher vapour pressures associated with 

AsClx products, it is likely that they will vapourise faster than the GaClx 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. a l .3 - 7 2  ancj Balooch et. a l.3 -1 3 ^  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 AS2 O3 , 
since it has been reported that As vacancies in GaAs behave as d o n o r s3 -7 3 ,7 4  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 e tc h in g 3 -3 7  and ion 
s p u te r in g 3 -2 7 ,2 9 ,3 5  Furthermore, R o b in so n ^ -7 5  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 Experim ental

Material and fabrication outline

The starting material was a 2 x lO ^cm "^ Si-doped GaAs epitaxial layer 

of 0.5 pm  thick grown by molecular beam epitaxy on a semi-insulating GaAs 

substrate. The wafer was diced into 5 x 5  mm^ 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) ~ l|im  thick 

was spun onto the chip and baked at 180°C overnight. The ohmic and alignment 

pattern was exposed with a 0.125pm 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 AuggGei2 :Ni:Au on the exposed areas and annealed at 
325°C for in an Ar:H2  95:5 ambient for 60s. Lift off was performed in acetone. See 

figure 3.19a).
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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 0.25pm thick was spun onto the sample and baked for 20 mins.. The masking 

area was exposed with a 0.125pm spot size at 50kV 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 HC1:H2 0  4:1 for 2 minutes. Subsequently, 

evaporation of 150nm of Si02 at 60° to the sample was neccessary in order to avoid 

contribution of conductance from the surface of the epitaxial layer, see figure 

3.19c). 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 HC1:H2 0  1:1 for 30s, a chemical etch to 

remove surface oxide, followed by a rinse in deionised water.

Opening of ohmic contacts and device isolation level

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 2pm 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 0.125pm spot size at 
50kV in a 1.56 x 1.18 mm frame. After exposure, the resist was developed in
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MIBKrIPA 1:1 for 60s at 23°C. After development, the gold which would be 

exposed was removed in a gold etch, iodine/potassium iodide (I2 /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 O2  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 SiC>2 would be removed in 

HF:H2 0  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 3.19e). Since the result of 

the wet etches which contain HF rely largely upon the resistancy of the 18% 

PMMA 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 2(is 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 .4 4 W/cm^ power density, 12mT total pressure for 3 mins.. The chemical 

etch used for wet etching was HC1:H2 0 2  in the ratio 2 0 :1  for 16s.

3.5.1.2 P relim inary  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 = lOOnm 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 charateristies are 

due to both the lOOnm 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 HC1:H2 0  4:1 for 2 

mins., SiC>2 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 SiC>2 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 SiC>2 , 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 Si02 and may account for the 

high ideality factor measured. Therefore, the remaining chips were wet etched at 

low temperature * 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 likely 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 (HC1) boil

There is evidence that by boiling a sample patterned with quantum dots 

which have been fabricated with reactive ion etching using SiCl4  in similar etching 

conditions as those considered in this work in concentrated HC1, a reduction in dot 
size is observed3-76. Therefore, it appeared that the effect of the HC1 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 HC1 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:H202 20:1; b) reactive 
ion etch in SiCLj. at 0.44W/cm^, 12mT; c) reactive ion etch in SiCLj. at 0.44W/cm^, 

12mT, with a 30mins. boil in concentrated HC1; 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 

SiCl4 , 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 e f f e c t s 3 - 8 4 - 8 6  from the bottom surface, which may 

contribute to the modified layer observed. A t  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 H C 1  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 .1 1  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 R I E ,  which is 

evident both from the X P S  data on the reactive ion etched surface (see section

3.4.4.3), and the data suggested from T E M  analysis on the etched sidewall (see 

section 6.3.3.1), these Ga-rich surfaces and sidewalls may have reacted with the 

HC1 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 A lg.3 G ao .7 As using SiCl4  were 

investigated. Results suggest the presence of a low level of O2  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 

SiCl4 . 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 GaCl2  and GaCl and possibly As may be 

expected.

3) The ideality factors of both etched GaAs and A lg^G ag 7 AS surfaces were 

observed to increase with power densities implying more interface traps are 

introduced at higher power densities. In addition, more degraded Alg.3 Gag 7 AS 

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 o th e r s ^ -S O  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 .4 4 W /cm2 , 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 AS2 O3 . 

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 3.1 Graph of etch depth vs. time for GaAs and AI 3 G ^ 7 As 

reactive ion etched in SiCty at power density 0.44W/cm^

12mT pressure
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Figure 3.2 Graph of etch rate and sidewall profile dependence 

on power density for GaAs and A1 0 3Ga0 7 As reactive ion etched 

in SiC l4
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Figure 3.3 Graph of etch rate and sidewall dependence on gas 

pressure for GaAs and A Io^ G ao^  As reactive ion etched in SiCl4
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Figure 3.4 Graph of etch rate dependence on the volume flow rate 
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0.44W/cm 2 and 0.88W/cm 2
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Figure 3.5 Graph of Cl atoms available vs. GaAs molecules consumed 

per min. with the theoretical assumption that 6 Cl atoms react with 1 

GaAs molecule
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Figure 3.6 Graph of Cl atoms available vs. GaAs molecules consumed 

per min. assuming 5 or 4 Cl atoms react with 1 GaAs molecule
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Figure 3.7 Schematic diagram of the transport mechanisms in a 
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for GaAs and AIq 3 Ga0 7 As reactive ion etched in SiCl4
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Figure 3.18a) Ohmic and alignment level in the fabrication of sidewall 

Schottky diode



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



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

fabrication of sidewall Schottky diode
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Figure 3.20a) Coarse alignment scan
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Figure 3.20b) Fine alignm ent scan



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 afte r 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 o ther side (on top of the SiC>2 )



SEM  3.5 D iscontinuity due to the shadowing effect from  the 
underly ing  SiC>2 layer after Ti/Au evaporation

0009 20KV XI1. IK

SEM 3.6 The presence of holes in the Ti/Au layer due to wet 
chem ical attack



SEM 3.7 shows the final s truc tu re  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 o f reactive ion 

etching of GaAs in CH4 /H 2  

4.1 Introduction

This chapter is concerned with the development of the reactive ion etching 

of GaAs using CH4 /H 2 ; 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 o f reactive ion etching of GaAs using CH4 /H 2

4.2.1 Experim ental

In order to develop the high resolution etching of GaAs using CH4 /H 2 , 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 O2  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 R esolution 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 scanning electron
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microscope (SEM) (section 2.2.2) at 8 nm spot of 50keV energy in a (25 x 19)|xm 

frame. The exposure doses used were as follows:

1) 2000-10,000|iC/cm2 for the l -pixel lines;

2) 1000-5000pC/cm^ for the 2-pixel lines;

3) 800-2500|iC/cm^ for the 4-pixel lines;

4) 400-1250|iC/cm^ for the 8 -pixel lines;

5) 350-500|iC/cm2 for the 16-pixel lines;

6 ) 320-370|iC/cm^ for the 40-pixel lines.

SEM 4.1 shows the 1-pixel Ti lines of line widths 450A-550A with exposure doses 

from 2000-3500flC/cm2 on a GaAs sample. SEM 4.2 shows the entire exposure 

test pattern with the smallest Ti lines with linewidths at 400A exposed at 

2000{iC/cm2 for 1-pixel and 1000|iC/cm2 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 CH4 /H2 .

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^-  ̂ 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^, the 

effect of gas composition on etch rate and sidewall profile was observed by varying 

the H2  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 cham ber

Normally, after two to three reactive ion etch runs in CH4 /H 2 , the etch 

chamber is contaminated with polymeric material deposited from the CH4 /H 2  

plasma. Since carbon and oxygen impurites is believed to strongly influence the 

plasma confinement as discussed by McCracken and S t o t t ^  and it has been 

demonstrated that the use of hydrogen plasma cleaning and conditioning can 

remove these im p u rites^ , it was decided to clean the chamber using a H2  plasma 

with a flow rate of 25seem, 0.6W/cm^ power density and a pressure of lOmT. 

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 O2  plasma for 30 minutes with a flow rate of 25seem, 0.2W/cm^ power 

density and a pressure of 15mT, followed by a H2  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 H2  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 H2  gas observed at 

molecular weights 1, 2 and 3g; the ions of H2 O at 17g and 18g, and carbon- 

containing compounds at 28g are clearly evident. Figures 4.2a) - d) show the RGA 

signals after 10 minutes, 15 minutes, 25 minutes and 30 minutes of H2  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 O2  and H2  before etch runs were carried 

out.
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4.2.3 Results and discussion

4 .2 .3 .1  M asks

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 CH4 /H 2  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^*^. 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 O2  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, CH4  volume flow rate of 6.9sccm with a CH4  to H2  gas ratio of 1:5, 

rendering an etch rate of 2 0 nm/m inA 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 /cm ^, 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/cm2 and 14mT respectively. An initial experiment in pure H2  showed a 

very slow etch rate of 6 nm/min., as observed by Chang et al.4-10. As the 

concentration of CH4  was increased, the etch rate also increased to a maximum of

20nm/min. at a ratio of 1:5 C H ^ ^ ,  then decreased with additional CH4 . It is 

possible that the decrease in etch rate at low methane concentration is a consequence 

o f an inadequate generation of (0 1 3 ) 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 CH4  concentration which is removable in an O2  plasma. This suggests 

that a polymeric film is formed, which is a common occurrence with hydrocarbons 

in a gaseous discharge^- * *.

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 CH4  concentration 

regime since with a lower concentration of CH4 , 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 CH4 /H2  

gas mixture using Shipley positive photoresist S1718-J5 in a Plasma Technology 
RIE80 system4*

4.3 D am age charac te risation

The amount and nature of damage induced after CH4 /H 2  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 /H 2  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 n+ GaAs quantum wires 

were measured to study the etched sidewalls. Comparison tests were made by dry 

etching in SiCL^ and wet etching in potassium chlorate (KCIO3 ).

4.3.1 H ydrogen 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 H2  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- 

4.18f increase in electron mobility4* 14  and an increase in the photoluminescence 

spectra4*20 measured. The incorporated hydrogen is also found to passivate deep 
level defects such as M l, M2, M 4 4 *21 and EL24*235 bulk donor defect (at Ec- 

0.36eV )4 1 5 , argon sputter-etch induced d e f e c t s 4 * ^  and non-radiative deep 
c e n tr e s4 * ^  Moreover, after hydrogen plasma exposure, passivation of Si donors 

and DX centres in AlGaAs o c c u r s4 *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 M l, M2 and M 4  remain fully passivated up to 

anneal temperatures around 600°C4*^ .̂ From a photoluminescence study by Weber
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et. alA^O, 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 earner 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 G a A s^ -2 6 -2 8  

been applied to the fabrication of a field-effect transistoi^*^.

The type of bonding arrangements for the donor neutralization in GaAs 
still remains an open question although some models have been su g g e s te d ^ -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 

o f hydrogen to Ga-site donor (Si, Sn, and Ge) or As-site donor (Se, S, and Te) 

complexes have been proposed^* 1 2 ,2 0 ? t^e 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 Experim ental

The material employed was a 2 x io l^cm '3 Si-doped GaAs epitaxial layer 

o f ljim  thick on an n+ substrate. For this experiment, the GaAs wafer was diced 

into five 6 x 6  mm2 chips. The surfaces of four unpattemed GaAs samples were 

CH4 /H 2  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% H2  

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

62



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 > 1 0 ^  cm"3) 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 

CH4 /H 2  etching, the depletion region edge has moved to a depth of 0 .2 pm beyond 

which the carrier concentration varies continuously for a further 0.1pm from 5 x 

10 ̂ c m ‘^ 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 

p lasm as^ -T h erefo re , 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 Iq and substituting in equation 3.3. If large 

values of n are calculated or lnl 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 Experim ental

The material employed for diode fabrication was a 2 x lO ^ c n r^  Si-doped 

GaAs epitaxial layer, l|im  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 

4.3.1.1. The GaAs wafer was then scribed into 3 x 3  mm^ chips. To investigate 

the effect of annealing on the diode behaviour after CH4 /H 2  etching, three 

unpattemed GaAs chips were CH4/H 2  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% H2  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^ and 0.6W /cm2. Then, a single layer of 15% 

PMMA in chlorobenzene (185,000 MW) ~ l|im  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 jim^ were made by exposing the resist with an electron beam at 0.25p.m 

spot at 50kV 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 HCkFFjO for 30s followed by a 30s rinse in 

deionised water. Schottky diodes were subsequently formed by 60nm-Ti/50nm-Au 

metallisation. The I-V characteristics were performed using an HP 4145A 

semiconductor parameter analyser.
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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 

CH4 /H 2  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 /H2  etch. The ideality factors measured 

at various power densities for the CH4 /H 2  etched GaAs surfaces before annealing 

is also shown in figure 4.7 along with the SiCl4  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 /H2  etching before and after annealing and 

comparing this data with the SiCl4  etched surfaces (figure 4.7), the CH4 /H2  etch 

appears to cause less damage on the GaAs surface than the SiCl4  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 /H2  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 H2  

plasma for 2 h o u r s ^ l .  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

5.4.2.2).
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4.3 .4  Low tem perature integrated band-gap photolum inescence  

m easurem ents

4.3.4.1 Theory - see section 3.4.2.1

4.3.4.2 Experim ental

The material used for the photoluminescence study was a 2 x lO ^cm "^ 

Si-doped GaAs epitaxial layer of ljim  thick on an n+ substrate. In this experiment, 

ten GaAs samples of 4 x 4 mm^ were prepared, seven of which were reactive ion 

etched in CH4 /H2  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:H2  ambient. Two other GaAs chips were also reactive ion etched by CH4 /H2  at 

varying power densities of 0.3 and 0 .6 W/cm^. No annealing was carried out on 

these samples. The remaining unetched chip served as a control sample. Details of 

the photoluminescence 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 SiCl4  and CH4 /H 2  at different power densities. 

The PL spectra for the SiCLt 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 /H 2  etching process result in much higher PL intensities at all power 

densities compared with the SiCl4  process. This implys that more non-radiative 

deep centres are introduced by the SiCl4  etching process than the CH4 /H 2  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 2  process are constantly passivated by the 

atomic hydrogen since this is believed not only to bind to Si-donors but also to 
nonradiative deep centres^O . It has also been demonstrated that atomic hydrogen
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is effective in passivating electrically active damage centres created during sputter 
etching of GaAs4-27 and that lattice damage due to ion bombardment can be self- 

passivating when hydrogen is present in the bombarding species when etching 
s i l i c o n e - 3 6 ,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 s a m p l e s ^ - i n  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 /H 2  etched GaAs 

samples were also studied. Unetched samples were also annealed to ensure the 

validity o f 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.4-42 in hydrogenated 

silicon. In this study, while the activated H upon 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/N0  was found to be dependent on
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the anneal temperature T and anneal time t corresponding to the equation:

N/N0 = exp - [tv exp ( -  Ej/kT)] (4.1)

where ED is the dissociation energy and v is the dissociation attempt frequency. For 

Si-H complexes, taking v as 101 4 s 'l ,  Ed 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 

CH4 /H 2  have also been studied recently employing thin highly-doped GaAs epi- 

layers on sem i-insulating substrate using TLM and Hall conductances
techniques^-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 G la s g o w 4 -3 7
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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:

d =
288o(VBS- kT/q)

1/2

q(N D-N A) (4.2)

from Chandra et.al.4-38, where e is the static dielectric constant of GaAs and Vbs 

is the built in surface potential, taken as 13 and 0.6eV respectively, and ND-NA 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 2 d, 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 (w0 -2d), where wG 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^-3?. 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 10^cm ~^. In the 

case of dry etching, the additional damage layer causes wG, the cut-off wire width 

to increase to lOOnm. 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 Experim ental

Material and fabrication outline

For fabricating n+ GaAs quantum wires, the starting material used was a 

nominally 1.5 x lO ^ cm '^  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 PS EM 500 scanning electron microscope 

(SEM), see section 2.2.2. The lithographic steps consisted of two levels: 

ohm ic/alignm ent m arks and w ire 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 (KCIO3 ), and reactive ion etched in SiCl4  and CH4 /H2 . 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) * ljim  thick 

was spun onto the 5 x 5 mm chip at 5K rpm and baked at 180°C overnight The 

ohmic, alignment, and focussing patterns were exposed with a 0.125|im 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 IP A. The 

metallisation consisted of 100nm:20nm:50nm of A uggG e^N kA u annealed in an 

Ar:H2  95:5 ambient at 325°C for 1 minute, which is the composition optimised for 
low temperature ohmic contacts form ation'*-^ Prior to metallisation, the sample 

was etched in HC1:H2 0  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 (im 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 1 0 |im  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 

2 |is 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 300A, 

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 

measurements, 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 

CH4 /H 2  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

Design 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 ~ 300A, 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 0.08|im to 0.9p.m.

RIE in CH/|/H2

For CH4 /H 2  etching, a ratio of one part CH4  to five parts H2  (by volume 

flow rate) at a power desity of 0.4W/cm^, 14mT total gas pressure and a d.c. bias 

of lkV  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 S iC \/\

For SiCl4  etching, a power density of 0.44W/cm^, 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

72



to mask etch ratio of >50:l4*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:KC1 0 3  [aqueous (aq)]; 50:1 mixture, where 

the KCIO3  (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 lO^cm "^ 

Si-doped GaAs using an electron beam with a 0 .125(im spot size at 50kV 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 ~ 5nm/min., see figure 4.17 and SEM 4.9.

Annealing

To investigate the effect of annealing on hydrogenation and damage after 

CH 4 /H 2  etchnig, GaAs samples were annealed at different temperatures. The 

annealing procedure was earned out on a strip heater in a 95:5 Ar.H2  ambient4«40

The conductivity measurements were performed using the four point 

probe technique in conjunction with an HP 4145A semiconductor parameter 

analyser.

4.3.S.3 Preliminary Data

Initially, with the use of design 1), a set of wires was fabricated using 

CH4 /H 2  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 0.4|im was measured. This implied a large amount of damage was caused by 

CH4 /H 2  reactive ion etching. However, from the knowledge of the donor and
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defect passivation in GaAs and other semiconductors after exposure to hydrogen 

plasmas4*13-25j 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 .1  p.m 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 ~ 0.05|im, and for n+ GaAs with a donor concentration of 1.5 x 

10^cm "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.S.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 o f CH4 /H2  

(before annealing), SiC l^ 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 SiCl4  etched wires 

exhibit cut-off widths of (100±5)nm, implying a damaged region of * 30nm on 

each sidewall, which agrees with previous data^-32. The effect of both 

hydrogenation and damage for the CH4 /H2  etched wires shifts the cut-off width to 

400nm. A resistivity change is also evident from the change in gradient for the 

CH4 /H 2  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 (8Q±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 2  etched wires are 

measurably smaller than those etched by SiCl4 , 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 pattem s^O  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. al.4-41. Assuming all 

the donors in the wire are passivated, the diffusion direction of the hydrogen is in
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the y-direction only and a constant diffusion coefficient; taking n = 1.5 x lO ^cm " 

y = 50 x lO '^ c m , and D = 0.368 x 1 0 '^ c m ^ s -  ̂ at 300°C from ref.4.41 and 

substituting in equation 4.2, the flux can be calculated to be 1.1 x 1 0 ^  per unit area 

per second. Therefore, the time taken to depassivate the donors is given by:

w y l n / F w l  = y n / 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^* 4-42 an(j the present surface damage studies, see section

4.3 .4 .

4.4 C onclusions

1) A novel RIE process was developed to etch GaAs anisotropically. 

Preconditioning of the etch chamber using O2  and H2  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 CH4  in H2  around the optimum 

etch condition were investigated.

2) From electrochemical profiling, the occurence of atomic H2  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 

C H 4 /H 2  RIE suggest the effects of hydrogenation, and damage in terms of 

interface traps, comparison with the electrical characteristics of the surfaces after 

SiCl4  RIE indicate lower damage is introduced by the CH4/H 2  process.

4) Comparison of the PL output intensities of the SiCl4  and CH4 /H 2  etched 

surfaces suggests less nonradiative deep centres are introduced by the CH4 /H 2
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process consistent with previous diode measurements. Such high luminescence 

intensities observed for the CH4 /H 2  etched surfaces are believed to be due to the 

passivation of the non-radiative centres by the atomic H2 . 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 2  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 2 0 nm 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 w idths 450A-550A Iifted-off from  double 
layer PMMA resist on GaAs with electron beam  exposure 
dosages vary ing  from  2000-3500(iC/cm^

SEM 4.2 shows the entire exposure test pattern
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Figure 4.1 RGA signal o f the chamber with the addition of H2  gas 
after 30 minutes of cleaning in an O2  plasma
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Figure 4.2a) RGA signal with H2  plasma for 10 mins.
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Figure 4.2b) RGA signal with H 2  plasma for 15 mins.



P A R T I A L  
*  1 0 -  7
1 o

s o

Figure 4.2c) RGA signal with H2  plasma for 25 mins.
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Figure 4.2d) RGA signal of the chamber after H2  plasma for 30 mins.
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SEM 4.3 A thin GaAs rib of width 30nm fabricated  by reactive 
ion etching in CH 4 /H 2  under the optim um  conditions (see text) 
using a 50nm thick Ti mask
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Figure 4.3 Etch rate and etch profile dependence 

power density in the of RIE GaAs using C H 4 /H 2
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Figure 4.4 Etch rate and sidewall profile dependence on feed 

composition in the RIE of GaAs using C H 4 /H 2  

Power density and total gas pressure were kept constant at 

0.4W/cm and 14mTorr respectively
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Figure 4.6 Carrier concentration profiles at different annealing 

temperatures for 2 mins. in GaAs (Si) after CH4  /H2  etching
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Figure 4.7 Comparison of ideality factors as a function of power 

density for GaAs surfaces after CH4  /H2  and SiClj RIE
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Figure 4.8 Graph of integrated PL intensity vs. 

power density for-GaAs surfaces reactive ion etched 

in SiCl 4  and CH4 /H 2
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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
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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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SEM  4.4 showing discontinuity between the Ti w ire and ohmic 
contact in design 4) using a single Ti evaporation

SEM 4.5 The presence of w ire-w idth fluctuation near the wire- 
ohmic junction  in design 1 )



SEM  4.6 showing the absence of discontinuity  between the wire 
and ohmic junction  using a double Ti evaporation in design 4)

SEM 4.7 The absence of fluctuation of wire width in design 4)
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Figure 4.16 showing the entire wire design



SEM  4.8 W ire p a tte rn  of varying w idths using the optim um  design

I m n H

0004 25KV X35.0K 0. 86urn

SEM 4.9 GaAs wet etched in a H CI:KC 1 0 3  (aq.) 50:1 m ixture 
using a HRN mask
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Figure 4.17 Graph of etch depth vs. time for 

the wet etching oM xaAs using KCIO3  solution
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Figure 4.18 showing plot of conductance vs. wire 

width for the CH 4  /H 2  etched wires using design 3)
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Figure 4.19 showing conductance vs. wire width plots for 

C H 4 /H 2  etched GaAs wires annealed for a) 2  mins. 

b) 4 mins. using design 1)
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Figure 4.20 Increase in cut-off width after CHtj /H2  RIE 
18 -3in 1.5 x 10 cm Si-doped GaAs wires
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Chapter 5 Development and damage characterisation of magnetron 

and electron cyclotron resonance radio frequency (rf) reactive ion 
etching using CCl2 F 2 /H e

5.1 Introduction

This chapter describes the work carried out in IBM Thomas J. Watson 

Research Centre, Yorktown Heights for four months during the course of this 

project. This particular study is concerned with the development of electron 

cyclotron resonance reactive ion etching using optical emission spectroscopy. The 

surface and sidewall damage induced after electron cyclotron resonance, magnetron 

reactive ion etching were investigated and compared with conventional reactive ion 

etching.

5.2 Dry etching

The various dry etching techniques available have already been discussed 

in section 2.4. In this section, the development of magnetron radio frequency 

reactive ion etching (MAG RF RIE) and electron cyclotron resonance radio 

frequency reactive ion etching (ECR RF RIE) of GaAs using CCl2 F2 /He will be 

presented.

5.2.1 M agnetron (MAG) RF and Electron Cyclotron Resonance  

(ECR) RF reactive ion etching

In magnetron rf reactive ion etching, the plasma configuration is very 

similar to the conventional rf case, (see section 2.4.4), but an additional 

electromagnet provides a magnetic field across the cathode, see figure 5.1. The 

presence of the magnetic field confines the electrons in the plasma to the central 

region of the chamber, thus decreasing the main source of electron loss through 

recombination at the chamber walls. As a result, the density of the ions and reactive 

radicals excited from the gas molecules is enhanced and the plasma density is
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proportional to the magnetic field strength. In general, the feed-gas ionization 

efficiency is measured to be around 0.1% and 0.01% in the MAG RF RIE and RF 

RIE modes giving plasma densities of lO ^cm -^ and lO^cnr^ respectively^*The 

use of this plasma configuration has been applied to the RIE of silicon employing
b ro m in e ^ .

In electron cyclotron resonance rf reactive ion etching, in addition to the 

presence of the d.c.magnetic field, microwave power at 2.45GHz is delivered to the 

reactor, see figure 5.2. This microwave power is absorbed in the magnetized 

plasma. The absorption coefficient A(w) can be written as:

A(w) = A (0)-------- -------- j- (5 .1 )
( w - w c) + £

where % is the collision frequency which is proportional to the pressure and wc = 

eB/m is the cyclotron ffquency of electron. Resonance absorption occurs at wc = 

w, that is, for B= 0.0875T. Under these conditions, the ionization by the 

microwave power is at its most efficient point and about 1 % of the feed-gas is 

ionised, giving a plasma density of 10^cm'^(^*^). During etching, the RF field is 

used to extract the ions from the plasma established by ECR. The ^ term in equation

5.1 represents electron-ion collisions which lead to a broadening of the cyclotron 

resosnance. Since the electron-ion collision rate increases with pressure, the 

cyclotron resonance is diminished at higher pressure where £ dominates. The 

plasma parameters in an ECR RF reactor including the plasma density, resonance 

width, space potential and the electron energy distribution can be characterised 

using Langmuir probe measurements, and ECR enhancement has been found to be 

more effective below lOmTorr and has no practical advantage over conventional 

microwave plasma excitation above lOOmTorr^-l. However, a useful characteristic 

of RIE using ECR excitation is that the d.c. self bias (see section 2.4.4) can be 

made very low (=20V) by controlling the RF power, since the RF power level no 

longer determines the degree of ionisation of the gas.

The advantages which make ECR RF RIE potentially more attractive than 

other RIE configurations comprise of the highly efficient excitation rate which 

enables a high degree of ionisation at low gas pressures, consequently, 

recombination reactions among the species are minimised and the ions and reactive
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radicals generated in the plasma are used effectively; in addition, the low plasma 

potential developed, resulting in low energetic ion bombardment, can be expected to 

minimise the induced damage on the substrate surface. While the reactive ion 

etching of silicon in this configuration and in a microwave plasma has been reported 
by a number of w o r k e r s ^ - 2 - 5 . 8 ^  relatively little work has been carried out for the 

etching of G a A s 5 - 9 , 1 0  ft is also worth noting that REBE and RBIBE (see section 

2 . 4 )  employing an ECR plasma s o u r c e ^ - l  M 2  have been used to etch GaAs and in 

particular, a low level of damage was observed with RIBE^-l 1.

5.2.2 Development of MAG and ECR reactive ion etching of GaAs 

using CCl2 F2 /H e

5.2.2.1 Reactor Configuration

The ECR-RF hybrid plasma reactor used in this work was provided by 

Dr. Y.H.Lee in the Silicon technology group of IBM, Yorktown Heights and is 

shown schematically in figure 5.3. Wafers are placed on the capacitively coupled 

electrode as in a conventional reactive ion etching system. An electromagnet 

provides a magnetic field of 50 gauss (±20%) across the 25 cm diameter aluminium 

electrode. Microwave power (up to 3kW at 2.45 GHz) can be delivered to the ECR 

reactor at the top of the system through a brass waveguide system, which includes a 

circulator and four stub tuner. A quartz window separates the waveguide from the 

ECR reactor and the plasma is extracted by a 13.56MHz rf field. Forward and 

reflected powers can be measured for both rf and microwave excitation. The 

pumping system consists of a turbomolecular pump (15001/s), Roots blower 

(lOOcfm) and rotary vane pump (37 cfm). The system is pumped down to a base 

pressure of « 2 x 10" 5 Torr before the samples were loaded. An optical 

spectrometer is fitted to the etch chamber so that the types of molecules and atomic 

species present in the plasma can be detected by monitoring the wavelength of light 

emitted.
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5.2.2.2 Experimental

Initially, an understanding of the etch characteristics such as etch rate, 

surface roughness, and the degree of anisotropy both in the MAG RF RIE and ECR 

RF RIE modes employing CCl2 F 2 /He as the etch gas was desired. For the 

characterisation of etch rate and surface roughness, bulk GaAs wafers were 

patterned over half the surface with 10% PMMA (2010 Elvacite) and after etching, 

the resist was removed in acetone and the etch depth was measured using a 

Talystep. Surface roughness and the degree of anisotropy of etching were 

characterised using a Hitachi S800 SEM. To determine the degree of anisotropy of 

etching, NiCr masked ridges were made on bulk GaAs using electron beam 

lithography exposure of a double layer resist, see sections 2.2 and 2.3, followed by 

lift-off and subsequently ECR and MAG RF reactive ion etched.

S.2.2.3 R esults and  discussion

Samples etched in the ECR RF RIE mode using CCl2 F2 /He gas ratio of 
1:1 at 200W microwave power, 5mT pressure, O.lW/cm^ rf power density and 

90V dc bias produced very rough surfaces, see SEM 5.1. A number of other etch 

conditions were tried but with no further success, see table 5.1. On the other hand, 

samples etched in the MAG RF RIE mode at 0.36W/cm^, 5mT, 300V dc bias 

displayed very smooth surfaces as shown in SEM 5.2. It was clear that there was a 

need to understand the fundamental etch chemistry involved. One way of doing this 

is to analyse the optical spectrum of the light emitted by the plasma. Using a grating 

spectrometer with a multichannel analyser to record the intensity in each wavelength 

band, the spectra from a He (fig. 5.4a) and a CCI2 F2  ECR RF excited plasma (fig. 

5.4b) were recorded. In the He plasma, the major specie detected was neutral

H ei5 1  3; in the CCI2 F2  plasma, Cl and CF* radicals were the major species 
present5-13, where the Cl radicals are mainly responsible for the etching of GaAs 

to form the relatively volatile gallium chlorides (GaCl2 , GaCl3 ) and arsenic chloride 
(AsCl3)5-14-16 Moreover, the fluorine present in a CCI2 F2  plasma can also react 

with the GaAs leading to the formation of the volatile arsenic fluorides (ASF3 , 

ASF5 ) and the involatile high boiling point solid gallium fluoride (GaF3 ) and it has 

been reported that the rate limiting step to this process is the ion induced removal of 

G aF 3  while the removal rate of GaClx also benefit significantly from ion
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bombardment^* 16.

The spectra emitted by a plasma excited in the MAG RF RIE and ECR RF 

RIE modes using a CCl2 F2 /He gas ratio of 1:1 are shown in figures 5.5a) and b). 

It is evident that in the MAG RF RIE mode, a high concentration of the neutral Hej

specie is present whereas in the ECR RF RIE mode, a high level of CF* radicals are 

detected, which masks the trace of any Hej specie. It is likely that this is a result of 

the relative ionisation efficiency of the plasmas, since the plasma densities generated 

in the MAG RF RIE (1010 cm"3) mode is ten times lower than the ECR RF RIE 

( 1 0 1 1  cm_3) mode.

However, the increased concentration of CF* radicals present in the ECR 

RF RIE mode is highly undesirable since this would lead to the formation of 

involatile products such as GaF3 , AIF3  (from the A1 cathode), and carbon- 

containing polymers ( C2 F5  ) which may easily deposit on the substrate surface 

thus inhibiting the etching process by forming some sort of "micromasks" on the 

surface. This would account for the surface roughness, the relatively slow etch rate 

and the long induction period (4 minutes) observed, see figure 5.6.

A solution to this problem would be to try to decrease the amount of CF* 

radicals present and to eliminate the A1 cathode. Therefore, silicon wafers were 

mounted on the cathode covering about 43% of the electrode. The optical emission 
spectra in this configuration reveal a high level of Si-F s p e c i e s 5 - 6 2  and a reduction

of the CFX radicals, see figure 5.7. This suggests that the Si scavenges the CFX 
radicals through the formation of SiFx compounds^-5f thus reducing the major 

source of polymer formation. Furthermore, the generation of Al-based involatile 

species like AIF3 may be suppressed due to the smaller area of the exposed A1 

electrode. GaAs etched under such conditions gives very smooth surfaces, see 

SEM 5.3. The measured etch rate also increases by a factor of 2 with an induction 

time of 15s as shown in figure 5.6. It is possible that this induction time is due to 

the presence of the native oxide as has been observed by others in GaAs/AlxGaj_ 
xAs e tc h in g ^ -1 7 ,1 8  Also plotted in figure 5.6 is the etch depth measured for the 

MAG RF reactive ion etched samples. Although the a.c. bias is higher in MAG RF 

RIE than ECR RF RIE, a slower etch rate is observed. It is possible that this is a
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result of the lower ionisation efficiency, hence a smaller plasma density generated in 

MAG RF RIE, which also suggests the dominant role of chemical mechanism in the 

etching process. Thereafter, experiments were carried out in the presence of the 
silicon wafers.

The next step was to obtain the correct etch condition to produce the 

required anisotropy. Using the lift-off technique, NiCr lines were fabricated on 

bulk GaAs using electron beam lithography exposed on a double layer resist. The 

lines were etched in the ECR RF RIE and MAG RF RIE modes with the same etch 

conditions as before and both give very vertical sidewalls and smooth surfaces. See 

SEMs 5.4 (ECR RF RIE) and 5.5 (MAG RF RIE).

In order to find the lowest d.c. self bias in the ECR RF RIE mode which 

would still satisfy the requirements of surface smoothness and anisotropy, two 

other etch conditions were tried:

1) 200Wp.wave power, 5mT, O .lW /cm ^ rf power, 50 V self bias - see SEM 5.6; a 

rough surface was obtained. This may be because there is too little ion 

bombardment to remove any involatile products on the substrate.

2) 200Wjiwave power, 0.17W/cm^ rf power, 2mT, 100V dc bias - see SEM 5.7; 

the surface obtained was smooth, but a kind of 'foot' - overcut profile was 

observed at the bottom of the wire. This is a general occurence in conventional RIE 

when there is not enough reactive species generated at lower pressures to react with 

the GaAs.

5.2.3 Conventional Radio Frequency reactive ion etching of GaAs 

using CCl2 F 2 /H e

The reactive ion etching of GaAs/AlxGai_xAs using CCl2 F2 /He is well 
e s ta b l is h e d ^ -19-21 jn experiment, a conventional 13.56MHz parallel plate 

reactive ion etcher (Plasma Therm 2484) was used. (This system was provided by 

Dr. C. M.Knoedler from IBM Yorktown Heights). The system is equipped with a 

cryopump and a turbomolecular pump. The chamber and the electrodes are made of 

A1 and the electrode separation and diameter are 7cm and 56cm respectively. The
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etch chamber was pumped down to a base pressure of 1.1 x 1 0 ~ 6  Torr before the 

samples were loaded. The nominal etch rate for GaAs in this etcher is 200nm/min. 

for CCl2 F 2 /He ratio of 1:1, 5:5sccm 0.06W/cm^, 200V d.c. bias, 5mT total 
pressure5-19. jvjo induction time was observed for these samples as they were 

etched in HC1:H2 0  1:1 for 30s to remove the native oxide prior to loading into the 

chamber. (The presence of the native oxide is believed to play an important role in 

the induction time observed in the ECR RF RIE and MAG RF RIE modes before.) 

For the actual experiment, the thickness of GaAs etched before reaching the 

AlGaAs etch stop was detected via a laser interferometer employing a low power 

He-Ne laser (2mW), see section 5.5.

5.3 Sidewall damage characterisation - n+ GaAs quantum wires

In order to quantify the amount of sidewall damage after MAG RF, ECR 

RF and RF reactive ion etching, the cut-off width of n+ GaAs quantum wires and 

their conductances at room and low temperatures were measured and compared, see 

section 4.3.5. In addition, the rms amplitude in the low temperature universal 

conductance fluctuations of these wires were investigated and appears to be 

extremely sensitive to the damage layer.

5.3.1 Material design

Quantum wires were fabricated on two different materials in order to 

examine the dependence of dry etched sidewall damage on the period of time the 

GaAs was exposed to the plasma. Two molecular beam epitaxy (MBE) grown 

wafers (provided by Columbia University, New York.) were used as the starting 

material. The first comprises an 80nm thick Si-doped (1 x lO ^cm "^) GaAs 

epilayer with an undoped GaAs buffer layer grown on a semi-insulating GaAs 

substrate. The other has the same configuration but with the undoped GaAs buffer 

layer replaced by an undoped Alo.3 Gao.7 As etch stop layer, see figures 5.8a) and

b). Both epilayers were measured to have an electron mobility of 0.2m^V“ls ‘  ̂ at 

77K and 4.2K.
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5.3.2 Device design

The device patterns were designed using IBM's "Integrated Graphics 
System", see appendix 1.

The device consists of three levels:

1) The first level contains the ohmic contact and alignment marks in an exposure 

field size of 700p.m^ as shown in figure 5.9.

2) The second level are the wires with Hall bar geometry, the voltage probes are 

1.5|im apart with probe widths of 0.5jim in a field size of 200um^, see figure 

5.10.

3) The third level are the bonding pads in a field size of 700um^, see figure 5.11.

Figure 5.12 shows a complete layout of the pattern with two devices on 
each pattern.

5.3.3 Quantum wires fabrication

The device wafers were scribed into 0 .3  x 0 .4  inch chips using a 

mechanical scriber and each chip was cleaned in trichloroethlene, followed by 

acetone, and isopropanol alchohol. Twenty-four ( 6  x 4 )  patterns, giving fourty- 

four devices, were defined on each chip using an electron beam. The exposures 

were carried out in an IBM Vector Scan- 6  (VS-6 ) s y s t e m ^ -^ .T h e  essential features 

of the VS- 6  system will be described briefly, further details of the machine are 
described e ls e w h e r e ^ -2 3 -2 5

5.3.3.1 Electron beam lithography system (VS-6 )

At IBM Yorktown, all the lithographic work was carried out on the VS- 6  

system, one of the Vector Scan series electron beam machines constructed for 

lithography in the lOOnm regime. The essential features of the VS- 6  are:



a) a single crystal LaB^ electron gun assembly is used and the minimum spot size is 

5nm

b) the deflection system is optimised for a 20nm spot diameter over a 250pm square 

field

c) accelerating voltages from 10 to lOOkV

d) a compact four quadrant, solid state detector is used for SEM operation and 

registration

e) the pattern generator uses a 14 bit vector scan exposure system with individual 

shape-to-shape dose variation as computed by proximity correction programs

f) the X-Y stage movement is measured by a laser interferometer and mechanical 

vibrations are eliminated by a piezo-actuated locking substage, which is connected 

to the X-Y stage by piezoelectric elements

g) magnetic interference (e.g. 60Hz stray fields) is minimised by magnetically 

isolating the final lens from the high permeability outer shell (made of nickeliiron 

80:20) using non-magnetic stainless steel.

The main components of the VS- 6  electron beam lithography system and 

details of its final lens and substage design are shown in figures 5.13a) and b). The 

generation and transfer of mask data-sets are described in Appendix 1.

5 .3 .3 .2  Ohmic contact and alignment marks level

10% PMMA (2010 elvacite) in chlorobenzene was spun onto the chip at 

4K rpm for 60s to give a resist thickness of 0.7um and baked overnight at 175°C. 

The dosage given to each area was corrected for proximity effects using the 

experim entally deduced param eters^-26 at 700um^ field size with 50keV 

accelerating voltage. The sample was exposed at a nominal 150pC/cm^, developed 

with 2:1 IPAiMIBK for 2 mins.l5s; IPA for 15s; followed by inspection under the 

optical microscope. If the exposure is correct, ohmic contacts were made by 

evaporating 30nm-germanium, 60nm-gold, 20nm-nickel, capped by 60nm of gold, 

lifted off by soaking in acetone and annealed at 375°C for 1 minute in a 95%/5% 

N2 /H 2  ambient.
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5.3.3.3 Wires level

Double layer resist was used for this level. The bottom layer was 5 %  

PMMA (2010 elvacite) in xylene with a lower molecular weight (150,000); it was 

spun at 3K rpm for 60s to give a thickness of 120nm and baked at 175°C for 1 

hour. The top layer was 2% PMMA (2041 elvacite) in xylene with a higher 

molecular weight (360,000); this was spun at 3K rpm for 60s to give a thickness of 

40nm and baked at 175°C for 2 hours. For high resolution lithography, this resist 

system facilitates better lift-off due to the higher sensitivity obtained from the lower 

molecular weight resist after electron beam exposure^

Wires of various widths from 0.08jim to lfim  were exposed with 

150uC/cm2 dosage (see section 5.3.4) at 50keV after proximity correction in a 

200um^ field. The patterns were aligned using the small alignment markers 

consisting of necked-down crosses of minumum dimension 0.25|im, the middle 

ones shown in figure 5.9. The alignment scheme used has adjustments for shift, 
field size, rotation and orthogonality with a typical accuracy of =2 0 nm between the 

levels. After exposure, the chip was developed in 2:1 IPAiMIBK for 60s, followed 

by IPA for 15s. 30nm of NiCr was evaporated and lift-off was carried out in 

acetone. The NiCr was then used as a dry etch mask.

It has been demonstrated by Scherer et. al.^-28 that strontium fluoride 

(SrF2 ) can be used as a dry etch mask. In the present experiment, it was also tried 

as an alternative etch mask. While it was possible to fabricate SrF2  lines with 

linewidths down to 0.08um (see SEM 5.8 and section 5.3.4), the lift off process 

presented problems due to the similar index of refraction (around 1.3) between the 

SrF2  and the available solvents. Therefore, it was decided to use NiCr as a dry etch 

mask.

After the mask has been defined, the chips were dry etched at different 

conditions, see section 5.3.4. After dry etching, the metal mask was removed by 

soaking in HC1:H2 0  1:1  for 2  mins.
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5.3.3.4 Bonding pads level

The same type and thickness of resist was used as in the first level with 

similar exposure and development procedures. The alignment for this level was 

carried out using all the alignment marks. The size of the patterns were fixed using 

the 700um^FS alignment marks, (diagonal ones), while the rotation and 

orthogonality were adjusted using the small alignment marks, (middle ones) as 

shown in figure 5.9. The bonding pads were made from 30A nickel to ensure good 

adhesion and 2 0 0 0 A of gold. After lift-off in acetone, each chip was diced into 

twenty-four samples which were subsequently bonded with gold wire ~ 50pm in 

diameter. Wires of width > 0.5pm were mounted on non-magnetic headers for 

room temperature conductivity measurements and those < 0.5pm were mounted on 

magnetic headers for low temperature measurements.

5.3.4 Experiment

5.3.4.1 Resolution tests

Data sets to be used to generate patterns of lines with different number of 

pixels corresponding to different widths were prepared using a computer named 
"Virtual Machine" (VM) (see appendix 1) for exposure tests from dosages 

300uC/cm^ -2000uC/cm^. Using the lift-off technique, strontium fluoride lines 

were fabricated on bulk GaAs and results seem to indicate that with a constant 

current of 1 0 " at 1MHz, around 450uC/cm^ dosage is needed. SEM 5.8 shows 

0.08pm lines of strontium fluoride and the whole resolution test pattern is shown in 

SEM 5.9. However, in order to avoid proximity effects due to backscattering, 

forward scattering, finite beam distribution and other factors such as secondary 

electrons around the area between the voltage probes and the wire in the actual 
device, proximity correction^-25 was useci for ap the wires exposed on the device 

chip. Using NiCr lines fabricated from the lift-off technique, resolution tests from 
100uC/cm2-l75uC/cm2 dosages indicated that the optimum dosage is around 

150uC/cm2, see SEM 5.10.
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S.3.4.2 Pattern Layout

Five chips were produced with the chip layout and pattern layout as 

shown in figure 5.14a) and b). The bonding pad levels were exposed with the 

ohmic contact and alignment marks level as "dummy" patterns (in sites 1,24) for the 

testing of ohmic contacts, isolation after etching, mapping positions for alignment 

and the aligning procedure itself.

5.3.4.3 D ry etching

Once the chips were fabricated as described in section 5.3.3, they were 

etched under the following conditions before the bonding pads were exposed:

1) Chip ECRALG: this sample has an AlGaAs stop layer and was ECR RF reactive 

ion etched. From the etch rate results obtained in section 5.2.2.3, this chip was 

etched for 85s in order to ensure electrical isolation between the contact pads. The 

etch condition was 200Wfiwave power, 0.17W/cm^ rf power density, 5mT, 80V 

self bias, CCl2 F2 /He; lOsccm: lOsccm.

2) Chip ECRGa: this sample does not have an AlGaAs stop layer and was ECR RF 

reactive ion etched. The chip was etched for 2 minutes under the same conditions as 

above.

3) Chip MAGALG: this sample has an AlGaAs stop layer and was etched in the 

magnetron rf mode. The etch condition was 0.36/cm^ rf power density, 5mT, 

300V self bias, 3 mins. to ensure electrical isolation.

4) Chip MAGGa: this sample does not have the stop layer and was etched with the 

same condition as in no.3 for 4mins.

5) Chip RIEALG:this sample has an AlGaAs stop layer and was oxide etched by 

HC1:H2 0  1:1 for 30s before reactive ion etched at 0.06W/cm^ rf power density, 

5mT total pressure, 200V self bias for 50s by CCl2 F2 /He; 5sccm:5sccm.
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5.3.5 Room temperature conductivity measurement

5.3.5.1 Experimental

These measuremnts were conducted using a Keithley 225 current source 

and a Keithley 195A digital multimeter used as a voltmeter. Four point 

measurements were made by passing luA  through the wires of different widths and 

their voltages measured. Conductivity was then calculated from these results 

normalized to the wire length, (taken as the distance between the voltage probes - 
lum).

5.3.5.2 Results and Discussion

Initial testing

After the bonding pads were fabricated onto chip MAGGa, all the wires 

were found to be non-conducting. Some possible explanations were considered for 

this observation:

1) The ohmic contacts may have been damaged by the etching process. This is 

unlikely since further testing of a pad of area 70um^ indicated a conductance of 

200uS. While this confirms the operation of the ohmic contacts, the measured 

conductance for this area is unexpectedly low.

2) A crack may exist between the wire and the ohmic contact. This is possible but 

close inspection of the area in the SEM showed no such discontinuity.

3) The dry etch process has damaged wires of ljim  in width, (since there is no 

conduction even across the voltage probes). This would seem a plausible 

explanation if the degree of sidewall damage increases with time as will be 

demonstrated later in this work and has been observed on reactive ion etched 

surfaces employing the same etch g a s^ O , since this chip has been etched for the
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longest time - 4 mins. However, this is highly unlikely.

4) A thin layer of polymeric material may have deposited onto the substrate surface 

after etching which may act as a large series resistance between the ohmic and the 

bonding pad contact. This appears to be the most likely explanation.

Thereafter, the ohmic contacts on the other chips were tested before the 

bonding pads were exposed and evaporated. Results showed that the ohmic 

contacts on chips ECRALG and ECRGa all conducted while the ones on chips 

MAGALG and RIEALG did not. As explanation 4 seemed to be the most likely 

cause for the non-conductive behaviour of the wires, it was decided to further 

process the chips MAGALG, MAGGa and RIEALG in an O2  plasma. To ensure 

the samples were not damaged by the O2  plasma, the following conditions were 

used: 50sccm, 5mT, 200W|iwave power with no rf power and no self bias voltage 

for 7 mins. The chips were tested again and all the ohmic contacts conducted. This 

observation confirms explanation 4).

The exsistence of the polymeric layer in both the MAG RF RIE and RF 

RIE modes may be explained by considering their relative feed gas ionization 

efficiencies and their feed gas - radical recombination rates compared with the ECR 

RF RIE mode. In the RF RIE mode, only 0.01% of the feed gas is ionized; in the 

MAG RF RIE mode, 0.1% and in the ECR RF RIE mode, 1%. This implies that 

the concentration of the dissociated feed gas in the ECR RF RIE mode is about 100 

times more than RF RIE. Taking into account of the feed gas - radical and radical - 

radical collision probabilities, the rate of feed gas - radical recombination, which is 

a major source of large polymer species, is considerably less in ECR RF RIE than 

in RF RIE. In particular, the ECR etch chamber in this experiment was loaded with 

Si wafers (section 5.2.2.3), which would result in further decreases in the 

formation of polymers.

Device measurements

Figure 5.15 shows the normalized conductance plotted as a function of 

wire width. The cut-off widths for chips ECRALG, ECRGa, MAGALG, MAGGa 

and RIEALG are 0.05pm, 0.075pm, 0.28pm, 0.35pm, and 0.16pm respectively.
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As explained in section 4.3.5, a cut-off of conduction is expected when 

the width of the wire is twice the depletion width due to surface states; assuming the 

built-in surface potential as 0.6eV, the depletion depth for n+ GaAs with a donor 

concentration of 1 x lO ^ c m -^ is approximately 20nm. These results show that 

wires etched in MAG RF REE possess the thickest sidewall damage layer, whereas 

ECR RF RIE (d.c.bias 80V) results in negligible sidewall damage compared to RF 

RIE (d.c.bias 200V) and MAG RF RIE (d.c.bias 3 0 0 V ) , just as has been found for 
wet e tc h in g ^ -29,30 T h e  i i ^ e sidewall damage observed in ECR RF RIE may be 

attributed to the low d.c.self bias potential developed (80V), and in this particular 

case, the contamination suppressed environment during etching. It is worth noting 

that CCI2 F2 /BCI3  RF reactive ion etching at a similar self bias of 80V has been 

used for matching gate recesses in GaAs MESFETs and that no degradation in 

transconductance has been observed compared to wet etch samples^*31. A 

resistivity change is also observed with the MAG RF RIE samples. Similar 

behaviour resulted when the wires were reactive ion etched in CH4 /H 2 ^-^^ (see 
section 4.3.5.4), and in a recent experiment by M. Rahman5-32 wh0  a2so observed 

a derease in the conductance of similar quantum wires with increasing etch power 

(i.e. ion energy) in the RF RIE using SiCl4 . In the former, the decrease in 

conductance was attributed to the possibility of hydrogen diffusion through the thin 

Ti mask thus causing passivation of the silicon donors in the GaAs wire, which 

was recoverable by annealing; while in the latter, the more severe ion bombardment 

on and/or penetration through the Ni mask with higher ion energies was believed to 

be a possible cause for the decrease in conductance observed with higher etch 

power. In the present experiment, while more helium and other ion bombardment 
and/or penetration (through the NiCr mask) related to higher ion energies could 

cause the lower conductance measured in the MAG RF RIE samples, RF RIE at 

200V did not exhibit similar behaviour. This is perhaps due to the comparatively 

small exposure time of the RF RIE samples to the CCl2 F2 /He plasma.

The amount of sidewall damaged material after ECR RF RIE and MAG 

RF RIE are seen to be dependent on the etch time. This dependence has been 

observed by Knoedler et. a l.5 -2 0  when investigating the effect of GaAs surface 

damage as a function of overetch times with an AlAs etch stop layer in RF RIE 

employing the same etch gas, the significance of this result has already been 

discussed in section 3 .4 .1 .3 .  The 60nm of damage induced on each sidewall of the

95



wires after RF RIE is a relatively thick damaged layer compared with other dry 
etchants5*29,30 w hile an analytical study by Seaward et. al.^-33 using X-ray 

photoelectron spectroscopy indicated that the CCl2 F2 /He RF reactive ion etched 

GaAs surface was stoichiometric with small quantities of adsorbed F and Cl; in a 

similar experiment, Ga-rich surfaces contaminated with higher concentrations of 

carbon and oxygen, with some evidence of Ga-F bonding were found, see section 

5.4.2. In addition, it has been reported that GaAs surfaces etched in the presence of 

helium resulted in an increase in surface depletion width and a decrease in the 
effective carrier c o n c e n t r a t i o n ^ -20,34 Other possibilities to account for the 

observation of such a large sidewall damaged layer include the atomic-scale 

sidewall roughness produced by rf etching and the redeposition of involatile 

products from the bottom surface onto the sidewalls which was not removed by the 

O2  plasma. While the exact cause and nature of the damage layer is unclear, it may 

be a combination of the above effects that contribute to such a large damage layer 

observed. In order to obtain more qualitative information of this layer, further 

characterisation using analytical techniques such as transmission electron 

microscopy (see section 6.3) is desirable.

5.3.6 Low temperature transport measurement

5.3.6.1 Experim ental

The experimental equipment was provided by Dr. T. P. Smith III of IBM 

Yorktown Heights. In this section, only samples etched in the ECR RF and RF 

reactive ion etching modes were measured; i.e. samples ECRALG and RIEALG. 

All measurements were performed in a ^He cryostat at 1.5K. A schematic diagram 

of the circuit used is shown in figure 5.16. A power supply controller controls the 

d.c. current in the magnet which sweeps from 0-76.2A providing a B field of 0-9T. 

An a.c. current of 0.1 pA is applied to the sample through the use of an a.c. voltage 

generated in the Princeton Applied Research (PAR) 5301 lock-in amplifier (phase 

sensitive detector, PSD), which is fed through a 10MD resistor. In this way, the 

measured signal may be extracted from any noise background. The value of Rs is 

chosen to be much larger than the resistance of the device so that all the voltage
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from the oscillator appears across it independent of the device resistance. The 

voltage between the probes is measured using the lock-in amplifier with a built in 

preamplifier, the data is then recorded in an IBM PC via the lock-in and a digital 

voltmeter connected to an IEEE 488 bus and is plotted on the chart recorder.

5.3.6.2 T heory

The fluctuations measured in this experiment, referred to as universal 

conductance fluctuations (UCFs), have been observed in a number of mesoscopic 

systems including metal w ires^*^, conducting channels of Si-MOSFET^*^^"^^, 
GaAs wires^-29,39,40 and GaAs/AlGaAs heterostructures^-28,41 and explained 

theoretically in terms of magnetically altered quantum interference effects5-42,43 

The term "mesoscopic" is commonly used to describe a device whose size is 

comparable to the phase-coherence length L0 , (defined below), whereby 

conduction can be described in terms of electron waves, without the effects due to 

the waves being averaged out over many incoherent regions each of size * L0 . In 

this respect, the conductance can be seen as a function of the transmission 
coefficient of the waves through the device^-44^ which is determined by the 

interference of the various partial waves as they propagate randomly, scattering off 

sites of disorder, such as crystal imperfections and impurities. If many paths 

contribute to the interference (as in a large device), then, since the phase of each is 

effectively randomly distributed, the conductance, which is the sum over all the 

waves will give a well-defined average value and as a result will be insensitive to 

Changes in the phase of individual trajectories. However, if the sample is small 

enough so that the number of paths which contribute to the interference is also 

small, then the averaging will not be complete, and the sum will be strongly 

dependent on the individual phases, and therefore, will be very sensitive to the 
scatterers present.

Interference effects can only take place between electronic states that are 

phase-coherent. The length scale, L0 , over which phase coherence occurs is limited 

by phase-disturbing scattering processes. For a disordered wire, the phase-

coherence length is given by L0  = ^  Det0 , where L0  is related to the elastic 

diffusion constant De and the phase coherence time t0 , which includes all phase- 

breaking processes such as inelastic and spin-flip scattering. However, since elastic
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scattering does not disturb the phase, it only limits L0  through its effect on De.

Universal conductance fluctuations are in fact the same type of quantum 

interference phenomena observed in the periodic oscillations in the magnetic-field- 

dependent conductance of mesoscopic conducting rings, (known as Aharonov- 

Bohm rings). The oscillations are a signature of the phase change of the interfering 

electronic wave functions with the application of a magnetic field. This result was 

derived by Aharonov and Bohm in 1959^*45 and can be described as follows: an 

electron beam propagating around a loop being split into two separate paths and 

then rejoined is shown in figure 5.17a). The resultant electronic current measured at 

a point donwstream from the loop can be shown to be related to the difference of 

the phases of the wave functions in the two branches, 0 i - 0 2. The result of the 

application of a magnetic flux $ to the interior of the loop causes a phase difference 

between the two branches of the loop giving:

where A is the magnetic vector potential and 1 is the path that encloses the flux. 

This implies that the current will show an oscillatory dependence on the applied flux 

with period h/e, where h is Planck's constant and e is the electronic charge. Figure 

5.17b) shows a real, disordered A-B loop with two possible electronic paths 

scattering off sites of disorder elastically (since elastic collisions are reversible, 

time-reversed paths are equally probable). It is clear that the electronic trajectories 

are capable of constituting a large number of A-B loops giving rise to fluctuations 

(UCFs) (provided that a low number of inelastic scattering i.e. phase-breaking 

events take place) similar to the A-B oscillations observed in the presence of a 

magnetic field.

These universal conductance fluctuations have been studied theoretically

(5 .2 )

by L e e 5 * 4 3  ancj A l’tsh u le r 5 -4 2  By calculating the conductance autocorrelation 

function:

F(AB, AE) = <G(B+AB, Ep+AE) G(B, EF)> - <G(B, Ep) > 2 (5.3)
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where G is the fluctuations in the conductance at magnetic field B and Fermi energy 

Ep for a completely phase coherent system in which all the dimensions are smaller 

than L0 , they predicted that the rms magnetoconductance fluctuation amplitude AG

at absolute zero temperature is given by AG = J  F(0,0) , which is of the order e^/h 

= G0, and is approximately 3.9 x 1 0 ‘^S, where e is the electron charge and h is the 

Planck constant

However, in quasi-one-dimensional wires (wires longer than L0 ), the 

phases of electronic waves are broken by inelastic scattering, and the amplitude of 

the fluctuation in conductance can be approximated by5-43;

AGrms = (L0 /L)3 /2  G0  fo rL 0 < L t< L  (5.4)

where L is the length of the wire, L0  is the phase coherence length, Lt = V hD/kT is 

the thermal diffusion length where D is the diffusion constant, and G0  = e^/h^-^3. 

This theory predicts that in one-dimensional wires thinner than L0 , the rms 

amplitude of the fluctuations is directly related to the phase coherence length L0  and 

the length L of the sample, and is not dependent on its width. If the phase 

coherence length is comparable to the sample length the conductance fluctuations 

will be of order e^/h, but if the phase coherence length is shorter than the channel 

length their amplitude will be smaller. Since the phase coherence length is sensitive 

to the type of scatterers present, according to this prediction, A G ^ s  is a good 

measure of the quality of the conducting channel.

S.3.6.3 Results and Discussion

Figure 5.18 shows the magnetoconductance spectra (normalised to e^/h) 

of two wires: one reactive ion etched in ECR RF mode, the other reactive ion etched 

in RF mode; the fluctuations are completely reproducible at a given temperature 

during one cooling. The lithographic widths of the wires are lOOnm and 200nm, 

respectively, but the effective electrical widths at room temperature are 

approximately the same (50nm and 40nm) for the two samples. Although these 

samples had about the same conductance at room temperature, the low temperature 

conductance of the sample etched in ECR RF RIE is about five times greater than
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the conductance of the sample etched by conventional RF RIE. This may be due to 

the additional freezeout of carriers into the traps produced after RF reactive ion 

etching.

A tremendous difference in the rms amplitude o f the universal 

conductance fluctuations is observed between the two samples. Despite the fact that 

the conductance of the ECR RF RIE sample is only five times the conductance of 

the RF RIE sample at low temperature, the rms amplitude of the UCFs in the 

spectrum from the former is approximately 50-70 times larger than the rms

amplitude of the UCFs in the spectrum from the latter. Since L0  = J  Det0 , the 

difference in L0  cannot be fully explained by the change in elastic scattering. One 

possibility is that this simple analysis is not adequate, and other workers have 
obtained similarly perplexing results. In a study by Hiramoto e t .a l .5 - 4 6 j thgjj- 

quasi-one-dimensional GaAs wires fabricated by focused ion beam implantation 

exhibit larger amplitude fluctuations than the prediction of equation 5 .4  in the wider 

wires (w ~ L0 ), while in the very thin wires (w < L0 ), the fluctuations become 

smaller than the prediction. On the other hand, Ishibashi e t .a l.5 -4 7  observed larger 

fluctuations than predicted for wires with a narrower width than L0 . Moreover, 

Hansen e t .a l.5 -4 8  reported recently that the nature and configuration of the voltage 

measurement probes can affect the conductance fluctuations significantly. Another 

possibility is that the traps and defects produced by RF reactive ion etching may 

have a larger electronic deficit or surplus changing the carrier density in the channel 

or giving rise to enhanced spin effects and spin-flip scattering. This type of 

scattering could reduce and might explain the observed dependence on the 

etching process. Furthermore, some recent conductance data in similar wires 

fabricated by RF RIE using SiCl4  (work of M. Rahman, University of Glasgow) 

measured in the low temperature regime revealed some form of negative differential 

resistance behaviour in the low field (0-1.2V) I-V characteristics. This was 

attributed to the possibility of the sidewall damage region (see section 6.3.3.1) 

behaving as electron traps whereby the detrapping process of the electrons may take 

longer at low temperatures since they can only escape through tunneling or when 

enough energy is supplied.

5.4 Surface damage characterisation
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The degree of surface modification caused by ECR RF and RF reactive 

ion etching was studied using Schottky diode contacts; to further identify the 

chemical composition of the etched surfaces, X-ray photoelectron spectroscopy 

analysis was carried out on the GaAs surfaces which were etched under the same 

conditions as the diodes.

5.4.1 Schottky diode charac te ris tics

5.4.1.1 E xp erim en ta l

The material employed was a 2 x lO ^cm -^ Si-doped GaAs epitaxial layer 

of lfim  thick on an n+ substrate grown in Glasgow. The experimental precedure 

for diode fabrication was as in section 3.4.1.2, and the GaAs samples were etched 

in the ECR RF and RF reactive ion etching modes for 1 minute before diode 

fabrication. One other unetched GaAs chip was used as a control sample. The 

etching conditions used were described in section 5.3.4.3.

5.4.1.2 R esults and  discussion

A summary of the measurements derived from I-V characteristics is 

shown in table 5.2. The GaAs surface which has been RF reactive ion etched 

exhibits a higher ideality factor, lower barrier height, lower reverse breakdown 

voltage and a higher reverse leakage current compared with the ECR RF reactive 

ion etched surface. Assuming the electron transport mechanism in Schottky junction 

contacts as thermionic emission described in section 3.4.1.1, these results indicate 

that more interface traps are introduced after conventional RF reactive ion eching 

compared with ECR RF reactive ion etching. In a similar study by Knoedler et. 
ai.5.20, an increase in ideality factor, surface depletion width and a decrease in 

effective carrier concentration after CCl2 F 2 /He RF RIE resulted. This they 

speculated to be due to helium ion bombardment and penetration thus creating deep 

level traps. Decreases in the sheet carrier concentration and mobility of 

GaAs/AlGaAs heterostructures after helium exposure have also been studied and
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used to pattern devices^-41,49^ jn the present work, the diode characteristics are 

indicative of the existence of an As-depleted surface acting as a donor defect layer in 

GaAs after dry etching as has been suggested by a number of workers 5.50-53j 

also see section 3.4.4.3 and below.

5.4.2 X-ray photoelectron spectroscopy (XPS) analysis

An explanation of this technique can be found in section 3.4.4.1.

5.4.2.1 Experim ental

The material used for the XPS study was a 2 x lO ^cm "^ Si-doped GaAs 

layer of ljim  thickness grown on an n+ substrate by molecular beam epitaxy. Two 

GaAs samples of size 5 x 5mm^ were ECR RF and RF reactive ion etched for 1 

minute using the etch condition described in section 5.3.4. One other unetched 

GaAs chip was used as a control sample.

The experimental work for this study was completed in a V.G. 

ESCALAB Mkl electron spectrometer fitted for XPS at Harwell laboratory. The 

equipment used is briefly described below. The basic system consists of two 

stainless steel ultra high vacuum chambers separated by a gate valve. Samples are 

admitted to the preparation chamber by use of a small air lock evacuated by a rotary 

pump. Since the ingress of damp residual gases will degrade the vacuum during 
transfer, this chamber provides a buffer between the poor vacuum in the air lock 

and the high quality vacuum (= 1 x 10“9 Torr) in the analysis chamber. Both 

chambers are pumped by Edwards oil diffusion pumps, in addition, a titanium 

sublimation pump is provided on the analysis chamber. The spectrometer consists 

of a 300 Watt X-ray source, a spherical sector electron analyser, and the sample is 

attached to a manipulator which is maintained at earth potential. An electron flood 

gun is fitted to neutralise sample charging whenever non-conducting material is 

being analysed. An AlKa (1486.6eV) X-ray source operated at 15keV was 

employed for this experiment. The output electrons from the sample then enter an 

electron analyser whose energies are determined by their deflection in an 

electrostatic field. The electron analyser is attached to the analysis chamber by a 

long focal length electrostatic transfer lens. A life-size electron image of the sample
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is projected onto the analyser entrance slit. The electron deflection is caused by the 

potential difference (set by the analyser control) between the inner and outer 

hemispheres. The retarding grids (with retard voltages 0-15V) at the analyser 

entrance are used to scan the spectrum (with kinetic energies in the range 0-2500eV) 

while the analyser is operated at a conatant pass energy in order to maintain a 

constant energy resolution. The range of voltages, corresponding to the desired 

kinetic energies to be swept are preset using a computer. The electrons then pass 

through the exit slits with a current of typically less than 1x 1 0 " l^A . A pulse 

counting system based on a very high gain channel electron multiplier is used to 

detect this low current. Each electron detected gives rise to an avalanche of about 1 

x 10^ secondary electrons contained in a 10ns pulse. The output pulses are then 

accumulated and recorded in a computer which is connected to a graph plotter. A 

schematic diagram of the XPS system is shown in figure 5.19. In the present 

analysis, both charge compensation and Shirley background level were taken into 
account5-63 and the XPS peaks (measured to ± O.leV) were identified from ref. 

5.54,57-61.

S.4.2.2 Results and Discussion

The elemental atomic concentrations (%) determined from the integrated 

peak intensity and experimental sensitivity factors for the control, ECR RF RIE and 

RF RIE samples are shown in table 5.3. In general, both carbon and oxygen are 

present in all samples while higher concentrations are detected on the etched 

surfaces. This is not surprising since all the samples have been exposed to 

atmosphere during sample transfer to the XPS chamber, which might have 

introduced some additional room ambient contamination. Nonetheless, a 

comparison of the surfaces is still valid. It is worth noting that the effect of 

increased carbon and oxygen concentrations is more prominent on the GaAs surface 

etched under conventional RF RIE conditions compared with the ECR RF case. In 

addition, the presence of fluorine is detected on the same RF RIE sample.

The Ga/As ratios derived from the XPS data indicate that the GaAs 

surface is considerable more Ga-rich after RF reactive ion etching than after ECR 

RF reactive ion etching. Ga-rich surfaces have been observed in the reactive ion 

etching of GaAs using CCI2 F2/O2  by Pearton e t .a l .^ - 5 4  and CCI2 F2  by Yabumoto
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et. al.5-55 This result is significant since an As depleted surface has been 

suggested to be the cause of diode characteristices similar to those measured in this 
studyS-50-53^ see sections 3.4.4.3 and 5.4.1.2. However, from this experiment 

alone, it cannot be concluded whether the larger carbon and oxygen contamination 

observed in the RF RIE sample is produced during the etching process or as a result 

of more susceptive surface reactions from an initial Ga-rich surface after etching. 

Yabumoto et. a lA ^ h av e  ajso observed an increase in oxygen uptake after reactive 

sputter etching of GaAs in CCI2 F2 ; this they believed to be due to the existence of 

As vacancies after etching.

Figures 5.20a) and b) show the Ga(3p3/2) and Ga(3d) signals for the 

control, ECR RF RIE and RF RIE samples, respectively. Little difference is 

observed between the control and the ECR RF RIE samples in both transitions 

indicating a well preserved surface after ECR RF reactive ion etching. However, 

for the RF RIE sample, a shift of the Ga(3 p3/2 ) peak from 104.7eV to 105.5eV is 

detected implying the presence of Ga2 C>3 , accompanied by a slight shoulder 

appearing at the original peak (104.7eV, see figure 5.20a). Moreover, the 

broadening of the shoulder at 108.0eV is suggestive of the presence of Ga-F type 

bonds. Similar chemical bonding arrangements after RF reactive ion etching are 

evident from the Ga(3d) signal taken from the same sample (see figure 5.20b). An 

extreme broadening and the emergence of possibly two binding states between 

20eV and 22eV are observed. Two components may be resolved at 20.3eV and at 

21.5eV suggesting the presence of Ga2 0 3  and GaF3 respectively. In addition, it is 

possible that the presence of the F( 1 s) lineshape at 685.8eV from the RF RIE 

sample is due to both Ga-F and As-F type bonds, see figure 5.21. However, 

further analysis of the As(3d) signal (figure 5.22) rule out the possibility o f the 

exsistence of As-F bonds on the substrate surface. While Ga-F type bonds appear 

to exist on the substrate surface after RF reactive ion etching, it is not surprising to 
find the absence of As-F bonds since ASF3  is a relatively volatile compound^*^. 

Moreover, the ion-induced removal of GaF3  has been reported to be the rate 

limiting step in this etching process^* However, in a similar experiment by 
Seaward et. al.^-57f Ga-F bonding was not observed; this may be attributed to the 

different etch conditions used.
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5.5 Conclusions

1) ECR RF RIE of GaAs using CCl2 F2 /He was developed using optical emission 

spectroscopy. Due to the high ionisation efficiency of ECR excitation and the A1 

electrode, silicon wafers were mounted on the cathode in order to produce a 

contamination suppressed environment.

2) By comparing quantum wire cut-off widths, the amount of sidewall damage is 

found to be dependent on both ion energies and etch time, with the lowest sidewall 

damage caused by ECR RF RIE, followed by RF RIE and MAG RF RIE.

3) The wire conductance and its rms amplitude in the magnetoconductance 

measured at low temperature appear to be very sensitive to the sidewall damage 

induced after RIE.

4) Comparison of diode characteristics of an ECR RF RIE GaAs surface and RF 

RIE GaAs surface indicate that more interface traps are introduced after RF RIE.

5) XPS data reveal that the ECR RF RIE surface is slightly contaminated with 

carbon and 0 2  while higher concentrations are detected on the RF RIE surface. The 

RF RIE surface also appear to be Ga-rich with some evidence of Ga-F bonding.

5.6 A ppendix 1

At IBM TJW Research Centre in Yorktown Heights, two routines were 

used to generate mask data sets for the Vecor Scan 6  (VS6 ) electron beam writing 

machine:

1) From Glives 1 processor (GLl-data): after the design is generated in the 

Integrated Graphics System (IGS), the data (GL1) is transferred to the Multiple 
Virtual Storage (MVS)-system (via OUTPUT DATA) into a MVS-dataset. 

Subsequently, the MVS-dataset has to be converted into a mask dataset for the VS6  

e-beam system. This is carried out using the Glives 2 post processor during which
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proximity correction may be specified.

2) Prepared on Virtual Machine (VM): X,Y data sets input containing X,Y,DX,DY, 

shape, code, dose (one record per shape) can be converted into mask data sets by 

running the program VS6 MASK.

After having generated mask data-sets in the MVS system, they were 

transferred to the VS6  Series/1 for exposure purposes in the VS6  e-beam machine.
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Figure 5.2 Electron cyclotron resonance rf reactive ion etching



Magnetron
2.45GHz
200W

Dummy
load

Optical
mult i ­
channel
analyser

- f

WR 284  
waveguide

circulatoi

K7!
IAI

gas.

A

O
O
o
o

monitoring of rf power 
and impedance______

stub tuner for impedance 
matching

1200G  
f  H

magnet

50G sample
pump

l— (?v) 13.56MHz 
85W
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SEM 5.1 Initial GaAs surface produced after ECR RF R IE  in
C C l2 F 2 /He 1:1 a t 200W |iwave power, 5mT to tal p ressure , 
0 .1W /cm 2 r f  power density and 90V dc bias

SEM 5.2 Initial GaAs surface produced after MAG RF RIE in 
C C l2 F 2 /He 1:1 at 0.36W/cm2 r f power density, 5mT total 
pressure and 300V dc bias



CCl2 F2 /He p.wave rf power pressure self bias etch depth comment
seem: seem power

(Watts)
density
(W /cm ^)

(m T) (V ) (nm/min.)

1 0 :1 0 2 0 0 0 .1 5 90 2 0 no oxide etch

1 0 :1 0 2 0 0 0 .1 5 90 41 with acid oxide etch

1 0 :1 0 2 0 0 0 .1 5 90 - with PM M A on Si 
wafer on A1 electrod<

1 0 :1 0 500 0 .1 1 1 0 0 1 0 0 with acid oxide etch

8:8 400 0.3 0.5 80 90 with acid oxide etch 
plasma very unstable

Table 5.1 Trial etch conditions in the ECR RF RIE of GaAs using 

CCl2F2/He
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Etch depth (nm)

with Si wafers 
ECR rf REE/700-1

with Si wafers 
MAG rf RIE600-

500-

400- without Si wafers 
ECR rf REE

300-

1 0 0 -

10 120 2 4 6 8
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Figure 5.6 Graph of etch depth vs. time for GaAs etched in 

ECR rf and MAG rf RIE using C C l2 F 2 /He
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Figure 5.7 showing optical emission spectra  of an ECR RF plasma 
with and without the silicon wafers



SEM  5.3 GaAs etched under sim ilar conditions as in SEM 5.1 
(ECR RF RIE) in the presence of silicon w afers covering about 
43% of the A1 electrode



0 0 4 5 0 3  25KV X 3 0 ! 0 K ’ i ! 00um

SEM 5.4 A GaAs wire with Hall b a r geom etry etched under the 
sam e conditions as in SEM 5.3 (ECR RF RIE) using N iCr mask

0 0 0 0 0 5  20KV X 3 0 . 0 K  1. 00UD)

SEM 5.5 A GaAs wire s truc tu re  with Hall bars etched under the 
sam e conditions as in SEM 5.2 (MAG RF RIE) using NiCr mask



SEM 5.6 GaAs surface ECR RF reactive ion etched in 
C C l2 F 2 /He 1:1 with 200W |iwave power, 5mT total pressure,
0 . 1 W / c m 2  r f  power density and 5 0 V  dc bias

1 1 1 6 0 0  25KV X 1 2 . 0 K  2 . 50um
SEM 5.7 GaAs wire with Hall bar geometry after ECR RF RIE 
in C C l2 F 2 /He 1:1 using 200W |iwave power, 2mT total
p re ssu re , 0 .1 7 W /cm 2  rf  power density and 100V dc bias



1x10^ 8/cm^ Si-doped GaAs

undoped AlggGagyAs

GaAs semi-insulating 
substra te

750A

a) With AiGaAs etch stop and mobility of 2000cm A/s 
at 77K

1x10^cm 3 Si-doped GaAs

undoped GaAs

GaAs semi-insulating 
substrate

800A

b) Without etch stop and mobility of 2000cm ^ /Vs 
at 77K.

Figure 5.8 Material design



ID: 0HM2(1) 17November8B at 10:02:41

1 ft

Figure 5.9 First level showing ohmic contact and alignment marks



ID: 0HM2(1) -as.i -t5.i us.a us.* 17November88 at 09:53:35

Figure 5.10 Second level showing wires with Hall bar geometry



IDi 0HM2(1) m.» 7»i.« 17November88 at 10:03:56

Figure 5.11 Third level showing bonding pads design
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Figure 5.12 Complete layout of exposure pattern
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Figure 5.13a) High reesolution electron beam fabrication system  
(After Kern et. al. ref. 5.22)

Figure 5.13b) Final lens and substage of the nanolithography 
system (After Rishton et. al. ref. 5.25)



SEM  5.8 S tron tium  fluoride lines lifted-off from  electron beam  
exposed double layer PMMA resist on GaAs

SEM 5.9 Resolution test pattern



SEM  5.10 W ire pattern  defined by exposing an electron beam 
into double layer PMMA resist a fter proxim ity correction and 
transfered  onto GaAs using N iCr lift-off
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Figure 5.17a) showing an Aharonov-Bohm loop in which an 

electron beam is split in two and rejoined with the phase change 

in the two branches in the presence of a magnetic flux
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Figure 5.17b) showing a schematic diagram of a disordered A-B 

loop with two possible electronic paths and two possible 

enclosed loops which lead to Universal Conductance Fluctuations
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Ideality factor

Control

1.04

ECR-RF

1.06

RF RIE 

1 . 1 2

Barrier height 0.75eV 0.73eV 0.60eV

Reverse breakdown
voltage ' 9V ' 8V -6V

Reverse leakage -48pA -850pA -5.569nA
current at -2V

Table 5.2 Summary of measurements derived from I-V characteristics 
for Si-doped 2 x 1 0 l7 /Cm3 Schottky diodes fabricated on unetched, 
ECR RF reactive ion etched at 80V self bias and RF reactive ion etched 
at 2 0 0 V self bias
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Figure 5.19 Schematic diagram of the XPS system



Atomic concentration (%)

Element Control ECR-RF RFRIE

Ga(3d) 3 2 . 2  18,7

As(3d) 27.6 23.8 11 -3

0(1 s) 3 1 . 7  33.2 43.5

C(1s) 8.5 13.5 20.0

F(1s) o 0

Cl(1 s) 0 0 0

Table 5.3 Percentage atomic concentrations on the surface of GaAs 
samples after ECR RF RIE and RF RIE as determined by XPS
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Figure 5.20a) showing the Ga(3 p3 / 2 > signal for the control, ECR RF 
RIE and RF RIE GaAs samples, obtained by XPS
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Figure 5.20b) showing the Ga(3d) signal for the control, ECR RF RIE 
and RF RIE GaAs surfaces, obtained by XPS
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Figure 5.22 showing the As(3d) signal for the control, ECR RF RIE 
and RF RIE GaAs samples



Chapter 6 Other novel dry etch damage characterisation techniques 

6.1 Introduction

In this chapter, studies on the induced surface and sidewall damage after 

reactive ion etching in SiCLj. using the analytical techniques available in specular X- 

ray reflectivity and transmission electron microscopy will be presented. In 

particular, the high resolution fabrication techniques employed for the development 

of TEM specimens will be described. It should be mentioned that the experiments 

on X-ray reflectivity were carried out in collaboration with University of Edinburgh 

(Dr. U J. Cox) and the electron microscopy work was collaborated with the 

Department of Physics at University of Glasgow (Prof. J.N.Chapman) and the 
TEM images were taken by a final year project student (A. B i r n i e ) 6 - 3 6

The basis of both analytical techniques is the Bragg equation which 

describes the condition for constructive interference for X-rays and electrons 

diffracted from atomic planes of a crystal. For radiation incident with wavelength X 

at an angle 0  to the parallel lattice planes spaced d apart, constructive interference of 

the radiation from successive planes occurs when the path difference is an integral 

number n of wavelengths X, so that

2 d sin0  = nA, (6 .1 )

This situation is depicted in figure 6.1. Therefore, the Bragg law requires that 0 and

X  be matched for diffraction. The condition may be satisfied by varying X, or 
varying the orientation of a crystal. In the present techniques used, the GaAs

crystals are oriented at the angle to satisfy the Bragg condition for diffraction to

occur.

6.2 Surface damage - Specular X-ray reflectivity

In this work, the technique of specular X-ray reflectivity using a triple 

crystal X-ray diffractometer was used to investigate the structural damage caused by
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reactive ion etching of GaAs employing SiCLj. and CH4 /H 2  plasmas. The effect of 

wet etching before and after dry etching on the GaAs surface has also been 

examined.

6.2.1 Theory

X-ray scattering is a non-destructive technique which allows accurate 

characterisation of thin films and surfaces. In particular, X-rays can be totally 

externally reflected from matter at sufficiently small angles of incidence since the 

refractive index is less than unity. At these incident angles the X-ray beam 

penetrates very little into the material and as a result, the measurement of the 

reflectivity can be used to study amorphous or crystalline films on substrate, and 

the surface and interfacial roughness. This is because a measurement of the 

reflectivity as a function of the angle of incidence provides information about the 

refractive index of the material as a function of depth, and since the difference of the 

refractive index from unity depends on the electronic density6 -1 , these 

measurements will probe that density at and near the surface of a material.

The specular reflectivity of a system consisting of a layer thickness dj

where a = 2 cos (47tf1d1/^), and the amplitude reflectivities at the interfaces are

followed by an infinitely thick bulk is given by Parratt6-2 as:

(6.2)

(6.3)

(6.4)

and where Vc(i) is the critical angle for layer i. The critical angles can be converted 

to give the mass density by using the formula for low atomic number:



y c(i) = 1.64 x 1 0 '\p ( i ) 1/2 (6.5)

where Yc is in radians, the wavelength of the incident radiation, A, is in A, the 

density, P, is in gcm~3, and the fractional difference in the density of the surface 

layer from that of the bulk is Ap/p. For Y »  Yc, the interface reflectivities can be 

written as:

_ n £ ( 1)
4Y2

r i2 4Y2

Consequently, the denominator in the expression fo R contains a term V*, and the 

data is represented in the form T = Rp4 where 0  = 2Y.

Furthermore, the roughness of the interfaces is incorporated by assuming 

a gaussian roughness, when the interface reflectivities become:

roi =

f  - f   ̂A0 A1

f0 + f  1V 0 1)
exp - 1 /2

4 TCG,
sin Y (6.6)

where ctj is the root-mean-square roughness of the air-layer interface, and, since Y 

is small, sinY * Y. A similar expression can be written for the reflection coefficient 

r 12 which depends on (J2, the roughness of the layer-bulk interface. For systems 

more than one layer, expressions can be derived for the reflection amplitudes from 

each layer with thickness d(i), critical angle Yc(i) and roughness <r(i).

The parameters in this model were obtained from least squares fits to the 

experimental results, with Yc(bulk) held fixed at 0.33° (mass density of 5.33 gem” 

^). The model predicts that the angular dependence of T will be modulated by 

interference fringes, and unambiguous assignment of the model parameters is 
facilitated when there are many such fringes within the measurable range of angle. 

However, it will be shown that it is not easy to distinguish between changes in the 

estimates of electron density and the estimates of the surface roughness by applying 

the above model to the data taken in this work.
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6.2.2 Experimental

In general, measurements can be performed using a double-crystal X-ray 

spectrometer or a triple-crystal spectrometer. Both techniques have been used to 
obtain structural information on GaAs/AlInAs/Inp6-35 GaInAsP/Inp6*4} 

InGaAs/InP6-5, heteroepitaxial structures6-6-6.95 Cu-Al thin film interfaces^* 10, 

and surface oxide layers on Si^-l 1. The basic difference between the double-crystal 

and the triple crystal lies in the fact that in double-crystal, the direction of the 

scattered X-rays recorded by the detector is defined by spatial collimation (a simple 

slit) whereas in the latter, angular collimation (by Bragg reflection) is used. In the 

case of a simple aperture, the direction of the scattered x-rays is also dependent on 

the exact point on the sample from which they are scattered. On the other hand, an 

additional analyser crystal serves both to define the direction of the scattered x-rays 

directly and decouple the scattered direction from the position of the scattered beam. 

This situation is illustrated in figures 6.2a) and b) with the use of two sources, SI 

and S2. Therefore, the operation of a triple crsytal spectrometer greatly simplifies 

the resolution of the instrument and its alignment since it is sensitive only to the 

direction and energy of the scattered X-ray beam. The double-crystal spectrometer, 

however, is also sensitive to the position of the scattered beam and the resolution of 

the instrument will depend upon the source size and the intensity distribution within 

the source, X-ray beam penetration within the monochromator, sample crystals, 

sample size and shape effects and beam path lengths. Moreover, the use of an 

analyser crystal improves the angular resolution of the detector system to (FWHM) 

0.003°. To achieve a comparable resolution using spatial collimation would require 

a 10}im slit at a distance of 200mm from the sample. This would result in an 

unacceptable loss of signal.

In this work, the experiments were performed at Edinburgh University 

using an X-ray triple axis spectrometer with CuKai X-rays, collimated by 
reflection from the (111) planes of a germanium monochromator crystal. The beam 

scattered from the sample was reflected from a second germaium ( 1 1 1 ) analyser 

crystal and measured using a scintillation counter. A schematic diagram of the 

triple-axis X-ray spectrometer is seen in figure 6.3 showing the two angles 

measured in the experiment which are the angle of incidence V, and the scattering
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angle 0 . The measurements were performed by choosing some scattering angle 0 , 

and scanning the angle of incidence V (which is less than Yc the critical angle) to 

find the integrated intensity of the specular reflected beam from all parts of the 

surface. This is analogous to a 'rocking curve' measurement of a Bragg reflection 

to find the mosaic spread of a sample. The profile of the curve reflects the 

macroscopic flatness of the surface, on a millimetre or centimetre scale. The 

reflectivity R is this integrated intensity, which is found as a function of scattering 

angle 0  (where 0  is twice the incident angle, V) from all parts of the surface. It is 

convenient to describe the results in terms of a function T = R0 4, for reasons 

discussed in section 6 .2 .1 .

Since the angle of incidence scanned has to be less than the critical angle 

for specular reflectance to occur, the GaAs samples studied using this technique 

were of quarter wafer sizes so that the scattered angle can be received by the 

analyser. The data presented in this work were from bulk GaAs wafers of 2 x 

lO l^cm -^ doped with Si. Nine GaAs wafers were processed. Five of which were 

reactive ion etched in SiCl4  with 9 seem flow rate, 12mT total pressure, for 30s to 

produce an etch depth of lOOnm, and the power densities were varied from 

0.44W/cm2  (100W) to 0.13W/cm2 (30W). Two other wafers were used to study 

the effect of wet etching before and after dry etching. One was wet etched in 

H2 SO4 /H2 O2 /H 2 O 1 :8 :1  for 2 0 s before reactive ion etched in SiCl4  with a power 

density of 0.44W/cm2  for 30s and for the other wafer, the dry etching was carried 

out prior to the wet etching. Another GaAs wafer was reactive ion etched in 

CH 4 /H 2  1:5, see section 4.2.3.2 , 14mT total pressure with a power density of 

0.4W /cm 2  (100W) for 2.5 minutes to produce an etch depth of 50nm. The final 

wafer served as a control sample. The reactive ion etchers used has been described 

in sections 2.6.2 and 2.7.2.

6.2.3 Results and discussion

The reflectivity data obtained for the unetched, SiCl4  reactive ion etched at 

0 .4 4 W /cm 2 , CH4 /H 2  reactive ion etched at 0.4W /cm2 , wet etched and 

subsequently SiCl4  etched GaAs samples are shown in figures 6.4a), b), c) and d) 

respectively. The intensity of scattering from figures 6.4a) and c) are qualitatively 

similar, falling from T « 1.5 x 10^ at 0  = 0.8° to T * 6  x 1 0 ^ at 0  = 1.6°. In
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contrast, the intensity of scattering in figures 6.4b) and d) falls much rapidly with 

increasing 0 , to T ~ 2 x 10^ at 0  = 1.6°. This behaviour is indicative of the presence 

of a rougher surface in the latter two cases, which is confirmed using the present 

analysis as shown below.

Initially, all the curves were fitted to a single layer model; in addition, a 

double layer model was used to fit the data obtained from reactive ion etched 

samples. The parameters obtained from the fits are shown in table 6.1. For the 

unetched GaAs sample, the analysis suggests that a layer about 26A thick and ~ 5A 

rough is present on the surface, with an electron density about 9% smaller than that 

of the bulk; the layer-bulk interface is nominally smooth. It is highly possible that 

this is a native oxide layer due to the exposure of the GaAs to air, since an oxide 

layer will have an electron density of 5 - 10% less than the bulk and other authors 

have shown, using ellipsometry, that the thickness of native oxide in GaAs is of the 
order 24 - 30 A6-12,13 The fit to the data from the SiCl4  RIE sample suggests that 

a layer of * 28A and surface roughness « 13A with an electron density ~ 15% less 

than the bulk layer is present on the sample, while the fit to the data from the 

CH4 /H 2  REE sample gives a smoother layer with an electron density that is « 13% 

greater than the bulk. The data sets for both etched samples were additionally fitted 

to a two layer model, and the parameters obtained are also shown in table 6.1. This 

model reduces X2 for the CH4 /H 2  RIE sample, but increases X 2 for the SiCl4  RIE 

sample. For the CH4/H 2  etch, the new fit gives an upper layer of about 1 0 A thick 

with an electron density = 18A less than the bulk and a surface roughness reduced 

from 4.5A to less than lA, while the lower layer is virtually unchanged. For the 

SiCLj. etch, the new fit gives an unphysical result since the upper layer of very low 

electron density is much thinner than the surface roughness of 19A. The lower 

layer, however, now has an electron density of about 1 0 % greater than the bulk.

Clearly, it is very difficult, from the present analysis, to identify the 

nature of these layers. The presence of an oxide layer will have an electron density 

that is 5 - 10% less than the bulk; in addition, the electron density of pure Ga and 

pure As are both greater than GaAs and therefore, the electron density of such a 

layer could be greater than the bulk by a few percent. From previous measurements 

of the reflectivity from semiconductor surfaces, it is also possible for surface 

contamination from low electron density material such as H2 O to occur6-3,6.14 

Neverthless, it is certain from these results that there is a difference in the surface
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roughness caused on the GaAs after SiCl4  and CH4 /H2  reactive ion etching. While 

the root-mean-square roughness of the surface of the control and the CH4 /H2  RIE 

samples are less than 5A, the roughness of the SiCl4  RIE samples is considerably 

greater at 13 - 19A. The surface roughness obtained with SiCl4  etch was 

investigated further by reflectivity measurements on samples etched at different 

powers for scattering angle 0  = 0.8° - 1.6 °. The data was fitted with the thickness of 

the layer held at zero and allowing only the surface roughness to vary. The values 

obtained are given in table 6 .2 , which shows that the roughness caused by the dry 

etch is of the order 17 - 30A. Measurements made on samples reactive ion etched 

with CH4 /H2  plasmas at different powers did not display the same variance, fits to 

the data gave a surface roughness < 5A in all cases. This result is consistent with 
the relative degree of surface roughness measured by Carter et. a lA *5 using a 

mechanical stylus after RIE of GaAs in SiCl4  and CH4 /H 2 , however, their values 

are greater by about a factor of 1 0 , this is probably a result of the much higher 

resolution available from the X-ray reflectivity technique.

The effect of wet etching in H2 S0 4 :H2 0 2 :H2 0  1:8:1 prior to, and after 

dry etching has also been investigated. Figure 6.4d) shows the reflectivity data for 

the GaAs sample wet etched in the mixture for 20s, then reactive ion etched in 

S1CI4  at 0.44W/cm2; a surface roughness of = 2 2 A and zero layer thickness was 

obtained, see table 6.2. Comparing this data with the sample which has been etched 

in SiCl4  under the same conditions, a rougher surface is evident for the sample with 

the additional wet etch prior to dry etching. While surface roughness is a common 

occurence for GaAs surfaces which have been subjected to aqueous solutions^* 

it is difficult to distinguish whether the cause of this surface roughness was due to 

the wet etch or the dry etch process, or perhaps a combination of both effects. 

Another sample was prepared with the wet etch process being carried out after 

reactive ion etching and a surface roughness of ~ 38A resulted, see table 6 .2 . 

Comparing this data with the SiCl4  etched sample, it appears that the wet etch 

process has further roughened the dry etched surface.

The limitations of the Gaussian model used to fit the data in this analysis 

is clearly evident, this is indicative, perhaps of a damaged layer that has a gradient 

profile. The thickness of this layer is measured in terms of surface roughness, and 

that the SiCl4  etched GaAs surface appears to be considerably rougher than the 

CH 4 /H 2  etched surface, but no conclusive information about the nature of the
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damage was detectable. Moreover, this characterisation technique does not provide 

any electrical or optical information about the state of the surface, in the case of 

CH4 /H 2  etched surfaces, a smooth surface may be passivated by atomic hydrogen 

and become electrically inactive, see section 4.3, but X-ray reflectivity provides no 

such information. Therefore, it is essential that a variety of complimentary 

techniques are employed to study the modified surfaces.

6.3 Sidewall dam age - T ransm ission electron m icroscopy

Electron diffraction is another analytical technique available to identify the 

structure of solids. Similar to X-ray diffraction, electron diffraction from a crystal 

lattice can be described as a kinematic scattering process that meets the electron 

wave constructive interference conditions given in the Bragg equation. In many 

applications, the samples under study are thinned to thicknesses of a few thousand 

A by chemical etching or ion milling. The images are formed by diffraction of an 

electron beam (typically 50 - 200 keV) transmitted through the thin sample. Lattice 

damage induced by reactive ion etching of SiC>2 in by jon

bombardment of GaAs using neon ions^-lS have been studied using this technique. 

In particular, D e c k m a n 6 -1 9  fabricated 2.5 - 500nm sized micro structures suitable 

for TEM using a submonolayer colloidal particle as mask for reactive ion beam 

etching, so that effects from RIBE on the etched amorphous semiconductor 

superlattices can be investigated. In this work, for the first time, using high 

resolution fabrication techniques, procedures for making thin TEM specimens were 

developed. This novel structure allows the possible damage induced on the 

sidewalls of the GaAs after reactive ion etching in SiCL^-^O to be studied through 

TEM analysis. The idea involves the production of a number of thin (preferably < 

lOOnm thick) wires with supports accompanied with several free ends which sits on 

top of a mesa, see section 6.3.2.2. The mesa is important for two reasons: 1) to 

locate the wires; 2) to allow the specimen to be tilted to the Bragg angle without 

blockage from the large substrate. The wires were fabricated by reactive ion etching 

using a metal mask lifted-off from PMMA resist (section 2.3) and wet etching was 

used to produce the mesa. Any damage induced on the sidewalls by the etching 

process would remain as part of the wire and assuming that this damage is uniform 

along and around the wire, the material at the end of the wire would be composed
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of sidewall damage totally, see figure 6.5a), (as will be verified in section 6.3.3.1 

along with an indication of a graded damage profile). In this study, the electron

shown in figure 6.5b).

6.3.1 T heory

As discussed in section 6.1, the Bragg law is a consequence of the 

periodicity of the lattice structure, however, it does not refer to the composition of 

the atoms associated with every lattice point. The incident electrons, rather than 

suffer physical reflection, are scattered by the atoms, composed of charged nuclei, 

free and bound electrons. Since a crystal is invariant under any lattice translation, 

consequently, any local physical property of the crystal such as charge 

concentration and electron number density is also invariant under any lattice 

translation and therefore, the electrostatic lattice potential presented to the electrons 

can be seen to have the periodicity of the crystal lattice. By describing the electrons 

as waves (more commonly known as Bloch waves), the scattered intensities can be 

determined by solving the steady-state Schrodinger equation for the periodic lattice 

potential with the solutions being the electron wave functions with the same 

translational symmetry. Using this approach, it can be shown that the scattered 

wave is in the form of a spherical wave, whose amplitude is proportional to the 
Fourier transform of the potential, giving an atomic scattering amplitude f(0 )6 *2 1 :

where m is the rest mass of the electron; e is the electronic charge; h is Planck's 

constant; Z is the atomic number of the scattering atom and fx is the atomic 

scattering factor of X-rays which is a measure of the efficiency of scattering by an 

atom in a particular direction.

Whereas the scattering from an atom depends on the distribution of its 

electrons, the scattering from a unit cell, and hence a crystal, depends on the atomic 

arrangements. An extension of the above analysis results in the scattered wave

beam has been placed incident at the end as well as in the middle of the wire as

(6.7)
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amplitude from a unit cell again being proportional to the Fourier transform of the 

potential giving a structure factor:

F(0) = 27t®e J  V(r.) exp ( -i K.r.) d t. (6.8)
^  unit cell

where r [  are the positions of the atoms in the unit cell; V(rj) is the potential at a 

point rj, dxj is element of volume of unit cell and K is the difference in wavevector 

between incidentand diffracted waves.

From equation 6 .8 , it can be shown that the scattered wave amplitude is 

only at a maximum when vector K coincides with a reciprocal lattice vector6-22 it 

should be noted that the reciprocal lattice is a lattice in the Fourier space associated 

with the crystal and has primitive vectors (b]_, b2 , b 3 ) which are related to the

f a9xa,
primitive vectors of the crystal lattice (a i, a2 , a 3 ). < e.g. b. = 2 k  —  ------I 1 ar a2 x

To extend this analysis further for the description of scattering from an 

assembly of unit cells, in addition to the scattered amplitudes, it is neccessary to 

account for the phases of the scattered electron waves. Therefore, the scattered 

amplitude from an assembly of unit cells can be expressed by summing the 

scattering factors from each unit cell multiplied by the appropriate phase factor. The 

structure factor for an array of atoms becomes:

F(0) = X  fi (0) exP ( K ri > (6-9)
i

where f.(0 ) is the atomic scattering amplitude of atom i; K = v ib i  + V2 b2  + V3 b3 

since for strong reflection K is a reciprocal lattice vector and rj, the fractional 

coordinates of the atom in the cell, is given by rj = x[  a j  + yj a2  + zj 8 3 . It should 

be noted at this point that this treatment is based on the kinematic theory of 

diffraction, which assumes that the diffracted wave intensities are negligible 

compared to the incident beam intensity. This method is only applicable for thin 

crystals since it assumes that the incident electrons suffer only one, if any 

reflection.
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Since apbj = 27t8ij, where 5jj = 1 if i = j and 8 jj = 0 if i *  j;

F (9 ) =  ^  fi (0 ) ex P ( -2 n i  ( v i x i +  v 2y i +  v 3zi )) (6 -10)
i

Therefore, the structure factor of GaAs in the (000) and (002) reflections can be 

determined taking into account that GaAs has a face-centred cubic (FCC) lattice 

with a basis of 2 atoms (i.e. Ga and As) per lattice point, giving,

F(0 ) = F(FCC lattice) x F(basis of 2 atoms per lattice point)

Since a FCC lattice witht 1 atom per lattice point has 4 atoms in each conventional 

cell at fractional coordinates (0, 0, 0); (0.5, 0.5, 0); (0.5, 0, 0.5); (0, 0.5, 0.5);

F(0 ) = 1 + exp (-i7t (vi + V2  )) + exp (-in; (v2  + V3  )) + exp (-ire (v j + V3  ))

Therefore, F(0) = 4 if v j, V2 , V3  are all odd or even 

F(0 ) = 0 otherwise

For a basis of 2 atoms per lattice point i.e. Ga at (0, 0, 0) and As at (0.25, 0.25, 

0.25);

F(0) = fGa(0) + fAs(0) eXP ( _i ^ W\+ V2+ V3^ C6*11)

Hence, the finite structure factor of GaAs only exists when the integers (vj, V2 , V3) 

are all odd or all even. If this condition is satisfied, then the structure factor 

becomes:

F G a A /0 ) =  4  { f Ga(0 )  + f M ( 0 )  eXP < f  < Vl +  V2+  V3 » }  (6 -1 2 )

For the reflection taken along the [000] direction v^ = V2  = V3  = 0, therefore, 

FGaAs(0 ooo) = 4  + ^s^OOO^} (6.13)

121



For the [200] reflection:

F GaAs(02OO > =  4  {  f Ga(02OO > ‘ f AŜ 02OO > } (6.14)

The atomic scattering amplitudes of Ga and As are tabulated values and can be 

found in ref. 6.21. Therefore, taking the electron wavelength X  = 0.0335A, the 

lattice constant of GaAs, a = 5.6533A, and determining 0  using the following 

expression:

fGa (0 2 oo) is found to be approximately equal to (02oo) giving FGaAs (02OO) *
2A.

So far, kinematic diffraction has been assumed for the analysis. While a 

substantial amount of interpretation for diffraction can be obtained on the basis of 

the kinematic theory, quantitative interpretations in many cases lack the desired 

accuracy, especially where the diffracted intensities are large and the diffracted 

waves themselves are scattered. Since the wires fabricated in this work were too 

thick to assume the kinematic thoery, it is therefore neccessary to improve the 

accuracy of the analysis with the use of the dynamical theory of d i f f r a c t i o n ^ l  

which takes account of repeated scattering, the dynamical interaction of the incident 

and scattered waves and incorporates the possibility of physical absorption effects. 

The principles o f this theory used in the present work is the two beam 

approximation although the use of multiple beam dynamical theory is also possible. 

The idea is illustrated by assuming that the crystal is perfect and that only one set of 

Bragg reflection planes is near the reflecting position. This gives rise to a pair of 

coupled first order differential equations linking the incident wave amplitude <(>o and 

the diffracted wave amplitude :

(Bragg condition for [200] reflection)

(6.15)
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iri—  = j -  <|>0 + 27tis<J>g (6.16)

where z is the distance into the crystal and s is a measure of deviation from the 

Bragg reflecting position. It is convenient to introduce a parameter, which is a 

measure of a 'mean free path' for Bragg reflection, known as the extinction distance

£g. It is inversely proportional to the structure factor and therefore is a function of

where Vc is the volume of the unit cell, m is the mass of electron, v electron 

velocity, Fg structure factor, and h Planck's constant.

By solving equations 6.15 and 6.16 simultaneously, expressions for the 

incident and diffracted wave amplitudes at depth z in the crystal can be obtained. In 

particular, at the bottom of a crystal of thickness't', the intensity of the diffracted 

beam is given as:

the order of reflection and the atomic number of the scattering atom^-2 1 :

7tmVcv cos0
(6.17)

where x = = cot p
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By letting s tend to zero i.e. at exact Bragg position, the intensity of the diffracted 

beam becomes:

f  n )
2 fTtOj

sin2 (6.18)

It is evident that from equation 6.18, at the exact Bragg position, the resultant 

oscillations in the wave intensities are due to a variation in either the thickness of the

crystal, t, or the extinction distance, £g, or both. Therefore, having ensured that any 

change in the diffracted intensity is not a manifestation of thickness variation, 

information about the composition of the crystal is possible, since the diffracted 

intensity can then be seen as proportional to the square of the structure factor (from 

equations 6.17 and 6.18); which in GaAs, is a function of the number density 

(GaAs being a FCC lattice with a basis of 2 atoms per lattice point) and the atomic 

scattering amplitudes of the two elements Ga and As.

6.3.2 E xperim en ta l

6.3.2.1 E lec tron  m icroscopy

The transmission electron microscope used in this work was a JEOL 

1200EX and is shown schematically in figure 6 .6 , the electron source was a 

lanthanum hexaboride crystal which was operated at an accelerating potential of 

120kV. This TEM is slightly different from the basic TEM^-29 in that it has an 

improved double condenser lens system, three magnifying intermediate lens stages 

and a single projector lens. This lens arrangement allows magnification to 500,000 

times.

The GaAs samples were mounted in custom-made bulk specimen holders 

which were machined from copper especially for the specific sample orientation. 

The chip was mounted such that the wires stand out from the substrate surface and 

are positioned above a hole in the holder so that the diffracted electrons from the

incident electron beam can reach the screen. The wires were aligned to a [110] axis
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on a (0 0 1 ) plane so that the electron beam is incident in the [ 1 1 0 ] direction onto the 

wires. Experimentally, this can be verified by identifying the characteristic 

diffraction pattern (from elastically scattered electrons) and Kikuchi band pattern 

(from inelastically scattered e l e c t r o n s ) ^  1. The angle of tilt available in this 

arrangement was by rotating the sample holder rod on its own axis which tilts the

sample along its [110] direction. This variable angle allows the specific Bragg 
reflections to be excited in turn.

Selected area diffraction

The first analytical technique used was selected area diffraction using a 

convergent electron beam. The basic idea of this technique is to direct a focussed 

beam of electrons through a small area of the wire, in this case, the spot was 30nm 

in diameter, and the diffraction pattern recorded from this area. Since the change 

from imaging to diffraction mode only alters the lenses post-specimen and does not 

change the electron beam position on the wire, the diffraction pattern will only 

contain information from the area of the wire which is illuminated by the beam. 

Identification of the Bragg spots of interest is possible by comparing the diffraction 

pattern with the mapped reciprocal lattice plan for the FCC c ry s ta l^  1.

Imaging

A number of imaging techniques were used in this study including bright 

field, and dark field imaging of elastically and inelastically scattered electrons. This 

is possible since a series of interchangeable objective apertures, varying in size, is 

situated near the back focal plane of the objective lens and can be used to select a 

particular diffraction spot. If the aperture is positioned so that only the undeviated 

(000) beam passes through it, the final image formed when the TEM is returned 
from diffraction to imaging mode, with the aperture unchanged, will be due to the 

undeviated electrons, see figure 6.7a). When the (000) spot is used to form the 

image, the technique is known as bright field imaging. However, the objective 

aperture can be also used to isolate any single chosen diffracted beam other than the 

undeviated beam. This can be done by displacing the objective aperture, but 

astigmatism will be produced in the image since the electrons are removed from the 

optic axis. Consequently, it is more satisfactory to tilt the electron beam so that the 

desired diffracted beam emerges from the specimen on the optic axis and parallel to
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it. This technique is known as dark field imaging and is illustrated in figure 6.7b). 

In addition to dark field imaging of a diffracted beam, inelastic dark field image 

(INEL) can be formed by positioning the objective aperture between e.g. the (000) 

and (0 0 2 ) diffracted spots so that the electrons which form the final image are not 

elastically scattered (Bragg) but are inelastically scattered. This image is useful in 

that it is very sensitive to variations in the thickness of the wire.

To investigate the induced sidewall and surface damage by reactive ion 

etching for the wires fabricated as described in section 6.3.2.2, the three images, 

namely, (000) bight field image, (002) and INEL dark field images were formed for 

each wire.

To obtain more quantitative information about the degrees and depths of 

the induced damage after RIE, a Joyce Loebl Microdensitometer 3CS was also used 

to measure the intensity of the (0 0 2 ) images as functions of distance from the end of 

the wires. This was achieved basically by passing a light beam through the negative 

of the micrograph and measuring the transmitted intensity.

6.3.2.2 Fabrication

As mentioned earlier, this experiment involves fabricating a dry etch 

damaged structure suitable for the investigation of the induced damage using TEM. 

-The sections below will describe the actual process used to fabricate the present 

samples under this study. However, before this fabrication process was developed, 

a few problems were encountered during the development. These problems will be 

presented briefly, since their contributions to the production of the final process are 

vital. Finally, improvements on the present process being made currently by a 

research student (M.A. Foad) will be mentioned.

Fabrication process

Two different materials were used in this study. One of the wafers 

consisted of a 2(im thick, 1 x 10 ̂ c m -^ Si-doped GaAs epitaxial layer on another
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epitaxial layer of GaAs doped with 1 x lO ^cm "^ Si of 0.5|im thick on a semi- 

insulating substrate, and the other was bulk GaAs doped with 2 x lO ^ cm "^  

silicon. The two epitaxial layers were grown by molecular beam epitaxy. The GaAs 

wafers were scribed into 6 x 4  mm^ chips and 3 x 3  patterns were exposed onto 

each chip. Two chips from the epitaxial GaAs material and one chip from the bulk 

GaAs material were processed. Initially, the samples were cleaned in 

trichloroethelyne for 60s, then rinsed throughly in acetone and isopropanol. The 

electron beam lithographic steps consisted of two levels, the wire level and the 

planarisation (mesa) level, see figures 6 .8 a) and b). The alignment level was missed 

out since the patterns were placed exactly 2 mm apart (for more practical reasons 

described later), and therefore, it was more efficient to carry out the exposures by 

moving the samples manually.

a) Wire level

A double layer 4% BDH PMMA/4% Elvacite PMMA resist system with the 

spinning, baking and developing conditions as described in section 2.2.3 was used. 

The resist was exposed using an electron beam (Philips SEM 500 described in 

section 2.2.2) with a 160nm spot at 50kV in a 194 x 143 Jim frame with exposure 

dosages varying from 900 to 2000 fiC/cm^. The wire design is shown in figure 

6 .8 a). After development, chromium of 60nm thick was evaporated onto the 

samples and lift-off was performed in acetone. The Cr was then used as a mask for 

reactive ion etching in SiCl4  with 9 seem flow rate, 12mT total pressure and a 

varied power density for different samples for 1 .8  minutes to produce a ridge of 

around 0.6|im  deep. For the epitaxial GaAs samples, two power densities of 

0.44 W/cm^ resulting in 300V self bias and 0.75 W/cm^ with 400V self bias were 

used while for the bulk GaAs, 0 .4 4 W/cm^ power density was used. The etching 

machine used is described in section 2.6.2. SEM6.1 shows a typical TEM wire 

structure.

b) Planarisation level

This level involves the fabrication of a mesa with the wires on top. The mesa is 

essential since it serves to locate the position of the wires, and more importantly, to 

avoid blockage from the large substrate so that the wires can be tilted to the Bragg 

angle. Before the mesa can be produced by wet etching, the wires have to be
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protected from the wet etch. One way of doing this was to use a metal-on-polymer 
m ask;6-38 and its fabrication involved spinning a layer of 10% polyimde at 6 K rpm 

for 60s to give a thickness of 0.35pm and baked at 180°C overnight. Then, a layer 

of 15% BDH PMMA in chlorobenzene was spun on at 5K rpm for 60s and baked 

overnight. The pattern for the mesa was then exposed using an electron beam with a 

0.125pm spot size at 50kV in a 194 x 143 pm frame. After exposure, the 15% 

PMMA positive resist was developed in 1:1 MIBK:IPA at 23°C for 45s. Then, 

NiCr of 0.3pm thick was evaporated onto the samples and the unexposed 15% 

PMMA was removed in acetone. The protected polyimde was subsequently 

removed in an oxygen plasma for 30 minutes. At this stage, the 6  x 4 mm^ samples 

will be scribed into three 2 x 4  mm^ chips, see figure 6.9. The exact dimensions of 

the chips are important since they have to fit into the custom-made copper specimen 

holder. The individual chips were then wet etched in H2 S0 4 .:H2 0 2 :H2 0  1:8:1 for 

15s to produce a mesa of 6 pm deep. The metal-on-polymer (MOP) mask was then 

removed by soaking the chips in N-methylpyrrolid-2-one overnight. This mesa 

fabrication procedure is illustrated in figures 6.10a)-f). However, the MOP mask 

process employing NiCr and polyimide was developed initially for the production 

of the mesa using dry etching, see section below, and it had been kept during the 

early stages when instead of dry etching, the mesa was produced by wet etching. In 

fact, when the platform is formed by wet etching, another way of protecting the 

wires with a large reduction of processing steps is possible by spinning on a much 

thicker layer of polyimide i.e. 14% instead of the two layers of 10% polyimide and 

15% PMMA. The exposures would be carried out as normal except that the 

unexposed polyimide will be developed in acetophenone:xylene 65:35 at 23°C for

1.5 minutes and the chips will be ready for wet etching. It is important, however, 

that the 14% polyimide is well baked before exposure to ensure that it will stand up 

to possible wet etch attacks. SEM 6.2 shows a sample processed in this way, with 
the 14% polyimide on top of the mesa after wet etching.

Problems encountered during the development of the fabrication process

Initially, alignment marks and only one long wire was fabricated. The 

problem arose when access of the electrons to the end of the wires at the Bragg 

angle was blocked by one of the alignment marks. Therefore, the process evolved 

to the fabrication of four broken wires so that a number of edges will be available.
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Since the position of the patterns were laid out precisely 2 mm apart, the alignment 

level became quite inessential and therefore, it was decided to omit this level.

Two other dry etch masks were used for fabricating the wires before Cr 

was chosen: namely 8 % HRN and NiCr. The problem associated with the HRN 

resist was that it was not as resistant to the etch as the metal masks and as a result, 

most of the time, the resist did not survive the etch leading to the etching of some 

parts of the wires; in addition, the wire uniformity defined by the resist was not as 

good as the metal lines. Therefore, it was decided to change to metal mask. At first, 

NiCr was chosen since it has been demonstrated to be a good etch mask for the 

etching Qf GaAs in S i C l ^ - ^ .  The problem with this choice arose at the 

microscopy stage. While the (002) diffraction pattern taken from the wires showed 

a very strong spot intensity which had important implications, see section 6.3.3.1, 

an anonymous ring appeared in the selected area diffraction as the selected area was 

moved towards the top of the wire and dots were observed in the (0 0 2 ) dark field 

image in the middle of the wire. The ring observed was believed to be due to the 

NiCr since it was not removed after the dry etch process. But it was more difficult 

to identify the origin of the dots. It is possible that they are a consequence of the 

diffusion of Ni from the NiCr to the arsenic sites during the baking process since 

Ni diffusion is a common occurence during the annealing process in the fabrication 
of ohmic c o n ta c t s 6 -2 5 -2 7  at moderate temperatures. Therefore, in order to avoid 

any further ambiguity concerning Ni diffusion, it was decided to use Cr as a dry 

etch mask; its etch ratio to GaAs in SiCl4  is around 1:40.

The final problem was associated with the fabrication of the mesa. 

Initially, the mesa was formed by reactive ion etching for 30 minutes in SiCl4 . 

However, this prolonged etch appeared to have crosslinked the sidewalls of the 

plasma exposed polyimide rendering it insoluble in any solvent or oxygen plasma. 

Since this remaining polyimide runs parallel to the wires, see SEM 6.3, they 

'block' the access of electrons to the wires when tilted at the Bragg angle. This 

problem was resolved by the use of wet etching to produce the mesa.

Despite these problems, all the samples investigated suggested a strong 

spot intensity in the (0 0 2 ) diffraction pattern which was an important preliminary 

result for the work which followed.
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Improvement on existing process

Many improvements can be made on the existing process and these are 

being carried out by a research student in this department (M.A. Foad). Since the 

mesa is 2 0  x 160 [ irrf l in area, this size of exposure is very compatible with optical 

lithography and it can be shown that it is possible to replace this electron beam 

lithographic level by optical lithography provided that an optical mask with the 

desired mesa dimensions and a suitable uv sensitive resist is used. Other 

improvements such as producing a longer mesa with the positioning of more wires, 

a thinner mesa to allow more tilt to the wires with less substrate effects and the 

fabrication of thinner wires are also feasible^-

6.3.3 Results and discussion

6.3.3.1 Sidewall damage

Initially, to obtain information on the degree of crystallinity of the etched 

GaAs wire, the convergent beam diffraction pattern of the epitaxially grown GaAs 

sample reactive ion etched in SiCLj. at 0.44W/cm^ was taken. Figures 6.1 la) and b) 

show the micrographs of the diffraction pattern obtained from an arbitrary position 

in the middle of the wire and at the end of the wire respectively. Note that only one 

half of the diffraction pattern is present as a result of substrate effects at the tilted 

angle (Bragg). Nevertheless, it is clear that the images are those from a crystalline 

FCC structure. Thus it appears that the etching process involved does not cause 

polycrystallinity or amorphorisation in the GaAs crystal, since a ring pattern would 

be observed for a polycrystalline material and a diffuse pattern centred on the optic 

axis would be present if the crystal was amorphorised. Further investigation of the 

diffraction pattern from mid-wire reveals a brightness from the (0 0 2 ) spot 

(arrowed), and the same spot from the edge of the wire is significantly brighter. 

This result is significant since from the dynamical theory of electron diffraction (see 

section 6.3.1), the intensity of the (002) spot can be shown to be proportional to the 

(structure factor)^ (in the absence of wire thickness variation), where the structure 

factor is related to the number density and the atomic scattering amplitudes of the
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two elements Ga and As. Since the atomic scattering amplitudes of Ga is almost the 

same as that of As in the [002] reflection, the resultant (002) spot intensity should 

be very little in pure crystalline GaAs. Therefore, the brightness observed in the 

(002) spots is indicative of a change in the number densities of Ga to As. In 

addition, a lower spot intensity was observed for the area in the middle of the wire 

suggestive of the presence of less damage compared with its end. This is perhaps 

indicative of the initial assumption that the damaged region lies along the sides and 

around the end of the wire with the material at the end being totally damaged, in this 

configuration, the electrons will have to travel through relatively less damaged 

material in the middle compared with the end of the wire, see figure 6.5a).

In order to obtain more quantitative information about the sidewall 

damaged layer and the possible variation in wire thickness, the (0 0 0 ) bright and 

( 0 0 2  and inelastic) dark field images were taken from the end of the wires, in 

particular, the intensities of the (0 0 2 ) images were analysed using a 

microdensitometer and compared amongst the wires. The images taken from the 

epitaxially grown GaAs sample reactive ion etched with 0.44W/cm^ power density 

are shown in figures 6.12a)-c). The bright field (000) image (figure 6.12a) shows 

very little detail of the wire except the mask upon it and an area at the very edge of 

the wire (= lOnm) which is thinner than the rest. On the other hand, the (002) dark 

field image (figure 6 .1 2 b) shows an increase in intensity at the edge which falls off 

monotonically with distance from the end of the wire indicative of local variations in 

its structure factor. The inelastic (INEL) dark field image (figure 6.12c) is of very 

low and uniform intensity suggesting a wire of uniform thickness. It is possible that 

the bright regions around the mask and at the very end of the wire is due to the 

remains from the polyimide resist since it is very electron transparent. Similar 

features were observed from similar images taken from the other two samples, the 

epitaxial GaAs reactive ion etched at 0.75W /cm2 and the bulk GaAs reactive ion 
etched at 0 . 4 4 W / c m 2 ( 6 . 3 6 )  T h e  degree and depth of the intensity brightness were 

quantified using a microdensitometer to measure the intensity of the (0 0 2 ) images as 

functions of distance from the wire end. Figures 6.13a)-c) show the corresponding 

graphs for the three samples where the y-axis is a measure of the intensity of the 

image. The y-axis cannot have a scale since varying exposure times were used for 

the images, nonetheless, the relative intensities of each wire may be compared. The 

graphs clearly display similar trends for the images under study. While it is evident, 

from these graphs, that the degree of damage decreases as the distance from the end
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of the wire increases, it appears that the damaged depth can be divided into two 

regions:

a) a severely damaged region near the end of the wire with the peaked intensity;

b) a slightly damaged region where the intensity decreases to background mid-wire 

level.

If the full width of the severely damaged region is taken at half maximum from the 

peaked intensity, a summary of the degrees and depths of damage as a function of 

the etch power density and material may be tabulated and is shown in table 6 .1 . 

However, it is clear, from these graphs that there is not a definite division between 

severely damaged, slightly damaged and undamaged material. The intensity of the 

(0 0 2 ) reflections, and hence the damage, would appear to decay monotonically with 

distance from the sidewall. This result is significant since a gradient surface damage 

profile was also suggested from the X-ray reflectivity data (section 6.2.3). 

Although from these graphs, comparison of the degrees of damage caused by the 

different power densities is not possible, reactive ion etching with a higher power 

density seems to increase the depth of the induced damage. This power density 

dependence of the inflicted damage on the etched surfaces using the same etch gas 

have also been observed previously using electrical and optical techniques (see 

sections 3.4.1-3); however, it was not possible to conclude whether the surface 

damage was due to a severely damaged or a thicker damage layer. It is also worth 

noting that the relative intensity of the damaged region in the bulk GaAs is much 

lower than the epitaxially grown GaAs, this is perhaps indicative of the inherently 

lower material quality related to bulk GaAs. A similar observation was reported 

when investigating surface damage after CCl2 F2 /He RIE using electrical 

measurements conducted on bulk and epitaxial materials^-

According to section 6.3.1, the increase in the (002) dark field diffracted 

intensity observed near the edge of the wire suggests an increase in the structure 

factor in the GaAs wire. It follows, therefore, that the percentage composition of 

the Ga to As in the etched GaAs wire has been changed in some way. Since the 

structure factor of the (0 0 2 ) diffraction is subtractive, on physical grounds, it is 

only possible to suppose that this change in composition is due to a decrease in the 

percentage of As atoms rather than an increase in Ga atoms. It is also not difficult to 

imagine a loss of arsenic resulting from the etching process. Since the reactant
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products in the reactive ion etching of GaAs in SiCl4  are mainly GaClx and AsClx 

(see section 2.6.1), and the vapour pressures of AsClx products are higher than the 

GaClx products, it is not unlikely that the As products would vapourise faster than 

the Ga products, leaving a Ga-rich sidewall surface after etching. However, the 
importance of ion assisted reactions must not be o v e r l o o k e d 6 - 3 0 , 3 1  Surfaces 

containing As vacancies after the reactive ion etching of GaAs using both SiCl4  and 

CCl2 F2 /He have also been observed in this work (see sections 3 .4 .4  and 5.4.2). 

Moreover, the presence of As deficiency in the sidewall damage region may act as 

electron traps which could explain the larger room temperature conductance cut-off 

(section 4.3.5.4) and the form of negative differential resistance measured in the 

low field, low temperature regime of n+ GaAs quantum wires fabricated using 
SiCl4  RIE6-39} (see section 5.3.6 .3 ) . In RIE, since the etch mechanism is both 

chemical and physical, it is possible that both surface and sidewalls suffer from ion 

induced chemical damage (i.e. As deficiency), especially when ion bombardment 

does not cause sputtering of Ga or A s 6 -3 0 ,3 2  The effect of ion bombardment may 

cause damage indirectly by inducing a difference in the production and/or 

desorption rate of the reactant products. In particular, during the RIE of GaAs using 

SiCl4 , in addition to the arsenic chlorides being able to desorb much faster than 

galium chlorides due to their relative volatility, the role of ion bombardment may be 

two-fold: while ion assistance can accelerate the production rate of the arsenic 

ch lo rides^ -31, the less volatile galium chlorides can also benefit from ion 
bombardment through stimulated d e s o r p t i o n 6 - 3 0 ,3 2 - 3 4 > This type of etch 

mechanism involving a different ion induced production and/or desorption rate of 

the etched products could lead to the presence of a surface layer dominated by As 

vacancies on the surfaces and sidewalls of etched structures, though the presence of 

other damage effects such as ion penetration, diffusion and interstitials cannot be 

ruled out. Similarly in the case of CCl2 F2 /He RIE, whereby the rate limiting step 

during etching has been found to be the ion induced desorption of the additional 

G aF 3  reactant product, with a significant ion assisted removal of the galium 
c h l o r i d e s ^ - 3 2 ; in particular, the presence of Ga-F bonding on the etched surface has 

been observed, see section 5.4.2.
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6.4 Conclusions

1) Specular X-ray reflectivity was used to study the damage caused in GaAs 

surfaces after SiCLj. and CH4 /H 2  RIE. It was highly difficult to apply the Gaussian 

model assumed in the theoretical curve fit to the experimental data, suggestive of a 

gradient surface damage profile. Only structural damage in terms of surface 

roughness was detectable using this characterisation technique. Results of which 

indicate that SiCl4  etched surfaces are considerably rougher than CH4/H 2  etched 

surfaces.

2) Transmission electron microscopy was employed to study the sidewall and 

surface damage after RIE using SiCl4 . Procedures for fabricating thin TEM 

specimens suitable for this investigation was developed using high resolution 

fabrication techniques. Results from the diffracted (002) dark field image indicate 

that the sidewall damage is not amorphous, instead, is due to a composition change 

in the Ga to As ratio which physically, can only be an As deficiency. A gradient 

sidewall damage layer, a damage dependence on material and a sidewall damage 

depth dependence on power density and are also suggested from the intensity 

brighness analysis of the (0 0 2 ) dark field image.
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Figure 6.1 Bragg's condition for constructive interference of 

radiation from successive planes is given by 2 d s in 6  = n X  

see text.



SI

S2

sample

monochromator

I detectoiH

Figure 6.2a) Schematic diagram of a double crystal x-ray diffractometer
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Figure 6.2b) Schematic diagram of a triple crystal x-ray diffractometer
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Figure 6.3 Schematic diagram of the triple axis x-ray spectrometer 

used in the present investigation with angle of incidence Y  

and the scattering angle 0
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Figure 6.4a) T, the reflectivity R multiplied by 0  ̂ plotted on a 
logarithmic scale against 0  for the unetched GaAs sample with the full 
curve giving fit to the experimental data using a single layer model
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Figure 6.4b) T, the reflectivity R multiplied by 0 *  plotted on a 
logarithmic scale against 0  for the GaAs sample reactive ion etched in 
S iC l4  at 0.44W/cm^. The dashed curve gives the fit to a single layer 
model and the full curve the fit to a double layer model
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Figure 6.4c) T, the reflectivity R multiplied by 0  ̂ plotted on a 
logarithmic scale against 0  for the GaAs sample reactive ion etched in 
C H 4 /H 2  at 0 .4 W/cm^. The dashed curve gives the fit to a single layer 
model and the full curve the fit to a double layer model



Figure 6.4d) T, the reflectivity R multiplied by 0 *  plotted on a 
logarithmic scale against 0  for the GaAs sample wet etched and 
subsequently reactive ion etched in SiCl4 . The full curve gives the fit to 
the experimental data using a single layer model



Sample x2 d / A  Ap / p  o / A  o / A  d / A  Ap / p  o /A
1 1 1 2  2  * 2  3

G «A s control 1.25 26.1(5) -0.09(5) 4.6(3) 0.1(06)

SI C l^  Fit 1 0.53 28.2(5) -0.15(3) 13.3(4) 0.4(1)

(1 0 0 W ) Fit 2  0.75 0.16(3) -0.83(5) 0.17(2) 18.9(3) 58.7(2) +0.05(3) 0.1(05)

C H ^ /H 2  Fit 1 1.71 21.8(2) +0.13(5) 4.5(2) 0.0(07)

(1 0 0 W ) Fit 2  1.31 10.5(4) -0.18(5) 0.89(4) 0.2(03) 20.8(2) +0.12(5) 0.1(05)

Table 6.1 Results of least squares fits to the reflectivity data in figures 
6.4a) - c): d i ,  d2 , thickness of layers 1 and 2

A pj/p , Ap2/p, fractional difference in the density o f layers 1
and 2  from that of the bulk
Gj, rms roughness of air-layer 1 interface
o 2, rms roughness of layer 1 -layer 2  interface
a 3, rms roughness of layer 2 -bulk interface



Sample x 2 oi / A

SI Cl. fltch n  a  a  4 7  7  /  c  \♦ fr.44 17.7(5)
at 100W

SICI4 etch 1 35 20.8(3)
at 70W

SICI4 etch 1 27 24.8(5)
at 50 W

s ia 4 etch 1 58 32.6(7)
at 40 W

s ia 4 etch 167 32.0(6)
at 30 W

Wet etch 

StCI4 etch
1.84 22.3(5)

SIC! etch ^
♦+ 1.95 38.2(3)

Wet etch

Table 6.2 Results of least squares fits with zero layer thickness to the 
reflectivity data obtained for 0  = 0.8° - 1.6° for a) SiCl4  RIE samples at 
0 .4 4 W /cm 2  (100W ), 0.3W /cm 2  (70W ), 0.22W /cm 2  (SOW), 0.17W /cm 2 
(40W ), 0.1W /cm 2  (30W), b) wet etched then reactive ion etched in 
S iC l4  and c) RIE in SiCl4  then wet etched; o t, rms roughness of air- 
bulk interface



damaged region

Figure 6.5a) Schematic diagram of the proposed sidewall damage which 

lies along and around a quantum wire, see text

electron beam positions

Figure 6.5b) Positioning of the incident electron beam for the 

study of sidewall damage
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Figure 6.6 Schematic cross-section of a JEOL 1200EX electron microscope
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Figure 6.7a) Bright field imaging technique allowing only the 

direct beam to form the final image
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Figure 6.7b) Dark field imaging technique allowing a chosen diffracted 

beam to form the final image



Figure 6.8a) showing design of the wire level of a TEM structure

t
2 0 |im

i_______________
-----------------------------------------  1 6 0 |im   ►

Figure 6.8b) showing the planarisation level of a TEM structure
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Figure 6.9) showing the pattern layout with the neccessary 

scribing lines to produce exactly 2 x 4  mm specimen 

dimensions



a) Spin resist d) Remove polyim ide
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em i-in su la tin  
laA s su b s tra t ST substrat

Figure 6.10a)-f) illustra ting  the fabrication  steps of the p lanarisation  

level for a TEM  struc tu re



SEM 6.1 Typical TEM  GaAs w ire s tru c tu re  fabricated  by reactive 
ion etching in SiCl4  w ith 0.44W /cm2 power density, 12mT total 
pressure and  300V dc bias using a 60 nm  thick C r mask

SEM 6.2 GaAs mesa with 14% polyimide rem aining on the mesa top 
after wet etching in H 2 S 0 4 :H 2 0 2 :H 2 0  1:8:1 for 15s



mesa



a)

Figure 6.11a) Convergent beam diffraction pattern  from a) the middle 
and b) the end of a GaAs wire fabricated using SiCl4  RIE (After 
A.Birnie Final year report, 1989) Note the relative intensities of the
(0 0 2 ) spot (arrow ed)



Figure 6.12a) (000) bright field image of the end of an epitaxial 

GaAs w ire fabricated  using SiCl4  R IE at 0.44W /cm^ (After 

A .Birnie Final year repo rt, 1989)



Figure 6.12b) (002) dark  field image of the same area  as in figure 

6.12a) (A fter A .Birnie Final year repo rt, 1989)



Figure 6.12c) Inelastic dark  field image of the same area  as in figure 

6.12a) (A fter A .Birnie Final year repo rt, 1989)



IZ -£  5drim_

!50nm.

Figure 6.13 In tensity  brightness of the (002) image as a function of 
distance from  the end of a) an epitaxial GaAs wire after R IE  in SiC l4  at 
0 .4 4 W /cm 2, b) an epitaxial GaAs wire after RIE in SiCl4  a t 0.75W /cm 2 , 
c) a bulk GaAs wire afte r R IE  in SiCl4  a t 0.44W /cm 2  (A fter A .B irnie 

Final year report, 1989)



Etch conditions Depth of severe damage (nm) 
(Power density)

1) 0.44W/cm2 ; epi *25

2) 0.75W/cm2 ; epi =35

3) 0.44W/cm2 ; bulk

Depth of slight damage (nm)

*130

*160

*130

Table 6.1 Summary of the degrees and depths of sidewall damage 

_ induced in GaAs after SiCl4  RIE as a function of power density and 

material derived from intensity brightness analysis



Chapter 7 Conclusions

In the present work, the importance of the use of a variety of 

characterisation techniques in order to give a more thorough understanding of the 

induced 'damage' layer i.e. degree, depth and nature, after reactive ion etching is 

demonstrated. The difference between surface and sidewall damage is emphasised.

After the RIE of GaAs and AlQ^GaQ 7 AS using SiCLt, it was found that 

the inflicted surface damage increased with increasing power density. In GaAs, this 

surface damage was independent on etch time and the depth of the sidewall damage 

layer was observed to increase with higher etch power. The nature of both surface 

and sidewall damage layer are dominated by As vacancies and appear to have a 

gradient profile.

A contamination suppressed environment was developed to etch GaAs in 

the ECR RF RIE mode using as the dry etch gas. It was evident that the

damage caused in GaAs surfaces and sidewalls etched under suitable ECR RF RIE 

conditions was lower than RF RIE. The little residual sidewall damage after ECR 

RF RIE was observed to increase with etch power and etch time. The nature of the 

surface damage after RF RIE was detected to be Ga-rich with some evidence of Ga- 

F bonding. Low temperature transport measurements appear to be very sensitive to 

sidewall damage.

A novel high resolution reactive ion etch process was developed for GaAs 

using CH4 /H 2 . It was found that the atomic hydorgen in the gas mixture passivated 

the Si-donors and the non-radiative deep centres in the etched GaAs surfaces and 

sidewalls. The annealing process was able to recover the donors but the presence of 

traps and non-radiative deep centres appear to be evident on the etched surface and 

2 0 nm of damage remained on each etched sidewall after annealing.

Two novel structures were developed using high resolution fabrication 

techniques for the study of sidewall damage: sidewall Schottky diode and TEM 

wire structure.

Much work remains to be done in this area. Improvement on the 

fabrication process for the TEM specimens to allow the degree of the As deficiency
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detected on the SiCl4  etched sidewalls to be quantified and the application of the 

sidewall damage characterisation techniques to other etch gases such as CH4/H 2  

and CCl2 F2 /He to reveal more of the nature of the sidewall damage are desirable. 

To provide a deeper understanding of the surface damage layer, investigation in 

terms of deep level traps using deep level transient spectroscopy is helpful. 

Secondary ion mass spectrometry may also be used as a complimentary technique 

to XPS to measure the composition of the etched surfaces.
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