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Sum m ary

Dry etching induced surface damage has been characterised, in a novel way, for thin n+ 

GaAs epitaxial layers, by measuring the surface conductance using the Transmission Line 
Model (TLM) technique and Hall measurements. Various dry etching processes have been 

investigated for example, rf Reactive Ion Etching (rf-RIE) using CH4 /H 2 and SiCL, 

Electron Cyclotron Resonance (ECR-RIE) using CCl2 F2/He and Ion Beam etching using 

Ar and Ne. The results of which have been compared with wet etching and damage depths 

have been obtained. Damage saturation effect, predicted by the theory, has been observed 

for the RIE GaAs. The modification in the depletion layer thickness induced by dry etching 

has been determined using Raman scattering of coupled LO phonon- plasmon modes on 

the TLM samples. Criteria for damage free etching are suggested.

M odifications induced by the dry etching to the surface chem istry o f GaAs have been 

investigated using X-ray Photoelectron Spectroscopy (XPS). Information about the top 

3nm of surfaces etched using CH4 /H 2 and SiCL has been obtained and compared with 

unetched samples.
Damage to the sidewalls of nanostructures has been examined using Transmission Electron 

Microscopy using a dark field imaging technique and by High Resolution TEM. Quantum 

wire-like structures with widths down to 50nm have been etched using CH4/H 2 and SiCL 

and have been used as TEM specimens. Changes in the stoichiometry of GaAs and 

disorder in the lattice have been observed. Wires made of etched-regrown material were 

examined and the quality of the growth interface was evaluated.
A high resolution etch process was developed using ECR-RIE in CCl2 F2/He. This process 

produced low damage in nanostructures. The damage has been characterised using TLM, 

n+ GaAs quantum wires, Raman scattering using LO coupled Phonon-Plasmon modes and 

LO phonon Raman scattering using undoped GaAs.

A novel high resolution reactive ion etching process has been developed for a variety of 

binary and ternary II-VI semiconductor com pounds using CH4 /H 2 . The process is 

optimised to produce nanostructures in ZnTe, ZnSe, ZnSSe, ZnS, CdTe, CdMnTe and CdS. 

Dots 200nm high and 26nm in diameter have been demonstrated in ZnSe. The advantage of 

this process lies in the fact that exactly the same etching conditions are suitable for all II-VI 

Semiconductors, so that quantum wells of any variety can be easily etched.



Finally, the modifications induced by the RIE in II-VI semiconductors are investigated by 

XPS, Photolum inescence and Raman scattering in ZnTe and ZnSe and by XPS and 
Schottky diode parameter evaluation in CdTe.
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Chapter 1: Introduction

1.1. General introduction

Since the suggestion of J. R. Schrieffer1 in 1957, that the narrow confinement potential of 

an inversion layer may lead to observation of non-classical electron transport behaviour, 

remarkable advances have been made in growing high quality crystal semiconductors. The 

advent of ultra-thin epitaxial growth film techniques, for example, Molecular Beam Epitaxy 

(MBE), began the era of reduced dimensionality physics2-4 where heterojunction interfaces 

with large energy band discontinuities, such as GaAs/AlGaAs, were produced routinely. 

These structures are inherently two dimensional; therefore investigations concentrated on 

heterostructures, where quantum effects were due to the confinement in the epitaxial 

direcuon. The ability to vary composiuon, band offset, periodicity and other variables 

created limidess possibilities in producing structures for physical exploration, electron and 

optical devices.

Within the last decade, advances in microfabrication technology have allowed workers in 

this field to impose additional lateral dimensions of quantum confinement on 2 -dimentional 

systems with a length scale comparable to the de Broglie wavelength of the electrons.
The turning point in understanding nanometric scale electronic transport and optical 
properties was the development of a reliable semiconductor fabrication technique on the 

nanometer scale, for example, the fabrication of semiconductor quantum wires and quantum 

dots5-7. The state-of-the-art fabrication techniques may involve high resolution electron 

beam lithography for pattern definition and dry etching for pattern transfer. The advantages 

of dry etching over wet etching are the etch anisotropy, etch depth control, selectivity, 

uniformity across the wafer and reproducibility from wafer to wafer. However, the action of 

energetic ions bombarding the surface and sidewalls of the etched structures during dry 

etching can cause damage to the semiconductor causing degrading of the optical and 

electrical performance of the material. The damage inflicted on the semiconductor is 

significant when the etched structures are in the nanometer scale.

This thesis will report on the characterisation of the electrical, optical and structural 

modifications (or damage) induced by various dry etching processes in GaAs. The strategy 

adopted in this work to investigate the dry etching damage is to approach the problem from 

various angles by using many different techniques.

1



The advances in epitaxial growth techniques have renewed interest in growing quality p- and 

n- type II-VI semiconductors, in particular the wide band gap compounds, for optical 

devices. W hilst writing this thesis, the first blue sem iconductor laser, based on 

ZnSe/ZnCdSe single quantum well, has been reported by 3 M&.

This thesis will also give an account of the development of a universal high resolution 

reactive ion etching (RIE) process for a variety of II-VI semiconductors, and the effect RIE 

induces on these semiconductors.

1.2. C ontent of the thesis

Chapter 2 of this thesis gives a brief account of the principles of electron beam lithography 

as a tool for high resolution pattern definition and various dry etching techniques for 

transferring the pattern on to the semiconductor substrate. The application, mechanism and 

proposed chemistry of dry etching, in particular RIE and Electron Cyclotron Resonance- 

RIE (ECR-RIE), are discussed in the case of GaAs etching in SiCU, CH4 /H 2 and 

CCl2F2/He. The possible sources of dry etching damage are considered.

In chapter 3, the surface conductance and damage depths of n+ GaAs dry etched using 

SiCU and CH4/H 2 RIE, Ar and Ne ion beam etching (IBE) were measured and compared 

with wet etching. The transmission line method was used in a novel way to measure the 

conductance, in addition to Hall measurements. Etched n+ GaAs was also examined by 

coupled plasmon-LO phonon Raman scattering. Depletion depths estimated by the latter 

method were com pared with the dam age depths obtained from the conductance 

measurements.

Chapter 4 presents a comparative study of the structural damage in sidewalls of quantum 

wire-like structures etched using SiCU and CH4 /H 2 . The sidewall damage was examined 

using these nanostructures as specimens for Transmission Electron Microscope so that low 

and high resolution TEM images of GaAs lattice were obtained. Wires prepared from 

etched-regrown GaAs were also examined and the quality of the growth interface was 
assessed.

Chapter 5 examines the effect of RIE on GaAs surfaces using X-ray Photoelectron 

Spectroscopy (XPS). Analysis of the detected elements was carried out for the top lnm and 

3nm of surfaces etched under various conditions using SiCU and CH4/H 2 .
Chapter 6  reports on the development of a high resolution, low damage ECR-RIE process 

for GaAs using CCl2 F2/He. The surface damage was investigated for n+ GaAs using the



surface conductance method and coupled plasmon-LO phonon Raman scattering, and LO 

phonon Raman scattering for undoped GaAs. The sidewall damage was examined by 

evaluating the cut-off width of n+ GaAs quantum wires.

Chapter 7 involves the development of a universal, high resolution RIE process for II-VI 

semiconductors using CH4 /H 2 . Nanostructures were fabricated in ZnTe, ZnSe, ZnSSe, 

ZnS, CdTe, CdMnTe and CdS and quantum dots 26nm in diameter 200nm high were 

demonstrated in ZnSe.

Chapter 8 presents a study of the surface damage induced by the dry etching process on 

ZnTe, ZnSe and CdTe. Etched surfaces of ZnTe and ZnSe were exam ined using 

Photoluminescence, (resonant) Raman scattering, and XPS while etched CdTe surfaces were 

investigated using XPS and Schottky junction characteristics

Finally, chapter 9 presents an overall view of the findings produced from this work and 

gives suggestions for future work.
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Chapter 2: Electron beam lithography and dry etching

2.1. Introduction

In this chapter, the techniques used for patterning and transferring the patterns onto the 
semiconductor substrate are discussed. For patterning, electron beam lithography as well as 

the conventional photolithography were used, however only electron beam lithography will 
be discused in detail. For pattern transfer, dry etching techniques, including ion beam 

etching (IBE), rf-reactive ion etching (RF-RIE) and electron cyclotron resonance- reactive 

ion etching (ECR-RIE) were used and therefore, will be discussed.

Electron beam lithography (EBL) is a method of defining patterns on a substrate using a 

focused beam of electrons in a high vacuum system. The impact of the electrons changes 

the chemical and physical properties of a thin layer of resist on the substrate. The pattern is 

transferred by selectively removing the exposed (or unexposed) resist in a chemical 

development step.

EBL offers much higher resolution in the patterning of features than optical lithography 

which is currendy the standard method used in the semiconductor industry. The resolution 

limit of EBL is in the order of lOnm on a thin substrate using PMMA, whereas that of 
opucal lithography is in the order of 250nm. For the ultimate electron beam resolution 

(lOnm), 4-6nm of this is caused by the low energy secondary electrons which are created by 

the primary beam; the remaining 4nm is due to chemical effects in the PMMA- presumably 

molecular size related. On solids, the resolution is further limited by the electrons which re- 

emerge from the substrate- often at considerable distances from the point of entry1’2. This 

causes an overall reduction in the contrast of the electron image.
This effect depends on the rate of production of secondary electrons at the point where the 

primary beam strikes. In a region where this scattering coefficient is large (for example 

where there is metal patterned earlier) more secondary electron are produced. This 

phenomena gives rise to the proximity effect - which is the variation of the developed resist 

pattern from the pattern written by electron beam.

This effect can be compensated for by varying the exposure dose for each shape so that the 

average exposure for each shape is the same. High accelerating voltages, >50kV, also 

reduce the proximity effect more as the centre of creation of back-scattered electrons is 

displaced further away from the surface.
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EBL allows rapid changes in the pattern design as no mask has to be fabricated. However, 

EBL exposures are performed serially, one pixel (or block) at a time, whereas in optical 

lithography the exposure of all pattern features is performed in parallel over a relatively 

large field. The result is that even with very high data exposure rates (up to 300MHz has 

been used) and sensitive resists, EBL cannot compete with optical lithography in terms of 

throughput of exposed resist.

However EBL is the only route for the creation of nanostructures less than 250nm and so 

has been used for the work described in chapters 4, 6  and 8 .

2.2. Electron beam resists

In the context of EBL a resist is used as a medium for transferring a pattern onto a substrate 

by acting as a stencil for deposition or as a resistant layer for etching. A uniform layer of 

resist is deposited onto the substrate surface by spin-coating. The action of exposure by the 

electron beam allows the selective removal of either the exposed resist (in the case of a 

positive resist) or the unexposed resist (in the case of a negative resist). When a positive 

resist is exposed to an electron beam, the polymer- electron interaction breaks the polymeric 

back bone of the resist forming shorter molecular fragments. As a result the molecular 

weight is reduced in the exposed area and hence can be dissolved in a developer solution 

leaving a resist stencil on the substrate. When a negative electron resist is exposed, the 

molecular weight of the exposed area increases due to the cross linking of the molecules 

thereby decreasing their solubility in the developer. On development, the areas which are 
not exposed are dissolved, Fig. 2.1.

2.2.1. PMMA

In the work described in this thesis, high resolution pattern definition was achieved using 

poly(methyl methacrylate) (PMMA) which is a positive resist. It is an organic polymer 

consisting of long-chain molecules of [CH2CCH3COOCH3]n. Two samples of PMMA of 
different average molecular weights was used: 185 000 molecular weight (from BDH 

Chemicals Ltd.) and 350 000 Molecular weight ("Elvacite" from Dupont). These resists are 

referred to in the text as "BDH" and "Elvacite".
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positive e-beam resist negative e-beam resist

^  e-beam exposure I e-beam exposure

■vv.v.va ;̂- .........

develop develop

Figure 2.1: Schematic diagrams illustrating the pattern definition processes using (a) 

positive resist and (b) negative resists.

2.2.2. Deposition

The PMMA was deposited onto the substrate as a thin film. This was achieved by 

dissolving the resist (supplied as a fine white powder) in a casting solvent then spin-coating 

the substrate with the solution. The resist forms a uniform film and most of the solvent 

evaporates during spinning. The remaining solvent is driven out of the resist by baking at a 

temperature (180°C), well above the glass transition point o f the PMMA (118°C).
The thickness of the film is determined by the viscosity of the solution (which depends on 

the concentration of the PMMA) and the rate of spin. In this work the solvent o-xylene is 

used for dissolving the PMMA in concentrations of 4% by weight of polymer. For high 

resolution work, the 4% BDH and 4% Elvacite resists were spun at 6000rpm for 60sec 

yielding thicknesses of lOOnm and 20nm respectively. For low resolution work, 

chlorobenzene is used to dissolve 15% by weight o f polymer (BDH) yielding a thicker 

layer than possible using o-xylene(a single isomer of xylene). It was found that using 

mixed isomer xylene yielded unreliable solubility and thickness of PMMA5. 15% BDH 

was spun at 6000rpm for 60sec.

2.2.3. Bilayer Resists

An enhanced undercut profile has been achieved with a PMMA bilayer resist4, which has 

been shown to be excellent for high resolution lithography5’6. This scheme uses two layers 

of PMMA) with different sensitivities. High sensitivity (low molecular weight PMMA is
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underneath a less sensitive high molecular weight layer. This lower layer responds to the 

laterally broader, lower dose part of the incident and backscattered beamresulting in an 

undercut profile, Fig. 2.2.

single layer PMMA bilayer PMMA

(a) (b)

Figure 2.2: Developed profiles of (a) single layer (thick) PMMA and (b) bilayer resist 

system.

There are several benefits of the bilayer resist

1) The undercut profile facilitates subsequent pattern transfer by lift-off.

2) Overdevelopment of the resist has little effect on the undercut profile, unlike the profile of 

a single layer which will be more severely affected. Thus the bilayer gives an increase in 

development latitude.

3) The top layer which defines the pattern is shielded from the substrate backscattered 

electrons by the lower layer effectively reducing the proximity effect7.

4) A bilayer resist allows use o f exposures just above the critical dose for the top layer, 
which would not lead to a developed undercut in the absence of the more sensitive bottom 

layer. In this way higher resolution can be obtained with a bilayer.

The bilayer resist was developed in a 3:1 solution o f Isopropyl alcohol (IPA): 

Methylisobutylketone (MIBK) for 90sec at 23°C, followed by a 30sec rinse in IPA. On the 

other hand, the 15% BDH resist was developed in 1:1 solution of IPA:MIBK for 45sec at 

23°C, followed by a 30sec rinse in IPA .

2.2.4. L ift-off

Metal was deposited by evaporation onto the samples. The metal adhered to the substrate 

where the resist had been cleared by development and also to the remaining resist. The 

metal on top o f the resist was unwanted and was dislodged by removing the underlying 

resist with a soak in warm acetone. This process is called lift-off. The metal in the exposed 
area should be unaffected by metal on top of the resist. This can be ensured by restricting 

the thickness of the metal to less than about two thirds of the resist thickness and also by
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utilising the undercut profile obtained with a bilayer resist as described above. The metals 

used, Nichrome and Titanium, both have small grain size which is suitable for high 

resolution patterning. NiCr was used with SiCU etching and Ti when the gas is CH4 /H 2 as 
each metal has a low sputtering rate with the respective gases. The etch ratio of NiCr:GaAs 

in SiCU, also called the selectivity, is >1:50 and Ti:GaAs in CH4/H 2 >1:20.

2.2.5. Negative resist

A negative resist , used only occasionally in this work, was Philips High Resolution 

Negative resist (HRN)8. 8 % HRN was spun coated on the substrate at 6000rpm for 60sec 
and baked at 120°C for >1 hr to give a thickness if 0.1 pm. After exposure, the resist 

was developed by two successive cycles of immersion in MIBK for 15sec at 23°C then a 

rinse in IPA for 30sec.

2.3. E lectron beam  w riting

The lithography in this work was performed with a Philips PS EM 500 scanning electron 

microscope, shown schematically in Fig. 2.3. The machine has been modified for electron 

beam lithography as described by Mackie7. The PSEM 500 is a general purpose SEM with 
up to 50kV accelerating voltage, a beam diameter (spot size) variable from 1 p m down to 

8 nm, and magnifications selectable from 20x up to 80000x. The magnification rather than 

field size is quoted below, this being a more natural parameter to the user of the electron 

beam lithography system. The electrons, generated by an electron gun using a tungsten 

filament, are accelerated to a high energy and magnetic lenses are used to focus the beam. 

Beam-blanking plates are used to deflect the beam onto the objective aperture to prevent 

unwanted exposure of the specimen, and beam deflection coils are computer controlled to 

direct the focussed beam to any location in the scan field.
Secondary electrons are detected to form the image, although a transmitted electron detector 
is fitted. The machine has a eucentric stage which gives x and y motion in 1pm steps, as 

well as height (z), rotation, and tilt adjustment



2.3.1. E lectron Beam Scanning Softw are (EBSS)

The electron beam scanning system (EBSS) is a computer program which controls the 

PS EM 500 electron beam writing system. The main function of the software is to direct 

pattern files to the scan generator of the EBL system. Functions have been added to control 

the repeated patterning (step and repeat) across an array of exposure sites (stage positions) 

and to align and focus automatically at each exposure site.

Patterns are transferred to the system as ASCII files containing numbers defining rectangle 

co-ordinates and special functions. The general format for the data is four integers 

separated by spaces, terminated by a carriage return.

M
COMPUTER
CONTROL

Coordinate data

DIGITAL 
PATTERN 
GENERATOR

LLNE SCAN 
IMAGE 
DIGITISER

ELECTRON GUN

BEAM BLANKING ELECTRODE 

APERTURE

CONDENSER LENSES 

DEFLECTION COILS

OBJECTIVE LENS

SECONDARY ELECTRON 
DETECTOR

SUBSTRATE 

MECHANICAL STAGE

Figure 2.3: The Electron-beam lithography system used in this work.

The format for the simplest pattern element is ; 

xi yi x2 y2

where each number is an integer in the range 1-4095 and the co-ordinate points x \, yi and 

X2 , y2 define the opposite comers of a rectangle in the field (xi < X2 and yi < y2).
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2.3.2. Field Size and Spot Size

The PSEM 500 has a range of magnifications and spot sizes. Large features can be written 

using a low m agnification/large field  size and sm all features using a high 

magnification/small field size. With a small field size the exposure dose per unit area was 

increased for a given spot size, because the density of pixels is increased with the smaller 
separation of pixels generated by the fixed resolution scan generator DACs.

The range of spot sizes were accompanied by a range o f different beam currents which 

result in a greater exposure charge dose to the resist. For a given exposure dose needed to 

develop the pattern, the use of a larger spot size meant a reduced overall pattern exposure 

time. At lower magnification, the large frame size led to a larger distance between each 

pixel. If too small a spot size were chosen, the individual pixels were found to develop out, 

especially at the edge of pattern features. If too large a spot size were chosen the very small 

dwell time on each pixel could produce a similar effect. To avoid these rough edges around 

features, and long pattern exposure times, the spot size was generally chosen to be slightly 

less than the pixel separation. For example, the wires prepared in chapter 4 were exposed at 

a magnification of 5000X and a spot size of 8 nm.

The field size was chosen such that the pattern spanned a large area of the field, allowing the 

4096x4096 pixel resolution of the field to be used. Table I below gives the field 

magnifications and corresponding field sizes used in this work.

Magnification Field Size 
(pm x pm)

640 195 x 145

1250 100x75

5000 25 x 19

Table I: Magnifications and field sizes used in this work.

2.3.3. Automatic Focusing

A simple yet very effective automatic focusing system has been implemented both in 

hardware and software9. The focusing method involves software calculation of an 
interpolated focus setting at a point of the sample, using four manual focus settings 
recorded near each comer of the chip.
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The automatic focus routine used a set of three o f the recorded position/focus data to 
interpolate the expected focus setting at the current stage position. This is repeated for the 

other three sets (combinations) of position/ focus recordings, and the average of the four 

calculated settings was used to adjust the SEM focus. This routine was instigated directly 
using the FOcus command or automatically at each exposure site in a Step and Repeat.

2.4. Dry 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 

into the required chemical solutions for an appropriate time. While wet etching is highly 

selective (defined as the ratio of etch rates between two materials e.g. substrate and mask) 

and fast, it usually leads to an isotropic etch profile, Fig. 2.4b, because the etch front moves 

at the same rate in the vertical as well as the horizontal direction. However, wet etching can 

produce anisotropic profiles in crystalline materials in special cases where the etch proceeds 

along some crystallographic planes faster than others. This is called 'crystallographic 

etching'10.

As the dimensions of electronic devices and quantum structures shrink to the nano-metric 

scale, the need for producing anisotropic profiles with good uniformity is of prime 

importance in their fabrication, and therefore, the development and use of dry etching 

techniques are essential, Fig. 2.4<t. There is one potential problem associated with the use 

of dry etching, that is, the presence of energetic ions which bombard the substrate and can 

cause damage to the material. The following chapters contain investigations of this damage 

using a variety of characterisation techniques. At present, an account of the variations in the 

dry etching techniques available, in particular, mechanisms associated with the etching 

process and damage in reactive ion etching is discussed.

Figure 2.4: Schematic diagram showing the resultant profile of (a) anisotropic dry etching 

and (b) isotropic wet etching.

anisotropic etching isotropic etching

11



Dry etching is classified into various techniques, depending on the etching gas state (e.g. 

neutral or ionised) and gas type, excitation method (e.g. radio, or microwave frequency) and 
geometrical configuration of the etching system (e.g. barrel, parallel plates or down stream). 

For example: ion beam etching (EBE), plasma etching (PE) [barrel and planar], reactive ion 

etching (RIE), reactive ion beam etching (RIBE), chemically assisted ion beam etching 

(CAEBE), radical assisted ion beam etching (RBEBE), 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 ions and reactive radicals, generated 

in a plasma, which form volatile compounds with the substrate composits or by bombarding 

the surface with an energetic beam of ions/reactive ions. In the next sections, PE will be 

described briefly and a more detailed account will be given for IBE, RIE and ECR-RIE 

since the present work is mosdy concerned with the latter techniques.

2.4.1. Ion beam etching

In ion beam etching (IBE), an inert gas is fed into the ion gun at which it is ionised by a hot 

filament. It is then drawn out into a beam through a series of grids and accelerated by an 

acceleration grid to a specific energy. Electrons, emitted by a hot tungsten filament, are then 

injected into the ion beam so that the overall charge of the beam is neutral and also to 

minimize the lateral spread of the beam. 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 sputtering11' 16. The substrate is mounted on a rotatable stage which also allows 
tilting with respect to the direction of the ion beam. Chamber pressures below lOmTorr are 

usually employed with ion energies in the range of KXMOOOeV. For this work, an Oxford 

ion beam miller, equipped with double broad ion beam guns, was used. The base pressure 

was ~ 1 0 "6mbar, maintained using a rotary and a large diffusion pump (pumping speed = 

17001.s e c 1). Inert gases, namely Ne and Ar, were fed into the ion gun to a partial pressure 
of < 10"4 mbar, accelerated to 500-800V and an ion beam with current densities in the region 
of 0. lmAmp was used.

Since the etch mechanism in EBE 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 (RIBE)17. 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.
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However, the introduction of reactive gases into the ion source can cause a reduction in 

lifetime of the exposed filaments and grids. This then leads to a variant of RIBE, which is 

CABIE, also known as IABE. 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 achieved18,19; this technique 

also overcomesthe problem of short filament lifetime. There also exists another etching 

technique using a combined radical beam and ion beam etching (RBIBE) 20  which uses a 

microwave excited radical beam combined with an inert ion beam. This differs from CATBE 

in that the reactive etch gas is microwave excited and etch rates have been observed to be 

higher than using CAEBE.

2.4.2. Plasma etching

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 * ITorr 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.

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 rf generator (either 

13.56MHz or low frequency, O-lOOkHz), connected through a capacitor and an impedance 

matching circuit 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 by following the oscillation of the applied rf power 

which lead to the ionisation of some of the feed-gas molecules via electron- molecule 

collisions creating a plasma. The gas is chosen such that it dissociates to produce reactive 

radicals which will react with the substrate material to be etched and form volatile 

compounds.

If a radio frequency signal in the megahertz range is applied to the top electrode through an 

impedance matching network, similar to Fig. 2.5a, with the exception that the top electrode is 

rf driven, the response of the plasma to the positive and negative cycles are different. When 

the electrode is positive, many highly mobile electrons are accelerated towards the electrode
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causing a significant accumulation of a negative charge. When the electrode (the cathode) is 

negative, heavy, immobile ion are accelerated towards it; however, significantly fewer of 

these ions strike the electrode than electrons did on the previous cycle. As a result of the dc 
bias, a high electric field region is formed around the cathode. This region known as 

Crookes dark space, also known as the 'plasma sheath' or the 'the dark space', is where the 

ion acceleration takes place before impinging on the electrode.

MATCHING NETW ORK

SU PPLY

( 0 )

GROUNDED
ANOOE

CATHODE

Figure 2.5: (a) A schematic representation of an rf plasma discharge where the power is 

supplied to the rf cathode through a matching network21, (b) A plot of the average potential 

between the anode (Va), the cathode (Vc) and the plasma (Vp). The horizontal position axis 
is meant to coincide with (a).

In plasma etching, because the sample being etched is placed on the grounded electrode, the 

ions bombarding the etched surface are of relatively low energy (<50eV). In addition, 

relatively high chamber pressures in the range 0.1 to lOTorr 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.
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2.4.3. Reactive ion etching

Reactive ion etching is very similar to planar plasm a etching except that the bottom 

electrode, where the sample is mounted is now the driven electrode (at an rf frequency, often 

13.56MHz). In addition, the bottom electrode is smaller in area than the top electrode 

leading to an asymmetrical configuration.

It can be seen from Fig. 2.5a that the rf driven electrode is dc isolated from the power 

supply by a capacitor Cb - This blocking capacitor does not allow the electrode to discharge 

through the power supply.

Since the plasma potential can be determined by the following expression21:

Vc = Va .(A c/Aa)4

where Vc is the potential difference between the powered electrode (cathode) and the plasma 

and Va is the potential difference between the grounded electrode (anode) and the plasma 

and A J A a is the ratio of the respective electrode areas. As a result, the accelerating field for 

the ions near the sample is greatly enhanced and the resultant potential distribution is shown 

in Fig. 2.5b. The negative dc 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 in comparison to the case of PE. If no collisions occur in the sheath 

regions, then the average kinetic energy of singly ionised positive ions striking the cathode 

is (Vp-Vc)eV, where Vp is the plasma potential and the units of Vp and Vc are volts. This 

results in the bombarding ions having a higher energy (~300-1000eV), proportional to the 

negative dc bias (-Vdc). Furthermore, the pressure used in reactive ion etching is lower than 

that used for plasma etching, being in the range 5-lOOmTorr. 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 surface being 

etched, thus increasing the degree of anisotropy obtained in RIE. (Note that increasing the 
power density in RIE also increases the dc bias and the ion energies.) Therefore 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
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roles of reactive radicals and ion bombardment is beneficial and will be discussed in the 

sections next.

2.4.4. Reactive ion etching using Electron Cyclotron Resonance

In this breed of RIE, the frequency used to excite the plasma is in the microwave region of 

the electromagnetic spectrum. The concept of operation of RIE-ECR technique relies, as the 

name ECR suggests, on coupling the microwave energy to the natural resonant frequency of 

the electron gas in the presence of a static magnetic field22' 24. The resonant frequency

occurs when the electron cyclotron frequency, which is defined as

(oce = eB / 2nme (2.2)

where e is the electron charge, B is the strength of a static magnetic field and m e is the
electron mass, equals the excitation frequency (0  which is 2.45GHz. In an actual discharge 

this condition can be satisfied in a volume or surface layer within the discharge where the 
static magnetic field strength is 875Gauss, adjusted to satisfy the resonance condition i.e. CO 

= (Oce and a component of electric field is perpendicular to the static magnetic field. This 

surface layer is called the 'ECR surface'.

The microwave energy absorption by both the electron and ion gases can be understood as 

follows: Since the work done on a charged particle by the electric field between collisions 

varies inversely as the particle mass, the energy imparted to an electron is much greater than 
the energy imparted to an ion. Therefore, in the case of ECR etching, direct energy transfer 

from the field to the ions usually can be neglected and electromagnetic energy transfer to the 

discharge takes place through Joule (elastic and inelastic collisional heating) and electron 
cyclotron heating of the electron gas22. In turn, the heated electron gas transfers energy to 
the neutral and ion gases by elastic and inelastic collisions. The electrons are accelerated in 

the ECR volume and intum ionise and excite the neutral gas.
ECR discharges make use of a nonuniform static magnetic field. The magnetic field, 

produced by magnetic coils, is usually mirror-like reflecting the electrons back into the 

plasma . In the absence of an accelerating electric field, the motion of an electron in such a 

magnetic field is well known and is shown as the solid trajectory in Fig. 2.6a. When 

moving into a magnetic mirror, a charge particle will spiral with ever decreasing transverse 

orbits into the converging field until it is reflected. It then reverses direction and spirals out 
of the mirror with increasing orbits. The radii of these orbiting trajectories is small for a
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typical; electron, e.g. a 4eV electron will have a radius o f gyration of 0.05mm in a 875G 
field.

r -----

M)

Figure 2.6: Electron motion in a mirror-like static magnetic field (a) without an accelerating 

electric field, (b) with a perpendicular electric field where the shaded region represents the 
ECR layer. (The figure is reproduced from reference 22).

If a transverse, time varying microwave electric field is present in the mirror, ECR 

acceleration of the electron takes place when the electron passes through a region where 
CO = (0Ce i-e. the ECR surface, shown as the shaded region in Fig. 2.6b. If the electron is 

outside this region, little microwave energy is coupled to it, an average electron can 

experience many oscillations of electric field during the time it spends in the ECR surface. 

For an ECR-based plasma , high ionisation efficiency can be obtained with about 1% of 
the feed gas is ionised, giving rise to a plasma density of lO ^cm -  ̂25. This is compared to 

conventional rf RIE plasmas where only 0.01% of the feed gas is ionised giving rise to 
plasma density of ~ 109cnrA

It has been observed that the most efficient ECR coupling occurs at very low gas pressures 

below lOmTorr, at the higher pressures the energy absorption becomes collisional and the 

magnetic field has little influence on the heating of the electron gas.

After generating a dense plasma by the ECR process, the plasma is extracted by an rf field 

applied to the substrate electrode and since very low pressures can be used, it is possible to 

obtain collisionless plasma sheaths. This allows the bombarding ions to keep their high 

angle of incidence on the substrate thus producing anisotropic etching profile even at very 

low dc biases. Very low dc bias (hence very low bombarding energy) can be obtained by
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applying low rf powers to the driven electrode, and therefore control independently the 

ionisation efficiency of the plasma.

2.4.5. 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:

R = k ne N (2.2)

where is the electron concentration and N the concentration o f 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 measurements26’27.

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. 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 vapour pressure of the etch products, the higher the 

vapour pressure, the faster the desoprtion rate. However, the presence of ion bombardment 

in RIE can also play an important role in the etching process. While ions can etch the 

substrate by physical sputtering processes, as in IBE, there are also 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. The former mechanism implies no 

reaction will take place without ion bombardment and has been used by Balooch et al28 to 

explain why GaAs can only be etched in the presence of argon ions in an IBAE study using
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molecular CI2 . The effect of enhancement of adsorption was observed by Cobum et al29 by 

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 anisotropy30, as long as the ions are directional, as in the case of RIE.

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

stimulate or increase the rate of desorption and help remove reaction products held on the 

substrate surface31. In particular, the rate of desorption of GaF3 has been found to be the 

rate limiting step in the reactive ion etching of GaAs using CCI2 F232, and similarly, GaClx 

in the RIE of GaAs in Cl233, RIBE in Cl234.

2.4.6. RIE in SiCl4

2 .4.6.1. Chemistry

Stem et al35*36  were the first workers to report using SiCU 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 pressures around 20mT 

and at a lower power than was used in this work, crystallographic etching in the ( 1 0 0 ) 

orientation of GaAs has also been observed37*38- Furthermore, using optical emission 

spectroscopy, the type of products excited in a SiCU microwave plasma were monitored by 

Rowe39, who found that SiCU gas is broken down to SiCl+,SiCl2 and Cl+. Since the Cl+ 
reactive radicals excited in the SiCU 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 

SiCU process are similar to the species produced from studies of the ion-assisted etching 

GaAs using molecular CI2 and argon ions28*40. In Balooch's experiment28, 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/cm2-sec to impinge on the GaAs surface, they 

observed AsCUU AsCl2+, AsCl+, G aC h+, G aC b+ and GaCl+ molecules, and suggested 
that they had arisen from AsCU and GaCU. 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 GaCU leading to their belief that the rate limiting step for the 

etching of GaAs in their experiment is the rate of desorption of GaCU. On the other hand, 

McNivin et al40  employed a maximum C b flux of 5 x 1014 molecules/cm2-sec and found 

AsCU, GaCU 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 C b  with arsenic on the GaAs surface which
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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 C b  performed by McNiven41: by minimising the 

Gibbs free energy and assuming that the fluxes of Ga and As leaving the surface were 

equal, it was predicted that under chlorine deficient 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 

the chemical component of etching and has been applied by McNiven et al40  to their ion 

enhanced chemical etching experiment and they predicted that the reaction products should 
be (ASCI3 and GaCl3) as in chemical etching. Experimentally, they observed ASCI3 as 

expected, but not GaCl3 , rather GaCl2 and GaCl. Nevertheless, the etch chemistry involved 

in etching of GaAs using SiCU based on the above information suggests the following:

Plasma excitation

SiCU (g ) ......................... > SiCU + SiCl+ + Cl+ + GaAs ( s ) ----- > GaClx + AsCly + excess

Where (g) and (s) refer to gas and solid respectively, x = 1,2,3 and y = 3.

The vapour pressures of the reaction products (GaCU, GaCU and AsCU) are plotted against 

temperature, Fig. 2.7. It is clear that AsCU is the most volatile, followed by GaCU, with the 

least volatile product being GaCI2 . At Glasgow University, RIE using SiCU was developed 
by S. Thoms for the high resolution etching of GaAs42. A useful etch mask for this etchant 

was found to be NiCr lifted-off from PMMA polymer resist, see section 2.2.5, with the ratio 

of GaAs etch rate to mask etch rate of >50:1. High resolution negative resist HRN was 

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

2.4.6.2. Machine

The reactive ion etching system (Plasmatch RD80) used for SiCU etching is a conventional 

13.56MHz parallel plate reactive ion etcher. The anode and cathode are aluminium with 

hard anodisation. Three NiCr pins are fitted around the perimeter o f the cathode to enable 

dc 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 pump and a 

Roots blower (mechanical booster). In all experiments, the etch chamber was evacuated to a 
base pressure of around 10'3 to lO^Torr range 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
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of 0.44W/cm2, true volume flow rate of 9sccm, (after applying a calibrated correction factor 

of 0.28) at a pressure of 1 l-12mTorr giving a dc bias of 300±10V. The etch rate of GaAs 

etched under this condition is ~2 0 0 nm/min.
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Figure 2.7: Vapour pressures of GaCl3 , GaCl2 and ASCI3 . The figure is produced from 

CRC handbook of Chemistry and Physics (1987).

2.4.7. RIE in CH4/H 2

2.4.7.1. Chemistry

The use of CH4 /H 2 for the etching of semiconductor compound materials was first 

developed by Niggebriigge et a l43. 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% CH4 ), a good degree of anisotropy and an excellent 

surface morphology was produced. The high selectivity was maintained by using
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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 /cm2 and pressures of 10 and 

20mTorr, very slow etch rates below lOnm/min. and considerable surface roughness were 

observed.

Using mass spectometry, a detailed analysis of the plasma species present during the 

reactive ion etching of InP with CH4/H 2 has been studied by Schmid44. The mass spectra 
of neutral compounds with and without the plasma are depicted in Fig. 2.8a and 2.8b. 

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 Fig. 2.9.
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Figure 2.8: Spectrogram of neutral species (a) without plasma (b) with plasma. (The figure 

is reproduced from reference 44). The process parameters are: 20% CH4 in H2 ; flow rate 

25sccm; pressure 2.6Pa; power density 0.4W cnr2.

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 III alkyls. Indeed phosphine was clearly resolved by 

mass spectroscpy as a neutral compound as well as in an ionic state, Fig. 2.10. Although 

the limited resolution of the mass spectrometer did not allow the identification of group HI 

etching products, the author believes that the similar dependence of the InP etch rate and the 

concentration of neutral products on total pressure Fig. 2.11 suggests that the methyl 

radicals play an important role in the etching mechanism.

22



loo n

—  ilO

c

>

aX

50 60300 2010
mt  (aniu)

Figure 2.9: Spectrogram of positive plasma ions using the same process parameters as in 

figure 2.8. (The figure is reproduced from reference 44).

/  pHi •

F«-

C3
a

U
a
a.

a
€
a  2D

c
.c

5 c

Ptot Pa

Figure 2.10 (left ): InP etch rate and intensities of neutral and ionised phosphorous 

compound vs. total pressure. (The figure is reproduced from reference 44). The process 

parameters are: 6 % CH4 in H2 ; power density 0.4W cnr2; flow rate 25sccm.

Figure 2.11 {r igh t): Dependence of neutral product concentration on the etch pressure 

using the same process parameters as in Fig. 2.10. (The figure is reproduced from 

reference 44).
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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 vapour pressure vs temperature is shown in Fig. 2.12 illustrating the volatility of 

products from the suggested reaction.

2.4.7.2. Machine

The reactive ion etching machine used was also a conventional 13.56MHz parallel plate 

reactive ion etcher, (Electrotech SRS 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. The optimum condition for the high resolution 

etching of GaAs was a 1/5 parts of CH4/H 2 with true volume flow rates of 5sccm/25sccm 
and a pressure in the range of 15- 18mTorr. The power density was 0.66Wcm -2  giving a dc 
bias of 930±30V and an etch rate of ~20nm.min*1.
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Figure 2.12: Vapoure pressures for (CH3)3Ga and ASH3 . The figure is produced from 

CRC handbook of Chemistry and Physics (1987).

2.4.8. ECR-RIE in CCI2 F2/He
2.4.8.I. Chemistry

To gain a better understanding of the chemistry involved in the CCl2 F2/He etching process 

using ECR-RIE, Cheung45  has analysed the light emitted by He and CCl2 F2/He plasma 

using optical emission spectroscopy. In the He plasma, the major species detected was 

neutral Hei , whereas in CC12F2/He plasma Cl and CF*X radicals were the major species 

present, where the Cl radicals are mainly responsible for etching of GaAs to form the 
relatively volatile gallium chlorides (GaCl2 , GaCl3) and arsenic chloride (AsCl3)28,32,40 

Moreover, the fluorine present in a CCl2F2/He plasma can also react with GaAs leading to 

the formation of the volatile arsenic fluorides (ASF3 , ASF5) and the involatile, high boiling
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point solid gallium fluoride (GaF3). It has been reported that the rate limiting step to this 

process is the ion induced removal of GaF3 , while the removal rate of GaClx also benefits 

significantly from ion bombardment32. The presence of CF*X radicals in the ECR plasma 

was undesirable since it will lead to the formation of the involatile GaF3 and also to the 

formation of fluorine containing polymers (e.g. C2 F6 ) which may easily deposit on the 

substrate surface thus roughening the surfaces by forming micromasks or in extreme cases, 

inhibiting the etch process.

2.4.8.2. Machine

The ECR machine used in this work was fully com puter-controlled, designed and 

manufactured by Plasmatech. It has a loadlock chamber at which samples are loaded and 

transfered automatically into the etching chamber through a gate valve. The pumping 

system consists of two turbo molecular pumps and two backing pumps (one for each of the 

chambers). The etcher consists of the following, Fig. 2.13: 1) A well filtered variable power 

(0-600W) but constant frequency (2.45GHz) microwave power supply.

2) A circulator which allows the microwave generator to work into a matched load 

independent of the discharge variations. It also protects the generator from large reflected 

power that may occur from an unmatched plasma (unstable or flickering) by dumping it in a 

dummy load.

3) There are two E-H stub tuners for matching of the discharge for high microwave 
coupling efficiency, they produce standing waves between the plasma and the tuner 
increasing the coupling to the plasma and reducing the reflected microwave power.

4) A waveguide applicator coupling the microwave power into the plasma, meters for the 

forwarded and reflected powers. The waveguide changes from rectangular to circular to 

improve microwave power coupling to the ECR plasma chamber.

5) A microwave transparent window (quartz) to isolate the waveguide from the ECR plasma 
chamber.
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Figure 2.13: Schematic diagram illustrating the ECR etcher used in this work with the inset 

on the left showing the plasma and sample configuration in more detail. The diagram is not 

to scale.

6 ) An ECR chamber surrounded by two magnetic solenoids (magnetic mirrors), the top 

magnet, usually set to strong magnetic field to keep the intense ECR layer away from the 

quartz window. The lower magnet is weaker, but with B> 875Gauss, so that eventually the 
ions generated in the ECR chamber flow out of the diverging magnetic field into the etching 

chamber and impinge on the substrate surface. There are two connections for the etching 

gases at the top and bottom of the ECR chamber. The plasma flow down of the ECR 

chamber and diverge to a characteristic triangular shape ingulfing the electrode where the 
substrate is placed. The electrode (cathode) is covered with a 17cm-diameter graphite plate 

and is rf  driven to provide directionality and hence a near vertical etch profile. The 

temperature of the cathode was kept at 11°C.
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2.9. D ry etching dam age

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 from a high degree of 

damage since the etch mechanism is purely physical. Studies on the damage induced in 

GaAs and GaA s/AlGaAs structures by 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 authors46’47. In this work, damage characterisation has been carried out in the 

areas of ion beam etching, reactive ion etching and electron cyclotron resonance RIE. While 

in general, it is expected that the presence of a reactive component in etching gas can reduce 

the induced damage, it can contribute indirectly to the etching induced damage, as will be 

shown later. Reduction of damage is also possible by passivation of defects4 8 ’49  or by 
using very low ion energies50*52. It is important at this point to note that damage can occur 
both on the surface and sidewalls of etched structures, the latter being particularly important 

for nanostructures. This effect is illustrated in Fig. 2.14.
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(surface)
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«

damaged regions 
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Figure 2.14: Schematic representation of the possible causes of the surface and sidewall 

damage resulted from dry etching.

In RIE and ECR-RIE, the surface may suffer damage from the physical bombardment of 

directional ions and reactive radicals and/or chemical damage from the reactive radicals. On 

the other hand, effects from the directional and non-directional ions and reactive radicals and 

possibly redeposition13’5 3 ’54 from the bottom surface can contribute to the causes of
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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 for the fabrication 
o f electronic devices with nanometric dimensions. Although there havtbeen many 

investigations on RIE surface damage47*55’59, not including the work of Glasgow 

University, less effort has been directed towards sidewall damage studies42*60*61. These 
studies will be discussed in detail later. A variety o f electrical, optical and analytical 

characterisation techniques can be used to investigate dam age56' 58*62*63. It is, in fact, 

essential that complimentary techniques are used in order to obtain both quantitative and 

qualitative information about the damaged layer due to the different depth resolution and 

origin of sensitivity associated with the various techniques as will be shown later.
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Chapter 3: Characterisation of dry etching surfaces dam age in n+ 
G aA s by the T ransm ission  L ine M odel techn ique and Ram an  
Scattering of coupled LO phonon-plasmon modes.
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3.1. Introduction

This chapter deals with the implementation o f the Transmission Line Model (TLM) 

technique to measure the electrical damage depth in n+ GaAs epitaxial layers as a result of 

ion beam or reactive ion etching in Ne, Ar, SiCU and CH4/H 2 . The TLM technique together 

with Hall measurements, using Van der Pauw geometry, can provide information on the 

sheet resistance, carrier concentration and Hall mobility of the epitaxial layer.

While Hall measurements give an independent check on the conductivity, the conductance 

measurements using the TLM technique sheds light on the evolution of the damage 
associated with etching, giving an accurate determination of the physical extent of the 

electrical damage. However it does not give any data on the nature of that damage.
The dry etching damage is defined as any change in the electron transport or optical 

properties after etching in comparison with an untreated or wet etched sample. Wet etching 

is usually believed not to cause any damage to the epitaxial layer since it does not involve 

ion bombardment.
For this work, a comparison between dry and wet etching is vital since parameters such as 

the resistance of the epitaxial layer changes as the thickness of the layer changes, i.e. the 
reduction in resistance is due to both the damage created during etching and also to the 

reduction in the thickness of the epitaxial layer.
Etching in CH4/H 2 has been found to passivate the Si donors in Si-doped GaAs1. It was 

known previously that donors and acceptors in GaAs and other semiconductors were 
passivated after prolonged exposure to a hydrogen plasma 2 *3. The effect of de-passivation 

of the Si donors via post rapid annealing of the GaAs samples was verified through a range 

of temperatures and times.
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Raman scattering of the coupled LO phonon plasmon modes can only be performed in 

highly doped GaAs. Information about the thickness o f the depletion layer can be obtained 

using this technique which agreed reasonably well with the TLM  estimates of the damage 

depth. Suggestions were made to explain why and how the damage extends to regions well 

beyond the estimated penetration depth of the bombarding ions.

3.2.1. The Transm ission Line M odel (TLM ) m ethod

The transmission line model4 *5 *6 has been developed to obtain values o f the specific 

contact resistance of ohmic contacts as well as the sheet resistance of the semiconductor 

layer outside the contact region. The ohmic contacts are modelled as a distributed circuit 

analogous for an (R-G) transmission line, hence the name. The sheet resistance o f a 

semiconductor Rsh can be obtained from simple resistance measurements made between 

contacts on a TLM test structure. The structure used in this study consists of ten contacts 
of identical geometry (300pm wide and 30pm long), patterned on a strip of active material,

i.e. n+ GaAs. The separation distance between adjacent contacts L were 1 ,2 ,4 , 8 ,16 ,32 ,64 , 
128 and 256p.m. The resistance is measured and plotted as a function of the separation 

distance L. From the gradient (Rt /  L) of the graph, Fig. 3.1, the sheet resistance Rsh o f the 

semiconductor can be determined as:

(Rt /L ) .W  = Rsh (3.1)

where W is the contact width.

3.2.2. The Hall effect

The Hall effect is a phenomenon which may be observed when a semiconductor is subjected 

to an electric and magnetic fields orthogonal to each other. A voltage (the Hall voltage) 

appears across the sample in a direction at right angle to both these fields.

The Van der Pauw technique allows Hall measurements to be made on planar samples of 
arbitrary shape7. In determining the resistance, current is applied to two contacts and the 

potential difference developed between the other two contacts is measured. Thus the 

resistivity of the sheet can be deduced from two resistance measurements without any 

knowledge about the distances between the contacts, providing there is a uniform current 
flow through the thickness of the sheet. The conductivity of the sheet C  will then equal 

the reciprocal of the measured resistivity.
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Figure 3.1: An example o f the plot o f resistance measured between ohmic contacts 

separated by a distance L. The sheet resistance can be obtained from the gradient of the line 

using equation 3.1.

The Hall mobility |Ih is related to the conductivity G through**:

M>H = R h G (3.2)

where R h is the Hall coefficient. The sheet carrier concentration n  and the sheet resistance 

Rsh can be obtained from:

n = 1 / qR n
Rsh = 1 / a w  (3.3)

Where q is the electronic charge and W is the thickness of the epitaxial layer.

3.3. Sam ple p reparation  and  m easurem ents.

Four epitaxial layers of n+ GaAs doped with Si were grown for this study by MBE on 

semi-insulating substrates. These are: wafer A l 11 (50nm, ~ 3 x l0 18 cm-3), wafers A85 and 

B81 (both 140nm, 2-3 xlO 18 cm-3) and wafer B40 (500nm, ~ lx l0 18 cm-3). Highly doped 

n type GaAs was chosen for this study because the depletion depth of such epitaxial layers 

is relatively small (~17-28nm) and so the layers are sensitive to surface effects induced by 

etching. During the progress of the experiments, it was found that the measured damage
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depth varied considerably from etch to etch; those etches which gave more damage were 

characterised using the grown material with the thicker epitaxial layers (140 and 500nm).

The samples were prepared as follows, Fig. 3.2:

1. The wafers were cleaved to give 5x5mm^ samples. The samples were degreased and 

cleaned ultrasonically using triehloroethane then acetone and finally methanol for 5 min 

each, respectively. The samples were then rinsed in isopropyl alcohol (IPA) and blown dry 

in nitrogen.

2. TLM and Hall patterns were produced lithographically using the mask aligner and 

AZ1450J or S I400-31 photoresists

3. After development, native oxides were removed by a dip in a 4:1 solution of H2 0 :HC1 

for 30sec after which the samples were rinsed in de-ionized water, blown dry and loaded 

immediately into the evaporator. Low resistivity ohmic contacts were evaporated at a base 

pressure o f about 2 x l0 _6 mbar. The contacts consisted of Au /Ge /Ni /A u 10 layers with 

corresponding thicknesses of 8 8  /50 /23 /25nm. A scaled down version with thicknesses of 

61 /35 /16 /17nm was also used preserving the quality of the contacts. The contacts were 
alloyed at temperature range between 340 and 350°C for lm in in 95%: 5% of Ar: H2 

ambient. The contactswere checked for true ohmic behaviour.

4. The TLM and Hall contacts were then masked for isolation. The isolation was achieved 
by removing the conducting material suiTOunding the contacts using wet etching at room 

temperature in (2 0 : 8 : 1 0 0 0 ) solution of NH3 :H2 0 2 :H2 0  for 2 min (etch rate ~2 0 0 nm .m hr 

1), rinsed in de-ionized water then blown dry.

5. A series of steps were patterned using AZ5214J reversible photoresist and ~30nm of 

NiCr (10% Cr in Ni) was deposited to form the steps which will be used to measure the 

etch depth. A schematic diagram of the sample is shown in Fig. 3.3.
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Figure 2: Stages of fabrication of the samples used for TLM and Hall measurements.
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Figure 3.3: A schematic of a sample ready for etching experiment using TLM and Hall 

measurements.

The samples were then dry etched using various etching processes. In the case of etching 
using CH4/H 2 , the samples were post annealed using a strip heater in a 95%: 5% of Ar: H2 

ambient. The ramp up and ramp down time was approximately 90sec in total. This step is 

essential to reactivate the Si donors as will be explained later.
The conductivity measurements were performed using the four point probe technique in 

conjunction with a HP4145B semiconductor param eter analyser. The Hall effect 

measurements were performed at room temperature and at 77K using HL 5200 Polaron 

Division Hall measurement system controlled by a SMS 1000 computer.

The sheet conductance was obtained from the gradient of the straight line relationship 

between the separation distance L and the measured resistance using equation 3.1.
It was noted that the conductivity and mobility o f the unetched material varies by 

approximately 1 1 % across the wafers, and so the conductivity and mobility of each piece 

were also measured prior to etching.
The etch depth was measured using tally step after etching the NiCr film using a 1:1 
solution of HC1:H2 0 . The uncertainty in measuring the depth is ± 2nm.

For each sample the resistance was measured before and after etching (and after annealing 
in the case of CH4/H 2) by both the TLM and Hall techniques. From these measurements, 

the percentage of the remaining conductance (%C) was obtained by taking the reciprocal of 

the ratio ( resistance after etching /  resistance before etching xlOO ). The %C was then 

plotted as a function of the etch depth to produce the final result. A set of conductance 

measurements was produced by wet etching samples in a (2 0 : 8 : 1 0 0 0 ) solution of 

NH3 :H2 02:H 20 .
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3.4. Results of dry etching
3.4.1. Results of RIE in CH4/H 2 and the effect o f donor passivation

For reactive ion etching in CH4/H 2  plasma, a ratio o f one part CH4 to five parts H2 and flow 

rate of 5 seem of CH4 and 25seem of H2  with a gas pressure o f 1 l-12m torr were used. The 

applied r f  power was 150W, yielding a power density of 0.66W.cm*2  and a dc bias voltage 

of 93Q±30V.
By measuring the sample etch depth, a calibration curve of the etch time as a function of the 

etch depth was obtained. The etch rate was approximately 21nm.min ' 1 which agrees well 

with the previously reported value 20nm.min_1 H. The calibration curve is depicted in Fig.
3.4.

Inspection of samples etched for times longer than 90sec by SEM has revealed the 

formation of a very thin film deposited on the surface of the samples. This film is believed 

to be a carbon-containing polymer12 which is a common occurrence in hydrocarbons in a 
gaseous discharge. The film can be removed by ashing in oxygen plasma for 30min using 
inductively coupled etcher (plasmafab 505).

Samples etched in CH4/H 2 for times ranging from 30 to 160sec showed very poor or no 

conduction when measured immediately after etching (without annealing). For example, the 

sample A (etched for 90sec) showed about a 30 fold reduction in conductivity from 17.8mS 

before etching to 0.618mS after etching. The carrier mobility o f this sample had increased 

from lSTQtlOOcn^v^s"1 before etching to
2650±150cm2v 1s_1 after etching (the mobility of the untreated GaAs used in this work is 
less than that reported by Sze8, ~2000cm 2v-1s_1 for the same doping concentration). 

Meanwhile, the sheet carrier concentration decreased from 6 .6 x l0 13cm*2 before etching to 

4 .6 x l0 12c n r 2 after etching. The later decrease in the sheet carrier concentration may 

indicate that electron traps have been introduced into the semiconductor.
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Figure 3.4: The etch depth of GaAs as a function of the etch time for CH4/H 2  RIE. The etch rate 

Z lnm .m in1 at a flow rates of 5/25sccm and pressure range o f ll-12m torr. The power 

density was 0.66W.cnT/ and the dc bias voltage was 930+30V.

When annealed for lsec at 380°C, the sample A showed an increase in conductance to

11.5mS, decrease in carrier mobility to M SQilO Ocm ^v^ -1 and an increase in carrier 

concentration to 5 .5x l0 13cm*2. This example displays clearly the effect of passivation of 
the silicon donors by hydrogen thus reducing the conductivity1, and the partial reversibility 

of this effect by annealing. This agrees with the work by Cameron et a l13. The resistance 

measured by the TLM technique before and after etching, and before and after annealing, 

were plotted as a function of the distance separating the TLM contacts and are presented in 

Fig. 3.5a and 3.5b respectively.

For all the samples etched for times ranging from 190 to 300 seconds, no conductance 

measurement was possible by either the TLM or the Hall techniques. It has been reported31 

that for samples 80nm thick of highly doped (4 .5x l0 18cm*3) n+ GaAs and etched at lower 
if  power (80W) to remove lOnm, annealing at temperatures ranging from 300 to 400°C for 

up to lOmin can recover all the carrier concentration and almost the full mobility.
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Figure 3.5a: TLM resistance measurement of sample A before and after etching in CH4/H2  

RIE for 90sec.
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Figure 3.5b: TLM resistance measurement of sample A before and after annealing at 

380°C for lsec in 95%Ar: 5 %H2 . The sample was etched earlier in CH4/H2  for 90sec.

To investigate whether this suggestion is valid for samples etch to depths deeper than lOnm, 
two samples B and C were etched to depths of 50 and 80nm respectively. Sample B was 

annealed firsdy at 380°C for lsec then at 400°C for 2min and further 3min (total annealing 
time at 400°C is 5min). Sample C, on the other hand, was annealed for lsec at 380°C, then 

for lmin and a further 3min at 400°C (total annealing time at 400°C is 4min ). TLM and 

Hall measurements were performed after each annealing step. The results ^re presented in 

table I. The table shows clearly no significant changes in the resistance measured after each 

annealing step. Fig. 3.6a shows the resistance measured by the TLM method as a function
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of L for sample C before and after etching, while Fig. 3.6b presents the results of the three 

successive annealing.

Sample R (Hall) (Cl) R (TLM) (Cl) Csh comments

B 64 60 1570 6.3E13 before etching

109 1 0 2 1160 4.9E13 anneal lsec at 380°C

1 1 0 99.4 1 2 0 0 4.7E13 anneal 2 min at 400°C

113 1 0 2 .2 1570 3.7E13 anneal 5min at 400°C

C 63 60 1570 6.4E13 before etching

623 647 1440 7.0E12 anneal lsec at 380°C

628 638 1541 6.5E12 anneal lmin at 400°C

565 604 1505 7.3E12 anneal 4min at 400°C

Table I: The effect of annealing on the resistance (measured by Hall and TLM methods), 
Hall mobility |Ih  (uncertainty is ~± 1 0 0 cm2  V^s*1) and sheet concentration Csh (cm*2) of 

GaAs samples reactive ion etched in CH4/H 2 . Samples B and C were etched for 60 and 

150sec respectively.
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Figure 3.6a: TLM resistance measurement of sample C prior to and after etching in CH4/H2  to 
of 80nm.
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Figure 3.6b: TLM resistance measurement of sample C after annealing for lsec at 380°C follou^ 

^  annealing at 400°C for 2min and a further 3min. The sample was etched earlier in CH4/H2  

to a depth of 80nm.

When the etch depth is plotted against the remaining conductance measured by, the TLM 

technique was plotted as a function of the etch depth, and compared with similar plot for wet 
etched samples, the results show a difference in the cut off depth i.e. when %C = 0, Fig. 3.7.

The figure shows the conductance of CH4/H 2  etched samples to decrease, firstly, rapidly 

then it saturates and run parallel to the wet etching conductance line. The %C measured by 

both the TLM and Hall techniques were plotted for comparison, as a function of the etch 
depth and are shown in Fig. 3.8. After etching, the mobility was measured for each sample 

and a percentage of the remaining mobility (mobility after etching/mobility before etching 

xlOO ) was obtained. This procedure was adopted to eliminate the fluctuations in the 

mobility across the wafer. The remaining mobility was plotted as a function of the etch 
depth as shown in Fig. 3.9.
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a function of the etch depth for GaAs samples RIE in CH4/H2 . The etch pressure was 11- 
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SxlO^cm-  ̂Si-doped. The control samples were wet etched and plotted for comparison.

44



120.0

100.0-CL
.£o
£
ex
G
C

*c3a&
oc

8 0 .0 -

6 0 .0 -

4 0 .0 -

20 . 0 -

0.0
60 8 0 1 00200 4 0

Etch depth (nm)
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CH4/H 2  RIE as in figure 3.8.

3.4.2. Results of RIE in SiCU

The TLM  samples used for the SiCU etching were patterned using electron beam 

lithography with the final pattern dimensions similar to those o f the CH4/H 2  samples. 

However this set of samples was without the Van de Pauw configuration, so that mobility 

measurements could not be performed. The etching machine and parameters were similar to 

those describe in section 2.4.4. The dc bias developed during etching was 240±10V. 

Epitaxial layer with thicknesses of 50 and 140nm were used. The conductance was 
measured for each individual sample prior to and after etching and the % remaining 

conductance was plotted as a function of the etch depth and is shown in Fig. 3.10a and 10b. 

It should be mentioned that the relatively high etch rate of the SiCU etch process (= 

2 0 0 nm.min*1) made it difficult to control the etch depth as desired.
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and the dc bias voltage was 240±10V. The epitaxial layer is 50nm thick, 3x1018cm“3 Si- 
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Figure 3.10b: % Remaining conductance, measured using both the TLM method, as a 

function of the etch depth for GaAs samples etched in SiCU RIE. The etch pressure was 

llm to rr and the dc bias voltage was 24Q±10V. The epitaxial layer is 140nm thick, 

3 x l0 18c n r3 Si-doped. The control samples were wet etched and plotted for comparison.
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3.4.3. Results of Ne and Ar ion beam etching

Two sets of samples were ion beam etched in Ar and Ne at 500V. For each set, two 

epitaxial layers with thicknesses of 140 and 500nm were used. In addition two more 

samples were etched using Ar at 800V for comparison. For the 140nm thick epitaxial layer, 

the % of the remaining conductance was obtained for each sample and plotted as a function 

of the etch depth for both Ar and Ne, Fig. 3.11. The data obtained from the samples etched 

at 800V was also added for comparison. The mobility of samples etched using Ar and Ne 

IBE was constant through out the etching, Fig. 3.12. The behaviour of the conductance with 
the etch depth was different from the RIE samples i.e. samples etched in CH4/H 2  and SiCU, 

and it was speculated that similar behaviour may be observed if thicker epitaxial layer was 

used, e.g. 500nm thick.
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Figure 3.11: % Remaining conductance as a function of the etch depth for GaAs samples 
etched in Ne (500eV) and Ar (500eV and 800eV) IBE. The epitaxial layer is 140nm thick, 

3x l0^cm *3 Si-doped. The control samples were wet etched and plotted for comparison. 

The conductance was measured using the TLM method.
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Figure 3.12: % Remaining mobility as a function of the etch depth for samples etched in Ar 
IBE at 500 and 800eV and also in Ne at 500eV. The epitaxial layer is 140nm thick, 
3 x l0 18c n r3 Si-doped.

The conductance of the samples with epitaxial layer 500nm thick, etched using Ar and Ne at 

500eV, were measured and a further set o f samples were wet etched to be used as a control.

However, the relationship of the conductance as a function of the etch depth for the wet 

etched samples was not linear as can be seen in Fig. 3.13. The as-grown material was then 
profiled for the donor concentration by means of Polaron electrochemical profiler. The 

results, Fig. 3.14, showed a non-uniform doping profile in which the material 280nm 

beneath the surface is doped to a carrier concentration of l x l 0 18cm -3 after which the 

concentration drops to about 7 x l0 15c n r3 at 500nm. The surface depletion layer, on the 

other hand, was 52nm thick, almost double the thickness of the depletion layer at this level 

of doping. Unfortunately, these facts complicate the interpretation of results and makesit 
non-trivial.
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Figure 3.13: % Remaining conductance as a function o f the etch depth for GaAs samples 

etched in Ne (500eV) and Ar (500eV) IBE. The epitaxial layer is 500nm thick, 

l x l0 18c n r 3 Si-doped. The control samples were wet etched and plotted for comparison. 

The conductance was measured using the TLM method.

Figure 3.14: Profile of the carrier concentration of the 500nm thick epitaxial layer used in 

the TLM measurements of ion beam etching using Ar and Ne at 500eV. The profile was 

obtained using Polaron electrochemical porfiler.

3.5. Discussion and  conclusions of TL M / Hall m easurem ents

3.5.1. The "d ry  etch dam age' model

The dry etching damage can be thought of as an accumulative process. It builds up beneath 

the surface as the substrate is etched, Fig. 3.15, eventually reaching an equilibrium where
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further etching produces no additional damage. Region 1 in Fig. 3.15 is where the etch 

damage is building up and region II is where it has reached equilibrium.

Physical view of damaged region

Original surface 

Etched surface 
-  Layer o f etch damage 
* Undamaged epitaxial layer

d is the etch depth 
x is the damage depth

Conduction Vs. Depth assuming damage model

100

Etch depth

Wet etched control

Dry etched

T1 is the thickness of the epilayer minus the surface depletion depth 

Figure 3.15: Schematic showing the dry etch damage model.

If a simple " dry etch damage" model is assumed in which the bombarding ions introduce a 
distribution o f defects which gives rise to a distribution o f charge; thus creating an 
additional depletion layer where there is a non-conducting damaged region. Therefore, the 
reduction or diminishing of conduction, as measured by the TLM and Hall methods, is 

caused by the introduction of defects1.
Fig. 3.15 demonstrates that if a non-conducting damaged region near the surface is 

followed by an undamaged region, then the distance x  is a measure of the damage thickness 
at any given etch depth. By measuring the Hall mobility of the etched region the validity of

1 The defects introduced during dry etching of n-GaAs are electron traps of which five have been 
detected in samples etched using CH4/H2 and SiCL*. The etched samples were prepared and examined 
by the author using Deep Level Transient Spectroscopy but the results are not reported in this thesis
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this simple model can be assessed further since if there was a graded interface between the 
damaged and non-damaged regions one would expect to see a decrease in the mobility, due 

to an increase in the electron scattering, especially for samples where most of the conducting 

material has been removed

3.5.2. Discussion of CH4/H2 results

It can be seen from Fig. 3.9 for CH4/H 2  RIE that the mobility remains constant for all etch 

depths. It was found that the conductance results (%C) measured using the TLM and Van 

de Pauw structures agreed to within ±2%. At an etch depth o f 80nm the conductance had 

dropped to *10% of its initial value, as can be seen from Fig. 3.7, while the mobility 

remained constant both at 77K and 300K.

From the conductance plot it is evident that the conductance decreases faster for the CH4/H2 

RIE than for the control wet etch and that after an etch depth o f 20nm the divergence 

between the two plots ceases, implying that the region o f damage saturation has been 

reached, region II in Fig 3.15. The extent o f the damage can be seen from the graph to be 

60nm. These results were taken after the samples had been annealed at 380°C for lsec to 

remove the hydrogen passivation produced by the etching. It should be mentioned that the 
diffusion coefficient of hydrogen in n+ GaAs (3 x l0 18cm'3 Si) is D= 4 .08x l0 '2}im2.s '1 at 

400°C14, therefore hydrogen atoms can diffuse a distance of 0.2|im  in lsec at 400°C which 

is considerably higher than the thickness of the epitaxial layer. Further annealing produced 
no change in the results, whereas the results for no anneal can be seen to be
almost no conduction whatever. It is concluded from this that the effect of hydrogen 

passivation has been removed entirely in the presented results.

3.5.3. Passivation of doped GaAs by hydrogen

There have been numerous reports and review articles on hydrogenation o f III-V 

semiconductors in general and GaAs in particular16' 26. Hydrogen passivates shallow 

d o n o rs16 and shallow acceptors17, and in the case of Si doped GaAs, vibrational 
spectroscopy had established that the hydrogen atom chemically bonds directly to the 
substitutional Si atom 18’19. It was also suggested th a t , depending on the Fermi level 

position, hydrogen can be negatively charged in Si-GaAs, and neutral or positively charged 
in the depletion layer20.

Chen et al21 have used photochemical vapour deposition system to introduce hydrogen to 

GaAs and AlGaAs at 250-350°C. They observed an increase in the intensity of the 

excitonic recombination (shallow impurity bound excitons) with respect to the donor- 

acceptor pair recombination. Chevallier et a l16 had introduced hydrogen by low frequency
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plasma and electrochemically both at 250°C. They showed that the depth of neutralization 

depends on the dopant concentration and the diffusion coefficient of hydrogen in GaAs 
decreases with increasing Si concentration. They suggested that the formation o f Si-H 

bond produces a deep level which traps the extra electron from the Si dopant atom which 

otherw ise would have been donated to the GaAs conduction band. M orrow22 had 

suggested a mechanism by which native defects such as oxygen and Vas bond strongly to 

deuterium and diffuse deeper into the epitaxial layer at 500°C.

Although most hydrogenation experiments had been carried out at temperature range of 
200-375°C and for times ranging between 1-3 hours, and in some cases, deuterium was 
used instead of hydrogen. These are not the typical temperature and time used in the 

reactive ion etching experiments performed in this study.

However, there has been a report by Creighton23 in which a temperature programmed 

desorption experiments have been performed on both As- and Ga-rich GaAs surfaces. It 

was found that there is a measurable amount of arsine desorption occurring between 150 
and 300K. Therefore, exposure to hydrogen atoms around room temperature should lead to 

a change in surface stoichiometry through loss of arsine. However, Creighton did not find 

any evidence that gallium hydrides were occurring. He suggested that the surface GaHx 
species decompose efficiently by molecular hydrogen formation.

3.5.4. Discussion of the SiCU, Ar and Ne etching results

Etching in other systems produce* similar results, but with greatly varying amounts of 

observed damage. Fig. 3.16 shows conductance versus etch depth for five different dry 

etches - CH4/H 2 RIE, Ar IBE at 500eV, Ar IBE at 800eV, SiCU RIE, Ne IBE at 500eV. 
Table II summarises the damage results using the two parameters Ds (depth at which 

damage saturation is reached) and (damage depth at saturation). For some of the etches, 

such as Ar and Ne IBE, saturation was not reached, and so minimum figures are presented 

in these columns. In all cases the measured mobility remained constant with etch depth as 
in the case of methane hydrogen etching indicating the validity of the 'dry etch damage' 

model. It is worth mentioning that saturation effect has been observed by Yamasaki et al15 

in the barrier heights of Schottky diodes made after removing lOnm by sputter etching of 
GaAs using Ar plasma (50W).

There are two clear trends which can be seen to emerge from table II. The first is that 
damage increases with etch energy. This can be seen from the difference between Ar IBE at 

500eV and 800eV. The difference here is small however, although more noticeable for the 

case of CH4/H2  etched at different energies13.
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Etching method Ds (nm) Dd (nm)

CH4 /H2 RIE 930±30eV 27±3 60±5

SiCU RIE 240±10eV 8±2 11±2

Ar IBE 500eV >60 >80

Ar IBE 800eV >80 >80

Ne IBE 500eV >10 >50

Table II: The depth at which damage saturation is reached Ds and the damage depth at 
saturation determined by the TLM method for a variety of etch processes.

The second trend is that lighter atoms produce greater damage, as can be seen very clearly 

from the A r and Ne results. This is not surprising because the energy deposited at the 
surface o f the substrate by the bombarding ion (and thus the energy available for sputtering 

the surface atoms) increases with increasing the ion mass and energy. The sputtering yield, 

therefore, is higher for Ar than for Ne, hence for a constant ion TUx i.e. a constant rate of 

energy deposition on the surface, less disordered material is being removed per unit time if 

Ne is used. This phenomenon has been reported in the literature24.
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Figure 3.16: % Remaining conductance as a function of the etch depth for GaAs samples 

etched in CH4 /H 2 and SiCU RIE and Ar (500eV and 800eV) and Ne (500eV). The 

epitaxial layer is 140nm thick, 3 x l0 18cm*3 Si-doped. The control samples were wet etched 

and plotted for comparison. The conductance was measured using the TLM method.
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3.6. Is channeling possible at very low energies (E < IkeV) ?

In this and the following section, the fundamental question o f 'why does the etch damage 

occur so deep in the material ?' will be discussed and arguments will be presented for and 

against some of the mechanisms suggested in the literature.

There have been contradictory reports about the penetration range of low energy ion beam 
in GaAs, for example IkeV Ar ion beam. Hidaka et al27 have reported a projection range of 
2.5nm, Pang et al28 on the other hand have estimated a range o f about 7.6nm. However 

several workers have reported in the literature that their estimates o f the depth o f damage 

induced by dry etching is much larger than the penetration depth of ions in the substrate. 

Various techniques have been used for the characterisation o f etch damage.

Germann et al29 estimated the damage depth in GaAs/GaALAs MQW structure using 

photoluminescence quantum wells at different depths. They estimated damage depths o f 
35nm and 160nm for Ar ion beam etching at 250eV and lOOOeV, respectively.
Hidaka et al27, on the other hand, had determined a damage depth of 120nm for rf plasma 

etching o f GaAs in Ar at bias voltage o f 76V using wet etching and photoluminescence. 

They compared their results with Pang's report30 of 50nm damage depth using a 500eV Ar 

ion beam and Ghandhi's31 damage depth o f 90nm for an Ar ion beam at lOOeV. Hidaka 

suggested that the relatively large damage depth they determined may be due to the different 

evaluation methods used. Pearton et al32 have estimated a minimum damage depth o f 

~50nm after etching GaAs in an Ar ion beam at 500eV at a tilt angle of 45°. The damage 

depth was determined by Schottky diode characterisation and wet etching. They also 

reported the presence of dislocation loops 6-7nm in diameter at depths between 13 and 

46nm below the surface after annealing the samples to 80CfC for lOsec. This depth is 

higher than their estimate of the mean range of 500eV Ar ion in GaAs (2.4nm with a 

straggle of 1.2nm). Pang et al33 have also reported that the breakdown voltage and the 
barrier height of Schottky diodes reduced drastically upon Ar ion beam etching at 500eV. 
I-V and C-V measurements had indicated the formation of an insulating layer on the 

surface. They also concluded that electrical measurements are more sensitive to defects 

generated in the substrate than most surface analytical techniques such as RBS, RHEED 

and cross section TEM. Scherer et al34 had used Ne ion beam to pattern GaAs/GaAlAs 

two-dimensional electron gas (2DEG) heterojunction. By measuring the resistance in situ, 

they found that upon etching lOnm of the cap layer, the 2DEG, which lies at 50nm beneath 
the cap layer, ceases conduction.

All the above workers have observed a large damage depth in comparison with their 

estimates of the ion penetration depth. Germann et al29 had investigated the dependence of 

the photoluminescence intensity of the angle of incidence of Ar ions (250eV) on multiple
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quantum well material, Fig. 3.17. Their results were interpreted in terms o f axial channeling 

along the <110> and <111> directions. The results in Fig. 3.17 clearly show an orientation- 

dependent effect
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Figure 3.17: The normalized PL intensity as a function o f the angle o f incidence a  o f the 

argon beam on two different sample orientations: (a) sample rotated to O  = 45° round the 

normal direction relative to the <110> direction (circle); (b) sample aligned parallel ( O  =0°) 

to the <110> direction. All samples were etched with an ion energy o f 250eV to a depth of 
7.4nm. The upper part o f the figure shows the geometry o f the etching process. (The 

figure is reproduced from Germann et al29)

To investigate whether an effect such as channeling can occur at very low energy, the theory 

of channeling will be considered briefly, and quick estimates o f some o f the channeling 

parameters will be performed. The results of an experiment devised to examine any 

orientation-dependent effect will be described and discussed.

In the classical theory of channeling,when an energetic particle (few tens keV < E ^  few 
MeV) enters the crystal lattice within a certain angle 'F  of a low index axis each time it 

approaches one of the aligned rows of atoms, the gradually increasing repulsion between the 
screened Coulomb fields of the projectile and the lattice row is sufficient to steer it away 
again thereby preventing violent nuclear collisions from  occurring. One obvious 

consequence of this steering mechanism is that the rate of energy loss is greatly reduced 

and so the ion penetrates more deeply than in an amorphous target.

There are two mechanisms responsible for stopping an energetic particles35:
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a. Nuclear collisions in which the momentum and kinetic energy are transferred to 
translatory motion o f the target atom as a whole (elastic encounter) and predominates at 
lower energies (E < 4keV). This is the energy loss mechanism of interest for the energy 

range used in the ion beam and reactive ion etching.

b. Electronic collisions in which the energy is transferred to the individual electrons of the 

atoms resulting in atomic excitation or ionization processes (inelastic encounter), 
dominating at high energies (E > 4keV).

For a given projectile and a single crystal target, the energy and the trajectory o f the particle 

determine which stopping process predominates. Eriksson et al36 had experimentally 

derived nuclear stopping powers for perfectly channeled Xe ions along the <100> direction 

of tungsten.
By measuring R (the range of the most perfectly channeled part o f the incident beam) as a 

function o f beam energy E, the total stopping cross section S can be derived by 

differentiating the R versus E curve.
So the stopping power S for perfectly channeled beam can be defined by

S = (1/N).AE/AR (3.4)

In Fig. 3.18, the stopping power was plotted as a function o f E 1/2, and for E > 4keV the 

relationship is linear, characteristic of the electronic stopping power36. The values o f the 

nuclear stopping power were obtained by subtracting the extrapolated electronic stopping 

contribution from the measured stopping power. Values o f the total and partial stopping 

cross sections (in units of 10_14eV.cm2/atom) for perfectly channeled X e133 ions along the 

<100> direction in tungsten is presented in table ID36-

E(keV) S Se Sn
0.5 3.2±0.4 0.2410.01 3.010.4

1 2.310.3 0.3410.02 2.010.3

2 1.610.2 0.4810.03 1.110.2

Table III: The total stopping power S, extrapolated electronic stopping Se and the derived 

nuclear stopping Sn for perfectly channeled X e133 ions along the <100> direction in 

tungsten^.

As can be seen in table III, the contribution of the nuclear stopping power become 
increasingly large as the ion beam energy decreases. It should be mentioned that the 

literature on the theory and experiments on channeling at very low energies is very scarce 

especially on GaAs.
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Figure 3.18: Experimentally derived values o f the total stopping cross section (open circle) 
as a function of E 1/2 for well channeled Xe ions incident on the <100> axis of a W  crystal. 

The dotted line is an extrapolation of the electronic contribution to lower energies. Crosses 

indicate the nuclear stopping obtained by subtracting the extrapolated electronic stopping 

power from the measured total values. (The figure is reproduced from Eriksson et al3** )

At energies less than IkeV, the range even of a channeled atom becomes comparable to the 
lattice spacing: for example, for 250eV X e133 in the <100> direction, removal o f 10A of 

tungsten (which is only six atomic layers) left less than 0.08% of the injected activity in the 

crystal indicating that in this energy region one has a "quantized" range distribution, i.e. a 

significant fraction of the beam becomes stopped within a single atomic layer. Eriksson36 

had attempted to apply the momentum approximation model for E > 0.5keV to predict the 
energy loss properties. However, this model breaks down at very low energies because the 
stopping power must go through a maximum and then decrease as the energy of the particle 

is spent.
The above examples have demonstrated that channeling is likely to occur at high energies, 

but not at the energy range used for RIE and IBE.

Lindhard37 had demonstrated that classical mechanics can be applied to the channeling case 

(involving a series of collisions) even though individual scattering events may not be 

amenable to classical treatment. It should be mentioned that the need for quantum 

mechanical consideration does not arise since the energy of the particles is very low. For 

axial channeling, Lindhard treated two approximations, the continuum string and the perfect 

string of which only the first will be considered here. In the continuum approximation, the
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potential due to a row of atoms is considered to be uniformly smeared out along the row i.e. 

a continuum potential.

Using Lindhard's theory35*37, the continuum approximation, some characteristic channeling 
parameters such as the angle of incidence of the particle upon a row o f atoms 'F i and the 

half angle of the axial channeling dip ¥ 1/2 will be estimated, see Fig 3.19, for Ne and Ar in 

GaAs at energies of 500 and lOOOeV using the data, quoted for low energy, given by 

Gemmell35.
For axial channeling, the angle of incidence of the particle upon a row of atoms *Fi is given

by

Y l « 0.307(Z iZ2/  dE)l/2degrees (3.5)

where Z i and Z2 are the atomic numbers of the incident ion and the target atom, E is the 

energy of the incident particle and d is the spacing between atoms in the row. The half 
angle of the axial channeling dip ^ 1/2 is given by

^ 1/2 = 0.8 F rs  (1 .2 U i/ a)1}7! (3.6)

Where F rs (£) is the Moliere potential can be obtained from Fig. 3.2035, Ui is the thermal 

vibration amplitude which may be estimated from Debye approximation38 as follows:

Ui = 1.21 {[O(x) /  x + 1/4] /  M 2 0 }  1/2 n m  (3.7)

Where O (x) is the Debye function which can be obtained from Fig. 3.21, M 2 is the atomic 

weight (amu) of the crystal atoms, ©  is the Debye temperature (K) and x is given by

x = 0 / T  (3.8)

where T is the crystal temperature (K). Values of ©  and M 2 were obtained from Gemmell. 

The value of a in equation 3.6 is the Thomas-Fermi screening radius. If the incident ion is 

not fully ionized, the Thomas-Fermi screening radius is given by

a = 0.04685 (VZi + VZ2y W  n m  (3.9)

For GaAs, Z2 is (31+33)/2 =32, Z \ is 10 for Ne and 18 for Ar, therefore a = 0.01 lnm  for 

Ne and 0.0102nm for Ar. The ion beam energy will be taken as 10"3MeV and 5x10*4 MeV, 

(IkeV and 500eV). The lattice spacing d is equal to 0.565nm along the <100> direction,
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0.401nm along the <110> direction and 0.326nm along the <111> direction. The results of 
in GaAs are presented in table IV

1/2
Z  0.5-

0

Figure 3.19: The normalized depth dependent yield X(x) of a close encounter process as a 
function of the angle *F (the angle between the incident beam and axial or planar direction in 

the crystal) measured in a channeling experiment. The angle ^ 1/2 is half the value of *P at 

X(x) = 0.5. The curve is commonly known as the channeling dip.
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Figure 3.20: Graph of the function F r s ©  as defined by Moliere's potential. (The figure is 
reproduced from G em m ell^ ).
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Figure 3.21: Graph of the Debye function O(x) as a function of x. (The figure is 

reproduced from Gemmell35).

Ion energy 'Fi<100> vFi<110> 'F i< l l l>

Ne IkeV 73.06 86.72 96.18

Ne 0.5keV 103.32 122.64 136

Ar IkeV 98.02 116.53 129.04

Ar0.5keV 138.62 164.54 182.49

The results in table IV are unreasonably large and can not be interpreted physically.
Debye temperature 0  for GaAs is 346K, and the crystal temperature T is 29IK, the value of 

x in equation 3.8 is 1.19. From Fig. 3.2135, 0 (x )=  0.74, and M 2  is 72.6amu (as for Ge). 

Using equation 3.7, the thermal vibration amplitude U i for GaAs is 0.007lnm. From Fig. 

3.20, F rs  (1.2Ui /  a) = F RS (0.7745) = 0.90 for Ne and F RS (0.8353) = 0.88 for Ar. The 
value of the half angular width of the channeling dip 'F 1/2 for axial channeling can be 

obtained using equation 3.6 for Ne and Ar at IkeV and 500eV and are listed in 

table V.

Ion energy 'Fl/2<100> xF i /2<110> 4 ' i/2<111>

Ne IkeV 52.60 62.43 69.24

Ne 0.5keV 74.39 88.30 97.92

Ar IkeV 69.00 82.03 90.84

Ar 0.5keV 97.58 115.83 128.47

It can be seen from the values calculated for 'F i.and  NF1/2 for very low energy ions that the 

channeling theory does not apply correctly at this energy range.
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The energy used in the RIE and IBE is of the same order as that o f a channeling particle at 

the final stage before it come to rest, namely the dechanneling stage. In this stage, the 

transverse energy of the particle become significantly modified through multiple scattering 
with electrons and nuclei. When the transverse energy of the particle become larger than the 

critical value for stable channeling, the particle will then dechannel and eventually come to 

rest after one or a series of collisions with the lattice atoms thereby creating disorder in the 

form of vacancies and interstitials.
It has also been observed that for well channeled ions of equal energy, the higher the mass 

the lower the velocity and hence the lower the stopping power. Therefore, contrary to the 

case of amorphous ranges where the nuclear stopping power usually dominates, channeled 
particles of high mass penetrate deeper than the lower mass particales33.

The arguments presented above clearly show that channeling is a high energy phenomenon 

and is not likely to occur at very low energies, therefore it is suggested that channeling is not 

responsible for producing the deep damage observed in the case o f RIE and EBE studied. 

Alternatively, an efficient momentum transfer mechanism or a diffusion related effect may 

be responsible for creating the damage.
An experiment was devised to test whether there is any crystallographic orientation- related 
effect during ion beam etching in Ar at 500eV.

3.6.1. Experimental

Six TLM/Hall samples were prepared as described earlier in section 3.3. the samples , with 

epitaxial layer 140nm, thick n-doped to 3 x l0 18c n r3, were mounted on a special graphite- 

coated holder suitable for use on the ion beam etcher. The samples were aligned, using 
straight line grooves in the holder, at various angles with respect to the <011> direction i.e. 

the edge of the sample. The angles were 0, 5, 10, 30, 40 and 45 degrees with uncertainty of 
±2 degrees. The sample holder was then mounted on the etcher stage so that the ion beam 

direction is at a right angle with the plane of the samples. Care was taken to insure that the 

lines on the holder are positioned as vertically as possible. The sample holder was then 

tilted to an angle of 45 degrees with respect to the ion beam direction. The samples were 
etched for 75sec using Ar ion beam at 500eV. The etch depth was measured for each 

sample and etch rates was found to vary between 23 to 65nmJ',3epending on the 
crystallographic direction32. The conductance was measured for each sample and the %C 

was obtained. Since the samples were etched simultaneously, it was assumed that they 

received the same dose of ions. Since the damage depth increases linearly with the etch 

depth as was found earlier in section 3.4.3., the %C was normalized by dividing it by the 

etch depth measured for each sample to eliminate the effect of conductance variation due to 

the thickness of the epitaxial layer. The normalized conductance (remaining conductance
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per unit etch depth) was plotted as a function of the angle o f the <011> direction. The Hall 

mobility after etching was found to be similar to that prior to etching. The same samples 

were examined by Raman scattering as described in section 3.7. and the depletion depth 

were obtained. The same normalization process was followed as above by taking the ratio 

of the depletion depth to the etch depth and the result was plotted together with the % 
conductance as a function of the angle off the <011> direction in Fig. 3.22. The result, Fig. 
3.22, shows an oriention dependency of the remaining conductance on the rotation angle.

Figure 3.22: The normalized % remaining conductance (%C/d) and normalized depletion 
depth as a function of the rotation angle O  off the <110> direction. The samples were ion 

beam etched in Ar at 500eV. The tilt angle was 45° off the direction of the ion beam.

3.6.2. Discussion of results

The result presented at Fig. 3.22 clearly shows some kind of orientation dependent effect. 

It can be seen that at an angle of about 35°, the %C /  etch depth reaches a local maxima 
showing that lower damage is produced at this angle. Again the depletion depth / etch depth 

curve shows a weak maxima indicating that a small depletion depth was formed at this 

angle. From simple geometry2 , it can be shown that 35° is the angle between the (110) and 

(111) planes and the low damage produced at this angle may be related to the fact that the 

(111) is the close-packed plane in a face-centred cubic structure.
As argued above, it is rather unlikely that channeling occursat the energy range used for 

ion beam and reactive ion etching, i.e.E < IkeV.

2 For a cube with a unit cell 'a', by defining the (110) and (111) planes, it can be shown that the 
angle between these plane 9 _ ^ - 1  (1/V2) = 35.26°.
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It is suggested that other diffusion or efficient momentum transfer mechanisms such as 

radiation enhanced diffusion, interstitial diffusion, focusing sequence collisions and assisted 

focusing may be responsible for the formation of deep damage. These mechanisms will be 

discussed briefly.

a. Radiation enhanced diffusion: Can be explained by the generation and diffusion of 
vacancies created during irradiation with ions. Pfister39 had proposed the creation of point 

defects by ion irradiation leads to enhanced substitutional diffusion via vacancy mechanism.

b. Interstitial diffusion: This rapid diffusion process occuiyafter the atoms have lost their 

initial energy without producing damage in the surrounding lattice. Such atoms must be at 

interstitial site and hence diffuse interstitially until they encounter a suitable trapping centre 

such as a vacancy, a dislocation or perhaps another impurity atom.

c. Focusing sequence collisions: Silsbee40 had pointed out that for successive collisions 

between atoms in a close-packed row o f atoms, the momentum vector may become more 

and more parallel to that row after every collision. Neglecting the thermal vibrations, the 
energy transferred in a head-on collision is 100%. However, the focusing mechanism is 

only possible in rather close-packed directions like <100> in FCC structures. When the 
starting angle o f collision is not small, the energy transferred per collision become 

appreciably less than the maximum.

d. Assisted focusing: Consider a <100> direction in a FCC structures, (see Fig. 3.23) when 
the lattice atom receives an impulse in a direction near <100> it has to travel through a 

square consisting of four nearest neighbour atoms before hitting the next atom in the <100> 

row. The angle between the momentum direction and the <100> direction will decrease 

when passing through the ring due to the repulsion by those ring atoms. As a result, 

focussing may occur and collision sequences may travel in the <100> direction. These are 

always replacement sequences.
It is believed that one or more of these mechanisms may be responsible for the observation 
of the deep damage in GaAs.
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Figure 3.23: A sketch of unit cube on an FCC crystal to show the ring o f the neighbouring 

atoms (hatched) around a < 1 0 0 > direction.

3.7. Raman scattering of coupled LO phonon-plasmon modes
3.7.1. Introduction

Raman scattering of the coupled LO phonon-plasmon scattering was investigated on heavily 
doped n+ GaAs ( S x lO ^cm ^) after reactive ion etching in CH4 /H 2  and Ar and Ne ion

beam etching (IB E).
Although Raman scattering uses a probe having a wavelength X > 300nm, it has the 

capability of being sensitive to various localized electronic and vibrational interactions in 

solid41, for example, the interaction of optical phonons (polar lattice vibrations) with the 
plasma oscillatiomof free carriers. This interaction produces coupled plasmon-LO phonon 

modes (cp-LO) which replace the LO phonons and the free carrier oscillations with two 

modes Li and L2 (high and low frequency modes respectively), Fig. 3.2441. In heavily 

doped materials the lower branch L2 will approach the TO phonon frequency (269cm*1) 

with longitudinal characteristics while high branch Li approaches plasma frequency and 

therefore the carrier concentration can be deduced readily42.
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Figure 3.24: Frequency shifts measured in light scattering spectra o f coupled plasmon LO- 

phonon modes of n-GaAs. (The figure was reproduced from Cardona and Guntherodt41).

3.7.2. Theory

The frequencies of the cp-LO modes are given by41

Ll,22 = 1/2 ( CDlo2 + dip2 ) ±  1/2 { ( (Dl o 2 + dip2 )2 - 4C0p2CDTO2 } 1/72 (3.10)

where Giro and COlo  are the bare TO and LO phonon frequencies, while Dip is the plasma 
frequency of the electrons. By solving the system dielectric function 8(co) = 0 for 

longitudinal modes42

e  (co) = e  (°°)[(co2 - colo2) /  (co2 - coto2) - cOp2(q)/co2] (3.11)

where Gip(q) is the wave-vector-dependent plasma frequency which is

co 2(q) = N e 2/e  £ m* + 3/5 K2V 2 (3.12)p n e ' o r F

here, Ng is the free carrier density, 8 , 6  is the permitivity in vacuum and of the
*

semiconductor respectively, m is the effective mass and K is Bolt zmann constant. The Vp 

is the Fermi velocity, assuming a parabolic band,
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V = ( h/m* ) ( 3jc2N )l/3
r C

(3.13)

q is the wave-vector of plasmon-phonon mode which, for back scattering configuration, is 
equal to q = 2vn, where v is the wave-vector of the excitation light, and n is the refractive 

index at the excitation frequency.

The plasma frequency is a function of the electron effective mass, the carrier density and the 

wave vector of the incident radiation. For GaAs, the plasma frequency varies from 100 to 
700 cm-1 for doping densities between 1017 and 1019cm"3. Because of this, the cp-LO 

modes can be well separated from the bare LO frequency. This allows the probe of 

depletion layers in heavily doped semiconductors, whose Fermi level is pinned to the 

surface. In this circumstance, the region nearer to the surface of the sample is carrier free. 

Therefore only bare LO phonon modes exist within the depletion layer width. Beyond the 

depletion layer, the carrier density increases rapidly and coupled plasmon- LO modes 
replace the bare LO mode.

Because the LO and the cp-LO modes have different frequencies, it is then possible to 
observe them simultaneously in the Raman spectrum. The presence of the bare LO modes 

gives information about the crystal quality of the near surface region. The relative intensity 

of the cp-LO mode to the bare LO phonon mode is a direct measure of the depletion layer 

width and any process induced changes. Assuming an abrupt change of carrier densities 

from the depletion region to the bulk region, the surface depletion layer thickness d can be 

calculated from the integrated intensity I(LO) as compared with Io(LO) of an undoped or 
semi-insulating GaAs material (n < lx l0 14cm '3)43 of known thickness using

I(LO) = I0(L O )[ l- e -« d ]  (3.14)

where a  is the absorption coefficient of GaAs.

Therefore the LO phonon intensity decreases with the increase o f material doping level. 
Assuming I(LO) - I0(LO) is proportional to the intensity of the coupled LO phonon- 
plasmon intensity I(Li), one can get

I (L O )/I0(Li) = B [ e “d -l ]  (3.15)

where B is a scattering constant obtained from

Io(LO) - I(LO) = B I(Li) (3.16)

The relative change of the intensity between Li and the bare LO modes can give information 

about the change in the surface depletion layer thickness which, in turn, is related to the
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surface damage caused by the etching.
Surface structural change such as surface roughness can also be revealed by the polarisation 
of incident and scattered light on the grounds of crystal symmetry44.

3.7.2. Experimental setup

The same TLM samples examined in section 3.4.1 and 3.4.3 were used for this study and 
the active layer in the centre of the Van der Pauw geometry was probed (400x400|im2).

TirJo lines from Ar ion laser (Spectra-physics model 2045), namely, 364nm and 488nm 

were used to probe the different depth of the surface region. The absorption coefficients45 

of these lines in GaAs are 7.27xl05 and 1.27xl05, which correspond to laser penetration 
depths (1 /a) of 13.8 and 78.7«nrespectively. The experiments were carried out at room 

temperature. The scattered light was dispersed by a Jobin-Yvon double grating spectrometer 

and detected by a cooled GaAs photomultiplier (253K) or a CCD multichannel system 

operating at 140K. The spectrometer is also equipped with both the UV and visible gratings 

to optimise the detected signal. The spectra of Raman scattering on unetched control 

samples are shown in Fig. 3.25.

The coupled phonon-plasmon mode was not observed under the UV line of 364nm hence, 

as shown in Fig. 3.26, the penetration depth of this line is smaller than the depletion depth 

of the control material. No detectable difference in peak intensities has been found between 
488nm and 5 14.5nm laser lines, as expected.

GaAs
Control
488nm

LO

3
cd 2x10locm

cn 
z
LLI
HZ

3x10'ucm

SO

1000800600400200

WAVENUMBER ( c m 1)

Figure 3.25: Raman spectra of heavily doped GaAs. The coupled plasmon-LO phonon 

mode and bare LO phonon line can be observed simultaneously due to the presence of
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surface depletion layer. In high, doping regions, the oscillation strength of L j is larger 

than L2  The second order scattering is also observed.

GaAs 2x10 18cm 
~ Control

LO2.0
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CO
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h-z

364nm

200 240 280 320

WAVENUMBER (cm'1)

Figure 3.26: Raman spectra taken using the 364nm and 488nm laser lines. The coupling of 

LO phonon with plasmon was not observed in the surface depletion region.

Two limitations must be considered on the analysis of Raman scattering of RIE and IBE 

GaAs. One is that the Raman scattering cannot probe damage depths larger than its own 

penetration depth. Therefore, the maximum damage depth assessed in our experiment is 

limited to 80nm by employing 488nm laser lines. The other limitation is the etching depth 
must be controlled to such a level that the Raman scattering does not probe the substrate 

region. Again, one can only analyse the sample with maximum etching depth of 60nm in 

the epitaxial GaAs layers (140nm thick) by using the 488nm laser line. This is because the 
epitaxial layer as grown on semi-insulating GaAs substrate in which bare LO phonons 

exist.
The experiments were performed under two commonly used polarisation configurations 

with back scattering geometry, designated by the notation Z(X,Y)Z and Z(X',Y,)Z, where X, 

Y, Z donate [011], [011] and [100] while X’ and Y' denote [010] and [001]. Transverse 

optical (TO) phonon scattering is forbidden in this back scattering geometry. This Raman 
scattering selection rule for LO phonon also holds very well for the coupled LO phonon- 
plasmon mode4^ as shown in Fig. 3.27. The selection rules for Raman scattering are very 

well observed in the control material for both polarisation configurations (Fig.3.27 shows 

one of the configurations).
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3.7.3. Results and discussion of Raman scattering.

The thickness d of the surface depletion layer can be calculated from equation 3.14 by 

careful comparison between the integrated intensity of the scattered bare LO phonons in the 

n+ GaAs samples and that of an undoped GaAs.
The calculated depletion layer thickness in control sample (2x 1018cm ' 3 is about

17.5 ±1.0nm. This value is in a good agreement with the theoretical degenerate model by

Shen et al47 and also verifies the observation discussed in Fig. 3.26.
The transition region beside the depletion region is typically 4.5nm43. This region should 

have little effect on the Raman spectra for penetration depth and depletion layer thickness 

larger than 25nm41. The band bending in the control sample can also be calculated to be

0.48eV from Poisson equation48.
From equation 3.15, the scattering constant B was evaluated to be 2.73 after the depletion 

layer thickness was calculated independently by comparing with an undoped sample.

>-
COz
LU
h-z

GaAs 2x1018cm'3 
Control

200 240 280 320

WAVENUMBER (cm '1)

Figure 3.27: Raman spectra in the allowed Z(X,X)Z, and forbidden Z(X,Y)Z scattering 

geometry under the back scattering configuration in the control sample. X,Y, and Z denote 

[Oil], [011] and [100] respectively.

The Raman spectra of GaAs reactive ion etched in CH4 /H2 for 2 minutes is shown in Fig.
3.28. The Li and LO phonon can be seen in the Z(X,Y)Z and Z(X' ,X')Z  configurations 

while scattering by both screened and bare LO phonons should be prohibited.The Raman 

spectra of samples ion beam etched in Ar at energies of 500 and 800 V are shown in Figure
3.29. It can be seen that the Li peak intensity has decreased for the sample etched in Ar 

IBE at 800 V.
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Figure 3.28: Raman spectra in the allowed and forbidden scattering geometry under the

back scattering configuration after the reactive ion etching o f GaAs in CH4/H 2 for 2
minutes. The breakdown of selection rules, although not severe, can be observed clearly. It 
is also clear that mode is more sensitive to the damage than LO mode. The geometry is

the same as figure 3.27.

While dry etching generally produces damage, wet etching tends to reduce the surface 

defects already present in the material by reducing the surface roughness and removing the 

surface contamination. Fig. 3.30 shows that the Li intensity increases after etching away 

40nm. This corresponds to a reduction of surface depletion depth from 17.5±1.0nm to 

16.0±1.0nm on this sample.
The depletion depth determined from the Raman spectra was plotted as a function of etch 

depth for samples etched in CH4/H 2 , ion beam etching in Ne (500V), Ar (500 and 800V) 

and wet etching, Fig. 3.31.
For CH4/H 2 etching, the figure shows that at the start of the etching, the damage increases 
and then saturates with a constant depletion depth. The saturated depletion depth is 

50.0±2.0nm for dc bias voltage of 930±30V.
Ne ion beam etching (500V acceleration voltage) produces the largest damage in this set of 

samples.
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Figure 3.29: Raman spectra of GaAs after Argon ion beam etching. It shows clearly that

etching at relatively high accelerating voltage (800V) induces larger damage than etching at 
lower accelerating voltage (500V) by comparing the relative intensities o f L j and LO

phonons.
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Figure 3.30: Raman spectra of GaAs after wet etching. Wet etching tends to reduce the 

surface defects already present in the sample. This is corresponding to the decrease of 

depletion layer thickness after wet etching.
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Figure 31: Depletion depth o f GaAs as a function of etch depth in various dry etching 

techniques. In CH4/H 2 RIE, the damage saturation was observed after an etch depth of 
2 0 nm.

Glembocki and Dobisz49  have measured the ratio of intensities of the cp-LO and the bare 

LO modes of GaAs dry etched by Ar or CI2 sputtering, RIE in BCI3 and chemically 

assisted ion beam etching (CAIBE) using A1 /CI2 with ion energies between 0.2-3keV. 

However, they have not measured the depletion layer thicknesses. They concluded that 

while CAIBE and RIE both reduce the above ratio similarly, their effect is smaller than the 
Ar sputtering. The best results they found were for the CI2 sputtering where the least 

reduction in the ratio was observed. Mlayah et al50 have observed LO coupled-damp ed 
plasmon modes in highly p-doped GaAs and their estimate of the doping level was in 

agreement with the Hall measurements.

3.8. Conclusions

1. Low dc bias voltage in the case of RIE, and low accelerating voltage in the case of IBE is 

a key parameter to reduce the damage induce! by the energetic ion bombardment

2. The use of ions (reactive or inert) with high masses helps to reduce the etching induced 
damage.

3. The employment of etching processes with high etch rates is an important factor in 
reducing the accumulated damage in the epitaxial layer, since the saturation condition will be 

reached at an area nearer to the surface via allowing less damage to accumulate (this is the 

case in SiCL* etching). In comparison, the dc bias voltage used in the case of CH4 /H 2
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etching was approximately four times higher and the etch rate was about an order of 
magnitude lower which resulted in larger damage depth.

4. The TLM method has proved to be a powerful technique for evaluating the damage depth 
accurately, and both the TLM and Raman scattering of the coupled plasmon- LO phonon 

method have produced reasonably close results.

5. The surface damage in GaAs can be described using an 'abrupt damage model' by which 

the thickness of the non-conducting subsurface layer saturates as the etching proceeds, and 

the interface between the conducting and non-conducting layers is abrupt.

6 . Arguments were presented against the possibility of channeling at very low energy as a 

cause for the deep damage observed by this study and other workers. Alternative diffusion 

and efficient momentum transfer mechanisms, such as radiation enhanced diffusion, 
interstitial diffusion, focu ising sequence collision and assisted focusing may be responsible 

for the deep propagation of damage.

Table IV shows results obtained using different techniques on either the same or
similar material systems. It can be seen that they agree fairly well on the main points, but 

that there are some discrepancies. Most notable is the saturated damage depth using 

CH4/H2  RIE at 930±30V as measured using Raman and TLM methods described here. The 

same samples were used for both measurements.

Etching method Ds (nm) Dd (nm) Technique comments

CH4/H 2 RIE 930±30eV 27±3 60±5 TLM

SiCU RIE 240±10eV 8±2 11±2 TLM

Ar IBE 500eV >60 >80 TLM

Ar IBE 800eV >80 >80 TLM

Ne IBE 500eV >10 >50 TLM

CH4/H 2 RIE 930±30eV 20 32 Raman

Ar IBE 500eV >10 >20 Raman

Ne IBE 500eV >10 >60 Raman

CH4/H 2 RIE 800eV - >10.6 CV lOnm etch depth

CH4/H 2 RIE 300eV - >6.6 CV lOnm etch depth

CH4/H 2 RIE 80eV - >2.6 CV lOnm etch depth

Table IV: Results of CV measurements are taken from reference 13.

The Raman scattering of the coupled LO phonon-plasmon mode in n+ GaAs proves to be a 

sensitive tool for the investigation of dry etching damages by analysing the relative change 
of its intensity with the bare LO phonons in the surface depletion region. It is evident from
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the argon ion beam etching data that low accelerating voltage produces less damage than 
high accelerating voltage, and in CH4 /H 2  RIE, the damage saturates after an etch depth of

2 0 nm.
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C h ap ter  4: C h aracter isa tion  o f s id ew all dam age in GaAs
nanostructures by TEM  (dark field im aging technique) and High 
Resolution TEM
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4.1. Introduction

There is an increasing interest in structures on the nanometric scale i.e. quantum wires and 

quantum dots for device applications in electronics1 and to explore the associated physical 

phenomena2 when the dimensions of the device are in the order of the electron wavelength. 

Such devices can be best defined by electron beam lithography and reactive ion etching 
(RIE). However, reactive ion etching involves the physical bombardment o f the substrate 
with ions o f energy between lOOeV and lOOOeV. This ion bombardment causes 
deterioration of the electrical and optical characteristics of the semiconductor (dry etch 

damage).

Several techniques have been used to evaluate the dry etch damage indirectly in III-V 

semiconductors, for example, evaluation of Schottky diode characteristics3*4 (ideality factor, 

barrier height and the reverse leakage cu rren t), variation in Photoluminescence intensity 

around the band edge due to damage3, the asymmetric broadening of the LO phonons and 
the existence of the geometry forbidden TO phonons in Raman scattering^. X-ray 

photoelectron spectroscopy, Auger electron spectroscopy and Infrared spectroscopy shed7 

some light on the surface chemistry. In addition the conductivity measurements of surfaces 

and sidewalls8 provide a mean to estimate the dry etching damage depth.

However, all these techniques while helping to evaluate the extent of the damage do not give 
direct information on the microscopic nature of the damage. The present method helps in 

this regard.
This TEM examination method was first used by Cheung9 to evaluate the dry etching 

damage in quantum wire-like structures, >150nm wide etched in SiCL* RIE. The non
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reproducibility and relatively thick wires made it difficult to interpret the diffraction images 

formed since the diffracted electrons are frequently involved in multiple-scattering events.

In the present work, the technique has been refined and wires 50-80nm wide, reactive ion 
etched using CH4/H 2 and SiCU have been prepared in a reproducible fashion. Thin wires 

make image interpretation simpler.

Wires have been modified to suit high resolution TEM (lattice imaging) which have been 

used to examine the lattice disorder produced by the etching processes.

Wires have been prepared using an epilayer regrown by MBE on an etched surface to 

examine the effect of an As rich atmosphere upon annealing the etched surface.

4.2. Theory of the dark field imaging technique - structure factor contrast

As described above, Cheung had dry etched wires >150nm wide using SiCU RIE. This 
wire thickness is larger than the extiction distance a parameter which measure the 

'mean free path' of the Bragg diffraction, which was calculated to be ^200 = 67.8nm for the 

(200) reflections of GaAs using 120keV electrons. Therefore, multiple electron scattering 

events occured which made it difficult to interpret the resulting image using the kinematical 
theory of diffraction.

It was therefore necessary to use the dynamical theory of diffraction, which assumes that the 

crystal is perfect and the only one set of Bragg reflection planes is near or at the reflecting 

position (the two beam approximation). In the present work, the technique has been refined 

and wires 50-80nm wide, reactive ion etched using CH4/H 2 and SiCU have been prepared 

reproducebly. For wires in this thickness range the kinematical theory, which assumes that 

the diffracted wave intensities are negligible compared to the incident beam intensity and the 

incident electrons suffer only one if any reflection, can be used for image interpretation.

Using techniques with high spatial resolution available in the transmission electron 

microscope, it is possible to interpret the contrast variation within certain types of images as 
having arisen from damaged regions within the wire itself. The dry etch damage is defined 
here as any change in the stoichiometry, lattice disorder or defects introduced as a result of 
the etching process. Direct investigation of the damage in the wires is then possible. The

(ri The extinction distance is defined to be twice the distance in the crystal which must contribute to the 
diffracted beamto build up a unit amplitude.
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following section describes a contrast mechanism which can reveal the damaged regions in 

the wires.

A parallel beam of electrons incident on the specimen is diffracted through various different 
Bragg angles (0b), as shown schematically in Fig. 4.1. Using the description first given by 

Bragg, see e.g. Kittel10, the "Bragg" angle (0b) is defined as

2dhki sin (0B) = n X (4.1)

where dhkl is the plane spacing between successive (hkl) planes; h, k and 1 are the Miller 
indices and X  is the wavelength of the incident beam of electrons.
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Crystalline specimen

Objective lens
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Objective aperture 
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focal plane
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Figure 4.1: Schematic diagram showing the effect o f the objective lens and the stop in 

bringing the diffracted beam to the focus, (a) off-axis and (b) on the optic axis. In both 

cases the beam is brought to a focus in the diffraction plane.

In Fig. 4.1 (a) parallel incident illumination ensures that the transmitted beam is brought to a 

focus in the diffraction, or back focal, plane of the objective lens. Those parts of the 

incident beam which pass undeviated through the specimen are brought to a focus on the 
optic axis of the microscope and those which are diffracted through some angle 0b , are 

brought to a focus at some position off the optic axis. In order to calculate the intensity 
contained in each of the diffraction spots it is necessary to perform a much more detailed
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examination of the diffraction process. The scattering process itself arises due to the 

orbiting electrons of the atom. It can be shown11 that the scattered wave is in the form of a 

spherical wave whose amplitude is proportional to the Fourier transform of the electrostatic 
lattice potential. The amplitude of the scattered wave is given by a "structure factor", f(0), 

given by;

f(0) = (2jtme)/h2 V(r|) exp (-i K [ . n) d ii (4.2)

where £  are the positions of the atoms in the unit cell; V(Ti) is the electrostatic potential at a 
point l i ; ; d ii is an element of volume in the unit cell and K is the difference in wavevector 

between the incident and scattered waves. The fact that the value of f(0) relies on V(ij) 

means that atoms with similar distributions of potential will have similar values of f(0) and 

this may occur if for example, the atomic numbers of two species are similar. Values of f(0) 
for elements (Ga and As) used in this study are given in table 4.1. It can be shown that f(0) 

is a maximum when Kj coincides with a reciprocal lattice vector.
Hence for strong scattering conditions;

K = Ai . b i + A2  b? + A^ b^

where bi are the reciprocal lattice vectors, and also

r = Bi . ai + Ci. a2 + Di .33

where ai are the lattice vectors in real space. It should be noted that by definition;

a i . bi = 5jj

It can be shown that the scattering from an assembly of unit cells is given by the sum of 

each of the structure factors of each unit ceil multiplied by the appropriate phase factor. For 
strong diffraction from an array of unit cells, the structure factor is given by F(0), where

F (0 ) = I, fi (0 ) exp (-2iti (Ai Bj + A2 Q  + A3 D;)) (4.3)

It is assumed throughout that each electron only suffers one, if any, scattering event, and 
also that the energy transferred to the beam during a scattering event is negligible. This is
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known as the Kinematic approximation, and is reasonably valid for the imaging mode used 

to examine the thin (=70nm) wire specimens.

Element f(20)a
(A)

Ga 5.365

As 5.970

Table 4.1: The relativistically corrected atomic scattering factors fa for Ga and As for 
lOOkeV electrons scattered through an angle 20 of approximately 12mrad12.

From Fig. 4.1(a), it can be seen that by carefully positioning an aperture, situated in the 

diffraction plane, only certain diffracted beams are allowed to be transmitted through the 

aperture in order to form the final image. Placing the aperture around e.g. the (002) spot 
would allow only those electrons which had been diffracted from (002) planes to form the 

final image. This type of image is called an (002) dark field image. In normal practice, 

rather than placing the aperture off-axis, as would be the case for Fig. 4.1(a), the incident 

beam is tilted prior to the specimen in such a way that the (002) diffracted beam travels 

down the optic axis, as shown in Fig. 4.1(b). Dark field images formed in this way tend to 

be significantly less astigmatic than those formed by shifting the aperture off-axis. Dark 
field TEM images reveal contrast which is related to the structure factor Fhki of the material 

through which the beam has passed.

GaAs has a face centred cubic structure with a basis of 2 atoms (one Ga and one As) at each 

lattice point. The fractional co-ordinates of the atoms within a unit cell of GaAs are (0,0,0), 

(0,1/2,1/2), (1/2,0,1/2) and (1/2,1/2,0) for Ga and (1/4,1/4,1/4), (3/4,3/4,1/4), (1/4,3/4,3/4) and 

(3/4,1/4,3/4) for As. From equation 4.3, the structure factor F002  (GaAs) from a unit cell of 

GaAs is given by;

Foo2 (GaAs) = 4 ( f()02/Ga - f(X)2/As ) (4.4)

where foo2/Ga and foo2/As are the scattering factors o f Ga and As at the Bragg angle 
appropriate to (002) planes. As the atomic numbers of Ga and As are similar, foo2/Ga and 

f(X)2/As are similar, (see table 4.112) and hence F002 (GaAs) is very small. The intensity in 

an (002) dark field image from GaAs is given by;

I002  (GaAs) (X F 002  F*002 (4.5)
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where F 002  and F*oQ2  denote the (002) structure factor and complex conjugate of the (002) 
structure factor of GaAs respectively.

From equation 4.4, an (002) dark field image from a perfect GaAs crystal should be very 
low in intensity. The situation does change, if for example there is a deviation away from 

stoichiometry which changes the structure factor, F002  (GaAs), of the crystal leading to an 
increase in the intensity.

In general terms, equation 4.4 can be expressed as

Foo2  = 4 ( p i S lll- p , S v ) (4.6)

where p i  and P 2  are the probabilities that the group five and group three sites within the 

unit cell o f GaAs are occupied. In pure GaAs with no defects, p i  = p 2  =1, S v and Sm  are 
the (002) structure factors of the atoms occupying the group five and group three sites in 

GaAs unit cell i.e.foo2/Ga an^  f002/A s respectively.

4.3. Specimen preparation and improvements

In this work, the TEM specimens were prepared as follows, Fig. 4.2:
Samples o f GaAs (2jl m  thick epilayer, Si doped to l x l0 17cm-3 grown by MBE on a semi- 

insulating substrate) were cleaved to an area of 3x4mm2 and cleaned using ultrasonic 

agitation in trichloroethane, Acetone and methanol respectively, rinsed in IPA and blown 
dry. It should be mentioned that the procedure of preparing the wires have been modified 

considerably from the initial experiments by R. Cheung5.
A double layer of PMMA resist was used; first 4% (BDH) was spun, coated and baked for 

an hour, then the second coat 4% Elvacite was spun and baked for 24 hours. The solvent 

was o-xylene, spin speed 7Krpm for 60 seconds and the bake temperature 180°C in both 
cases. The sample was exposed in a converted Philips SEM 500 at 50kV for the wire 
pattern at 5000X magnification (the frame size is 25xl9p.m 2 and the pixel size is

6. Ix4.64nm2) and a beam size of 8nm. This magnification was used to improve the wire 

definition (the minimum wire width corresponds to about 8 pixels). The wire pattern was 
12fim long with widths between 40nm and lOOnm with two square patterns to act as 

supporters when the wire is etched. The wire pattern was exposed repeatedly (using step
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and repeat command) for 40 times in a row with separation distances of 12|im to increase 

the probability of finding "good" wires during TEM examination.

r v v r v t v w v v w w'VV7 7 7 7 VV7 7 7 VV7 :
GaAs Substrate

Bi - layer PMMA

aW&y>y

e -Beam exposure

WXXXW AVXXX'W

50 nm Ti film  
deposition

 n______

Lift off then 
dry etcmng or wire

Photoresist

S3

UV exposure

H

Dry etching of platform

Wet Etching o f platform

a/
Lift off

Figure 4.2: Stages for preparing TEM wire specimens.

The sample was developed in 1:3 solution of MIBK:IPA for 80-120sec at 23°C then rinsed 
in IPA. The surface oxide was removed by dipping the sample in a 1:1 solution of 
H20:HC1 for 30sec. A 50nm thick film of Titanium was evaporated, (The ratio of the etch 
rate of GaAs and Ti in CH4/H 2 is —1:10). Liftoff of the metal film was done in warm 
acetone (50°C). The metal mask was used to form wires 50-80nm wide, 400-500nm high 

by RIE in CH4/H 2 and SiCU. For CH4 /H 2 , the etching was performed at a pressure of 
17mtorr with a gas ratio of 1:5 CH4/H 2 and flow rates of 6:30sccm respectively for 14 
minutes, rf power of 150W and a corresponding dc bias of 940V. In the case of SiCU, the
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etching was performed at a pressure 12mtorr for 2 minutes, rf power of 100W and a 
corresponding dc bias of 260V.

If the wires were to be used for transport measurements the fabrication of the wires would 

be complete. However, in this form they are not particularly suitable for examination in a 
TEM.

As discussed in section 4.2, the damaged regions in the wires are revealed by forming dark 
field images. In order to have the wires in the correct orientation with respect to the incident 

beam, the wires should be able to be tilted about the [110] axis. Hence the wires were 

fabricated in such a way that the long axis of the wires lay parallel to a [110] axis of the 

substrate on a (001) plane. Suitable mounting of the wires thus ensured that electrons, 

incident on the wire as shown in Fig. 4.3, were close to being perpendicular to the (110) 

plane. A sample holder was specially constructed which would enable the incident electrons 

to be directed approximately along the [110] direction and this is shown in Fig. 4.4. As the 

wires are in general only 500nm high, tilting about the [110] axis would be made 

considerably easier if the wires were on a high, yet narrow platform. This type of platform 

would mean that as the wires are tilted, neither the incident nor diffracted beams would 

collide with either the platform or the GaAs substrate.

w i r e
Mask

Supporter

Direction of 
electron beam

Dry/ wet etched 
platform

Figure 4.3: Schematic diagram showing the configuration o f a wire ready for TEM 

examination. The diagram is not to scale.



Figure 4.4: Photograph of the specimen holder constructed in order that the wires are near 

the correct orientation for analysis.Samples are mounted on the flat wall above the two holes 

through which the electron beam passes in the direction perpendicular to the plane o f the 

hole.

To make a suitable platform, the entire specimen was spin-coated with S 1400-3IE 
photoresist (~2|im  thick). The photoresist was then exposed accept for a stripe 10|im wide 

centred to the middle of the row of wires. The entire sample was dry etched in a SiCU RIE 

for 30min. This results in a platform which has straight walls. The platform width was 
narrowed down to ~6 p.m by wet etching in a 1:8:1 solution o f H2 0 :H2 0 2 :H2SCU. This 

step was introduced, as an improvement on Cheung's procedure, to increase the height of the 
platform above the substrate level to 8 -lOp.m, narrow the width o f the platform, remove any 

"grass" formed during etching the platform by micromasking and to introduce an 

inclination to the walls o f the platform which allow the specimen to be tilted through 

relatively large angles, thus enabling the sample to be oriented correctly. The analysis of the 

wires is also made considerably easier. The photoresist was then removed in acetone. SEM 

micrographs o f dry etched wires mounted on a dry-then-wet etched platform is shown in 

Fig. 4.5.

Finally the sample was mounted on a double-sided sticky tape and cleaved under the 
microscope to typical dimensions of 1mm x 70|im  using a surgical blade. The specimen 

was then mounted on the special holder using silver dag. Extreme care should be exercised 

during the mounting stage.

86



In an attempt to increase the height of the platform, the sequence of preparing the sample 

was changed. After evaporating the Ti mask instead o f etching the wires, the steps for 

patterning and etching the platform were followed. High and narrow platforms were 

produced, with the Ti wire mask centred in the middle were obtained. However, upon 

examining the specimen by SEM after removing the photoresist in acetone and etching the 

wires, "grass" was found to ingulf the wires as shown in Fig. 4.6. The grass is formed via 

micromasking by photoresist which fail to dissolve in acetone, probably due to crosslink 

during RIE etching.

(a) (b )

Figure 4.5: Micrographs o f (a) a wire 50nm wide etched using CH4/H 2 RIE, and (b) a 

specimen ready for TEM examination showing wires (as in (a)) mounted on a platform.

4.3.1. Specimen alignm ent procedure

The etched samples were examined using a JEOL 1200EX microscope operating at voltage 

120kV. This enabled the bright field (000) and dark fields formed by the (002) and (004) 

diffracted beams to be imaged.
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The experimental arrangement for the study of the wires is outlined below. Diffraction 

patterns formed from suitably oriented wires allowed identification of the (002) diffraction 

spot. A diffracuon pattern obtained from one of the wires is shown in Fig. 4.7(a), and each 

of the spots is indexed in Fig. 4.7(b).

Figure 4.6: A micrograph of a wire etched using SiCU RIE surrounded by 'grass' formed 

by micromasking. The wire is not suitable for TEM examination.

Only just over half of the pattern can be observed as the other half collides with the platform 

or the substrate, and hence is obscured. Further, using the Kikuchi11 pattern, formed with 

convergent incident illumination, the intensity in the (0 0 2 ) spot could be maximised by 

placing the appropriate Kikuchi band on top of the relevant spot, i.e. the intensity in an 

(002) spot is maximised by having the (002) Kikuchi band on top of that spot. In practice 

the (002) Kikuchi band is so weak that it cannot be observed and so the intensity in the 

(002) is maximised by placing the (004) Kikuchi band (which is visible) approximately 

midway between the (002) and (004) diffraction spots. The specimen is then tilted slightly, 

while observing the (0 0 2 ) diffraction spot, in order to determine the orientation which 

maximises the intensity in the (002) spot. This ensures that the incident beam is at the 

Bragg angle appropriate to the (002) plane.

88



004

002

. •  •
1 1 1  H I

120 000 220

i l l  i n

00*
•  •

004

(a) (b )
Figure 4.7: (a) Diffraction pattern obtained from a wire etched using SiCU RIE, with the 

spots indexed (b).

4.4. Results of SiCU etched wires

The crystallinity of the wires was first examined in order to study if there was any loss of 

the crystal structure along the length o f the wire. To enable this type o f study to be 

undertaken, the smallest "spot" size was selected on the microscope, and then focused on 

the wire. Diffraction patterns from chosen areas of the specimen were then formed with a 

convergent incident beam. Under these circumstances a diffraction pattern is obtained from 

a region which is approximately 50nm in diameter. As the specimen is moved relative to the 

spot, any loss of crystallinity in the wire would be accompanied by a change in the form of 

the diffraction pattern. As the focused spot was moved over the wire, and in particular over 

the region near the end of the wire, (which had been exposed to SiCU from the sides as well 

as the edge) no significant changes could be detected in the form of the diffraction pattern. 

It is therefore assumed that there is no apparent loss o f the crystal structure at any point 

along the length of the wire.

A series o f images were obtained in the TEM for various SiCU etched wires. In each case 

an (000) or bright field and (002) dark field images were recorded. An image formed by 

electrons which had been inelastically scattered was also obtained as any intensity variations
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in this type of image would be indicative of thickness variations along the length o f the wire 

itself. An (000) image of the end of a wire etched in SiCU is shown in Fig. 4.8a, with the 

corresponding (002) and inelastic images in Figs. 4.8b and 4.8c respectively. It can clearly 

be seen that in the (002) image there is a bright band at the edge of the wire extending 

approximately 50nm along the length of the wire. From equation. 4.6, intensity variations in 

the (002) image would indicate that any or all of p i ,  S v , P2 or S m  could be varying. By 
definition p i and P2 represent the probability that the group five and three sites are occupied 

respectively. If the etching process were to introduce defects into the crystal structure, either 

or both of p i and p 2 would vary, so resulting in an intensity variation in the (002) image. 

However, if the 50nm broad bright band in the image were caused by defects on this scale, 

the form of the diffraction pattern would vary around this region, and this was not found to 

be the case. Alternatively, if vacancies did exist at e.g. group three sites and were 

subsequently filled by group five atoms, this would again result in intensity variations in the 

final (002) image as Sv  would vary. Intensity variations in the (002) image only serve to 
indicate that there is some deviation away from stoichiometry in those regions which appear 

darker or brighter than the apparently undamaged crystal.

It should also be noted that thickness variations must also be accounted for, because were 

the wire to become thinner towards the end of the wire, this would result in a similar change 

in intensity. By examining of the inelastic dark field image shown in Fig. 4. 8c, and from 

SEM inspection, it can be seen that the thickness variation along the length of the wire is 
within the resolution of electron beam lithography (±10nm) and therefore the changes in 

intensity in the (002) image are not attributable to thickness variations. The intensity 
variations in the (002) images can therefore be attributed to changes in the value of the 

structure factor, caused by compositional changes in the material.

Such features have very recently been reported by Cheung9, during an investigation of 
thicker SiCU etched wires ( >150nm wide). It appears from the (002) image, Fig. 4.8b, that 

the extent of the damage is quite significant over a distance of < 20nm. From the intensity 
variations, the scale of the damage appears to decrease monotonically with increasing 

distance away from the edge of the wire.
From equation. 4.6, it can be seen that using the relatively simple (002) dark field imaging 
technique it is impossible to suggest whether the intensity variations arise from changes in 

S v or Sm - This is due to the fact that the intensity in an (002) dark field image is 

proportional to the SQUARE  of the difference in structure factors. However that such 

intensity variations do exist would indicate that there are deviations away from stoichiometry 

in the GaAs crystal.
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(b)

(c)

Figure 4.8: (a): (000) bright field image 

of a wire which had been etched using 

SiCU RIE, (b) (002) dark field image of a 

wire which had been etched using SiCla 

RIE, and (c) dark field image formed 

using electron  w hich  has been 

inelastically scattered (inelastic image).



In an attempt to analyse the change in composition in wires etched in SiCU, Energy 

Dispersive X-ray (EDX) was used with a spot size o f ~5nm using HB-5 microscope 
operating at 120keV. However, the geometrical arrangement o f the sample and X-ray 
detector was such that X-ray signals emitted from the platform as well as the wire were 

detected which resulted in smearing out any effects related to genuine change in 

composition. Fundamental changes in the detector geometry would have been required to 
isolate the signal from the platform from the wanted X-ray signal from the wire. 

Unfortunately that was not practical within the time span allocated for the experiment

4.5. Results of CH4/H 2 etched wires

A series of (000), (002), (004) and inelastic images were obtained for CH4/H 2 etched wires 

which are shown in Fig. 4.9a, 4.9b, 4.9c and 4.9d respectively. It should be noted that the 

Ti metal mask is marked A in Fig 4.9a. From the same micrograph, it can be seen that 
there is a thin coating marked B which extend over the entire specimen. Analysis of Fig. 
4.9a and Fig. 4.10 which is a high magnification SEM image, indicates that this is most 

probably a thin residual layer of photoresist which has not been removed fully in the 

development stage (this is confirmed later is § 4.8.2. for SiCU etched wires). It should be 

mentioned that this coating was also observed on SiCU etched wires observed by high 
magnification SEM. From the series of TEM images, Figs. 4.9a to 4.9d, it is immediately 

apparent that the nature of the damage in the CH4/H 2 etched wires is very different from 

that of the SiCU etched wires. From the (0 0 2 ) dark field image the wires appear to be 

"spotty". Features which resemble those observed in the wires have been reported by 

Freiser13 after dry etching of Si. These features were attributed to dislocation loops in the 

crystal caused by the dry etching process particularly the presence of hydrogen in the etch 

gas. From images such as those of fig. 4.9b, it was estimated that these dislocation loops 
had an average diameter of approximately 7nm. Defects of this kind have also been 
reported by Sandana^ following proton implantation of GaAs. From (002) dark field 
images recorded along the length of the wires no compositional changes could be detected. 

Convergent beam diffraction patterns were also recorded from various points along the wire, 

and no observable changes in the form of the pattern could be detected. It should be noted 
that the spot size used to form the diffraction patterns had a diameter of approximately 

50nm, and that the average dislocation loop is only 7nm in diameter.
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(a) (b)

(c) (d)
Figure 4.9: (a) (000) bright field image of a wire which had been etched using CH4/H2
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RIE, (b) (002) dark field image of a wire which had been etched using CH4/H 2  RIE. The 

Ti mask is marked A and the photoresist film is marked B, (c) (004) dark field image o f a 

wire w hich had been etched using CH4 /H 2  RIE, and (d) dark field image form ed using 

electron which has been inelastically scattered (inelastic image).

GaAs wires etched in CH4/H 2 differ significantly in their electrical performance from those

etched in SiCU- This was due to the presence of hydrogen trapped in the GaAs lattice after 

the etching process and which passivates the Si dopant4. As the diffusion coefficient o f 
hydrogen and GaAs is relatively high (= 0.4p.m2sec_1)» this effect is normally overcome by 

annealing the specimen at 380°C for lsec in order that the hydrogen diffuses out o f the 

lattice. The images of the CH4 /H 2 etched wires shown in figs. 4.9a through 4.9d were 

obtained prior to annealing. Images recorded from the same wire after annealing showed 

that the dislocation loops were still present, and in fact there were no observable differences 

in the form of the wires after annealing. The features attributed to dislocation loops are still 

present, there was no apparent loss of the crystal structure, nor was there any observable 

change in the composition of the crystal.

It is worth remembering that the CH4 /H 2 etched wires discussed above were etched in a dc 

bias of 940V. In an attempt to investigate the effect of the dc bias on the formation of loops, 

it was decided to prepare sets of wires at a dc bias of 70V-80V using an RIE80 etcher. The 

etch rate was very low, lnm .m in*1, which resulted in unpractically long etching time 

(500min) to obtain a wire height comparable to the wires used earlier. However, for wires 

etched for 30min, SEM examination has revealed the presence of deposition on the surface 

of the specimen as well as the sidewalls of the wires. To test whether the deposition is of a 

polymeric form, the specimen was ashed in Oxygen plasma for 30min, a standard method 

for removing polymers, then examined by SEM. The deposition has survived the ashing as 

can be seen in Fig. 4.11, indicating that it may be some non-volatile etch products. The 

experiment was repeated for shorter etching times but, unfortunately, the deposition was 
present on all the specimens.
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Figure 4.10 (left): High magnification SEM micrograph o f a wire etched using CH4/H 2 

RIE showing the residual coating o f photoresist

Figure 4 .1 1 (right): Micrograph showing a wire etched using CH4/H 2 RIE at a dc bias of 

80V. Deposition can be seen on the sidewall of the wire.

4.6. H RTEM  of SiC l4 and CH 4/H 2 etched wires

For the high resolution TEM investigation, the wires were etched for a longer time so that 

for SiCU etched wires, the Ti mask is just etched away and very thin regions o f GaAs are 

formed. In the case o f C H 4 / H 2 ,  lower pressure (~14mtorr) was used to enhance the 

overcutting" effect^ and to obtain perforation. A bright field TEM image of a wire etched 

in CH4/H 2 for HRTEM examination is shown in Fig. 4.12.

The high resolution examination were carried out using an Akashi ABT 002B microscope 

operating at 200kV. The imaging conditions were such that all reflections corresponding to 

lattice spacings larger than 0.1 Sum were allowed to pass by the objective aperture, and that 

Scherzer defocus of 36.5nm a structure image down to 0 .18nm should be obtained.

9 5



Figure 4.12: Bright field image showing a wire etched using CH4 /H 2 RIE modified 

specifically for high resolution TEM (HRTEM) examination.

The specimen was aligned for viewing on the (111) zone axis by small adjustments of tilt in

both directions. The extinction distance in this projection was approximately 15nm. No

radiation damage effect were observed.

The wires etched specifically for the high resolution examination were sufficiently thin and 

had a wedge shaped profile.

At the edges o f the SiCLt RIE etched wire, there was an amorphous region approximately 

2.5nm wide, tentatively corresponds to the native oxide, region A in Fig. 4.13a, however 

compositional analysis was not possible, at the time of examination, to prove it. This 'oxide' 

layer also existed on the upper and lower surfaces o f the specimen, i.e. sidewalls o f the wire, 

so that regions where lattice structure was absent i.e. all GaAs had been removed, there 

remained the oxide layer only, region B in Fig. 4.13a.

Three features of interest were observed in the micrograph:

1. Areas, possibly Voids, where lattice structure was absent leaving only the mottled effect. 

This could correspond to a vacancy loop or the result o f uneven etching resulting in 

complete GaAs removal at this point. These areas ranged from l-5nm  in diameter, Fig. 

4.13a.
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(C)

Figure 4.13: HRTEM images o f a wire etched using SiCU RIE (a) showing the oxide layer 

on the edge of the wire (marked A) and voids were the latuce structure is absent, marked B, 

(b).Void areas and disorder in the lattice in the form of a row approximately lnm  wide and 

5nm long (arrowed) lying along the direction of bombarding ions, (c) lattice disorder in the 

form of extended dislocation having the appearance of a classic dislocation (arrowed).
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2. Disorder in the lattice. This did not have an appearance o f a line dislocation but the 

disorder was in a row approximately lnm  wide and up to 5nm long running along the 

direction o f bombarding ions, Fig. 4 13b. Such an appearance may be presented by a 

vacancy loop with its plane parallel to the incident electron beam. This would support the 

vacancy loop interpretation of the voids, described in 1.

3. Extended dislocations which had the appearance o f classical line dislocation- although in 

projection their Burger's vector could not be ascertained, region C in Fig. 4.13c. They 

appear less frequently than the features in 1 and 2 .

High resolution examination of CH4/H 2 RIE etched wires showed small features, possibly 

voids, but less frequently than in the SiCl4 etched specimen, Fig. 4.14a. There were many 

regions o f variable contrast which were attributed to strain within the wire, Fig. 4.14b

(a) (b)
Figure 4.14: HRTEM images of a wire etched using CH4/H 2 RIE (a) showing small voids 

b) showing many regions o f contrast which may be attributed to strain in the wire (the arrow 

points at the residual coating).

4.8. D ark  field im aging of wires p repared  by etching and  regrow th  of GaAs

As w ill be described in chapter 5 it was found that etching in SiCU RIE causes As 

deficiency on the surface. The aim of this experiment was to investigate, using dark field 

imaging of TEM wires, the possibility o f curing the As deficient etched surface by exposing
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it to an As flux during regrowth of a GaAs epilayer by m olecular beam epitaxy. The 

regrowth process, performed by Dr. C. Stanley of the MBE group in Glasgow University, 

was monitored by Reflection High Electron Energy Diffraction (RHEED) 1546

4.8.1. Etching and regrowth

One quarter of the wafer used in the experiments above was cleaned ultrasonically using 

trichloroe thane, acetone and methanol then rinsed in IP A. The sample was then etched in 

SiCU  for 2min using the conditions described in section 4.3. The sample was then 

prepared for regrowth. The preparation procedure started by em ersing the sample in 

concentrated H2SO4  for 5min using ultrasonic agitation to clean the surface of any organic 

contamination. The acid was changed and the process was repeated for another 5min. This 

was followed by rinsing under a flow of water for more than 30min until the surface 

become hydrofilic. The sample was bonded on a 2" wafer using Indium at 250°C. At this 

stage, some surface oxide is expected to form. The sample was then introduced to the MBE 

substrate entry /  exit chamber at which it was heated to 200°C over a period of 3hours 

(pressure ~ lx lO '8 torr). This was followed by outgassing in the buffer chamber at 400°C 

for 60min, 500°C for 180min then 620°C for 20min. This procedure was used to remove 

the surface oxide. The sample was introduced to the growth chamber at which an electron 

beam (1.5keV) was incident on the sample a t  a grazing angle o f 1 degree and the diffracted 

RHEED pattern was projected on a screen. The RHEED pattern was "spotty", an indication 

of surface roughness, Fig. 4.15a and 4.15b, but no evidence of surface oxide was found.

A flux of As2 was introduced as the sample was maintained at 580°C for 25min during 

which the RHEED pattern along either the [ 110] or [110] directions showed evidence of the 

half order streaks indicating that the surface was reconstructing and becoming flatter, Fig. 

4.15c and 4.15d. The RHEED pattern then showed an As stable surface with a 2x4 

construction. By changing the azimuthal angle by 90°, 4x2 pattern was obtained which 

indicated that the surface is As stable, Fig. 4.15e and 4 .15f. Within 60sec of commencing 
GaAs growth at a rate of 111m .h r 1, reasonable 2x4 construction was observed indicating 

that the surface was essentially atomically flat, Fig. 4 .15g and 4.15h. An epilayer 150nm 

thick of GaAs was grown.

After regrowth, TEM specimens were prepared as described in section 3.4. such that the 

wires were etched through the growth interface.
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4.8.2. Dark field imaging of regrown wires

The specimen was aligned as described in section 4.3.1. and the images recorded are shown 

in Fig. 4.16 a, 4.16b, 4.16c, 4.16d, 4.16e and 4.16f. The diffraction pattern, Fig 4. 16a, is 

similar to that in Fig 4.7a. The rings are due to the Ti mask since the electron beam was 

broad enough to pass through the wire as well as the Ti mask. The (000) images (bright 

field), Fig 4.16b and 4.16c at different magnifications, Show few features:

The regrowth interface can be seen half way through the height o f the wire and it show 

roughness o f about 7.3nm (distance from peak to valley measured from the micrographs) 

which is due to the SiCLj RIE etching process. In the original and the regrown material, 

there exist some circular (or semicircular) areas o f variable contrast up to ~30nm in 

diameter in the regrown region, and smaller regions ~ 1 0 nm in diameter and less frequently 

in the original material i.e. the bottom half of the wire. The Ti m ask is still on top of the 

wire, better observed in the Inelastic image shown in Fig 4.16f, and the entire wire in 

enclosed in a film approximately 25nm thick of photoresist which has not been removed 

totally during the last stage of wire fabrication as seen in Fig 4.16c. The (002) images, Fig 

4 .16d and 4 .16e, show a large contrast changes in the circular regions described above. It 

can also be seen that the edge of the wire is brighter than the bulk.

The inelastic image, Fig 4.16f shows a brighter wire edge indicating that less electrons are 

scattered inelastically at the edge i.e. it is thinner than the rest of the wire. Therefore the 

change in contrast observed in the (0 0 2 ) images at the edge of the wire may be attributed to 

the change in the thickness of the wire rather than to stoichiometric changes only.

It also shows some changes in the contrast in the interface region and in the circular areas 

described above.
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Figure 4.15: Reflection high electron energy diffraction (RHEED) patterns (a) and (b) 

along the [110] and [110] directions respectively before exposing the etched surface to As2 

flux, (c) and (d) along the [110] and [llO ] direcuons respectively showing elongation o f the 

spots and the formation of 'arrow head', (e) and (f) along the [110] and [110] directions 

respectively at the beginning of GaAs growth and (g) and (h) along the [110] and [110] 

directions respectively after lmin of commencing GaAs growth.



Figure 4.16: (a) Diffraction pattern 

obtained from a 'regrown' wire etched 

using SiCU RIE, (b) and (c) (000) 

bright f ie ld  im ages at high  

m agnifications o f a 'regrown' wire 

which had been etched using SiCU
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(d) (e)

Figure 4.16: (d) and (e) (002) dark 

f ie ld  im a g e s  at d if fe r e n t  

m agnifications o f a 'regrown1 wire 

which had been etched using SiCU 

RIE, and (0  dark field image formed 

using electron  which has been 

inelasdcally scattered (inelastic 

(f) image).
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4.9. Discussion and conclusions

The TEM techniques used in this study have provided the first direct comparison o f the 

sidewall damage in quantum wire-like structures etched in GaAs using CH4/H 2  and SiCU 

RIE. In contrast, other techniques were used in the thesis to observe and/or estimate the 

etching damage but in indirect way.

The procedure o f making the wires was modified to produce thin wires so that the 

kinematic theory can be used to interpret the results. The use of e-beam lithography, to 

define the wires, and optical lithography to pattern the platform has eliminated problems 

encountered when positive and negative e-beam resists w ere used for both stages5. 

Improvements such as thinner wires, longer platform, to accommodate many wires and 

increase the probability of finding wires suitable for examination, narrower and higher 

platform, to simplify finding the wires and alignment of the TEM, have helped is finding the 

wires, alignment of the wires in the right orientation for examination and in interpreting the 

results of the TEM examination.

Using the TEM dark field imaging technique, it was found that RIE of GaAs in silicon 

tetrachloride and methane-hydrogen plasmas does not cause amorphisation of the sidewalls. 

From the inelastic image of wires etched in silicon tetrachloride, Fig 4.8c, it can be seen that 

the contrast along the wire is uniform indicating that the width o f the wire examined is 

uniform (the fact that the wire looks brighter near the edge is due to using a small electron 

beam for detailed examination of sections of the wire). So the change to brighter contrast in 

the (002) image, Fig 4.8b, observed at the edge indicates com positional changes off- 

stoichiometric GaAs rather than an effect related to thickness variation. There is a region < 

2 0 nm wide starting from the edge of the wire with bright contrast after which the contrast 

reduces gradually to that of the bulk of the wire. Similar observation has been made by 

Cheung5 with region width of ~25nm. It is evident that the SiCU etching process does 

cause some damage in the form of change in composition in the following way:

(a) In the bulk of the wire, i.e. a way from the edge, the contrast observed is due to the sum 

of undamaged GaAs sandwiched between two damaged layers at the sidewall of the wire 

since both sides were exposed to ion bombardment during etching.

(b) At the edge of the wire, the brighter contrast observed may indicate severedamage due to 

the fact the edge of the wire is exposed to the ion bombardment from three sides resulting in 

damage of the entire GaAs matrix across the thickness of the wire.
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It is difficult to quantify the damage depth from measuring the width of bright contrast 

region at the edge of the wire since as mentioned in (b), this change in contrast is due to an 

additional damage component from the edge of the wire. The film ’s exposure dose versus 

film contrast curve should be linear over the range of contrast used, for the quantitative 

results to be acceptable.

High resolution TEM examination of SiCU RIE etched wires has revealed the presence of 

void areas were lattice structure was absent, Fig. 4.13a. The areas are l-5nm  in diameter 

which may be infered as vacancy loops. Disorder in the lattice was also observed in rows 

approximately lnm  wide and up to 5nm long mainly along the [100] direction i.e. the 

direction of ion bombardment, Fig. 4.13b. These features may be attributed to the vacancy 

loops suggested above with its plane parallel to the incident electron beam. Finally extended 

dislocations which had the appearance of a classical dislocation, Fig. 4.13c, although in 

projection their Burger vector could not be ascertained

For wires etched in CH4/H 2  RIE, the nature of the contrast variation is different from what 

is observed in SiCU etched wires, indicating a different type of damage, Fig. 4.9b and 4.9c. 

Regions o f contrast variation up to 7nm in diameter which may be infered as dislocation 

loop-like defects. It is known that hydrogen can diffuse easily in GaAs during CH4/H 2 

RIE and passivates the dopants. It is also known that annealing at 380°C for lsec is 

sufficient to re-active the dopants. (002) images of wires prepared by CH4/H 2  RIE before 

and after annealing were very similar indicating that annealing at this temperature may be 

sufficient in removing hydrogen and activating GaAs electrically, however, the physical 

disorder hydrogen creates is not removed.

Features similar to what is observed in wires etched in CH4/H 2 RIE have been shown by 

F r ie s e r1^ upon etching Si using hydrogen and Sandana14 near the projected range after 

proton implantation of GaAs at 300keV and annealing at 500°C for 20min.

It should be mentioned that in one (and only one) of the CH4/H 2  RIE etched wires, plate
like features were observed after annealing, Fig. 4.17, defined along the {111} planes. 

Similar plate-like defects have been observed by Sandana who suggested that these defects 

are hydrogen precipitates which were formed from accumulation of high concentration of 

vacancies. However, the plate-like defects were not observed in any other wires and can not 

therefore be thought of as a common etching-related defect.
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Figure 4.17: (000) bright field image o f a wire which had been etched using CH4/H 2 

showing plate-like defects (a magnifying lens is needed to observe the defects in the form of  

bright/dark fringes).

High resolution TEM examination of wires etched in CH4/H 2 RIE showed small features, 

possibly voids, similar to, but less frequently than in the SiCU etched specimen. Fig. 4.14a. 

It also showed many regions o f different contrast levels which may be attributed to strain 

within the wires, Fig. 4.14b. It should be noticed that the HRTEM examination and 

analysis o f etched GaAs wires performed in this study is neither extensive nor exhaustive 

and more work is needed to analyse the origin and evolution of the defects observed in this 

study.

The etching-regrowth experiment was interesting from the MBE growth point o f view since 

it provides a novel way of imaging interfaces directly enabling information about the 

interface roughness to be correlated with the RHEED patterns recorded during the regrowth 

process. The interface roughness, which is due to the SiCU etching process, was estimated 

to be up to ~7.3nm. It is worth mentioning that Cheung5 has estimated the root mean 

square roughness o f GaAs surface etched in SiCU RIE at rf power o f 100W to be ~1.7nm  

using specular X-ray reflectivity5.

The presence o f the large circular defects in the regrown wires can not be attributed the 

etching process only since etched wires previously examined did not show any similar 

features. Nor can these defects be related to the annealing procedure/temperature
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accom panied the growth process since 580°C is not considered as very high growth 

temperature in M BE17 and high quality GaAs have been grown in the temperature range of 

520°C to 610°C18. At present, one can only speculate that the defects generated during the 

etching process might have agglomerated during annealing the sample to form larger 

defects. However that does not explain how larger defects were formed in the regrown 

region. On the other hand, the possibility of formation of As precipitated should not be 

ruled out since the etched surface has been exposed to an A s2 flux for 25min before 

commencing growth as described in section 4.8.1.

By com paring the inelastic image, Fig. 4.16d, and the (002) im age at the same 

magnification, Fig. 4.16f, it can be seen that these circular defects are accompanied by 

thickness variation. That is, regions inside the defects with bright contrast in the (002) 

image, i.e. non-stoichiometric, show dark contrast in the inelastic image i.e. they are thicker. 

This observation supports the idea that these features are related to As precipitates, in 

addition, it indicates that the local etch rate of these regions may be lower resulting in less 

m aterial being etched. This indication also im plies that there is a local change in 
composition in the circular defects.

The question 'whether the exposure of the etched surface to As2 flux at the beginning of the 

regrowth process has cured the As deficiency?' can not be answered straight forwardly due 

to the large contrast variation in the (0 0 2 ) image on the whole wire and some thickness 

variations at the interface region.

To conclude the results presented in this chapter:

1. The method for preparing TEM specimens for examining the sidewall damage directly 

has been refined to enable wires 50-80nm thick to be prepared and examined reproducibly 

using dark field imaging technique .

2. Wires etched using SiCU and CH4/H 2 RIE were compared and it was found that wires 

etched using the former process show some change in composition near the edge of the 

wire. While wires etched using the later process display a 'spotty' texture on the entire wire 

which is attributed to dislocation loops up to 7nm in diameter and is likely to be related to 

hydrogen bombardment of the sidewalls. Annealing the wires at 380°C for 1 second 

reactivates the dopants, however it does not recover the lattice disorder caused by the 

bombardment.

3. HRTEM  examination of SiCU etched GaAs wires revealed the presence o f lattice 

disorder in the form of dislocation loops lnm  wide and up to 7nm long, areas (possibly 

voids) where the lattice structure is absent and extended dislocations having the appearance
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of classic dislocation. Wires etched in CH4 /H 2  RIE showed small void-like features 

occuring less frequently than the case of SiCU and regions with strain.

4. W ires etched through etch/regrowth interface have enabled direct measurement and 

correlation of growth interface roughness (up to 7.3nm) with RHEED patterns recorded 

during the regrowth process. Circular and semicircular defects, up to 30nm in diameter in 

the regrown region and up to lOnm in diameter in the original epilayer, were observed the 

origin of which is not clear. It would be interesting if  more wires are made using unetched 

regrown material to determine the origin of the defects observed and to examine the quality 

of GaAs regrown under various conditions.
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C h ap ter  5: C h aracterisa tion  o f reactive  ion  e tch in g-in d u ced
m odifications of GaAs surfaces by X-ray Photoelectron Spectroscopy  
(XPS)

5.1. Introduction

The importance of using the core level X-ray photoelectron spectroscopy (XPS) lies in its 

high surface sensitivity and the ability to elem entarily analyse the surface region 

qualitatively as the core binding energies are characteristic of an element. In addition, 

characterisation of the bonding state and chemical environment of the atom concerned can 

be achieved through the interpretation of the measured binding energy shift. The set of 

experiments described below have been undertaken to investigate the modifications in the 

chemistry of (100) GaAs surfaces following reactive ion etching using CH4/H 2  and SiCU. 

The samples have been etched at Glasgow University then transfered to the department of 

Physics, University of Wales Cardiff for the XPS analysis, consequently they have been 

exposed to air for a minimum of 20 hours before being analyzed. The technical assistance 

of C. Dunscomb in XPS analysis is acknowledged.

5.2. T heory  of XPS

Surface analysis by XPS is accomplished by irradiating a sample with monoenergetic soft 
X-rays and analysing the photoelectrons emitted, Fig. 1. Al K  a  X-ray (1486.6eV) or Mg K  

a X-ray (1253.6eV) are normally used. These X-ray photons have a limited penetrating 

power in a solid, of the order of 1-10 J i m .  They interact with atoms in the surface region 

by the photoelectric effect, causing electrons to be emitted. The electrons leaving the sample 

are detected by an electron spectrometer according to their kinetic energy. The analyzer is 

operated normally as an energy window, accepting only those electrons having an energy 

within the range of this fixed window, refered to as the 'pass energy'.
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2P or L2,3

2S or L1

Photon #  Photoelectron.r

1S or K

Figure 5.1: Schematic diagram showing the photoelectron emission process.

W hen an X-ray photon is incident on a substance, it will give rise to a photoelectron 

emission according to the equation:

here, E k is the measured electron kinetic energy, hu the energy o f the exciting X-ray 

radiation, Eb the binding energy of the electron in the solid and O  the 'work function'

(a catch all term whose precise value depends on both the sample and the spectrometer). 

Since an electron is a charged panicle, its orbit around a nucleus induces a magnetic field 

whose intensity and direction depend upon the velocity and radius of the orbit. These latter 

quantities are characterised by the orbital angular momentum 1(1 = 0, 1 ,2 , 3,...etc). The 

electron spin, positive or negative, induces an inherent magnetic field. The later, in-tum has 

an associated spin momentum, characterised by the spin quantum number s (s =+1/2,-1/2). 

In order to understand the XPS spectrum, the binding energy Eb of the electrons must be 

known. An electron in a solid can occupy one of great many energy levels. Strongly bound 

electrons occupy the core levels. These levels are characteristic of the element involved. 

Weakly bound electrons which have trajectories on the outer most layers of the electron 

cloud occupy energy levels whose position is affected by the presence of other atoms, and 

so whose precise binding energy depends on the chemical binding of the surface of the 

material. Hence, by comparing the binding energy of the electrons detected with Eb values 
reported in the literature, information about the elements of the surface can be obtained.

The energy levels of the core electrons are described using two models for the interaction 

between the angular momentum (1) and the spin (s) of the electrons, j- j Coupling or L-S 

coupling.
The total angular momentum is simply the vector sum of the two momenta which can be 

carried out in two ways:

a) j- j Coupling : In this method the total angular momentum (J) of an isolated electron is 

obtained by using the equation :

Ek  = ht) - Eb - O (5.1)

j = l + s ( j =1/2, 3/2, 5/2, 7/2...etc) (5.2)
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A summation is performed on all electrons resulting in the total atomic angular momentum 

J, where

J = (5.3)

j-j coupling is the best description for elements with Z > 75, but the nomenclature based on 

it has been used for all parts of the periodic table. However, j-j coupling is inadequate for 

doubly ionised interactions between two holes (Auger process).

b) L-S Coupling : The other way of obtaining the total angular momentum of an atom is by 

summing all the orbital angular momenta of the electrons of the atom by letting,

L = £ l  (5.4)

and the same for the spin numbers

S = Z  s (5.5)

Coupling of the two momenta to give the total angular momentum J:

J = /  L ±  S /  (5.6)

L-S coupling is applied for elements with Z < 20, it has been mostly used for recording high 

energy resolution Auger spectra for comparison with theoretical calculations, so as the 

intermediate coupling which is used for pan  of the periodic table in which neither the L-S 

nor the j-j coupling is adequate. In this study, the j-j coupling model was used.

Every wide scan XPS spectrum shows many features of which are1’2: 

a. Peak due to core levels: These are sharp peaks, which have variable intensities and widths 

and they are doublets except for S levels . Doublets arise through the spin - orbit j-j 

coupling j = 1 + s in which two possible states arise when 1 > 0. The difference in energy of 
the two states, A E j,  reflects the 'parallel' and 'anti-parallel' nature of the spin and orbital 

angular momentum vectors of the remaining electrons. A E j increases as Z  increases for a 

given subshell (n, 1 constant), or as 1 decreases for constant n (i.e. splitting energy of 3p > 

3d ). For every sharp peak there is a background upward-step to the high binding energy 
side. This is because the photoemission is an inelastic process and the photoelectrons 

suffer energy loss between photoemission from an atom in the solid and detection in the 

spectrometer.

The broad background (which is superimposed on the peaks) is due to Bremsstrahlung
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Sample Etch gas 

(seem)
Pressure

(mtorr)

rf power

(W)

dc bias (V) Etch time 

(min)

1 CH4 / h 2 15 150 1000 5

5/25

2 CH4 / h 2 15 150 1000 5 *

5/25

3 C H J  H2 15 2 70 10

5/25

4 SiCU 11.9 150 380 0.5

9

5 SiCU 11.9 100 290 0.5

9

6 SiCU 11.7 80 240 0.5

9

7 SiCU 11.9 2 0 1

9

* This sample has been annealed after etching at 380°C for lsec.

Table I: Conditions for RIE of GaAs samples for the purpose of XPS analysis .

The choice of conditions reflects:

1. It has been reported3 that RIE in CH4/H 2 passivates the donors in GaAs. To investigate 

the effect that annealing has on the surface, Sample 2 was etched, for lsec at 380°C in a 

mixture of 95% Ar : 5% H2 and then annealed.
2. The etching times for these samples were chosen (except for samples 3 and 7) so that a 

layer, lOOnm thick is etched away from the surface.

3. In the case of samples etched in 2W rf power, the plasma was initiated at 90W for 

CH4/H 2 and 20W for SiCU , then reduced to 2W within 2sec.

4. A control sample (unetched) was also examined for comparison.

5.3.2. XPS spectra acquisition

The XPS spectrometer was a V.G. ESCALAB MKII, equipped with a dual anode (Mg/Al) 

non-monochromated X-ray sources. It consists of a loadlock chamber, a preparation and 

analysis chambers. The sample was introduced to the loadlock chamber and evacuated to a 

pressure < 5x1 O'2 Torr, where it was then introduced to the preparation chamber at a
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pressure of l-4 x lO '10 Torr). The sample was then transferee! into the analysis chamber. 

After aligning the sample and optimising the signal-to-noise ratio, data was collected using 
A1 Ka  X-ray line and a concentric hem ispherical analyser. This particular analyser is 

preferred for XPS because it can maintain adequate luminosity at high-energy resolution, in 

addition the narrow acceptance angle is particularly suitable for angular dependence 

measurements. Scans for selected energy ranges of interest were accumulated.

Energy range of the peaks of interest are listed in Table II.

Peak Energy range (e V) Pass energy (eV)

full scan 0-1400 50

Ga 3d 16-24 20

Ga 2p 1113-1122 20

As 3d 38-47 20

As 2p 1317-1334 20

Cl 2p +As 3s 190-210 20

C Is 260-290 20

0  Is 528-538 20

Table II: Energy range of the peaks investigated and the pass energy used in the XPS 
analysis.

It should be mentioned that a pass energy of 20eV yields an overall spectral resolution of 
approximately leV  (FWHM).

It is known that the escape depth of the electrons emerging from the d subshell is larger 

than that for electrons emerging from the p subshell, approxim ately 30A and 10A 
respectively. Using this phenomenon, for both Ga and As, it is possible to gain information 

about the depth distribution of the oxide within the top 30A. Table III lists the electron 
escape depths of the d and p subshells for both Ga and As as reproduced from 
reference 4.

Peak Escape depth (A)
Ga 3d 30

Ga 2p 11

As 3d 25

As 2p 8

Table HI: Escape depth of the electrons detected in this study.
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5.3.3. Fitting of the selected peaks

The Ga 3d and As 3d peaks were fitted to two elemental peaks, taking the spin-orbit 

energy splitting into account, with a peak area ratio of 2:3 for j values of 3/2 and 5/2 for the 
d subshell1. Values of the splitting energy for Ga and As 3d peaks were AEj= 0.45 and 

0.68eV respectively. The same fitting procedure was applied for the accompanied peak (s) 

of gallium oxide (Ga2 C>3 ) and assuming only arsenic trioxide (AS2 O 3) is present on the 

surface. However, other arsenic oxides have also been reported, for example, AsO^ in 

addition to AS2 O 5 and AsC>26 during exposure to excited oxygen (Ozone), but they were 

not included in these fitting calculations since excited oxygen was not present at any stage 

of sample processing.

The fitting method synthesizes a spectrum by least square fitting based on the experimental 

spectrum, by summing a number of peaks of arbitrary position and peak width. Each peak 

is a mixed Gaussian/ Lorentzian function represented by1:

f(x) = peak height /  [1 +M (x-x0 ) 2 /  P2 ] exp {(1  -M ) . [In2 (x-xQ)2] / p2} (5.7)

where xQ is the peak centre; p =0.5 FWHM; M: Gaussian /  Lorentzian mixing ratio (M =l 

for pure Lorentzian; M= 0 for pure Gaussian). These functions represent the intrinsic peak 

shape, expected to be asymmetrical for conductors with the extent of the asymmetry 

depending on the density of states at the Fermi level, as broadened by the instrument 

(represented by a Gaussian function)7. The quality of the fit is defined by evaluating the 
weighted chi-squared (x2), the smaller the value of x2, the better the f i t  The background 

was defined by Shirley’s method which assumes the background intensity at a point 

determined, by iterative analysis, to be proportional to the intensity of the total peak area 

above the background^1) . This method is superior to the straight line background method 

especially when considering a mixture of two states e.g. an element and its oxide1. An 

example of fitted peaks is presented in Fig.5 3.

As3As4n 30 -

40 41 42 43 44 45
Binding Energy /  eV

Peak Centre
(eV)

FWHM
(eV)

Hght
X

G/L
%

Area
X

A s ll 41.0 1.59 67 0 51
A s 2 2 41.7 1.59 44 0 34
A s 2 3 43.7 2.73 7 0 9
As24 44.4 2.73 4 0 5

100X Height (Counts) 
100X Area (kceV/sec) 
Reduced Chi Squared

25674
14.16
1.70

Figure 5.3: An example of a fitted As 3d XPS spectrum.
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5.4. Results of CH4 /H2 etched GaAs surfaces

The spectra of the selected energy ranges o f electrons emitted from the As 3d, As 2p, Ga 3d  

and G a 2p  subshells are shown in Fig.5.4. a, b, c, d . The values o f peak area of the Ga 3d , 

As 3 d , C Is and O Is peaks and the binding energies o f the control sample and samples 

etched in CH4 /H2  are listed in Table IV:

As oxide

As

As oxide

1000V

1000V

70V

47464543 44424039 4138
B inding Energy /  eV

(a)
G a3d G a oxide

Ga

1000V

70V

CONTROL

2423222118 19
B inding Energy /  ev

2017

A s2p

As

1000V annealed

1000V

70V

CONTROL

1318 1320 1322 1324 1326 1328 1330 1332 1334
Binding Energy /  eV

Ga2p (b)
G a oxide

Ga

1000V annealed

1000V

70V

CONTROL

1113 1114 1115 1116 1117 1118 1119 1120 1121 1122
Binding Energy /  eV

(c) (d)
Figure 5.4: XPS spectra of GaAs control sample and samples 3, 1 and 2, reactive ion etched
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in CH 4 /H 2 . The spectra are for: a) As 3d  , b) As 2p , Ga 3d and Ga 2p. The dc bias 

developed during the etching is quoted in the figure.

Sample Control Sample 1 Sample 2 Sample 3

Peak area of Ga 78 74 39 62

Binding energy (eV) 19.09 19.05 19.26 19.28

X2 2.96 1.44 1.14 0.84

Peak area of Ga2 C>3 2 2 25 62 38

Binding energy (eV) 20.52 20.50 20.70 20.71

Peak area of As 81 85 91 96

Binding energy (eV) 41.30 41.30 41.50 41.35

X2 3.15 1.70 2.08 1.54

Peak area of AS2O3 18 14 9 5

Area of C peak 1 2 .0 1 15.76 2.33 20.05

Area of 0  peak 37.5 19.4 12.81 46.59

Table IV: Peak areas (Arbitrary units), binding energies (eV) and %2 values of the control 

sample and samples 1-3, etched in CH4/H 2 .

For semiquantitative XPS measurements, the values of the peak areas should be normalized 

for the photoionisation cross section and the electron escape depth. The number of atoms 
of the element per cm3 of the sample n is given by2:

n  = I /fa 0 y ^ A T  (5.8)

where I is the number of photoelectrons per second in a specific spectral peak, f is the X-ray 
flux in photons/cm2 .sec, a  is the photoelectric cross section for the atomic orbital of interest 

in cm 2, 0  is an angular efficiency factor for the instrument arrangement based on the angle 

between the photon path and the detected electron, y is the efficiency in the photoelectic 
process for formation of photoelectrons of the normal photoelectron energy, X is the mean 

free path o f the photoelectron in the sample, A is the area of the sample from which 

photoelectrons are detected and T is the detection efficiency for electrons emitted from the 

sample. The denomiator in equation 5.8 can be assigned the symbol S, defined as the 

atomic sensitivity factor. A set of relative values of S have been developed in the literature 
for all the elem ents1’2. However, it should be stressed that the values of S quoted in the 

literature can be applied to semiquantitative analysis only if the transmission characteristics 

of the electron energy analyzer are similar. The transmission function for the ESCA LAB II 

spectrometer used in this study varies with the inverse of the electron kinetic energy which 

is similar to that of Briggs and Seah1, therefore the S values quoted in that reference were
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used.
The atomic fraction percentages in the matrix Cx% is calculated for the detected elements 

(Ga, As, O, and C) using the equation:

C x % = Nx /  ZiNi = {(Ix /S x) /  ZiFi,x (Ii /S i)} % (5.9)

where ZiNj is the summation of all atomic fractions of the elements detected i.e. Ga, As, O 

and C. The values of the sensitivity factors used in the calculations are listed below1:

Element S

Ga 3d 0.31

As 3d 0.53

0  Is 0 .6 6

C Is 0.25

The ratios of the atomic fraction of the oxide to that of the element, N G a2 C>3/  N G a and 

NAS2O3/  NAs and the ratio N A s/ N Ga are also calculated, where

N i/N 2 = F u ( I i / S i ) / ( I 2 /S 2) (5.10)

here, Nx is the atomic fraction of the element x, F i^  is the matrix factor with value put equal 

to unity7, Ix is the area of the peak of the element x as obtained using the fitting process in 

section 5.3.3, and Sx is the atomic sensitivity factor for the element x.

The atomic fraction percentage in the matrix C x% and the ratios of the atomic fraction of the 

oxide to element, N G a2 0 3 /  NGa, NAS2O 3/  N As, and N A s/ N G a for the control sample 

and samples etched in C H 4 /H 2 , are presented in Table V:

Sample %Ga %As % 0 %C N G a2 0 3

/N G a

NAS2O3

/N A s

N A s

/N G a

Control 49.46 30.05 11.16 9.44 0.282 0 .2 2 2 0.607

Sample 1 48.57 32.62 5.98 12.82 0.337 0.164 0.670

Sample 2 38.56 52.63 5.95 2.85 1.58 0.098 1.365

Sample 3 37.60 34.03 13.27 15.08 0.62 0.052 0.905
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5.5. Results of SiCl4  etched GaAs surfaces

For the samples 4-7, etched in SiCU, the spectra o f the G a 3 d , Ga 2p , As 3d  and As 2p  

have been recorded as in section 5.4 and are shown in Figure 5.5. a, b, c, and d.

Ga3d Ga

G a oxide

340V

290V

240V

23 2422212018 19
B ind ing  Energy /  ev
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Ga2p

340V

290V

240V
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1113 1114 1115 1115 1117 1110 1119 1120 1121 1122
B ind ing  Energy /  ev
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Figure 5.5: XPS spectra of GaAs samples etched in SiCI^, a) Ga 3d, b) Ga 2p, c) As 3d 

and d) As 2p. The dc bias developed during etching is quoted in the figure.
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GaAs samples etched in SiCU.

0.64

0.63-

</i
<

0.62-

Z Control
0.61 -

0.60
50 100 150 2 0 0  250 3 0 0  350  4000

DC B ias (V)

Figure 5.6. b: The ratio o f N A s/  N Ga as a function of the dc bias for samples etched in 

SiCU.

In an attempt to estimate the thickness of the oxide layer, sample 5 was chosen to perform 

angle resolved XPS analysis. This technique is known to be even more surface-sensitive 

than conventional XPS. The major requirement for surface sensitivity enhancement is that 

the surface should be flat. Surface roughness leads to an averaging of electron exit angles 

and also to shadowing effects (both of the incident X-ray and the emerging electrons). 

Unfortunately, this was the case with sample 5. The spectra recorded were noisy despite the 

fact that longer scanning times were used. R. Cheung reported that surface roughness of
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SiCU etched samples has been estimated from X-ray reflectively experiments in which the 

roughness was estimated to be approximately 30A8.

5.6. Discussion and conclusions
5.6.1. The origin of the chemical shift

A core electron is subjected to a combination of forces, the resultant is known as its binding 

energy. From the nucleus, it experiences a strong attractive force proportional to the 

magnitude of the nuclear charge or atomic number. The outer or valance shell electrons 

exert a repulsive force which in effect screens the core electrons from the nuclear charge, 

diminishing the nuclear attractive force. The resulting force by which the electron is bound 

to the atom is the binding energy. If an electron is rem oved from  the outer shell, the 

screening o f the inner electrons is reduced by one electron charge and the core electrons 

therefore feel an increased force of attraction from the nucleus.

A negative charge in an oxidation state, i.e. the gain of an outer electron has the opposite 

effect by effectively increasing the shielding and decreasing the binding energy9.

5.6.2. Arsenic oxides

It has been shown6 that when cleaved GaAs (110) is exposed to O2 in a controlled manner, 

an Arsenic oxide peak with an offset of 2.9eV appears. However, when excited oxygen 

species (Ozone) have been introduced onto cleaved GaAs (110), up to three different As 

oxides have been observed. In the experiments described above, only one type of As oxide 

(AS2O3) is assumed to present on the surface and therefore fitted to the spectra.

It should be noted that the value of the peak areas quoted in table IV for Ga, As and their 

oxides cannot be compared directly, since during data acquisition, the strength of the signal 

may vary from sample to sample depending on the many parameters, for example, sample 
a lignm ent, smoothness of the surface, surface contamination, the aperture of the detector. 

However, the value of the atomic fraction ratios calculated in table V is likely to result in a 

better picture of the actual effect occuring on the surface, since for an individual sample, the 

above mentioned parameters should remain the same and so effectively cancel out. It is 

worth mentioning that some workers normalize their results for photoionisation cross 

sections and electron escape depths using values and equations given by Scofield, and Seah 
and Dench respectively 10,11.

The values of the ratios N G a2 0 3 /  NGa, NAS2 O 3/  N As, and N A s/ N G a were checked 

using the latter method and were found to agree within 3% with the values obtained using 

the sensitivity factor.
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5.6.3. Spectra of CH4/H2 etched GaAs samples

The quality of the spectra recorded by automatic repetitive scanning is determined by the 

vacuum conditions which govern the maximum scanning time. If a coverage change of at 

most 1 % is permissible during measurement even under the worst conditions (sticking 

coefficient = 1 ), then for an undisturbed measuring time of one hour , ideally, a residual 

pressure of l - 2 x l0 'n  Torr is necessary. If the background pressure is too high for long 

scanning times, carbon may build-up from weakly absorbed CO in the residual gas12. 

Carbon may also be deposited during the etching process since some of the etch gases 

contain carbon, CH4 /H2 .
It can be seen in Fig. 5.4.a that the As 3d  peak for the control and sample 1 (dc bias = 

1000V) appears at 41.30eV. However, the peak for sample 1 is broader and the oxide peak 

less intense. The As 2p  spectrum of sample 1 Fig.5.4.b shows an increase in the As signal 

and a decrease in the oxide signal. For sample 2 (dc bias = 1000V, annealed) the As 3d 

peak is shifted to 41.50eV and the oxide peak is reduced. The As 2p spectrum for this 

sample shows a decrease in the As peak. Sample 3 (dc bias = 70V) represents an 

interesting situation in which the etching was dominantly chemical i.e. by chemisorption of 

excited species (very low energy ion bombardment is involved). The As 3d peak present at 

41.40eV and there was no detectable oxide. The As 2p  spectrum also shows a large 

reduction in the oxide peak.

The Ga 3d peak of the control sample, Fig.5.4.c occurs at 19.3leV  and it is asymmetric 

from the high energy side (Ga2C>3 is present). The Ga 3d spectrum of sample 2 (dc bias = 

1000V) exhibited a chemical shift to 19.27eV and broader peak. The Ga 2p  spectrum when 

compared with the control sample, shows a reduction in the Ga signal, Fig. 5.4.d. when 

annealed (sample 3) remarkable changes occur. The Ga 3d peak is decreased in intensity, 

shifted to 19.50eV and accompanied by a large oxide peak at 20.93eV. The Ga 2p  signal 

on the other hand, is greatly reduced.
For sample 3 (dc bias = 70V) the Ga 3d peak is reduced and a large oxide peak is present 

at 19.50eV. A large oxide peak is also present in the Ga 2p  spectrum of this sample.

From the observation made above and using the ratios in table V and Fig. 5.4. a, b, c, d, one 

can deduce the following:

When GaAs is etched using CH4/H 2 plasma at dc bias=1000V, the As increases within the 

top 10A of the surface and the AS2O3 reduces throughout the top 30A. On the other hand, 

the Ga detected within the top 10A of the surface decreases while the Ga2 0 3  increases 

within the top 30A of the surface. Spicer et al6 have studied the kinetic of oxygen sorption 

on GaAs surface and proposed the following mechanism: "When GaAs surface is exposed 

to oxygen, Gao0 3  and AS2O3 may form and since AS2O3 is volatile, it probably evaporates
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from the surface leaving a deficit of As. Since the heat of formation of Ga2 C>3 is higher 

than that for AS2 O 3 , the Ga2 C>3 probably "steals" oxygen from the As oxides, leaving 

metallic As". It is suspected that this reaction takes place immediately following the etch 

process and during handling when the sample is exposed to air. As the Ga 'takes-up' 

oxygen from the arsenic oxide to form gallium oxide, it meanwhile reduces the arsenic 

oxide to 'metallic arsenic'. The changes in the intensity of the As 3d  peak was accompanied 

by a blue shift of 0.2eV. Interestingly, these phenomena have been related to the presence 

of metallic As on the surface1 and have been observed in native oxide growth for practical 

devices6. This mechanism may also explain the behaviour the oxide and metallic arsenic 

formation in the present work. Anodic oxidation experiments of G aA s12 have also shown 

that arsenic oxides are unstable in the presence of GaAs. In particular, arsenic oxide 

decomposes and metallic 'solid' arsenic forms at the oxide-GaAs interface from the reaction

2GaAs + AS2 O3 G a2 0 3  + 4As (5.11)

Wang and Holloway13 have shown that upon sputtering of GaAs using Ar in the energy 

range between 1 to 5keV, As depletion occurs but not in a uniform manner. At low energy 

(~lkeV) As is depleted all the way to the outer layer, while at higher energies (3 and 5keV), 

As appears to be stoichiometric or in excess at the outer layer but depleted deeper in the 

substrate. The depth of depletion appers to correlate with the range of ions (5 to >30A), 
therefore, it become larger at larger ion energies. Over this depth, the GaAs is expected to 

be amorphous and the XPS data show that excess concentration of Ga or As appears to be 

accommodated by elemental bonding states. This implies that when As is depleted, As 

vacancies will exist in the damaged layer. Chiang and Pearson14 have reported that As 

vacancies have a donor character. Therefore, the observation of As depletion by preferential 

sputtering is consistent with Wang and Holloway's earlier postulate based on electrical 

properties of sputter creation of donor-like damage layer at the m etal/ semiconductor 

interface. Obviously, defects other than As vacancies will be created, however most of these 

other defects are deep in the forbidden band and may be acceptors in n-GaAs.

More recently, Valeri and Lolli15 have reported on Ar sputtering of GaAs at ion energies 

ranging from 0.5 to 5KeV. They concluded that upon sputtering, the surface layer of GaAs 

become As depleted. The depletion becomes more severe and extends to a larger depth at 

increasing the ion energy. They also reported that the outer atomic layer is richer in As than 

the subsurface region over the whole range of the ion energy used.

They attributed their results to As radiation-enhanced G ibbsian segregation i.e. 

concentration changes in the surface with respect to the bulk to minimize surface free 

energy. This is usually a thermally activated process. However, in the presence of large 

density of ion-induced point defects, the diffusion coefficients are modified and
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desegregation often occurs at room tem perature16. It should be mentioned that other 

mechanisms, for example, defect-related As segregation from the bulk of GaAs towards the 

surface has been reported in the literature for low energy A r sputtered GaAs at temperature 

range of 294-600 K 17.

The red chemical shift of the Ga 3d peak of sample 1 may be due to the ion bombardment 

effect occuring during etching and has been observed in A r sputtered G aA s1. The observed 

broadening of the Ga peak only (not the As peak) may be an indicative of a second order 

effects taking place on the Ga site due to chemisorption at the As site, as suggested by Chye 

et a l18. It has been later confirmed, theoretically, that the oxygen will chemisorb on an As 

site and not Ga site19 .

Annealing the sample after etching has resulted in a remarkable increase in the 

Ga2C>3 /Ga fraction ratio in comparison with the unannealed sample, due to the formation of 

excess Ga2 0 3  within the top 30A. The AS2O 3 /As ratio, on the other hand, has decreased 

due to the reduction in AS2O3 . It can be observed also that the As/Ga fraction ratio and the 

As atomic fraction percentage have both increased. Spicer's m echanism  mentioned 

previously, may be applied to these observations.

For sample 3 (dc bias=70V) i.e. very low energy ion bombardment is involved, the amount 

of AS2 O3 formed is the lowest among the samples etched in CH4/H 2  and examined in this 

work. The AS2O3 /As ratio is also reduced to less than half the value for sample 1. On the 

other hand, the Ga2 0 3  /Ga ratio is increased to more than double the value for the control 

sample, mainly due to an increase in the Ga2 0 3 . It is noteworthy that the As/Ga ratio is the 

closest to unity among the etched samples. This may imply that ion bombardment during 

RIE could enhance preferential etching, presumably of As.

5.6.4. Spectra of SiCl4 etched GaAs sam ples

The As 3d peak for the control sample, sample 4, 5 and 6  (dc bias=380, 290 and 240V 

respectively), Fig.5.5a were very similar to that of the control sample, all appearing at 

41.30eV. However, the spectrum of the control sample shows slightly more AS2O3 . The 

As 2p  spectrum for sample 4, 5 and 6  show an As peak similar to that for the control 

sample, but, the AS2O3 peak decreases progressively as the dc bias increases. Sample 7 (dc 

bias=0V) displayed different behaviour. The As 3d peak has decreased markedly and 

shifted to 41.35eV, and a large AS2O3 peak appeared in both the 3d and 2p  spectra.

The Ga 3d peak of the control sample and sample 6  (dc bias=240V), Fig.5.5.a both occur 

at 19.35eV however, for sample 5 (dc bias=290V) the Ga peak is shifted to 19.25eV. Red 

chemical shifts in the Ga 3d peak have been reported for sputtered G aA s1. All the samples 

mentioned above have similar Ga2 C>3 peak (a shoulder on the high energy side of the Ga 

peak). However, for the Ga 3d peak of sample 4 (dc bias=240V), the Ga peak is shifted to 

19.45eV. Sample 7 (dc bias=0V) showed a Ga2 0 3  shoulder larger than that for the above
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samples.

It can be seen that the Ga 2p  spectrum, Fig.5.5.b for the control sample shows more Ga 

than the spectra of samples 5 and 6 . For sample 7, however the Ga peak is dramatically 

reduced and relatively large Ga2 0 3  peak is observed in both the 3d and 2p  spectra.

An interesting observation should be made concerning the detection of chlorine on surfaces 

etched in SiCU Among the samples etched in SiCU, Cl 2p  signal has been detected at 

~199eV in the spectrum of sample 7 only (dc bias=0V) as can be seen clearly in Fig. 5.8. 

The figure also show that there is a trace of a peak at ~208eV but can not be identified at 

present.

CI20+As3s
A s

CONTROL

190 192 194 195 198 200 202 204 206  208 210
Binding Energy /  eV

Figure 5.8: XPS spectra showing the presence of chlorine on GaAs surface etched in SiCU 

at OV dc bias.

From the observations made above one can conclude the following:

When a GaAs sample is etched in SiCU at dc bias=240V, 'metallic' As is detected within the 

top 10A of the surface, and less AS2O3 is formed than for the control sample at 10A and at 

deeper layers, 30A. when the dc bias ( energy of bombarding ions) is increased to for 

example, 290 or 340V, less AS2O3 is formed in the top 10A of the surface, however, more 

Ga2 0 3  is formed within the top 30A of the surface. This may be explained using the same 

mechanism suggested earlier in section 5.6.3.
Sample7, etched at dc bias=0V, represents an interesting case in which the etching was 

dominandy chemical. Both the Ga2 0 3  and AS2O3 are formed and extend to a depth greater 
than 30A from the surface with distinctive reduction in the 'metallic' Ga and As. The fact 

that Cl is detected on the surface of this sample may indicate the presence of chlorinated 

compounds adsorbed 'deposited' on the surface. It also suggests that the ion bombardment 

enhances the desorption rate of these compounds.
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The above analysis sheds light on the importance of the ion bombardment that accompanies 

the reactive ion etching process. It clearly shows that not only the physical structure of the 

semiconductor crystal will be affected, but also the surface stoichiometry and dynamical 

processes such as segregation and diffusion.

Both the mechanism suggested by Spicer et al on the kinetics o f oxide formation and the 

observations by Valeri et al on As segregation upon sputtering may be applicable in the case 

of reactive ion etching of GaAs in CH4/H2 and SiCU.
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Chapter 6: Characterisation of GaAs surfaces and sidewalls etched  
using Electron Cyclotron Resonance (ECR) etcher

6.1. Introduction

The interest in Reactive Ion Etching using Electron Cyclotron Resonance (ECR-RIE) has 

surged over the last few years due to its advantage over the conventional RIE etching 

systems^"3. The system offers two main benefits : 1. Higher ionization efficiency due to 

the nature of electron acceleration and motion, as described in chapter 2. 2. The ability to 

control the bombarding ion energy by the rf power to the electrode, independently from 

ionization efficiency of the gas which is controlled by the applied microwave signal and the 

magnetic field. Thus in principle it is possible to use low ion energies thereby minimizing 

the damage in the etched material, while maintaining an anisotropic profile using very low 

etch pressures (P< lm torr) to reduce collisions in the space above the sample. To examine 
the ECR etching induced effect, a process has been optimised using CCl2 F2 /He on an ECR 

etcher. This process was chosen to extend the investigations o f etching induced effects 

initiated by R. Cheung in IBM, Yorktown. The strategy adopted was to optimise an etch 

process, to produce high aspect ratio structures while maintaining very low dc bias in the 

range 60-70V. The induced damage created by this process was assessed electrically using 

the TLM  method for surfaces and narrow conducting wires for sidewalls and optically 

using plasmon - LO phonon coupled Raman scattering and by comparing the FWHM of 
the LO Phonon for bulk GaAs with other RIE processes.

6.2. Optimisation of CCl2 F2 /He etching process

The flow rates, etch pressure, dc bias (rf power) and the microwave power were verified 
against the etch rate and etch profile, whilst the CCl2 F2 /He ratio was kept at 1:1. Samples 

o f GaAs were patterned using either photolithography or e-beam  lithography. In the 

former, photoresist A Z1400-31 was used as a mask: In the later a metal mask, (50nm thick 

layer of both Al and NiCr) were examined as masks, but the NiCr was found to have better 

selectivity for etching at high microwave powers and therefore was used for this study.

The criteria for "good plasma" is taken to be bright, stable and uniform light, not flickering 

(i.e. variation in light intensity with time), a violet in colour and showing a conical shape.
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On the other hand, "a poor plasma" has non uniform regions, flickers and has a columnar 

shape at the centre of the table producing hot spots resulting in Carbon deposition.

At high microwave powers (400-600W) and flow rates of 10/10 seem of CCl2F2/He the 

etched surface was very rough and deposition was found on the surface and sidewalls of the 

etched structure. At a power o f 200W however, no deposit was found, therefore the 

microwave power was fixed at 200W for the rest of the study. Since the low pressure 

Baratron is a sensitive device, it was necessary to set the Baratron to zero every working day, 

otherwise an error of ~0.08mtorr may result in the pressure reading. The flow rates of 
CCl2F2/He were varied between 3.1/3.1 seem (the minimum flow rates possible on the 

mass flow controllers) and 20/20sccm to examine the relationship with the etch pressure, 

Fig 6.1. This relationship was used to insure that the Baratron and the pumps are in good 

working order. For various pressures, Fig. 6.2, the dc bias was plotted as a function of the 

applied rf  power. It was found that the dc bias varied by a maximum of 100V when the 

pressure changed from 0.18 to 1.27mtorr.
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Figure 6.1: The gas pressure as a function o f the flow rates o f CCl2 F2/H e in an ECR 

etcher.
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However unlike the case of RIE, there was not a clear relationship between the dc bias 

voltage and the etch pressure. To investigate the etch rate and the verticality o f etched 

profiles a set o f GaAs samples were etched at various etch pressures from 0.18 to 0.7mtoir. 

The etch rate was found to peak at around 47nm m in 'l for a pressure o f ~0.5mtorr, Fig 6.3.
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Figure 6.3: The etch rate of GaAs as a function of the etch pressure for CCl2F2/He ECR 

etching. The applied microwave power was 200W and the dc bias voltage was fixed to 70V.
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From  SEM micrographs,the sidewall angle off the norm al was estimated, for samples 

etched at various pressures with a dc bias ranging between 63-83V, Fig.6.4.

The most vertical profile was found to be 6° off the normal corresponding to a flow ratio of 

4/4 seem of CCl2F2/He a pressure of 0.3 mtorr and a dc bias o f 70V. The etch rate under 

these conditions was ~ 8nm m in 'l and these conditions were considered the most suitable 

for etching nanostructures and were used throughout the rest o f this study. A t a constant 

etch pressure of ~0.3mtorr, the etch rate increases with the dc bias as shown in Fig.6.5.
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Figure 6.4: Sidewall angle off the normal as a function o f the etch pressure for GaAs 
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6.3. Characterisation of ECR-RIE surface damage using the TLM method

TLM samples were prepared as described in chapter 3 using an epitaxial layer 140nm thick 

Si doped to ~ 2 .5 x l0 18 cm“3. A set o f wet etched samples were prepared and used as a 
control. Samples were etched for various times (depths) using CCl2 F2 /H e at flow rates of 

4/4sccm, pressure in the range 0.30 - 0.32mtorr and dc bias o f 70V. The etch depth was 

measured using a Tallystep and the percentage rem aining m obility measured at room 

temperature and percentage remaining conductivity were calculated. It was found that the 

mobility remained constant with the etch depth within 10% (10% is the uncertainty in 

m easuring the mobility across the untreated wafer), Fig 6.6. On the other hand, the 

percentage remaining conductivity curve, Fig 6.7, showed the saturation kink at ~ 12nm and 

it cutaoff at a depth of ~ 12nm shorter that the wet etched samples, i.e. a surface damage 

depth o f -  12nm.
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Figure 6.6: % Remaining Hall mobility as a function of the etch depths of GaAs measured 

at room temperature. The etch gas was 1:1 parts of CCl2F2/He at a pressure of 0.32mtorr 

and with a dc bias 70V. The applied microwave power was 200W.
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Figure 6.7: % Remaining conductance as a function o f the etch depth o f GaAs. The etch 

gas was 1:1 parts of C CiiF^/H e, the pressure was 0.32mtorr, the dc bias was 70V and the 

applied microwave power was 200W.

6.4. Characterisation of ECR-RIE Sidewall damage using n+ GaAs wires

To exam ine the effects of ECR etching using CCl2 F2 /H e on the sidewalls o f various 

nanostructures, thin n+ GaAs wires were etched in a joint experiment with M. Rahman, at 

Glasgow University. The principle of this technique^- relies on measuring the depletion 
depth o f the sidewall. The damage depth is defined here as the extra depletion depth 

introduced as a result of the etching process. The conductance measurements (G) of wires 
of different widths should satisfy the relation^

G = 1 /  Rs L (W - 2Xd)

where L and W are the wire length and width, Rs is the sheet resistance o f the epitaxial layer 

and Xd is the sidewall depletion depth. When the measured wire conductance is plotted as a 

function of the wire width, a straight line relationship is obtained. If this line is extrapolated 

to zero conductance, the cut off width can be obtained which is equal to twice the depletion 

layer depth, (one from each side of the wire).
For an undamaged wire, the cut off width Xd should be equal to twice the depletion layer 

depth of the virgin material as calculated using 1 - dimensional Poisson equation^. If the
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sidewalls o f the wire are damaged, the cut o ff width will increase to X i and hence the 

difference between the cut off width of the etched wire and the cut o ff width o f the 
undam aged wire, will equal twice the damage depth, i.e X i - X d = 2dd ,where dd is the 

sidewall damage depth.

An epitaxial layer 50nm thick; Si doped to 7 x 1 0 ^  cm -3 was grown by MBE on a semi- 

insulating substrate. The depletion depth of this epilayer is 12nm. The wires, schematically 

shown in Fig 6.8, were prepared as follows : -

Ohmic contact

;etched region

voltage
probe

'•70-300nm

Onmic contact

Figure 6.8: Schematic diagram showing the wire configuration used in this study.

1. The GaAs chip (5x5mm^) was cleaned using Trichloroethane, Acetone and Methanol for 

5 minutes each using ultrasonic agitation. The sample was then rinsed using Isopropyl 
alcohol (IPA) then blown dry.

2. E-beam resist (15% PMMA (BDH) in chlorobenzene) was spun at 5Krpm for 60 sec, 

the sample was then baked at 180°C overnight.

3. 6 sets of alignment marks were exposed on the chip, patterning at magnification of 320 
and spot size of 0.125|im  using Philips PEM500 converted microscope. The sample was 

developed in 1:1 solution of IPA:MIBK for about 50sec at 23°C.

4. After development, low resistivity Ohmic contacts (An/Ni/Ge/Au) were evaporated as 

described in section 3.3.

5. The e-beam resist was then removed by lift-off in Acetone.

6. E-beam resist (15% PMMA (BDH) in chlorobenzene) was spun at 5Krpm for 60sec, the 

sample was then baked at 180°C overnight.

7. Bonding pads pattern were aligned and exposed at magnification of 160x. This was 

followed by development in 1:1 solution of IPA:MIBK for 50sec at 23°C.
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8. Ohmic contacts were evaporated as in step 4 and the rem aining e-beam resist was 

removed by lift off as described in step 5 and the contacts were alloyed at 350°C for 1 

minute.
9. A bi-layer e-beam resist (4% PMMA (BDH) in o-xylene /  4% PMMA (Elvacite) in o- 

xylene) was spun next at 5Krpm and baked for 1 hour and overnight respectively.

10. W ires pattern was aligned and exposed at a magnification o f 1250x and spot size of 

16nm. The sample was developed in 1:2.5 solution of IPAiMIBK for 50sec at 23°C.

11. Ni (~50nm thick) was evaporated to act as a mask for the patterned wires. The e-beam 

resist was removed by lift off in Acetone.
12. The patterns were inspected by SEM a final check, Fig. 6.9, each of the 6 wire sets 
consisted of 4 wires lOfim long with widths between 120-250nm.

Figure 6.9: Micrographs showing an etched set of wires at different magnifications.

The chip was etched at a pressure of 0.35mtorr and a dc bias of 70V for lOmin, resulting in 

a final etch depth of 80nm.
The conductance of the 10p.m long wires were measured by a 4-terminal measurement 

system using a semiconductor parameter analyser model FDP4145B. The width of the wires

136



were measured, using a Hitachi S900 SEM, at a direction normal to the sample. It should 

be m entioned that each value of the wire width is an average of 11 individual width 

measurements down the length o f the wire. This procedure was followed to minimize the 

error in m easuring the wire width due to the sloping sidewalls o f the wires and the 

lithography resolution (± lOnm). The conductance of the wires was plotted as a function of 

the wire width and presented in Fig. 6.10. Conductance data produced for wires etched 

using SiCU a* dc bias of ~240V (prepared by M. Rahman at Glasgow University) are also 

plotted for comparison.
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Figure 6.10: The conductance as a function of the wire w idth for wires etched in 

CCl2F2/He ECR-RIE and SiCU RIE. the cut off widths are 75nm and 58nm respectively.

The conductance data were fitted to a straight line which was extrapolated to the zero 

conductance to obtain the cut off width X i which was ~75nm. Knowing that the depletion 

depth for the starting material was ~12nm, i.elXd = 24nm, this gives a ' 2cU' value of ~51nm 

and a sidewall damage depth of ~25nm. Compared to a sidewall damage depth of ~17nm 

for samples etched using SiCU.
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6.5. C harac terisa tion  of su rface dam age using p lasm an- LO phonon coupied 

R am an scattering.

The n+ GaAs samples prepared and used for the TLM  measurements, described in § 6.3., 

were examined using the technique and procedure described in § 3.8. The calculated 

depletion depth were plotted as a function o f the measured etch depth. The data was 

compared with depletion depths of wet etched and RIE samples using CH4/H 2 as shown in 

Fig. 6.11. An initial increase in the width o f the depletion layer can be seen in the figure as 

the etch depth increases. This was followed by a saturation effect at which the depletion 

depth remains almost constant at ~30nm. The saturation occurs at an etch depth of ~25nm. 

Knowing that the depletion layer width of the starting m aterial was ~18nm (see the wet 

etching curve), surface damage depth is estimated to be ~12nm, in a good agreement with 

the depth estimated from the TLM method, section 6.3. In comparison, the damage depth
cKfJ Hi_

estimated for samples etched in is ~50nm at dc bias of 930±30V.
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Figure 6.11: The depletion depth as a function of the etch depth for GaAs samples etched 
using CCl2 F2/He ECR-RIE and wet etching, CH4/H 2 RIE curve is plotted for comparison.

6.6. T he effect of various etching processes (including E C R -R IE ) on bulk GaAs as 

exam ined using the FW H M  of the R am an scattered  LO phonon

In this preliminary study, substrate quality samples o f bulk GaAs silicon doped to 0.7- 

1.5xl018cm '3, was variously etched as listed in table I and were examined using Raman
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scattering. The Raman measurements were performed by Dr. M. Watt.

Sample etch etch depth/ comments

1 Control not etched

2 wet etch in 1000:20:8 

solution of H2 0 :NH3 :H2 0 2

>200nm

3 CC12F2/He; ECR 200W microwave power

4 CC12F2/He: ECR 400W microwave power

5 SiCU RIE 200nm

6 CH4/H 2 RIE 200nm

7 CH4/H 2 RIE annealed at 380°C for lsec

Table I: Etching conditions for samples examined in this study.

In the Raman spectrum of the control (unetched) sample, Fig. 6.12. It can be seen that 
instead of a single sharp peak of the LO phonon at 292cm '1, which is expected for (100) 

GaAs in the back scattering geometry, there is an additional shoulder extending to the TO 

phonon energy at 269cm*1, but which is not sufficiently well defined to be regarded as the 

TO phonon. This shoulder was investigated and found to be stronger when longer 

wavelength light was used i.e. as the penetration depth increased. Clearly, this is not an 

effect due to surface phenomenon. More probably, it relates to the crystalline imperfections 

within the bulk material. When the experimental geometry was changed from near-back 

scattering to near-right angle scattering, a move designed to enhance any TO phonon 

contribution, a well defined TO phonon could be observed superimposed on the shoulder. 

Manipulation of the spectra to deconvolute the LO and the shoulder contributions yielded a 

maximum at 280cm*1 for the peak producing the shoulder.

The spectra were deconvoluted into an LO phonon and a shoulder peak in order to study the 

differences in the LO linewidth produced by the etching processes. This introduced an 

error into the values obtained, in addition to this, the spectra was recorded using a CCD 

multichannel acquisition detector and therefore has a laser scattering background which had 

to be subtracted from the spectra thereby introducing even more uncertainty. The values of 

the FWHM recorded for various etching processes are presented in table II.
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Figure 6.12: Raman spectrum, recorded in near backscattering geometry, of unetched bulk 

(100) GaAs showing the LO phonon at 291cm-1 and a shoulder at 269.9cm-1 coincideswith 

the TO phonon.

Sample dc bias (V) FW HM (cm-1)

1 — 3.17

2 — 3.17
2* - - 3.12

3 55 3.3

4 30 3.3

5 (CCD) 240 3.24

5 (PMT) 240 3.4

6 900 4.18

7 900 3.71

Table II: The FWHM of the LO phonon for bulk GaAs samples etched as in table I. The 

wet etching was repeated for sample 2*. CCD and PMT refer to the multichannel and 

single channel detectors respectively.

It can be seen that the FWHM for samples etched in CCl2F2/H e using the ECR etcher at 

microwave powers of 200 and 400W is identical for dc bias in the range of 30 to 55V.
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Table II also show that the FWHM for samples etched in CCl2 F2/H e using the ECR-RIE 

and SiCU RIE are comparable.

It was found that the left half width was consistently bigger than the right half width by 

about 0.2cm-1, however in the case of CH4/H 2 etched sample, the LHHW = 2.3cm ' 1 and the 

RHHW  = 1.9cm '1. It is expected that peak broadening due to any crystalline disorder 

would be asymmetric with the increase on the low energy side of the peak. This appears to 

be the case for the unannealed CH4/H 2  etched sample. As the experimental resolution was 

1cm-1, the values above can only be taken as an indication of a trend.

6.7. Discussion and conclusions

The main advantages that ECR etchers have over the conventional RIE etchers are the high 

ionisation efficiency ( 1- 1 0 % of the etching gas is ionised) and a larger degree of freedom in 

controlling etching parameters such as etch rate.

Chang et al7 have measured the electron density and temperature for Ar ECR plasma using 

Langmuir probe. He measured a density of ~ 3 .5x l0 10cm ' 3 and a temperature of ~7eV for 

etch pressures of 0.3mtorr. He also calculated an electron-neutral collision frequency of 

17MHz for a pressure o f O.lmtorr and an ECR layer thickness of 2-3mm. Tobinaga^ 

suggested that if the pressure was < 0.2mtorr in an ECR etcher, the ions generated in the 

plasma chamber will be able to pass through the space of the chamber and reach the sample 

surface without any collisions. In this case, the ion trajectory is ballastic becoming ion 

beam-like and therefore will fall on the sample surface at a near-right angle even at ion 

energies around 20-40eV, but the etch rate decreases significantly under these conditions. 

He showed that an aspect ratio of 10 was possible for etching poly silicon using CI2 . Noh et 

al9 have reported an increase in the ideality factor and a reduction in the barrier height, of 

Schottky barriers fabricated on ECR etched GaAs using Ar, as the microwave power 

increases. Pearton et a l10 have characterised surfaces of In-based III-V alloys etched in 

CH4/H 2/A r using ECR etcher, as well as showing that the etch rate increases with increasing 

the microwave or the rf powers.

Hara et a l11 have correlated the displaced atom density in GaAs, measured using Rutherford 

BackScattering (RBS), during etching with SF6 . He concluded that the displaced atom 

density increases as the applied microwave power increases, for example, for an ion current 
density of 2m A .cnr2, the displaced atom density increased from 2.9 to 4 .4 x l0 15atom.cm*3 

as the microwave power increased from 500 to 800W. M oreover Hara showed that the
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displaced atom density was 3 .2 x l0 15atom.crrr3 for ECR etching, lower than the RIE case 

(6.9xlOl5atom.cm'3) for a constant ion current density.
The CCl2 F2/He gas mixture was adopted as a trial etch gas for the ECR etcher after one of 

the earliest reports on using the ECR-RIE for semiconductor device fabrication by Cheung 

et a l12’13. She found that the ideality factor of Schottky diodes fabricated on etched 

surfaces increases to 1.06 from 1.04 for the untreated surface However, the reverse leakage 

current, measured at -2V, has been found to increase from -48pA for an untreated surface to 

-850pA for surfaces etched using CCl2F2/He at a dc bias of 80V.

From the results presented in this chapter, it can be concluded th a t :

1. The surface and sidewall damage depths for samples etched using ECR etching in 

CCl2 F2/He are comparable to corresponding depths for samples etched using RIE in SiCU 

although the dc biases are 70V and 240V respectively. The relatively high damage depth 

produced by the ECR etching process is attributed to the presence of He in the etching gas 

mixture which would confirm the suggestion that light ions produces more damage, 

presented in chapter 3.

2. The sidewall damage depth is greater than the surface damage depth for both RIE in 

SiCU and ECR-RIE in CCl2 F2/He. This may be due to a higher defect creation rate at the 

sidewall. This would happen if, for example, in addition to the primary incident ion flux 

there was an even larger secondary flux due to ions ricocheting from the surface being 

etched

Another interesting possibility is that the image potential between an ion and an etched 

sidewall is found to be an important effect in submicron etching at low ion energies14. 

Image potentials attract ions towards etched sidewalls resulting in ion-wall collision rates 

which increase with decreasing the ion energy. The fact that the gradient of the CCl2F2/He 
(ECR-RIE) conductance line in Fig. 6.10 is lower than the SiCU line also indicates that for 

a fixed wire width, the SiCU wires conduct better than the CCl2F'2/He etched wires. This 

implies that the CCbF2/He wires are more damaged.

3. There is a good agreement between the surface damage depths estimated by the TLM 

method and the plasmon-LO phonon Raman scattering.

In fabricating nanostructures, vertical sidewalls and very small damage depths are crucial 

requirements. From the results obtained in this study however, there appears to be a 

compromise between the two factors since extremely vertical sidewalls can not be obtained 

at low dc biases even at very low etch pressures (~0.3mtorr). Also "damage free" etching
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was not obtained even at very low dc biases (70V) using CCl2F2/He. It is predicted that the 

elimination of the use of He or any light ions from the etching gas mixture should reduce 

the etch damage significantly to the extent that it may be regarded as insignificant.

As a result of the study presented in this chapter, some suggestions for future experiments 

are made.

It is important to investigate other etching chemistries such as SiCU and CH4/H 2  both of 

which have been used extensively in RIE etchers at Glasgow University. A fast etch or a 

selective etching process for GaAs/AlGaAs can perhaps be developed if Freon 12 is used 

only.
Etch rate and anisotropy should be investigated as a function of the position of the table i.e. 

the distance between the ECR layer and the sample. Of particular interest is the case at 

which the sample is immersed in the ECR layer since a high density of ionised species are 

generated and will impinge on the sample at normal incidence, due to the converging 

magnetic field. The effect o f high intensity UV radiation on the crystal can also be 

addressed. In general, more work is needed to understand the effects and optimise the 

parameters of the ECR etcher.
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C hapter 7: D evelopm ent of reactive ion etch ing process for II-VI 
sem iconductors (ZnTe, ZnSe, ZnSeS, CdTe, CdM nTe, ZnS and CdS)

7.1. Introduction

The recent advances in growing high purity II-VI sem iconductors by MBE and 

M OCVD1-4 have renewed interest in these technologically important compounds. Not 

only is there interest in growing homo-epitaxial layers w ith im proved electrical 

performance, but also the potential of quantum well layers in these materials are being 

exploited. Devices such as blue and green semiconductor lasers, efficient solar cells, IR 

detectors and medical thermographs can be made using II-VI semiconductors.

The fabrication of optical and electronic devices, particularly those containing structures 

with low-dimensionality ( quantum well lasers and quantum dot arrays ) requires the use 

of high resolution pattern definition and transfer techniques. W hile electron beam 

lithography is capable of 10-20nm resolution5, the transfer of this pattern into the 

underlying material requires a high resolution etching technique. Dry etching of II-VI 

compounds is a relatively unexplored area, and only the etching of ZnSe and ZnS using 

chlorine-based plasmas6'8 has been reported extensively.

In this chapter, the development of a universal high resolution reactive ion etching 

process employing a methane/hydrogen mixture is described. This process has proved 

capable o f producing nanostructures less than 50nm wide in a variety of II-VI 

semiconductors, e.g. ZnTe, ZnSe, CdTe, ZnS, CdS and the ternary compounds, e.g. 

CdMnTe and ZnSeS.

In order to assess the quality of the etching process, nanostructures were fabricated by 

electron beam lithography and the pattern transferred to the substrate using high 

resolution dry etching process.

A figure of merit "the anisotropy factor (A) "9 was adopted to assess the quality of the 

etched structure. The anisotropy factor is expressed as

A = l - V h/ V v

where Vh and Vv are the horizontal etch rate and the vertical etch rate respectively. 

Isotropic etching is presented by A = 0 and anisotropic etching by A = 1. The
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anisotropy factor can be determined by estimating the vertical and horizontal etch 

depths, Fig. 7.1.

Figure 7.1: Schematic diagrams showing the vertical and horizontal etch depth d v and 

dh, respectively from which the anisotropy factor can be estimated.

7.2. G row th of ZnTe and  ZnSe and  sam ple p repara tion

The ZnTe layers used in this work were grown in Regensburg university by MOCVD 

under atmospheric pressure on (001) GaAs substrates. An Aixtron system equipped 

with a horizontal quartz reactor cell was used. The polished substrates were first 

cleaned in propanol, then etched in a solution of H2SO4 : H2 O2 : H2 O in a ratio of 4: 1 : 

1. The substrates were then rinsed in deionised water, blow dried in N 2 and  

immediately introduced to the reactor cell where they were mounted on the graphite 
susceptor which is heated by IR radiation to the growth temperature of 350°C.

The precursors, diethylzinc (DEZn) and diiospropyltelluride (DiPTe), were kept at 17°C 
and transported through the reactor using hydrogen as a carrier gas with a flow rate of 

about 71/min. The optimal partial pressure ratio of the reactants is two, and the flow 

rates under these conditions were 17mmol/min and 34mmol/min for DEZn and DiPTe 
respectively. The thickness of the layers ranging from 1 to 2 pm  was determined by 

examining the interference pattern as described in reference 14.
The ZnSe layer, on the other hand was grown by low pressure metalorganic chemical 

vapour deposition at Thomson CSF15. The substrate, (100) GaAs, was misorientated 

by 2 ° off towards the (OlT). Diethylzinc (DEZn) and diethyselenium (DESe) were 

used as precursors to grow ZnSe at a rate of lOOA/min at growth temperature of 400°C
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and pressure of lOOmbar. Table I presents the thicknesses o f the epitaxial.layers used 

and the source of the semiconductor.

For preliminary etching experiments, samples of the semiconductor were patterned 

using S 1400-31 (Shipley) photoresist. The patterns were four series of curved ridges, 

covering 360°, designed especially to reveal any differential crystallographic etching 

effects.

Material Thickness (pm) Comments

(100) ZnTe 1 -2 MOCVD on GaAs / Regensburg University

(100) ZnSe 0.53 MOCVD on GaAs / Thomson CSF

(100) ZnSSe >3 8-11% S, MOCVD on GaAs / UMIST

(111) CdTe Bulk Purchased from Eaele Picher

CdMnTe 1.98 12% Mn, MOCVD on CdTe /  Hull University

ZnS Bulk Polvcrvstaline

CdS Bulk

Table I: The thickness of the II-VI semiconductor epitaxial layers used in this study.

For optimisation of the etching process, patterns for nanostructures were used. The 

samples were coated with a bi-layer of PMMA and exposed using high-resolution 
electron beam lithography, as described in chapter 2. The mask for dry etching was a 

50nm thick film of Titanium, deposited then patterned using lift-off. Alternatively, high 

resolution negative electron beam resist (HRN) was used as a mask. The etch 

conditions were optimised to achieve a smooth surface and vertical sidewall with no 

redeposition on the etched surfaces.

After etching, the samples were examined using a scanning electron microscope (SEM) 

and the etch depth was measured using a tally step.

7.3. Reactive ion etching of ZnTe in SiCl4 and  C H F 3

Samples of ZnTe were scribed and cleaned, using ultrasonic agitation, in trichloroethane, 

methanol, and acetone each for 5 minutes. The samples were then, patterned using 

S 1400-31 photoresist. Two preliminary etchant gases, CHF3 and SiCU-were tried. The 

etching conditions are presented in table EL
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Gas SiCU CH F3

Flow rate (seem) 9 7.5

Pressure (mtorr) 11.3 8.9

RF Power (W) 1 0 0 1 0 0

dc bias voltage 

(V)

250 420

Etching time 

(min)

1 0 1 0

Table II: Conditions for etching ZnTe using CHF3 and SiCU RIE.

SEM micrographs taken after etching in CHF3 and removal of the photoresist, showed 

some evidence of redeposition, on the etched surface possibly a polymer. The 

deposition was ashed in O2 plasma for 30min but did not remove all the deposition. 

The etch rate on the other hand was very small. From the literature16, it is speculated 

that Tellurium  flourides (volatile com pounds) and zinc flourides (nonvolatile 

compounds) might have been formed.

A ZnTe sample was etched in SiCU at the conditions given above. Although the etch 

rate was found to be about 2 0 nm/min, deposition was observed on the etched surface.

A second sample was etched in SiCU using double the flow rate (18sccm) and double 

the pressure (22mtorr). The etch rate was increased to about 30nm/min, however 

deposition on the etched surface can still be seen, Figure 7.1.

The conclusion reached from the results of the experiments above indicated the need to 

explore other plasma chemistries to produce better etching characteristics i.e. vertical 

profiles, smooth, uniform, and clean surfaces. The problem with etching Zn-containing 

II-VI semiconductors is that there are very few volatile Zn compounds that can be 

produced in a successfully designed plasma etching chemistry and almost all of them 

are organometallics16. So a reasonable choice for etch gas, at this point, was CH4/H 2 .
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Figure 7.1: Micrograph showing the surface o f ZnTe etched using SiCU. Deposition 

on the surface and the sidewall roughness can be seen in the bottom half o f the 

micrograph.

7.4. Reactive ion etching (RIE) of II-V I sem iconductors in C H 4/H 2 

7.4.1. R IE  of ZnTe

Dry etching using CH4 /H 2 can, presumably, be thought o f  as an inverse o f metal 

organic chemical vapour deposition with the formation o f organo-metallic compounds 

and hydrides as etch products11. The samples consisted o f a l(im  thick epitaxial layer 

o f ZnTe which were coated with a bi-layer o f PMMA and exposed using high- 

resolution electron beam lithography. The mask for dry etching was a 50nm thick film 

of vaccum deposited Titanium, then patterned using lift-off.

The hydrogen flow rate was varied with a constant methane flow rate o f 5sccm, and a rf 

power o f 150W, with a corresponding bias voltage o f 870±30V. Fig. 7.3 shows the 

etch rate o f ZnTe as a function o f the %CFU in the CH4/H 2 gas mixture at a constant 

etch pressure of 23 mtorr.
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It was found that in pure hydrogen, ZnTe etches at a rate of 20nm/min but the surface 

looked rough. At a high methane concentration ( 1/2 CH4 /H2), the profile was overcut, 

and a deposit, presumably polym eric17, was formed which was easily removed in an 

oxygen plasma.

At lower methane concentrations, the etched profile im proved, becoming key-hole 

shaped at a flow rate of 30sccm i.e. CH4 /H 2 ratio o f 1/6 , Fig. 7.4a. However at the 

optimum conditions of 40 seem of hydrogen (CH4/H 2 ratio of 1/8 ), and a total pressure 

between 23 and 25mtorr, the sidewalls were almost vertical after etching and the surface 

was smoother than the as-grown surface and no deposition was observed. Figure 4b, 

4c,and 4d show a selection of nanostructures etched under the optimum conditions with 

the Titanium mask still in place, comprising a rib 65nm wide and dots 55nm and 70nm 
in diameter, respectively.

The anisotropy factor was ~ 0.91. The etch rate was ~ 72nm/min.
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Figure 7.3: The etch rate of ZnTe as a function of the %C¥U in the CH4/H 2 

gas mixture at a constant etch pressure of 23 mtorr.

7.4.2. RIE of ZnSe and ZnSeS

ZnSe was etched in various CH4 /H 2 ratios in order to find the optimum one. I n  pure 

hydrogen, ZnSe etches slowly yielding a rough surface.
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At high CH4  percentage i.e. a CH4/H 2  ratio of 1/2 - 1/3, deposition was found on the 

surface. The optimum conditions for etching ZnSe was found to be similar to that of 

ZnTe, that is a CH4 /H 2 ratio of 1/8. At an etch pressure of 23mtorr, the etch rate was 

Sdnm.min*1, the sidewalls were vertical, the surface was smoother than the as-grown 

material and no deposition was found.

To test the resolution of the etch process, ZnSe samples were coated with HRN negative 

electron beam resist and were exposed for an array of dots. Fig. 7.5a, 5b, 5c and 5d 

show high magnification micrographs of dots 26nm in diameter, 200nm high (Fig. 7.5a 

and 5b) and rows of dots at lower magnifications (Fig. 7.5c and 5d). It can be seen that 

this etch process produces structures with high aspect ratio and extremely vertical 

sidewalls (anisotropy factor close to 1). Two observations can be made on Fig. 7.5. 

Firstly, in Fig. 7.5a, and 5b, the dots are shrouded with a thin layer. This layer is a 

containment from the electron microscope deposited during exposing the micrograph. 

Secondly, the profile of some of the structures is not uniform, for example Fig. 7.5c. 

This may be due to the inhomogeneity o f the epitaxial layer, i.e. local variations in 

stoichiometry, which in turn changes the etch rate locally producing non-uniform 

profiles.

Epitaxial layers of ZnSei.xSx with (alloy composition in the range 0.08 < x < 0.11) 

were etched using the same conditions as for ZnSe, i.e. at CH4 /H 2 ratio o f 1/8. The 
etched structures exhibited near vertical sidewalls and no deposition was found on the 

surface. However, the etching process has revealed white regions (appearing as white 

spots, probably Se-rich, in Fig. 7.6a and as cones in Fig. 7.6b) which were covered by 

the etched epitaxial layer (compare the etched and masked areas in Fig. 7.6a). The etch 

rate of Z nS ei.xSx was ~ 25nm.min*1, smaller than that for ZnSe, and the anisotropy 

factor was ~ 0.89.
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Figure 7.4: iMicrographs of nanostructures etched in ZnTe using CH4/H 2 at a pressure 

of 23mtorr. a) a rib etched at a CFI4/H 2 ratio o f 1/6 displaying the 'key hole' profile, the 

narrowest region is approximately 35nm wide, b) a rib 65nm wide etched at a CH4/H 2 

ratio o f 1/ 8 . c) a dot 55nm in diameter etched at a CH4/H 2 ratio o f 1/ 8 . d) a dot 70nm  

in diameter etched at a CH4/H2 ratio of 1/ 8 .
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Figure 7.5: Micrographs o f nanostructures etched in ZnSe using CH4/H 2 ratio o f 1/8 at 

a pressure of 23mtorr. a) a dot 26nm in diameter and 200nm high, b) a dot 35nm in 

diameter and 240nm high, c) and d) dot arrays showing the inhomogeneity of starting 

material.

153



7.4.3. RIE of CdTe and CdMnTe

There has been limited reports in the literature about dry etching of C d T e1**.

The properties of etched CdTe structures and surfaces were investigated by varying the 

hydrogen flow rate with a constant methane flow rate of 5sccm. With pure hydrogen, 

CdTe etches at a rate of 165nm/min leaving a very rough surface and sidewalls, in 

addition droplets, presumably of Cd, up to 150nm in diameter were also present, Fig. 

7.7a. (It is worth mentioning that indium droplets have been seen during unoptimised 

etching of InP using CH4/H 2 19). At high methane concentration (CH4/H 2 ratio of 1/2), 

the sidewall profile was overcut but the surface was smoother than the pure hydrogen 

etch.

As the methane concentration decreases, i.e. CH4/H 2 ratios of 1/4, 1 /6  ..etc, the etched 

profile improves becoming vertical at the optimum hydrogen flow rate of 40 seem. At 

this optimised conditions, CH4/H 2 ratio of 1/8, and a total pressure of 22mtorr, the etch 

rate was ~ 72nm/min and the surface after etching was smooth and clean. The 

anisotropy factor for CdTe was ~ 0.92. Fig. 7.7b shows a high magnification SEM 

micrograph of a lOOnm wide ridge etched under these conditions with the Ti mask still 

in place. A graph of the CH4 /H 2 ratio as a function of CdTe etch rate is presented in 

Fig. 7.7c.

It was found that C di.xM nxTe (with the alloy composition in the range 0.127 < x <

0.14), can also be etched using the same optimised conditions as for CdTe producing 

similar vertical sidewalls. The anisotropty factor was ~ 0.91. However, the etch rate for 

C d i-xM nxTe at the optimum conditions was found to be ~41nm.min*1. Fig. 7.7d 

shows structures etched in

C d].xMnxTe using CH4/H 2 ratio of 1/8 and a pressure of 22mtorr.
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(a) (b)

Figure 7.6: Micrographs showing ZnSeS surface etched in CH4/H 2 ratio o f 1/8 and a 

pressure of 22mtorr. a) a top view showing native defects (diamond shaped) and also 

small white regions uncovered by the etching process, b) a side view of the surface at 

micrograph (a) showing the etch profile. The white regions in micrograph (a) appear as
cones.
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(a) (b)
Figure 7.7: Micrographs showing a) CdTe etched in pure hydrogen. Droplets up to 

150nm in diameter, presumably of Cd, appear after etching, b) CdTe ridge lOOnm wide 

etched in CH4/H 2 ratio of 1/8 with the Titanium mask still in place.
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Figure 7.7c: The etch rate o f CdTe as a function of the

%CH4 in the CH4/H 2 gas mixture at a constant etch pressure o f 22  mtorr.
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7.4.4. R IE  of ZnS and  CdS

Polycrystalline ZnS was patterned using S 1400-3IE photoresist and etched in CH4/H 2 

at ratios o f 1/6 , 1/8 and 1/10. After etching, it was noticed that, for CH4/H 2 ratio o f  

1/ 10 , a film of deposition, presumably polymeric, was covering the photoresist mask in 

areas where it was difficult to remove. It was also observed that the grain boundaries 

were clearly defined in the etched area, Fig. 7.8a. The etch rate at 1/8 is ~ lbOnm.min*1. 

The anisotropy factor was ~ 0.85.

CdS etched at CH4/H 2 ratio of 1/8 showed no trace o f deposition on the etched surface, 

Fig. 7.8b, and the etch rate was ~ 1 lSnm.min*1. The anisotropy factor was ~ 0.88.

Figure 7.7d: Micrographs showing CdMnTe ridges etched in CH4/H 2 ratio of 1/8 and 

a pressure of 2 2 mtorr.
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(a) (b)
Figure 7.8: Micrographs showing a) ZnS etched in CH4 /H 2 ratio o f 1/10 and a 

pressure of 23mtorr. A thin film, presumably polymeric, is deposited on the photoresist 

mask, b) CdS etched in CH4/H 2 ratio o f 1/8 and a pressure o f 23mtorr.

7.5 .  D i s c u s s io n  a n d  c o n c l u s i o n s

The optimum conditions for all the II-VI semiconductors etched in this study were at 

CH4/H 2 ratio o f 1/8 and a pressure ranging between 23 to 25mtorr. The RF power 

used was 150W and the dc bias voltage was 870±30V. The surface after etching was 

generally smoother than the as-grown material (or the polished surfaces in the case o f  

ZnS and CdS). The etch rates and the anisotropy factors estimated at the optimum  

conditions are presented in table III.

It can be seen that the etch rate of ZnSe has decreased from 34nm .min'l to 25nm.min'l 

after the addition o f Sulfer to the compound. The reduction o f etch rate upon forming 

an alloy (ternary compound) was also observed for CdTe and CdMnTe indicating that 

the presence of Mn also slows down the etch rate. The fact that the optimum conditions 

are constant for all the II-VI compounds studied implies that almost any quantum well 

structure or heterojunctions can be etched using this process.
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Material Etch rate (nm .m in'l) anisotropy

factor

ZnTe 72 0.91

ZnSe 34 ~1

ZnSSe 25 0.89

CdTe 72 0.92

CdMnTe 41 0.91

ZnS 160 0.85

CdS 115 0.88

It is believed that the key to the success of CH4 /H 2  as a universal high resolution 

reactive ion etching process can be understood if this process is thought of as an inverse 

of metal organic chemical vapour deposition process. As a result, one would expect the 

etch product to be in the form of organo-metallic compounds and hydrides, depending 

on which compound has the highest partial vapour pressure. However it should be 

pointed out that there is no experimental evidence in the literature , as yet, to prove the 

validity of this claim for etching II-VI semiconductors. However, a recent unpublished 

work by Murad et al20 using optical emission spectroscopy has shown that phosphorus 

and arsenic hydrides are formed during etching o f InP and GaAs.

The ability to etch a wide range of II-VI as well as III-V semiconductors, e.g. GaAs10’11, 
InP 12, InAs and GaSb13, puts the CH4 /H 2  etch in a unique position to process II-VI 
and m-V, and probably hybrid semiconductor structures, commercially.
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Chapter 8: Assessment of reactive ion etched II-V I sem iconductors 
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8.1. Introduction

In the previous chapter, a reactive ion etching process has been described for etching a 

variety o f II-VI semiconductors. However, it is known, from  the work on III-V 

sem iconductors, that dry etching introduces dam age to the surface o f the 

semiconductors. In this chapter, the question of the etching induced modification by the 

etching process, described in chapter 8, is addressed.

Since electrical characterisation of ZnTe and ZnSe, using, for example, the TLM method 

or Schottky diode evaluation was not possible, non- destructive and contactiess optical 

assessment techniques such as photoluminescence spectroscopy and Raman scattering 

were employed. In addition, the surface chemistry was investigated using X-ray 

photoelecton spectroscopy.

For CdTe, n-doped bulk material has been available com m ercially and electrical 

characterisation by evaluating the performance of Schottky diodes was possible. Etched 

surfaces were characterised chemically in detail using X-ray photoelectron spectroscopy 

and X-ray excited Auger electron spectroscopy.

8.2 Techniques used in this study

8.2.1. Photolum inescence spectroscopy

The theory of photolum inescence will be presented briefly in this section. 

Photoluminescence can be defined as the optical radiation emitted by a physical system 

resulting from the excitation to a non-equilibrium state by irradiation with light. Band 

gap photoluminescence (PL) occurs when a photon creates an electron-hole pair. Both 

of these quasi panicles relax down to the bottom of their respective energy bands and 

recombine emitting a photon with energy equivalent to the transition energy. The
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emitted photon can therefore have energy different to that of the band-gap energy if 

there are other energy levels present, such a case occurs when impurities are present in 

the crystal. Luminescence processes are distinct in that light is generated without the 

generation of heat. PL experiments are usually undertaken at low temperatures (<77K) 

as this effectively decreases the phonon population and the probability of non-radiative 

recombination processes, thus increasing the emission intensity and narrowing the 

line width.

The basic transitions in semiconductors are shown schematically in Fig. 8.1. These 

transitions may be classified as follow1 :

Interband transition: (a) intrinsic transition corresponding very closely in energy to the 

band-gap, where phonons or excitons^1) may be involved and (b) high energy emission 

involving energetic or hot carriers, sometimes related to avalanche emission. The group 

(2) involving chemical impurities or physical defects; (a) conduction band to acceptor 

(b) donor to valance band, (c) donor to acceptor pair emission and (d) deep levels. The 

group (3) is intraband transition involving hot carriers. Not all transitions are radiative 

or can occur in the same material.

—E,
- - E

(b)(b) (d)( a )

i 3)( 2 )M >

•ELECTRON

OHOLE

Figure 8.1: Basic transitions in semiconductors (after Ivey, reference 1).

C1) An exciton consists of an electron and a hole that orbit around each other. It has lower energy than 
the band-gap because some energy goes towards binding the exciton together. It is free to wander 
through the crystal hence the restriction is imposed that the translational velocities of the hole and the 
electron must be identical. The hole and electron can recombine radiatively. A free hole can combine 
with a nutral donor to form a positively charged excitonic ion, the hole moving in the electrostatic field 
of a 'fixed' dipole, determined by the instantaneous position of the electron, hence this complex is 
somtimes called bound e x c i t o n ^ .
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8.2.2. Raman scattering

The presentation of Raman scattering theory in this section will be a simple and brief 

one. Raman scattering relies on exam ining the light scattered of a material. The 

scattering could be off a quantized lattice vibration within the crystal. Such lattice 
vibrations are called phonons. If a light of energy hv is incident on a crystal, the 

scattered light will have different energies; h(v - Av ) and h(v -f Av). These are the 

Stokes and anti-Stokes lines and are due to the annihilation or creation of phonons 

respectively. The former process is usually more dominant (brighter line) since the 

incident photon is more likely to lose energy via creating a phonon rather than 

absorbing i t  Phonons can be classified as Acoustic or Optical groups and each group 

is further divided into Longitudinal and Transverse, for example, Longitudinal Optic 

phonons (LO) and Transverse Optic phonons (TO), depending on their polarisations. 

There are certain selection rules that have to be obeyed in Raman scattering2. One of 

these rules states that when the (100) plane of the crystal is illuminated, then only the 

longitudinal optic LO phonon can be excited. If however, the (100) plane of the crystal 

is disordered (damaged) in some way, the otherwise forbidden transverse optical TO 

phonon can be excited3, therefore the appearance of a TO phonon when illuminating the 

(100) plane is a sign of disorder (damage). The Raman spectra o f an ordered crystal 

shows sharp narrow peaks at the frequency of the phonons, typically of width l ^ c n r 1 

for elemental semiconductors and 2 -4 cn r1 for compound semiconductors. This is very 

different however from the Raman spectrum shown for amorphous material which 

exhibit very broad peaks existing over many tens of wavenumbers and reflecting the 

phonon density of many states4. In between these extremes, the phonon peaks show 

asymmetric broadening to lower energies, getting broader as the degree o f crystal 

disorder is increased.

8.2.3. Schottky diode evaluation

There are four basic mechanisms which determine the properties of Schottky barriers 

under forward bias for an n-type semiconductor.

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

b) quantum mechanical tunneling though the barrier,

c) recombination in the space charge (depletion) region,

d) recombination in the neutral region.

The inverse processes occur at reverse bias. A schematic diagram of the transport 
mechanisms is presented Fig. 8.2, where 0b is the height of the barrier measured from
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the metal energy Fermi level, Vd is the band bending, £ is the energy difference between 

the conduction band and the semiconductor Fermi level.

a

_____

Figure 8.2: Transport processes in a forward biased Schottky barrier (after Rhodrick 

and Williams, reference 5).

When process (a) described above is the dominant transport mechanism in a Schottky 

diode, the diode can be considered as nearly ideal, n *  1; while processes b, c and d 

cause departure from the ideal behaviour i.e. n »  1, where n is the ideality factor. 

Furthermore, there are two ways in which the electrons emit over the Schottky barrier in 

mechanism (a). Before the electrons emitted over the barrier into the metal, they must 

first be transported from the interior of the sem iconductor to the interface. In 

transversing the depletion region of the semiconductor, their motion is governed by the 

diffusion and drift mechanisms in the electric field of the barrier. When they arrive into 

the interface, their emission into the metal is controlled by the number of Bloch states in 

the metal which can influence the 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 
Wagner^ and Schottky et al7, the first of these processes is the limiting factor, whereas 

in the thermoionic- emission theory of Bethe8, the second is more important. However, 

in Roderick's analysis9 of Smith's experimental data1̂  on GaAs diodes, it was shown 

that the forward current in these diodes at room temperature is almost certainly limited 

to the thermionic emission provided the forward bias is not too large. In addition, 

contributions to the electron transport across the GaAs Schottky junction through 

recombination in the depletion region (process c) due to the short lifetime o f the 

electrons. Tunneling through the barrier (process b) however occurs because the small
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electron effective mass makes it difficult to fabricate an ideal diode. Furthermore, the 
quantum mechanical tunneling appear to be very sensitive in the reverse bias when 

measuring the reverse leakage current.

By assuming that the electron transport is governed alm ost entirely by thermionic

emission, the current voltage characteristic of a practical diode is given by6:

I = Io exp {eV/nkT} {1-exp [-eV/kT]} (8.1)

where
Io = A* T2 exp {-0t>/kT} x area (8.2)

where A* is Richardson constant (4.4x1 C^Anr^K'2), T is the absolute temperature and n

is the ideality factor; n > 1.

when V > 3kT/e, equation 8.1 approximated to

I = Io exp (eV /nkT} (8.3)

A straight line results when In I is plotted as a function of V for small forward bias (=  

0.5 V), and the ideality factor n can be calculated from the slope of the graph. If large 

values of n are calculated or In I versus 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 traps.

The measurements of the ideality factor and the reverse leakage current for Schottky 

diodes as a quantitative indication of the degree of damage induced at the semiconductor 

surface after dry etching has been used by a number of workers11' 16.

8.3. C harac terisation  of C H 4 /H 2  etched ZnTe

8.3.1. R eflectivity  m easurem ents, Photo lum inescence spectroscopy  an d  TEM  

exam ination

ZnTe epitaxial layers were grown by MOCVD as described in chapter 8. 

Measurements of reflectivity were performed at Regensburg University at 1.7K on as 

grown 1.97|im thick layer under normal incidence. The spectrum shown in Fig. 8.3 

revealed the splitting of the excitonic structure (ET) into heavy and tight hole transitions.

It was noted that ffom this splitting and using the known deformation potential17, it can

be deduced that there is a small biaxial strain in the surface layer.
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Figure 8.3: Experimental (....) and theoretical (------) low tem perature reflectivity

spectrum of unetched ZnTe surface grown by MOCVD at 350°C. Heavy and light hole 

transitions appear at 2.3789 and 2.3739eV, respectively.

If the large lattice mismatch-induced strain of 7.48% had com pletely relaxed at the 

surface of a ljim  thick sample, then it would be expected that only the thermal strain of 

-1-0.15% would remain. This is caused by the difference in the thermal expansion 

coefficients between the ZnTe layer and the GaAs substrate, after cooling the sample 

from the growth temperature of 623K to the measurement temperature of about 2K. It 

is noteworthy that the measured strain is always found to be slightly below this value1**. 

It has been noticed that by increasing the surface roughness for example by examining a 

poorer quality sample the splitting of the excitonic structure (ET) into heavy and light 

hole transitions broadens and becomes less prominent.
The photoluminescence measurements of ZnTe epitaxial layers were carried out at 2K 

using a lm  Jarrel Ash double monochrometer and detected by a GaAs photomultiplier. 

The 457.9nm line of an argon ion laser was used as an excitation source. A typical PL 

spectrum in the range of 2.2 to 2.4eV,Fig. 8.4. The peaks denoted by 1 and 2 are 

luminescence from free excitons split by biaxial strain. Peaks 3 and 4 are due to an 

exciton bound to an Arsenic-acceptor and to another presently unidentified acceptor, 

respectively. The luminescence of a donor-acceptor pair appears as a band denoted by

6. Very little deep trap luminescence was found which indicates the high purity of the
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grown layer. Increasing the surface roughness for example by examining a poorer 

quality sample broadens this structure and makes it less prominent.

ZnTe specimens were prepared for [110] cross-sectional TEM by mechanical thinning 

follow ed by argon ion milling to perforate the specim en. A Philips CM300 

transm ission electron microscope operating at 300kV was used at the physics 

department in Regensburg University. A bright-field image of a 750nm thick ZnTe 

layer on GaAs is shown in Fig. 8.5. The micrograph clearly displays the defect 

structures near the ZnTe/GaAs interface. In a region, approximately 200nm wide 

extending from the interface, a large density of misfit dislocations can be seen. When 

the ZnTe layer thickness is increased, the density of dislocations decreases and defect- 

free areas can be seen further from the interface.

ZnTe/GaAs MOVPE
Photon energy [eV]

2.35 2.30 2.25

d
d

&
•
GO
C2

C
—1
Du

 ---- 1----1-----1----- 1---- 1-----r i---- r -i T T

1 -  XlS m j= ±  3 /2  

2 : X lS  m j= ±  1 / 2

(D°,X)
3: (A°,X)
4: (Ag,X)
5: (e,A°)
6: (D°,A°)

5200 5300 5400 5500 5600
W avelength  [A]

Figure 8.4: Low temperature photoluminescence spectrum of ZnTe/GaAs layer grown 

by MOCVD excited with the 457.9nm Argon laser line.

The spectra of ZnTe and ZnSe samples were collected using the 488nm and 364nm 

lines, respectively of a Spectra-Physics argon ion laser as the excitation source and for 

the low temperature measurements the samples were held in a helium flow cryostat. A 

90° scattering geometry were used for the luminescence experiment of ZnTe and ZnSe. 

The em itted light was dispersed in either a Jobin-Yvon single or double pass lm  

spectrometer and detected by a GaAs photom ultiplier tube operating in current or 

photon counting mode, respectively.
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Figure 8.5: Bright field image o f cross sectional TEM showing ZnTe/GaAs interface of 

ZnTe layer grown by MOCVD.

Figure 8 .6  shows the 5K photoluminescence (PL) spectrum from as-grown ZnTe. 

W ell-defined excitonic structure in the near-band-edge region o f the spectrum are 

observed. The dominant peak at 2.368eV, (4), is identified as an exciton bound to an 

Arsenic acceptor19. The shoulder to the low energy side (5) is a second acceptor bound 

exciton presently unidentified. Peaks (2) and (3), at 2.380 and 2.373eV , respectively, 

can be identified as the strain-split free exciton em ission corresponding.to a strain of 

0.09% resulting from an incomplete strain relaxation. The 6 LO and 7LO Raman 

scattering lines also appear in this spectral region, peaks ( 1) and (6 ) respectively, and 

provide a good wavelength calibration and order o f magnitude intensity marker. Peak 

(7) is unidentified at the present time. The sample was then cleaved into four pieces and 

three pieces were reactive ion etched in CH4/H 2 , using the conditions described in 

chapter 8, while the fourth was retained as a control. The three etch gas ratios studied 

were 1/ 10 , 1/8 and 1/6 ratios o f CH4/H 2 .

The spectra obtained after etching are compared with the spectrum of as-grown (control) 

sample, Figure 8.7. The overall intensity o f the near band edge luminescence has 

decreased in all cases by two orders o f magnitude with respect to the intensity o f the 

unetched sample. The strongest reduction in intensity occurs for the dominant (4) peak 

and correlates with the proportion of Hydrogen in the etch gas: the largest decrease 

occurs in the sample etched with the largest proportion of hydrogen i.e. CH4/H 2 ratio of 

1/10. This suggests that hydrogen incorporation may be the cause o f the intensity 

decrease. Reduction in the luminescence intensity o f p-tvpe semiconductors after 

hvdrogen exposure has been observed in ZnTe and CdTe-0’- 1 and in silicon11-.
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Figure 8.6: 5K photoluminescence spectrum of as-grown ZnTe/GaAs.
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Figure 8.7: 5K photoluminescence spectra o f four samples of ZnTe/GaAs, three of 
which have been reactive ion etched in CH4/H 2  at ratio 1:6, 1:8 and 1:10.
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Changes in the deep level emission from the samples after etching are shown in Fig. 

8.8. The spectrum from the control sample shows donor acceptor pair (DAP) emission 

at 2.305eV with FWHM of 12meV and its two LO phonon replicas lying at longer 

wavelengths. After etching, the DAP emission decreases in intensity with peak (4). It is 

believed that the DAP emission is related to an arsenic acceptor recombining with an 

unknown donor. This assignment is consistent with the arsenic ionization energy of 

78.3meV19 assuming a donor ionization energy of 18meV22. The deep level spectra of 

the etched samples show two new broad features at lower energy than the DAP: at 

2.23eV (FWHM = 61meV) and at 2.15eV (FWHM = 13meV). Neither the control nor 

the etched samples exhibited emission related to oxygen impurities which is expected at 

about l^ e V 24. The 2.15eV feature observed in the etched samples coincides in energy 

with an unidentified peak observed by W ilson2  ̂ in both M BE and MOVPE grown 

ZnTe/GaAs and its origin remains unknown.
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Figure 8.8: 5K deep level emission of the same four samples of ZnTe/GaAs shown in 

Fig. 8.7. The spectrum of the control sample is an order o f magnitude weaker in 

intensity in this region than those of the etched samples. The peak at 2.23eV is 

probably related to a Zn-vacancy impurity complex. The spectral resolution is 0.1 nm.

In order to remove the hydrogen incorporated into the samples during etching, they were 

annealed at 250°C for 15 minutes in flowing pure N2 together with the control sample. 

The near band edge and deep level spectra obtained from the samples after annealing are 

shown in Figures 8.9 and 8.10 respectively. The excitonic spectrum of the control
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sample remains largely unchanged with no significant broadening of the dominant 

bound exciton emission. Qualitatively, the spectra now resemble that o f the control 

sample with the dominant excitonic emission, the arsenic bound acceptor (peak (4)), 

displaced by 2meV to higher energies in all three etched samples.

Energy (eV)
2.38 2.37 2.36 2.35
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i—i
1:6etched
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Figure 8.9: Near band edge photoluminescence spectra o f the same four samples o f  

ZnTe/GaAs shown in Figure 8.7, after annealing. The intensity o f the etched samples 

has increased by an order o f magnitude but is still an order o f magnitude weaker than 

the control sample. All the etched samples show a blue shift of their dominant emission 

peak o f 2meV with respect to the control sample.

This shift may be related to some form of strain being relaxed in the etched surfaces. 

Complementary work on annealing etched and unetched samples in flow ing Argon 

shows similar energy shifts o f this peak after etching. The FWHM of peak (4) in the 

etched samples has broadened by 0.5m eV at most, suggesting minimal degradation of 

the optical quality of the material but the overall intensity o f the near band edge emission 

has recovered by an order o f magnitude after annealing.

After annealing, the deep level emission of the etched samples shows some recovery o f  

the DAP emission intensity together with the associated phonon replica with respect to 

the spectrum of the annealed control sample. The peak at 2.15eV  remains, although 

reduced in intensity. The broad feature at 2.23eV now shows more structure, revealing a 

well-defined peak at 2.23eV with evidence o f two phonon replicas. It now closely
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resembles the spectra reported by Wilson et al2  ̂and Meese and Park2^ with a FWHM 

of some 20meV which compares well with the values they measured. This suggests that 

after annealing, a much narrower range o f energies is involved in the Zn-vacancy- 

impurity complex and that the annealing process has gone some way to removing any 

possible etch-induced damage.
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Figure 8.10: Deep level emission region of the same four samples o f ZnTe/GaAs 

shown in Figure 8.7, after annealing. The intensity of the DAP emission from the 

control sample has decreased while that of the etched samples has partially recovered. 

The peak at 2.150eV remains in the emission of the etched samples, while the broad 

band at 2.23eV shows some structure, particularly in the emission of the sample etched 
at 1:10 CH4/H 2 . The spectral resolution is O.lnm.

8.3.2. R am an scattering

Samples of ZnTe were cleaned in acetone and IPA and blow drved in Nitrogen prior to 

the experiment. The near back-scattering geometry configuration was used for the 

Raman scattering spectroscopy. The samples were cooled to 5K so that a near 

resonance condition was obtained between the 514.5nm line of the Argon ion laser and 

the energy gap of ZnTe. The laser produced 1.6mW (CW) and the beam was focused 

to a spot on the (100) plane giving an estimated laser penetration depth of 300nm. A 

Jobin-Yvon lm  double spectrometer and CCD were used for the experiment with a 

resolution of 1.4 cm-1.
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The Raman spectrum recorded before etching shows the 1LO phonon at 209cm-1 with 

FWHM of 2.3cm-1, as predicted by the selection rules, Fig. 11a. Three smaller peaks at 

207cm -1, 215cm-1 and 219cm -1 were also visible. These peaks were attributed to 

combinations of the LO-TA, LO+TA and LO+LA phonons respectively27.

By analogy with what had been observed in IH-V semiconductors, namely undoped 

G aA s28, the damage due to the reactive ion etching process would be expected to 

manifest itself as an asymmetric broadening of the 1LO phonon peak to lower energies 

due to a reduction in the long-range crystallinity of the material thus relaxing the q=0 

selection rule29. This effect is accompanied by the appearance of phonon modes 

normally forbidden, e.g. the TO phonon in this geometry at 180cm-1. The appearance 

of an emission representing the phonon density of states of the material might occur if 

the damage is sufficiently high to produce an amorphous structure4 
A fter etching approxim ately 0 .2 |im  of the epitaxial layer however, none o f the 

previously mentioned possibilities, previously observed in III-V semiconductors, 

revealed themselves, as seen Fig. 11c for the ZnTe sample etched at the optimum 

conditions of 1:8 CH4 /H 2 . This indicates that the etching process did not cause any 

detectable crystalline damage. The phonon combination peaks at the base of the 1LO 

phonon decreased in intensities probably due to variation of material quality as the 

etched surface gets closer to the ZnTe/GaAs interface. TEM  exam ination o f 
ZnTe/GaAs epitaxial layer approximately 0.8|im  thick, has shown that the ZnTe layer 

contains a high density of misfit dislocations nearer to the interface, Fig. 8.5. After 

etching therefore, the layer sampled by the laser light may be o f poorer quality thus 

yielding a different spectrum independently of the effect of the reactive ion etching. This 
hypothesis was tested by examining the spectra of a 2fim thick ZnTe epitaxial layer of 

which 40nm was etched away. The spectrum of the etched sample was very similar to 

that of the control sample.
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Figure 8 .11: Raman spectra of a control ZnTe sample and samples etched as in Figure

8.7. The LO phonon is seen at 209cm-1 and the peaks at 207, 215 and 219cm-1 are 

assigned to combinauons modes of LO-TA, LO+TA and LO+LA, the intensity of 

which has decreased due to the poorer crystalline quality of the epitaxial layer near the 

ZnTe/GaAs interface.

8.3.3. X -ray photoelectron spectroscopy

The etched surfaces were examined by XPS, as described in chapter 5, employing an 

ESCALAB MK II machine, with an electron analyser of concentric hemispherical 
design and using the A1 Ka X-ray line at near normal acceptance angle. During scans, 

the base pressure of the analysis chamber was ~ 5xlO-10mbar. The core level signals 
emitted from Te (3d, 4d ) and Zn (2p, 3 d ) electrons for ZnTe were observed.

The use of electrons with two different kinetic energies enables one to monitor any 

modification within two spatially resolved depths, approximately 1 and 3nm of the 
uppermost layer of the surface^. Three samples were examined by XPS, two of which 

were etched at CH4 /H 2 ratios of 1 /6  and 1/8 . The third sample was unetched and used 

for comparison. Fig. 8.12a, b, c and d show regions associated with emission from the 

Te 3d, Te 4d, Zn 2p and Zn 3d core levels respectively for an as-grown ZnTe sample 

and samples etched at CH4/H 2 ratios of 1 /6  and 1/8-
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The binding energy shifts seen between the same core level emission peaks or the 

different surface treatments are associated with charging effects on the surface, resulting 

in a displacement of all the peaks by the same amount to higher binding energies. The 

effect is corrected by an amount sufficient to result in the alignment of all the 

C Is  peak binding energies.

All the Te 3d  spectra show two Te peaks, the Te 3d 5/2  and Te 3d 3/2 , at energies of 

573.5 and 584 eV, respectively. These peaks are accompanied by two extra peaks at 

577 and 587.5eV which are known to be due to emission from the 3d core levels of Te 

in an oxide environment31. It can be seen that the intensity of the Tellurium oxide peak, 

presumably a combination of Te0 2  TeC>332, has decreased after etching as the 

C H 4 / H 2 ratio changes from 1 / 8  to 1/ 6 , i.e. as the hydrogen content decreases in the etch 

gas, within the sampling depth of the XPS measurements. The Te 4d spectrum of the 

control sample shows an unresolved spin-orbit doublet around 41-42eV, accompanied 

by an oxide doublet at higher binding energies. The oxide doublet intensity decreases 

markedly after etching as the CH4/H 2 ratio changes from 1 /8  to 1/ 6 . This implies that 

the amount of tellurium oxide formed after etching has decreased within a layer 

approximately 3nm beneath the surface.

The Zn 2p  spectra recorded before and after etching were very similar and show two 

peaks at 1022 and 1045eV, the Zn 2p  3/2 and Zn 2p  1/2 , respectively. The Zn 3d spectra 

recorded before and after etching were also very similar, indicating that there is little or 
no change in the binding energy of the zinc within approximately the top 3nm of the 
surface.

The areas of the Te 4d  and Zn 3d peaks, determined by curve fitting the emission 

spectra, were integrated and the ratios of N Te oxide/ NTe, NZn oxide/ N Zn and NTe/ 

NZn were calculated. These ratios were corrected for the photoionisation cross section 

and the escape depths of the emitted electrons33 as described in chapter 5. The peak 

areas and the ratios are presented in table I

Sample Te Te oxide Zn Zn oxide NTe oxide 

/NTe

NZn oxide 

/NZn

NTe

/NZn

Control 61 38 1 0 0 0 0.623 0 0.137

1 /6 1 0 0 0 1 0 0 0 0 0 0.226

1/8 77 89 11 0.286 0.123 0.195

Table I: The peak areas of the Te 4d and Zn 3d core levels and the ratios of NTe oxide/ 

NTe, NZn oxide/ NZn and NTe/ NZn for ZnTe control sample(unetched) and samples 
etched in 1 /6  and 1/8  (optimum) ratios of CH4/H 2 . %2 values were between 1.28 and

6.13.
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Figure 8.12: XPS spectra of: (a) Te 3d, (b) Te 4d, (c ) Zn 2p,  and (d) Zn 3d  for 
unetched ZnTe (bottom), etched ZnTe in 1:8 (middle) and 1:6 (top) mixture o f CH4 /H 2 .

8.4. C harac terisa tion  of C H 4/H 2 etched ZnSe

8.4.1. Photolum inescence spectroscopy

The spectra of ZnSe samples were collected using the 488nm  and 364nm lines, 

respectively  o f a Spectra-Physics argon ion laser as the excitation source. 

Photoluminescence spectra of ZnSe was collected using near back scattering geometry. 

Three pieces of a ZnSe sample were etched in a methane to hydrogen gas ratio of 1/2, 

1/3 and 1/4, while a fourth piece was retained as a control sample. The low temperature 

photoluminescence (5K) spectra of the four samples with a spectral resolution of
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O.lnm. Fig. 8.13. All the samples showed deep level emission at 530nm. The intensity 

o f this em ission has decreased monotonically, with respect to the near band edge 

emission, as the hydrogen content in the etching gas is increased from 1/2 through 1/4 

indicating an effect related to hydrogen. A more detailed near band edge emission 

spectra is shown in Fig. 8.14 in which peaks 1 to 6 were assigned as follows:

Peak (1), appears at 443.4nm, is credited to the light and heavy hole free exciton34.

ZnSe 5K 

363&A exictatton

CONTROL

T75
V ^ w e ie n g th  [ n m ]
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c

r-u

control

USO
Wavelength

Figure 8.13 (le ft): 5K photoluminescence of ZnSe/GaAs etched in CH4 /H 2  at various 

ratio. The spectrum is from the control sample. Peaks 1 is the light and heavy hole 

exciton, peak 2 the bound exciton to a Zinc vacancy acceptor, peaks 3, 4 and 5 are 

phonon replicas, peak 6 is unidentified, peak 7 is the so-called "Y-line" associated with 

dislocations and peak 8 is related to deep levels.

Figure 8.14 (right): Expanded near band gap 5K photoluminescence of control and 

etched ZnSe/GaAs samples. The assignment is given in Fig. 8.13 as well as the text.

Using a higher resolution (0.0lnm), peak 1 can be resolved into three separate peaks, 

Fig. 8.15. The peaks are identified, according to the literature, as ( la ) the light and 

heavy hole free exciton (FE), (lc) a neutral donor bound exciton (D°, X)n=o and (lb) its 

excited state (D°, X)n=i.
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Figure 8.15: Expanded peak 1 in the 5K emission of ZnSe/GaAs control sample. After 

annealing the three peaks la, lb  and lc  are clearly resolved and assigned to the light 

and heavy hole exciton, to an excited state of the neutral donor bound exciton and to the 

ground state of the neutral donor bound exciton, respectively.

Since the strain in these epitaxial layers is unknown, the information is very limited. 

Peak (2) is assigned to Zinc vacancies (A°, X) while peaks (3), (4) and (5) are its 

phonon replicas since they occur at intervals equal to the 1LO phonon energy of 

31meV. Peak (6 ) matches a phonon replica in the control and in the etched samples 

(see, for example, spectra for 1/2 ratio of CH4/H 2 in Figs. 8.13 and 8.14). However, it 

appears to change its intensity in the etched samples (Fig. 8.14) but not significantly in 

the etched and annealed samples (Fig. 8.16) as discussed below. Peak (7), occurs at 

4763A and it is labelled the 'Y line' in the literature being assigned to extended 

dislocations34. The broad peak denoted (8) is unidentified, probably related to deep 

levels.
In order to remove the hydrogen incorporated into the samples during etching, were all 

annealed at temperatures of 100, 150 and 200°C for a period of 5 minutes in pure N2 

atmosphere. After annealing at (Fig. 16) the intensity o f peak (7) , related to extended 

dislocation34, has decreased while the intensity of peak (2), due to Zinc vacancies, and 

its associated phonon replicas have increased dramatically in intensity.

178



Anntalad 200C*5nins

control

W a v e le n g t h  I n m l

Figure 8.16: 5K photoluminescence of etched and annealed ZnSe/GaAs.

The improved ratio of intensities of the bound exciton over the deep level emission is a 

clear indication of the decreasing presence of activity, defect, and/or compensating 

centres. Peak (6) has also decreased monotonically in intensity as the amount of 

hydrogen increases in the etching gas indicating that the hydrogen is passivating this as 

a yet undefined impurity level.

8.4.2. R am an scattering

The Raman spectrum of ZnSe was recorded at 457.9nm the control sample, Fig. 8.17, 

and it shows the 1LO phonon at 250cm-1 and the 2LO phonon at 500cm-1. There is 

also a broad peak centred at 461.0nm and this wavelength did not vary by changing the 

excitation line from 457.9nm to 454.5nm which therefore implies a photoluminescence 

background, Fig. 8.18.

The Raman spectra of the etched samples are also shown in Fig.8.17. After etching, the 

relative intensities of the 1LO and 2LO phonons remained unchanged. There was 

neither evidence of asymmetric broadening of the 1LO phonon nor evidence of the 

symmetry forbidden TO phonon indicating no detectable etching-induced damage.
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Figure 8.17 (left): Room temperature Raman spectra of the control and etched samples 

of ZnSe/GaAs

Figure 8.18 (right): Room temperature Raman spectrum of ZnSe/GaAs control sample 

probed using the 4579A and 4545A laser lines.

The intensity of the luminescence background has increased after etching which is 

probably a reflection o f the enhanced near-gap lum inescence after exposure to 

hydrogen.

8.4.3. X-ray photoelectron spectroscopy

The core level signals emitted from electrons of Se 3d  and Zn (2p, 3 d ) for ZnSe, were 

observed. Figure 8.19a, b and c shows the Se 3d , Zn 2p  and Zn 3d spectra of ZnSe 

samples etched in CH4 /H 2 ratios of 1/8 and 1/10, and a control (unetched) sample. All 
the Se 3d spectra show a peak at approximately 57eV, in addition, the spectrum of the 
control sample shows a peak at 61.5eV which may be an emission from a 3d core level 

of Se in an oxide environment. The fact that the peak at 57eV has decreased implies that 

the selenium oxide layer thickness has decreased remarkably as a result of the etching 

process.
The Zn 2p spectra recorded before and after etching were very similar to those of ZnTe 

and show two peaks at 1022 and 1045eV, the Zn 2p  3/2 and Zn 2p  1/2 , respectively. The 

Zn 3d spectra recorded before and after etching were also similar to their ZnTe 

counterpart showing a peak at lleV , implying that the zinc binding energy did not 

change after etching.
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The areas of the Se 3d  and Zn 3d peaks, determined by curve fitting the emission 

spectra, were integrated and the ratios of N Se oxide/ N Se, N Z n oxide/ N Zn and N Se/ 

N Zn were calculated. These ratios were corrected for the photoionisation cross section 

and the escape depths of the em itted electrons. The peak areas and the ratios are 

presented in table II

Sample Se Se oxide Zn Zn oxide N Se oxide 

/N Se

N Zn oxide 

/NZn
N Se

/NZn

Control 72 28 100 0 0.388 0 0.257

1/8 92 8 96 4 0.086 0.041 0.343

1/10 100 0 100 0 0 0 0.358

Table II: The peak areas of the Se 3d and Zn 3d core levels and the ratios o f N Se 

oxide/ N Se, N Z n oxide/ N Z n and N Se/ N Z n for ZnSe control sample and samples 
etched in 1/8 and 1/10 ratios of CH4/H 2 . X2 values were between 1 and 5.27.

S e  3 d
Zn 3 dZn 2 p

103210261020

Binding Ene r gy  (eV)

50 56 62

3 i n d i n g  En er gy  (eV) Bi nd i ng  E n er gy  (eV)

(A) (B) (c)
Figure 8.19: XPS spectra of: (A) Se 3d, (B) Zn 2p, and (C) Zn 3d  for ZnSe RIE in 
(a) 1:8, (b) 1:10 mixture of CH4 /H 2  and (c) netched ZnSe.

8.5. Characterisation of CH4 /H 2 etched CdTe

8.5.1. Evaluation of Schottky diode parameters

To exam ine the effect o f the etching process on n-type ( l l l ) -C d T e  (resistivity 
=0.209£2-cm) Schottky diodes have been made on RIE surfaces, with surfaces wet
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etched in Br/MeOH for comparison. Ohmic contacts were made by alloying in In/Ga at 

150°C for lmin. The samples were patterned for Schottky contacts using photoresist as 

a mask and they were then etched with CH4/H 2 using the conditions given in chapter 8 

and at ratios of 1/6, 1/8 and 1/10. After etching approximately lOOnm, the samples were 

exposed to air for less than 5min before loading in the evaporator. Four Schottky 
contacts, 70nm thick gold layer and 200p.ni in diameter were deposited on each sample 

at a base pressure of l-2 x l0 ‘6 mbar. A HP4145B Semiconductor Parameter Analyser 

was used to probe the contacts and the forward and reverse bias characteristics 
examined. The barrier height O b, the ideality factor n and the reverse leakage current Ir 

were calculated/measured for each of the four contacts and the values were averaged for 

each sample.

Results

The forward bias characteristics of the RIE samples are shown in Fig. 8.20.
The Barrier hight O b  was calculated using the equation 8.2, the ideality factor n  and the 

reverse leakage current I r measured at 0.6V, were evaluated and the results are listed in 

table I. Wet etched CdTe is used for comparison. However, CdTe samples etched in 
1% Br/MeOH had resistivities of 6.94£2-cm and 1.52G-cm and the contacts were made 

on the (111)A face. The value of m* was taken as 0 .1 1  me3 5 and the effective 
Richardson constant A * 0 )  as 12A.cnr2 K*2.

sample Barrier height 
O b (V)

Ideality factor

(n)
Reverse leakage 

current Ir (nA)

1/6 : CH4/H? 0.69±0.03 1.73±0.16 1.67±0.33

1/8:CH4/H2 0.73±0.01 1.830±0.005 2.76±0.32

1/10:CH4/H2 0.71±0.03 1.75±0.03 40.99±6.1

1% Br/MeOH 0.85±0.01 1.33±0.19 —

Table I: The barrier height, Ideality factor and reverse leakage current of CdTe samples 

RIE etched using CH4/H 2 at various ratios.

It can be seen that at the optimum etching conditions, i.e. 1/8 ratio of CH4 /H 2 , the 

barrier height is 0.73 V lower than the height of the wet etched sample but in agreement 

with values in the literature36*37. However, the ideality factor for the 1/8 ratio appears to 

be slightly higher than the rest of the samples.

0 )  The effective Richardson constant used here was calculated using the formula A* = (47tqm*k2)/h3 
from the thermionic emission theory. I t  neglects the optical phonon scattering and quantum mechanical 
reflection.
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Figure 8.20: An example of the I-V characteristics of forward biased CdTe Schottky 

diodes made on samples etched in CH4/H 2 ratios of 1/6 , 1 /8  and 1/10.

8.5.2. X-ray photoelectron spectroscopy.

The X-ray photoelectron spectroscopy (XPS) and X-ray excited Auger electron 
spectroscopy (XAES) experiments were perform ed using A1 K a  radiation and a 

concentric hemispherical analyzer in the analysis chamber of ESCALAB M K II. Broad 

scans over the whole accessible energy range were taken with an analyzer pass energy 

of 50eV (overall resolution ~1.5eV), whereas detailed core level emission spectra were 

recorded with a pass energy of 20eV (overall resolution ~1.2eV).
All samples, with the exception of the one undergoing the Bromine- methanol 

(Br/MeOH) wet etch treatment, were stored and transported under methanol until about 

lOmin before insertion in the loadlock chamber of the ESCALAB MK IT, at which point 

they were exposed to air. The 1% Br/MeOH wet etch treatment was performed on the 

as-grown sample surface after which the surface was exposed to air for less than lOmin. 

The sam ples were degreased by ultrasonic agitation for 5m in in each of 

trichloroethylene, acetone and methanol respectively.

The sample was emersed in the etchant and swiveled gently for 2min. This was 

followed by etch quenching with methanol until the distinctive orange colour of 1 % 

Br/MeOH is no longer present. The sample was then rinsed in fresh methanol for 

lOmin using ultrasonic agitation, repeating the procedure to remove any trace of 

Bromine from the surface.
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By inspecting the XPS broad scans (-2 to 1400eV binding energy) shown in Fig. 8.21, 

differences in the amount of oxygen and carbon contamination are evident between the 

as-grown, RIE and Br/MeOH wet etched (111) surfaces o f the n-CdTe. The as-grown 

surface, which had been exposed to air for undeterminable period of time, is the most 

heavily contaminated, exhibiting the strongest oxygen and carbon emission intensities. 

These em issions, by comparison, are less intense for all the etched surfaces, being 

noticeably more reduced for the Br/MeOH etched surface than for the RIE surfaces, but 

there is no evidence of Br contamination on the Br/MeOH etched surface. However, any 

variation in contamination levels i.e. amount of oxygen and carbon among the three RIE 

surfaces is clearly not detectable by visual inspection alone. Although detailed emission 

spectra have been recorded for the oxygen Is and carbon Is core levels, interpretation 

of their line shape in difficult.

The emission spectra of the Cd 4d  and Te Ad core levels for the different surface 

treatments can be used as a visual illustration of the changes in the stoichiometry of the 

surface layers (figure 8.22). These core levels have been selected because the difference 

between their kinetic energy is ~30eV, very small compared to their average kinetic 

energy ~1460eV therefore they have approximately the same photoelectron escape 

depth. Therefore they should be affected to the same degree by the surface 

containm ents, although their photoionisation cross-sections are different. For the 
stoichiometric surface (i.e. equal quantities of Cd and Te) the Cd emission will be less 

intense than that for Te (Cd emission area ~ 0.6 x Te emission area).

From Fig. 8.22, it can be seen that the Cd Ad emission with respect to the Te Ad 

substrate emission is greatest for the as-grown surface and least for the Br-MeOH wet 

etched surface. The more subtle differences in stoichiometry are readily demonstrated 

from the ratio of the areas under the. emission peaks, determined by curve fitting the 

emission spectra. Cd 3d and Te 3d core level em issions have been used for ratio 

determination as presented in table HI.
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Figure 8.21 (left): Broad scan XPS spectra of (111) n-CdTe surfaces after different 

treatments: (a) as grown, (b) CH4/H 2 ; 1/6 , (c) CH4/H 2 ; 1/ 8 , (d) CH4/H 2 ; 1 /1 0  and (e) 

Br/MeOH etched.

Figure 8.22 (right): XPS spectra of the Cd 4d  and Te 4d  core levels from the (111) 

surface of n-CdTe after different treatments: (a) as grown, (b) CH4/H 2  ; 1/6 , (c) CH4/H 2 

; 1/8 , (d) CH4 /H2 ; 1/10 and (e) Br/MeOH etched.
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Sample Te/Cd (Te+Te oxide)/Cd Te/Te oxide

as-grown 0.97 1.42 2.13

(0.59) (0.86) (1.28)

SI (1/6 : CH4/H 2 ) 1.28 1.36 15.67

(0.77) (0.82) (9.46)

S2 (1/8 CH4/H 2 ) 1.22 1.34 10.11

(0.74) (0.81) (6.11)

S3 (I/IO C H 4 /H 2 ) 1.19 1.43 4.88

(0.72) (0.86) (2.95)

S3* 1.35 1.45 13.29

(0.82) (0.88) (8.03)

Br/MeOH 2.85 2.86 _ _ _

(1.72) (1.78) —

Table ID: Ratio of peak intensities of Te to Cd and Te to Te oxide of the 3d core levels 

for various surface treatments of the n-CdTe (111) established from curve fitting the 

photoelectron spectra. The values in parentheses have been corrected for differences in 

photoelecton escape depths and photoionisation cross section. S3* is a second scan of 

sample S3 after 3 days storage in UHV with constant illum ination from  the X-ray 

source. For comparison, the vacuum cleaved stoichiometric surface Te/Cd = 1.43 

before correction and (0.86) after. The error in the above values is ±0.06.

The RIE surfaces appear to be slightly rich in Cd for the 1/6 and 1/8 ratios irrespective 

of whether the total Te emission, i.e. Te plus Te oxide, or just the Te emission alone is 

considered. Although, taking the error limits into account, these surfaces could be 

considered stoichiometric. However, the 1/10 ratio suggests a stoichiometric surface for 

the total Te emission (i.e. Te plus Te oxide) for the 'initially' scanned surface, S3. Both 

the Te/Cd peak intensity ratio and Te/Te oxide ratio were observed to increase as the 

storage time in vacuum increased during which the sample surface was under 

illumination from an x-ray source for a period of ~3 days. For the as-grown surface if 

the total Te emission is considered, the (Te + Te oxide) /Cd ratio is comparable with that 

from a cleaved surface (i.e. stoichiometric surface), whereas, consideration of the Te 

emission signal alone would suggest this surface to be Cd rich. In contrast to the other 

surface, the Br-MeOH wet etched surface is Te rich i.e. Cd deficient.
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8.5.3. Changes in the chemical environment of the surface atoms

Changes in the chemical environment of the Cd and Te atoms in the etched layers can be 

illustrated by a comparison of line shapes of Cd 4d  and Te 4d  emission spectra, Fig. 

8.22. A greater amount of Te oxide is observed for the as-grown surface, by comparing 

the intensity of the Te emission and Te oxide emission peaks i.e. the latter appearing on 

the high binding energy side of the Te emission. For the RIE surfaces, the Te oxide is 

less than on the as-grown surface and the intensity decreased as the ratio of CH4/H 2 

was varied from 1/10 to 1/6. For the Br/M eOH etched surface, only minimal Te oxide 

emission is observed, being only just detectable on the slighdy more surface sensitive Te 

3d  emission spectra, Fig. 8.23. It is worth mentioning that the photoelectron escape 

depth for the Te 3d core level is ~20A as compared with ~30A for the Te 4d  core level. 
The changes in the amount of the Te oxide are reflected in the (Te)/(Te oxide) ratio 

presented in table m .

It should be remembered that whereas the Br/MeOH etched surface was exposed to air 

for less than 5min before insertion in the ESCALAB loadlock, the other surfaces were 

stored under methanol for several weeks, during transport and storage, then exposed to 

air for < 5min before entering the vacuum chamber. W hether methanol reduces the 

surface oxide, has not been determined but it is worth noting that a reduction in the 

surface oxide upon RIE of other II-VI semiconductors surfaces was observed earlier in 

this chapter. It was also noticed for sample S3, the intensity of the Te oxide signal 

decreased with storage under constant X-ray illumination in the vacuum chamber, see 
(T e)/(T e oxide) ratio in table III. This effect was not observed for the wet etched 

surface which, by comparison, had not been stored under methanol. The effect of 

storage o f these surfaces under vacuum were not studied for the other RIE etched 

samples.

8.5.4. X -ray excited A uger emission spectroscopy

Inspection of the bulk Te emission lines suggests Te to be present in more than one 

chemical environment, i.e. possibly Te in CdTe and elemental Te environment. Since 

the binding energy separation between Te in CdTe and Te in the elemental state is 

reported to be only 0 .1 5 -0 .4 e V 3 8  with the experimental resolution of the XPS, these two 

peaks cannot be resolved. However, the effect is clearly seen by comparison of how 

well the two spin-orbit components (j=5/2 and 3/2) in the Te 4d  emission spectra are 

resolved.
The spin-orbit split components are better resolved for the as-grown surface, the 

resolution diminishing for the RIE surfaces (the spectral line being comparable for these
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three samples), and finally, being least well resolved for the Br/M eOH etched surface. 

This suggests the chemical environment o f the Te atom in the etched layers to vary with 

the surface treatment. For Br/MeOH etched surface, the above observations suggest Te 

to be present in both its elemental and CdTe environments. In comparison, surfaces 

etched in Be/MeOH :ethylene glycol solution39 have been reported to show mostly Te 

in the elemental rather than CdTe state.

570571

Binding Energy (eV)

Figure 8.23: XPS spectra of the Te 3d core level from differently treated (111) surface 

of n-CdTe: (a) as grown, (b) CH4/H 2 ; 1/6, (c) CH4/H 2 ; 1/8, (d) CH4/H 2 ; 1/10 and (e) 
Br/MeOH etched.

It is possible that for all the REE surfaces Te in these two chemical forms is present but 

in different amounts to these observed for Br/MeOH etched surface i.e. this would 

account for the difference in resolution of the Te Ad core level emission spectra. The 

changes in the chemical environment of the Te is also evident by changes in the FWHM 

of the Te emission. The FWHM of the Te 3d  core level is 1.4± 0.05eV for the as- 

grown, 1.5±0.05eV for all the RIE surfaces and 1.6±0.05eV for the Br/MeOH etched 

surface.
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In contrast, no significant changes Cd 4d  or 3d core level emissions were observed, 

table IV. However, changes in the chemical environment o f Cd are less easy to detect 

from the XPS peaks, since the binding energy for Cd in CdTe and CdTeC>3 is identical. 

Such effect, however, can be detected in the changes in position and line shape of the Cd 

Auger peaks (X-ray excited Auger Emission Spectroscopy (XAES)).

FW FIM

Sample Te 3d Cd 3d Te 4d Cd 4d

J5/2 J3/2 J5/2 J3/2 J5/2 + J3/2 J5/2 + J3/2

as-grown 1.40 1.35 1.20 1.20

SI (1/6 CH4/H 2) 1.50 1.50 1.25 1.25 2.65 1.65

S2 (1/8 CH4/H 2 ) 1.50 1.45 1.15 1.25 2.60 1.75

S3 (1/10 CH4/H 2 ) 1.50 1.45 1.20 1.20 2.55 1.70

Br/MeOH 1.65 1.60 1.15 1.10 2.65 1.70

Table IV: Variation of full width half maximum (FWHM) of Cd and Te photoelectron 

emission peaks. The error in FWHM is ±0.05eV.

To identify differences in the XAES spectra, a combination of line shape analysis and 
comparison of the modified Auger parameter ( a 1)39 has been adopted. The a ' is given 

by:-

a' = hv - { Eb.E.(M4N4,5N4)5) - EB£. (3d 5/2 ) } (8.4)

where hv is the photon energy of the excitation source (hv =1486.6eV).

Eb.e. (M4 N4 f5N4 f5) is the binding energy of the Auger (M4 N4 t5N4 ?5 ) line.

For the three RIE surfaces, the line shape of the Auger em issions were virtually 

identical, Fig. 8.2^, exhibiting only very small changes in intensity of some features, 

acceptable within experimental error. The line shape is comparable with that associated 

with Cd-Te bonding. For the Br-MeOH etched surface, the line shape was not 

significantly different from the RIE surfaces, suggesting the Cd environment to be that 

of CdTe. It is unlikely on this surface that C d-0 bonds will form in view of the minimal 
amount of oxide present. Within the error limits, values of (a ') for all surfaces treated 

in this study suggest the Cd bonding to be that of CdTe, table V. The ( a 1) value of the 

as-grown surface again suggests the environment of Cd to be that o f CdTe. However, a 

closer inspection of the line shape revealed it to be distinctively different from the treated 

surfaces, tending towards that of C d-0 bonding40. It would appear that for this surface, 

the Cd is in more than one environment, namely a combination of Cd in CdTe and some
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form of Cd oxide, with the CdTe component dominating sufficiently for the (a ') to 

suggest CdTe.
As a natural extension, the X-ray excited Auger spectra of Te (M 4 N 4  5 N 4  5 ) were used 

to investigate the etched surface. These signals are complicated by the presence of the 

Te 3s XPS signal and O (K L 1L 1) Auger lines at the same energies. Even for the Te 

(M 4 N4 )5 N4 i5 ), which has been used in the modified Auger parameter, the Auger line 

overlaps a satellite emission from the Te 3s. This is however of low intensity and 

should not affect the value obtained. For all the RIE surfaces, the Te Auger signal 
looked identical to Te in CdTe40. However, the value of (a 1) for CdTe (1063.5eV) and 

TeC>2 (1063.2eV) are indistinguishable with the experimental resolution used, and the 

value obtained for these surfaces fall within this range, table V.

Sample (a ')c d  (eV) ( a ’)T e (eV)

as-grown 787.1 1063.4

SI (1/6 CH4/H 2 ) 787.4 1063.4

S2 (1/8 CH4 /H 2 ) 787.4 1063.2

S3 (I/IO C H 4/H 2 ) 787.1 1063.2

Br/MeOH 787.1 1064.7

Elemental Te — 1064.9

Table V: Modified Auger parameter (a1) calculated using the 3d  5/2  core level emission 

and M4 N4 t5N4 >5 Auger peaks for both Cd and Te. The error in (a ’) is ±0.15eV.

For the Br/MeOH wet etched surface, the Te Auger line shape is different as compared 

with the RIE etched surfaces or elemental Te, possibly suggesting Te in more than one 
environment. The value of (a') is closer, but not that of elemental Te or Te in CdTe. 

[N.B. line shape similar to Br/MeOH: ethylene glycol etched surfaces]41. For the as- 

grown surface, a different line shape is observed. There is evidence of Te in CdTe 

environment but mixed with Te oxide features which are stronger than for the treated 
surfaces. The ( a ’) is closer to the value of CdTe but the line shape clearly shows the 

presence of Te oxide ( oxygen Auger signal also present).

Characterisation of the surface oxides can be made by comparison of binding energy 
shifts between the respective constituent atoms of the sem iconductor and their 

corresponding oxides. This shift has been measured for the Te 3d  core level emissions 

for different surfaces and it is 3.5±0.05eV for all the different surface treatments. [N.B. 

measurements made between the centres of the bulk and the oxide peaks which can be 

confused by the presence of elemental Te in CdTe peak]. This separation may 

correspond to either CdTeC>3 or TeCb as quoted in the literature40. Hence caution must
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be exercised in allocation of the specific oxide com position. For the RIE and 

Br/MeOH wet etched surfaces, it is suggested that the oxide is T e02 since no evidence 

was found to support the presence of Cd oxide in the Auger line spectra, Fig. 8.24.

For the as-grown surface, the oxide is suspected to be that of CdTe0 3 , since Cd Auger 

spectra suggests the presence of C d-0  bonding, and FWHM in XPS of Cd emissions 

show no broadening as would be seen with CdO formation.

The binding energy shifts seen between the same core level emission peaks or the 

different surface treatments are associated with charging effects on the surface, resulting 

in a displacement of all peaks by the same amount to higher binding energies. The 

effect is commonly seen with CdTe and is associated with the low electrical conductivity 

of CdTe caused by low free carrier concentration and low carrier mobilities40. For the 

spectra shown in section 8.5.2. onward, the binding energy shifts have been corrected 

by an amount sufficient to result in the alignment of all the 

C I s  peak binding energies.

112311131100

Binding Energy (eV)

Figure 8.24: X-ray excited Cd(MNN) Auger lines from the differently treated (111) 

surface of n-CdTe: a) as grown, b) CH4 /H 2 ; 1/6 , c) CH4/H 2 ; 1/ 8 , d) CH4/H 2 ; 1/10 
and e) Br/MeOH etched.
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8.6. Discussion and conclusions

In the previous chapter, an etch process was described for etching ZnTe ZnSe and 

CdTe. In this section, the optical properties of CH4/H 2  etched ZnTe and ZnSe will be 

discussed first. The XPS analysis of ZnTe and ZnSe etched surfaces will then be 

discussed. Since electrical measurements were possible on etched CdTe surfaces using 

Schottky diodes, these will be discussed jointly with the detailed XPS and XEAS 

analyses.

Photoluminescence (PL) examination of RIE etched ZnTe in CH4/H 2 , Fig. 8.7 and 8 .8 , 

suggested that there is a link between the decrease in intensity of the near band edge 

luminescence (the dominant excitonic peak at 2.368eV was decreased by two orders of 

magnitude with respect to the intensity of the unetched sample) and the hydrogen 

content in the etch gas. The DAP emission, which is probably related to Zn-vacancy 

impurity complex, has also showed a similar behaviour.

To remove the hydrogen diffused into the etched samples during the etching process, 

the samples were annealed at 250°C for 15min. The near band edge PL spectra after 

annealing have shown, on one hand, an increase in the intensity of the dominant 

excitonic peak by an order on magnitude i.e. still an order on magnitude weaker than the 

control sample before annealing. In addition, this peak showed a blue shift o f 2meV, 

probably an indication of strain relaxation, and broadening (< 5meV) which may be an 

indication of a minimal optical degradation o f the optical quality of the material. 
However, it should be bom in mind that the thickness of the epilayer was lfim, and was 

etched for a depth of ~200nm i.e. the examined epilayer is 0.8fim thick. So after 

etching the laser light might have been sampling poorer quality material with high 

density of dislocations (penetration depth of the 488nm laser line used is ~ 79nm) as 

can be seen in the TEM micrograph shown in Fig. 8.5.

On the other hand, the DAP emission of the etched and control samples showed marked 

reduction in intensity after annealing. For the etched samples, this broad peak showed a 

well defined peak at 2.23 which may suggest that after annealing, a narrower range of 
energies is involved in the Zn-vacancy impurity complex.

Raman spectra of etched ZnTe samples showed no change in the 1LO phonon FWHM 

not the forbidden TO phonon appeared, indicating no etching-induced damage to the 

crystal. However, the intensity of the combination phonons, shown in Fig. 8.11, has 

decreased slightly. This can be explained in the way as above since the epilayer 
thickness after etching was 0.8|im and the penetration depth of the 5 14.5nm laser line is 

~ 105nm.

For ZnSe, PL spectra of the samples etched at CH4 /H 2 ratios of 1/2, 1/3 and 1/4 were 

examined by PL and Raman spectriscopies. The PL spectra of the etched samples show
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a monotonic decrease in the intensity of the deep level emission at 530nm (peak 8 ), with 

respect to the near band edge emission, as the hydrogen content in the etching gas 

increases from 1/2 to 1/4. The etched and control samples were annealed in order to 

remove the incorporated hydrogen at 100°C, 150°C and 200°C for 5min. Annealing at 

200°C was the most effective in influencing the PL spectra and the spectrum of the 

control sample showed a decrease in the intensity of peak (1) and peak (7), related to 

extended dislocations. Meanwhile, the intensity of peak (2), related zinc vacancies, has 

increased upon annealing. In the etched samples, the relative change in intensity of 

peaks (1) and (2) is not monotonic, Fig. 8.16. However the intensity of peak (6 ) has 

decreased monotonically as the amount of hydrogen content in the etch gas increased 

indicating that the hydrogen is affecting this unidentified impurity level.

The relative intensity of the 1LO and 2LO phonons of Raman spectra did not show any 

change upon etching in CH4/H2 RIE neither did the symptoms o f crystal damage, 

outlined in section 8.4.2., appear. This is a clear indication that in ZnSe, as for ZnTe, no 

etching-induced damage can be detected in Raman scattering

XPS analysis of the ZnTe etched surfaces showed no change in the binding energies of 

the zinc and tellurium, however tellurium oxides was observed to be less than that of the 

control sample with the minimum amount of oxide on the surface etched at CH4/H 2 

ratio of 1/6. In other word, the ZnTe surface etched at the optim um  ratio of 1/8 

exhibited some tellurium  oxide over the probing depth o f the photoelectrons , 

approximately 3nm. Generally, the Te/Zn ratio, table I, has increased upon etching, 

relative to the control surface, indicating that the surface has become slightly tellurium 

rich (Te/Zn ratios of 0.137, 0.226 and 0.195 for the control sample, etched at ratio 1/6 

and 1 /8  of CH4/H 2 respectively).
By comparing the Te/Zn ratios for surfaces etched at 1/6 and 1/8 parts of CH4/H 2 , it can 

be seen that the addition of extra hydrogen in the etching gas may result in the 

formation of extra tellurium hydride, as an etch product, and therefore less tellurium will 

be left of the surface and detected by XPS.

If tellurium rich surfaces can be thought of as zinc deficient i.e. there are zinc vacancies 

on the surface, then the appearance of the broad peak at 2.23eV in Fig. 8 .8  in the spectra 

of etched ZnTe can be explained (this peak is related to a Zn-vacancy impurity 

complex). As the hydrogen content in the etch gas increases, additional tellurium 

hydride will form leaving surfaces less rich in tellurium (smaller Te/Zn ratio in table I)

i.e. less Zn- vacancies will form giving rise to a peak with weaker intensity at 2.23eV 

(Fig. 8 .8 ).

It is worth noting that the broad peak at 2.23eV was assigned to a Zn-vacancy impurity 

complex. Since less tellurium oxide was formed on the etched surfaces shown by the
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XPS measurem ents, oxygen  can therefore be ruled out as the impurity that g ive rise to 

the peak at 2 .23eV

The XPS analysis o f  ZnSe show ed that the Se/Zn ratio increases upon etching i.e. the 

surfaces becom e Se rich (or Zn deficient) after etching, in agreem ent with the case o f  

etched ZnTe discussed above. This may be due to the fact that the Zn etch products are 

m ost likely  to be organom etallics such as d i-m ethylzinc (D M Z n) and d i-ethylzn ic  

(D E Z n), both o f  w hich have higher partial pressures than the analogous T e and Se 

organom etallic com pounds e.g. DM Te, DETe, D M Se and D E Se44. Therefore more Zn 

organometallic com pounds are likely to form as etch products leaving Te/Se-rich etched 

surfaces.

It is also possib le for Te and Se to form  hydrides as etch products in the presence o f  

hydrogen as in the case o f  CH4 /H 2  RIE. T hese com pounds, H 2 Te and H2 Se w ould  

have higher partial pressures than the T e/S e organom etallic com pounds m entioned  

above.

U nlike the case o f  etched ZnTe surfaces however, the ratio o f  Se/Zn has increased with 

increasing the hydrogen content in the etching gas (CH4 /H 2 ), the reason for which is 

not clear from this experiment.

In the next part o f  the discussion, the results o f  the XPS and Schottky diode evaluation  

w ill be considered. From table III it can be seen that all the etched CdTe surfaces have 

less tellurium oxide than the as-grow n surface (the T e/Te oxide ratio). In particular, 

more tellurium oxide is detected on the CH 4 /H 2  RIE etched CdTe as the hydrogen  

content increases in the etching gas, in agreement with what was observed for ZnTe.

The corrected Te/C d ratios table HI (values in brackets) show  that the as-grow n CdTe 

surface is Cd-rich relative to the vacuum  cleaved stoichiometric surface. After CH4/H 2 

RIE, the ratio approaches that stoichiom etric CdTe but still on the Cd-rich side being 

richest for the highest hydrogen content in the etching gas i.e. CH 4 /H 2 ratio o f  1/10. 

This may be so because the Cd organom etallic com pounds have a sm aller partial 

pressure than Te organom etallic com pounds or hydrides4 4  leading to the formation o f  

relatively more Te volatile etching com pounds. It is worth rem em bering that CdTe 

etches at a relatively high etch rate in pure hydrogen, chapter 8 , leaving Cd droplets on 

the etched surface, as evidence o f the formation o f tellurium hydride as an etch product 

On the other hand, CdTe surfaces etched in Br/M eOH are Te-rich which is in agreement 

with the literature37’44’45.

It should be m entioned that the XPS ratios have been corrected for the electron escape 

depths and the ionisation  cross sections. Lu et al3 9  have obtained  the relative  

com position o f  CdTe using several different approaches including calculated Scofield  

cross sec tio n s42 , atom ic sen sitiv ity  factors (A SF) from  the Perkin-Elm ar XPS
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handbook38, ASF values from the work of Briggs and Seah4 3  and the ASF values 

derived specifically for their ESCALAB M K II spectrometer. The relative compositions 

are rem arkablly similar within ± 2%. This dem onstrates that using the values for 

sensitivity factors available in the literature for quantitative XPS analysis can produce 

reasonable results.

For the Schottky diodes prepared on CH4 /H 2 RIE CdTe, table I, The barrier heights 

were in the range 0.7±0.01eV - 0.69±0.03eV com parable to that o f Schottky diodes 

prepared on air-cleaved CdTe47. However, these barrier heights are lower than those of 

diodes prepared on Br/MeOH etched CdTe, namely 0.85±0.01eV (see table I  and 

reference 4 6 ). It can also be seen that the ideality factor of the CH4/H 2 RIE CdTe are 

higher than that of Br/MeOH etched surfaces. This may be due to the fact that the 

CdTe crystal used for the CH4/H 2 R I E  is n-doped to ~ 2 .9 9 x l0 16cm *3 com pared to 

doping in the range of ~1015c n r 3 for the crystal used for Br/M eOH etching. Higher 

doping concentration leads to a decrease in the barrier height and an increase in the 

probability of tunneling through the top o f the barrier thus a departure for the ideal 

thermionic behaviour.

Recently, Van Meirhaeghe et al45  have correlated the surface composition o f annealed 

(111) n-CdTe with the barrier height of gold Schottky diodes made on these surfaces. 

They found that upon annealing, CdTe surface changes from  Te-rich (For 
T a n n e a l i n g < 2 0 0 ° C )  to stoichiom etric ( 2 0 0 o C < T a n n e a l i n g < 2 4 0 o C )  to Cd-rich for 

T a n n e a l i n g > 2 4 0 ° C .  Meanwhile, the barrier height increases from ~0.85eV for Te-rich 

surface to 0.92eV for stoichiometric CdTe then decreases for Cd-rich surface. Van 

M eirhaeghe et al have suggested that the decrease in the barrier height is due to the 

presence of defects in the interface or to an increase interfacial interdiffusion or a 
combination of both.

For stoichiometric surfaces (low defect density) the interfacial reactivity is low and the 
barrier height is determined by the work function of gold (O g =0.92eV). For the non- 

stoichiometric surface containing many defects, interaction between gold and CdTe 
occurs, and O g  is determined either by the interaction products or by defects, pinning 

the Fermi level.
For the CH4/H 2 RIE CdTe, The drop in O g  could be attributed to defect related to Cd 

excess which can behave as shallow donors48 (Cdj2+) and provoke substantial tunneling 

through the barrier top.
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To conclude this chapter:

1. low temperature photoluminescence spectroscopy (PL) has shown that CH4/H 2  RIE 
of ZnTe results in a two orders of magnitude reduction in intensity of the near band 

edge emission and the DAP. The reduction is proportional to the hydrogen content in 

the etching gas. Annealing at 250°C for 15min restores an order of magnitude o f the 

intensity of the near band edge emission and the DAP and more defined features are 

present in the broad peak at 2.23eV.

2. low temperature PL of etched ZnSe using CH4 /H 2  RIE showed a reduction in the 

deep level emission which is proportional to the hydrogen content o f the etch gas. 

Annealing at 200°C for 5min reduces the intensity of the peak related to extended 

dislocations and increases the intensity of the peak related to Zn vacancies.

3. Raman scattering of etched ZnTe and ZnSe did not show any evidence of damage in 

the form  o f asymmetric broadening o f the LO phonon or the appearance of the 

symmetry forbidden TO phonon.

4. X-ray photoelectron spectroscopy (XPS) of etched ZnTe and ZnSe surfaces showed 

a reduction in the oxide of group II (Te and Se). This was accompanied by an increase 

in the group II /  Zn ratio indicating that the etched surfaces are rich in group II element 

i.e. Te and Se.

5. XPS of CH4/H 2  etched CdTe showed that the surfaces become Cd rich in contrast to 

Br/MeOH wet etched surfaces which become Te rich. The barrier height of Schottky 

junctions made on dry etched CdTe surfaces were in the range of 0.69-0.7 leV  lower 

than those for wet etched surfaces, namely 0.85eV. The XPS and the Schottky barrier 

results inter-correlate and are in agreement with the literature.
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C hapter 9: C onclusions and future work

In the work presented in this thesis, an understanding of the origin, nature and effect of 

damage inflicted on surfaces and sidewalls during dry etching of GaAs has been pursued. 

Dry etching of semiconductors can take many forms such as purely physical interaction, as 

in ion beam etching, or as a mixture of both physical and chemical interactions, as in 

reactive ion etching. Plasma discharges used for reactive ion etching are partially ionised 

gases composed of ions, electrons, and a host of neutral species in both ground and excited 

states. Many mechanisms have been postulated for the plasma-surface interaction (the 

etching). Neutral species interact with the semiconductor surface to produce volatile 

products. Positive ions bombard the surface during etching (e.g. in RIE), thereby”  

sputtering the adsorbed reaction products. Bombarding ions also produce lattice disorder, 

creating active sites which extend for several monolayers below the surface, where 

reactions proceed at an accelerated rate.

As a result of the ion bombardment, some of the bombarding energy is passed to the crystal 

by a momentum transfer mechanism during the collision of the bombarding ion with the 

surface atoms. This energy transfer produces disordering in the crystal structure of the 

subsurface of the semiconductor and a change in its stoichiometry. The crystal disorder 

takes the form of point defects (vacancies and interstitials) and extended defects (line 

dislocations and dislocation loops). This disorder results in the degradation of the optical 

and electrical properties of the semiconductor.

In this thesis, a variety of techniques has been used to characterise the dry etching damage 

in GaAs and II-VI semiconductors.

The structural disorder and defects were investigated using Transmission Electron 

Microscopy (darkfield imaging and High Resolution) and the quality of the crystal structure 

was assessed using Raman scattering. The defects act as electron traps, thus reducing the 

conductivity of surfaces and wires (as in the surface conductivity measurements using the 

Transmission Line Model and cutoff width measurements of wires). The defects also 

introduce shallow and deep energy levels in the semiconductor band gap 

(Photoluminescence examination).

On the other hand, small changes in stoichiometry were observed very close to the surface 

(as in the X- ray Photoelectron and X-ray Excited Auger Electron Spectroscopies) which
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affected the barrier height and the ideality factor of Schottky junctions. Stoichiometry 

changes deep into the bulk of the semiconductor were also observed using Transmission 

Electron Microscopy (darkfield imaging of wire sidewalls).

It was found that the factors which result in high dry etching damage are ions that bombard 

the surface with high energy (high dc bias in RIE), low ion mass and slow etching rates. 

The nature and extent of the surface damage were found to differ from the sidewall 

damage. The thickness of the damaged layer of reactive ion etched surfaces was found to 

increase initially then saturate as the etching proceeds. This is due to the fact that an 

equilibrium state was reached at which the rate of introduction of damage to the material is 

equal to the rate of removal of damaged material. On the other hand, the damage at the 

sidewalls appeared to be more severe than the surface damage and increased as the etching 

proceeded. This is due to the fact that the sidewalls are exposed to a flux of ions incident at 

a grazing angle and very little, if any, material is being etched from the sidewalls during 

etching. Moreover, the sidewalls are subjected to an additional flux of atoms that are 

sputtered of the surface and redeposited on the walls.

The problem of the surface and sidewall damage induced by dry etching becomes more 

serious if the etching of nanostructures is considered. Consequently, dry etching processes 

have to be devised very carefully. It is suggested that an etching process which uses 

relatively large mass ions with very low bombarding energy (50eV < E ^  < lOOeV) and 

has a high etch rate would be suitable for etching nanostructures with negligible damage. 

However sufficiently low etch pressures have to be used to maintain the integrity of the 

etching process (i.e. the morphology and etch profile). It is planned that such a process is 

to be developed in Glasgow University using a mixture of SiCLj/Xe and the ECR etcher.

In this thesis, the dry etching induced surface damage has been characterised in a novel 

way, for thin n+ GaAs epitaxial layers, by measuring the surface conductance using the 

Transmission Line Model (TLM) technique and Hall measurements. Various dry etching 

processes have been investigated: for example, rf Reactive Ion Etching (rf-RIE) using 

CH4/H 2 and SiCLj, Electron Cyclotron Resonance (ECR-RIE) using CCl2 F2/H e and Ion 

Beam etching using Ar and Ne. The results of which have been compared with wet etching 

and damage depths have been obtained. The damage saturation effect, predicted by the 

theory, has been observed for the RIE GaAs. The modification in the depletion layer 

thickness induced by dry etching has been determined using Raman scattering of LO 

coupled phonon- plasmon modes for the TLM samples.
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Modifications in the chemistry induced by the dry etching in the top 3nm of GaAs surfaces 

has been investigated using X-ray Photoelectron Spectroscopy (XPS). GaAs etched using 

CH 4/H 2 shows an increase in Ga oxide and As, with a decrease in arsenic oxide, while, 

after SiCl4  etching, the same behaviour was observed, but to a different extent, within the 

top 3nm.

Damage to the sidewalls of nanostructures was examined using Transmission Electron 

Microscopy by the dark field imaging technique and High Resolution TEM. Quantum 

wire-like structures with widths down to 50nm etched using CH4/H 2 showed circa similar 

to dislocation loops up to 7nm in diameter, as well as small voids and general disorder in 

the wire. Wires etched using SiCLt showed changes in stoichiometry at the edge of the 

wires, presumably As deficiency, however this is not in contrast with the XPS results since 

As segregation may occur on a larger scale deep into the wire, leading to As enrichment of 

the top surface but As deficiency in the bulk of the wire.

Wires made of etched-regrown material showed that the roughness of the etched surface 

was about 17nm and large circa were observed in both the original and the regrown 

material.

A high resolution etch process for GaAs has been developed using ECR-RIE in 

CCl2F2/He. The process is capable of producing nanostructures with low damage. The 

damage has been characterised using TLM, n+ GaAs quantum wires, Raman scattering 

using LO coupled Phonon-Plasm on modes and LO phonon Raman scattering using 

undoped GaAs. It is, however, suggested that the damage can be reduced even further if 

He is eliminated from the etching gas.

A novel high resolution reactive ion etching process has been developed for a variety of 

binary and ternary II-VI semiconductor compounds using CH4 /H 2 . This process is 

optimised to produce nanostructures in ZnTe, ZnSe, ZnSSe, ZnS, CdTe, CdMnTe and 

CdS. Dots 200nm high and 26nm in diameter have been demonstrated in ZnSe. The 

advantage of the process lies in the fact that exactly the same etching conditions are suitable 

for all II-VI Semiconductors, so that quantum wells of any variety can be easily etched.

Finally, the modifications induced by the RIE in II-VI semiconductors are investigated by 

XPS, Photolum inescence and Raman scattering in ZnTe and ZnSe and by XPS and 

Schottky diode parameter evaluation in CdTe.

201



The work presented in this thesis can be extended further to improve the understanding of 

the nature of the damage and to develop low damage processes:

A process few etching GaAs using CCI2F2 , which can be either highly selective (etch stops 

at AlGaAs layer) or has high etch rate (depending on the etch parameters such as residence 

time) can be developed for the ECR etcher, making use of the very low dc bias (~70V).

More work is needed to investigate the properties of the regrown layer on etched surfaces 

using TEM wires. One particular set of experiments would be to correlate results of 

electrical (low tem perature electronic transport measurements) and structural (TEM 

examination) of quantum wires fabricated in 2DEG structures. The effect of etching and 

regrowth on the electrical and structural properties of the 2DEG structure could also be 

investigated.

The preliminary results obtained from the DLTS measurements (not reported in this thesis) 

suggested that the etching process induces point defects into the semiconductor. However, 

the nature of these defects is still largely unknown. If Electron Paramagnetic Resonance is 

used in conjunction with DLTS, more information may be gained about the nature of these 

point defects. Ultimately, high resolution Scanning Tunneling M icroscopy (HRSTM) in 

UHV could be used to image these defects by scanning a vacuum cleaved edge that is at a 

right angles to an etched surface. In this way, small areas could be scanned starting from 

the top subsurface region (under the level of the etched surface) and a quantitative profile of 

the defects (e.g. observation of single vacancies and point defects) could possibly be 

obtained.

Using the TLM method, the effect of the etching process can be characterised electrically in 

doped II-VI semiconductors such as ZnTe, ZnSe, and CdTe which have recently become 

available.

To reduce the dry etching damage, it is proposed that very low ion energies (50eV< Ejon 

<100eV), such as those obtained in an ECR etcher, may produce negligible damage, whilst 

preserving the integrity of the etching process (i.e. the morphology and etch profile). The 

use of relatively large mass ions is also thought to reduce the damage, as the sputtering 

yield increases with ion mass.
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