
 
 

 
 
 
 
 

Middlesex University Research Repository:  
an open access repository of 

Middlesex University research 

http://eprints.mdx.ac.uk 

 
 

Sahafi, Hossein Fariborz, 1992. 
A study of reactive ion etching of gallium arsenide in mixtures of 

methane and hydrogen plasmas. 
Available from Middlesex University’s Research Repository. 

 
 
 
 
 
 

 
 
Copyright: 
 
Middlesex University Research Repository makes the University’s research available electronically. 
 
Copyright and moral rights to this thesis/research project are retained by the author and/or other 
copyright owners. The work is supplied on the understanding that any use for commercial gain is 
strictly forbidden. A copy may be downloaded for personal, non-commercial, research or study without 
prior permission and without charge. Any use of the thesis/research project for private study or 
research must be properly acknowledged with reference to the work’s full bibliographic details. 
 
This thesis/research project may not be reproduced in any format or medium, or extensive quotations 
taken from it, or its content changed in any way, without first obtaining permission in writing from the 
copyright holder(s). 
 
If you believe that any material held in the repository infringes copyright law, please contact the 
Repository Team at Middlesex University via the following email address: 
eprints@mdx.ac.uk 
 
The item will be removed from the repository while any claim is being investigated.  



A STUDY OF REACTIVE ION ETCHING OF 

GALLIUM ARSENIDE IN MIXTURES OF 

METHANE AND HYDROGEN PLASMAS 

HOSSEIN F ARIBORZ SAHAFI 

A thesis sublnitted in partial fulfihnent of the 

requirements of the Middlesex University for 

the degree of Doctor of Philosophy 

Decelnber 1992 

Middlesex University in collaboration with 

GEe-Marconi Materials Technology LiInited 



I dedicate this ,vork to 

Iny parents Hassan and Farangis 

ITlty wife Sonia 

and Iny daughter Pard is. 



CONTENTS 

ACKNOWLEDGEMENTS ~ 

ABSTRACT ~I 

1 INTRODUCTION 1 

1.1 Gallium arsenide 2 

1.2 Wet and dry etching 3 

1.3 Mechanisms and configurations 6 

1.4 Reactive ion etching process parameters 8 

1.5 Process variables 11 

1.6 Damage and deposition 11 

2 A REVIEW OF DRY ETCHING OF III-V COMPOUNDS 13 

2.1 Dry etching with chlorinated gases 13 

2.2 Exotic halogenated mixtures 23 

2.3 Hydrogen plasma 27 

2.4 Non-chlorinated gases 29 

2.5 Objectives of present work 36 

3 EXPERIMENTAL PROCEDURES 38 --. 

3.1 Preprocessing procedures 40 

3.2 Masking of gallium arsenide 41 

3.3 Reactive ion etching of GaAs and Analysis 43 

3.3.1 Measurements and calculations 44 
3.3.2 Pressure and gas flow 45 

3.4 Surface analysis 46 

3.5 Metallization and electrical testing 48 

-111-



4 CHARACTERIZATION OF THE RIE SYSTEM 

4.1 Reactive ion etching system 

4.2 DC self bias voltage 

4.3 Reflected power 

4.4 Condition of the chamber 

5 REACTIVE ION ETCHING RESULTS 

5.1 Non-chlorinated gas mixtures 

5.2 Effect of flow on RIB of GaAs 

5.3 Effect of power density and pressure 

5.4 Carbon polymer deposition 

5.5 AIGaAs etching 

5.6 Loading effect and unifonnity 

5.7 Heating effect and reproducibility 

5.8 A method for RIE of GaAs in CHJH2 mixture 

6 ELECTRICAL CHARACTERIZATION RESULTS 

7 

6.1 RIB of p-type GaAs and electrical measurements 

6.2 Current-voltage measurements 

6.3 Capacitance-voltage measurements 

DISCUSSION 

7.1 Non-chlorinated gas mixtures 

7.2 The effect of CH4 concentration and flow rate 

7.3 The effect of power density and pressure 

7.4 Carbon polymerization 

7.5 AIGaAs etching 

7.6 Loading effect and uniformity of the process 

7.7 Heating effect and reproducibility of the process 

7.8 The technique for RIE of GaAs in CHJHz plasma 

7.9 Electrical characteristics 

7.10 A model for the mechanism of etching 

-IV-

53 

53 

59 

62 

63 

69 

69 

72 

79 

91 

100 

102 

106 

108 

112 

112 

113 

117 

123 

123 

125 

129 

133 

135 

136 

137 

138 

140 

143 



8 CONCLUSIONS AND RECOMMENDATIONS 149 
8.1 Conclusions 149 
8.2 Recommendations for further work 154 

8.2.1 Use of other non-chlorinated gases 154 

8.2.2 Use of other etching systems 155 
8.2.3 Electrical characterization 156 
8.2.4 Surlace and bulk analysis 157 

APPENDICES 159 

I List of symbols 159 
II Process conditions 161 

III Photoresist masking procedure 162 
IV Characteristics of gases used for RIE 163 
V Conversion graph for mass flow controllers 164 

VI Tables of constants 165 

VII Current-voltage characteristics of Schottky diodes 166 

VIII Calculation of Richardson constant 168 

IX Capacitance-voltage characteristic of Schottky diodes 169 

X DC self bias voltage 170 

XI Reflected power of RF generators 171 

XII Ionization potential and bond strength of .... 173 

PUBLICATIONS AND PRESENTATIONS 174 

REFERENCES 175 

-v-



ACKNOWLEDGEMENTS 

I would like to thank the following people for their help during the progress 

of this research project. 

My profound thanks to Dr Alan Webb and Dr Ali Rezazadeh without whom 

this project would not have started and ended successfully. 

I would like to thank Professor George Goldspink, Dr Margaret Carter and 

Professor John Butcher for their excellent supervision of this project and 

invaluable advice. 

It is a pleasure to acknowledge Messrs Dharmendra Jagjivan, David Court 

and Paul Kershaw for their help on equipment installations and electron 

microscope work. 

It is a great pleasure to thank Messrs John White and Donald Thorpe for 

their advice on vacuum and electrical maintenance of the systems. 

I would also like to thank Mrs Doreen Humm who organised all the official 

papers for the University committees. 

Last but by no means least I would like to thank my father Mr Hassan 

Sahafi for his financial support throughout my life, especially during the 

past three years. 

-VJ-



ABSTRACT 

The aim of this research was to investigate the reactive ion etching (RIE) 

of gallium arsenide (GaAs) in mixtures of methane and hydrogen (CHJH2) 

plasma and to evaluate thier advantages over chlorinated plasmas. This was 

performed in order to find the optimum etching conditions for GaAs such 

as, the best etch rate with greatest degree of anisotropy, the finest smooth 

side walls and the lowest surface roughness. The induced damage to GaAs 

due to RIE was investigated by current-voltage (I-V) and capacitance­

voltage (C-V) measurements. From a study of the behaviour of the DC self 

bias voltage and an analysis of electrical characterization, a possible model 

of the mechanism of etching GaAs in methane and hydrogen mixtures was 

proposed. The main contributions of this research are as follows: 

Etching of GaAs while maintaining the total flow rate of the gas 

mixture and its residence time in the chamber constant. 

Studying the effect of the physical component of the etching 

mechanism on GaAs by investigating the variation in the DC self 

bias voltage for all process parameters. 

Analyzing the effect of process parameters on the deposition rate 

of carbon polymers on the surface of the inorganic mask during 

GaAs etching. 

Investigating the effect of process parameters and carbon polymer 

deposition on Si02 mask erosion during GaAs etching. 

Examining the electrical characteristics of highly doped p-GaAs 

following RIE in CHJH2 plasma and comparing with those of H2 

etched samples. 
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CHAPTER 1 

INTRODUCTION 

Dry etching is an important field of research in the microelectronics 

industry. This is because of the need for smaller device size and anisotropic 

pattern transfer (Singer, 1988). The process is also much cleaner than the 

alternative of wet etching as the use of acids and deionized (DI) water is 

minimized. 

Silicon based technology uses dry etching for fabrication of integrated 

circuits (IC's) (Ephrath, 1982). Extensive research on dry etching of silicon 

(Si), silicon oxide (Si02), silicon nitride (Si3N4) and metallisation layers has 

been carried out by industries and research institutes (Sato and Nakamura, 

1982 and Mullins, 1982). This was because of the extensive use of silicon 

technology in the microelectronics industry. 

Over the past few years, mainly because of advances in optoelectronics, the 

need for fast devices and IC' s made of ill-V compounds has increased 

(Cooper ill et aI., 1989). These include devices such as metal­

semiconductor field effect transistors (MESFET's) (Chen and Kensall, 

1982) and high electron mobility transistors (HEMT's). Photonic devices 

such as semiconductor lasers, light emitting diodes (LED's), wave guides 

and photo-detectors are frequently used in optoelectronic circuits for 

communications (Yamada et aI., 1985). Monolithic microwave integrated 

circuits (MIv1IC's) are also employed extensively (Hipwood and Wood, 

1985). 

For this reason, research into dry etching of III -V compounds has increased 

so that devices of high quality can be fabricated with minimum damage to 

their structures. In this chapter dry etching mechanisms are discussed and 

the advantages and handicaps of this process are explained. 
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1.1 Galliulll arsenide 

Gallium arsenide (GaAs), is considered to be an important semiconductor 

material for many reasons. The most important factor is the mobility of the 

electrons which is more than 5.6 times greater than the electron mobility in 

Si. This indicates that GaAs is an ideal material for fast devices such as 

HEMT's. The peak of the valence band in GaAs is vertically below the 

minimum of the conduction band. This classifies the material as a direct 

band semiconductor which is ideal for photonic devices such as 

semiconductor lasers (Sze, 1981). 

For the bulk growth of GaAs, two techniques are commonly used (Thomas 

et aI., 1986). The first is called the Liquid Encapsulated Czochralski method 

(LEC). This method is generally used to grow <100> oriented GaAs wafers 

which are mainly used for fast devices. The second method is called the 

Horizontal Bridgman method (HB). This method is mainly used for the 

growth of <111> oriented GaAs wafers and the largest consumer is the 

optoelectronics industry because the wafers grown by this method have a 

lower density of dislocations. 

There are many techniques for the fabrication of epitaxial layers. If the 

layers do not have to be ultrathin, methods such as Liquid Phase Epitaxy 

(LPE) (Thompson and Kirkby, 1974), or Vapour Phase Epitaxy (VPE) 

(Olsen and Zamerowski, 1983) may be used. However, for the growth of 

ultrathin layers such as fabrication of quantum well devices, techniques 

such as Molecular Beam Epitaxy (MBE) (Foxon, 1978), and Metal Organic 

Chemical Vapour Deposition (MOCVD) (Moss, 1983), are necessary. 

Two methods are available for etching GaAs (Thomas, et aI., 1986). Firstly, 

wet etching, which involves the use of mixtures of deionized (DI) water, 

hydrogen peroxide (H20 2) and either sulphuric or hydrochloric acid (H2S04 

or HCI). This method allows a fast etch rate and very good selectivity. 
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Secondly, dry etching takes place in a vacuum chamber where ionized gases 

and/or reactive chemical radicals attack and etch the swface. There are 

many gases which can be used for this purpose but they will not be detailed 

here as the choice of the gas is dependent on the mechanism of etching. 

1.2 Wet and drv etching 

Three main problems arise when a wet etching technique is applied. First, 

reduction of device dimensions to nanometre scales makes the wet etching 

technique impracticable (Roosmalen, 1984). At about 3 J.lm, swface tension 

forces become significant. When the masked wafers are immersed in the 

etchant liquid, the surface tension force causes air bubbles to be trapped 

between the masking material and the etching liquid (see Figure 1.1). The 

result is failure to etch the surface of the semiconductor. 

Air bubble .. ----.......... --.. ................ Etching liquid 

Mask 

Semlconduotor 

---""'<3 "'4---'" J..Lm 

Figure 1.1. Air bubble trapped between the semiconductor surface, mask 
walls and etchant liquid. 

Secondly, at dimensions larger than 3 Jlm, wet etching causes under- cutting 

of the mask (Coburn, 1982). This is because the liquid etches both laterally 

and vertically (isotropically). The dimensions of the etched patterns will 

then be larger than the initial mask pattern. 

-3-



Finally, for optoelectronic devices there is a need for crystallographic 

orientation selectivity and anisotropic etching (vertical pattern transfer) 

(Ibbotsona and Flamm, 1988). The wet etching technique can perform 

crystallographic etching however it cannot perform anisotropic etching. 

Figure 1.2 shows the semiconductor surface before etching and possible 

etch profiles after etching. The profile is dependent on the technique 

implemented and the process parameters. 

Mask 

Semloonduotor 

(a) (b) 

Mask 

Semloonduotor 

(0) (d) 

Figure 1.2. (a) Unetched. (b) Isotropic. (c) Crystallographic. 
(d) Anisotropic etching. 

The advantages of wet etching are good selectivity, fast etch rate and 

crystallographic etching. Dry etching can perform crystallographic etching 

but at submicron dimensions. This depends on the etching parameters and 

the material which is etched. Table 1.1 shows the advantages and 

disadvantages of wet and dry etching. 

The dry etching technique can overcome all the wet etching disadvantages 

stated in the table 1.1, but it has its disadvantages too. These are 

semiconductor damage such as surface and bulk modification and film 

deposition. Semiconductor damage occurs because of ion bombardment 

(Pang, 1984 and Yuba et aI., 1988). These are generally, ion impregnation 
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and intrinsic bond damage. Film deposition is usually due to the non-active 

component of the etching gas used. The volatile species produced after 

etching may dissociate and a non-volatile component may land on the 

surface of the semiconductor. 

Table 1.1. Advantages and disadvantages of wet and dry etching. 

WET ETCHING DRY ETCHING 

ADVANTAGES DISADVANTAGES ADVANTAGES DISADVANTAGES 

Good selectivity Undercutting of mask Submicron Surface 
patterning damage 

Fast Isotropic etching Anisotropic Bulk 
etch rate etching damage 

Crystallo- Failure to 'Crystallo- Film 
graphic etching etc h S; 3 /lt11 graphic etching deposition 

*-Depending on the etching gas, etching parameters and material. 

Plasma chamber 

Automatic pressure 
controller 

Valve 

Pumps 

Power suppl y 

Valve 

Valve 

Purging gas 

Mass flow 
controllers 

Special gases 

Figure 1.3. Diagram of a dry etching vacuum system. 
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Generally dry etching systems are relatively complex. Vacuum pumps are 

necessary to reduce pressure and mass flow controllers are needed to 

control the introduction of special gases. A power supply is required to 

ionize the gases. A valve between the process chamber and the pumps can 

control the pressure by changing the effective pumping speed. This allows 

control of pressure at different flow rates (see Figure 1.3). 

The dry etching systems and configurations will be discussed in the next 

section. It must be noted that the number of configurations for dry etching 

systems increases as technology advances. For example electron cyclotron 

resonance system can be used in many configurations. 

1.3 Mechanisnls and configurations 

Dry etching can be classified according to the three etching mechanisms as 

follows: 

1. The physical mechanism. 

2. The chemical mechanism. 

3. The physical and chemical mechanism. 

1. In a physical mechanism, the semiconductor is bombarded with ions of 

an inert gas (Horwitz, 1983). A typical gas used for this purpose is argon 

(Ar). Argon is ionized by creating a plasma in the chamber which contains 

the semiconductor. The surface of the semiconductor is then ion bombarded 

and the atoms in the surface are sputtered by the ions. The etch rate is slow 

and is dependent on the mass of the bombarding ions and the 

semiconductor binding energy. The selectivity is poor as any substance can 

be sputtered. The profile of the etch is approximately anisotropic as the ion 

direction at the surface is vertical. 

2. A chemical mechanism uses gases which may be non-reactive nonnally, 
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but when ionized the molecules break down into reactive species (Flamm 

et a!., 1983). These react chemically with the surface of the semiconductor 

to produce volatile species which escape from the surface. The selectivity 

is potentially good as the reactive species may not react with anything but 

the desired surface. The etch rate is fast and depends on the density of the 

reactive species, but the profile is isotropic as the active species will react 

with the semiconductor surface in all directions but not necessarily with 

equal rates. 

3. The combined physical and chemical mechanism can be classified into 

two sub-mechanisms (Flamm and Donnelly, 1981). They are as follows: 

(A). Energy-driven ion-enhanced mechanism. 

(B). Inhibitor-driven ion-assisted mechanism. 

In case (A), ions damage the surface causing bond damage and dislocations 

which allow reactions with reactive radicals to produce volatile products on 

the surface. These products will then escape from the surface. 

In case (B), the reactive radicals are absorbed by the surface, creating an 

inhibitor thin film. The ions then supply energy to these radicals so that 

they react with the surface to produce the volatile products as above. 

This process can provide an anisotropic profile, good selectivity and good 

etch rate. Table 1.2 indicates the characteristic of the above mentioned 

mechanisms. 

There are at least 14 different configurations for dry etching (Fonash8

, 

1985). These are listed in the table 1.3. Configurations 1 and 6 are of 

importance as they were used for the present study. 
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Table 1.2. Characteristics of dry etching mechanisms. 

I II PHYSICAL I CHEMICAL I PHYSICAL/CHEMICAL I 
PROFILE Anisotropic Isotropic and Isotropic, Anisotropic and 

" Crystallographic ·Crystallographic 

ETCH RATE Poor Good Good 

SELECTIVITY Poor Very Good "Good-Very Good 

SUBMICRON Very Good Difficult Very Good 
PATTERNS 

*- Depending on the etching gas, etching parameters and material. 

A barrel etcher (BE) USIng oxygen gas was generally used in the 

experiments to be described to remove negative photoresists and carbon and 

polymer films from the surface of the semiconductor. The etching 

mechanism of this configuration is chemical because the wafer stands at 

right angles to the electrodes so there is little ion bombardment of the 

surface. Only the radical species created in the plasma attack the surface of 

the semiconductor. 

A reactive ion etching (RIE) system was used to etch the semiconductor 

surface . The mechanism is combined physical and chemical, as wafers 

were placed flat on the lower electrode (the cathode) which was connected 

to the power supply. Both the ions and the radical species attacked the 

surface of the semiconductor. The RIE system which was used here will be 

discussed later in detail. 

1.4 Reactive ion etching process parallleters 

During RIB the process engineers require the following parameters to be 

under their control (Sze, 1985): power density, pressure, gas composition, 

flow rate, wafer area and temperature. 
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Table 1.3. Dry etching configurations. 

DI CONFIGURATIONS I MECHANISM I POWER DRIVE 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Barrel etching Chemical RF 

Downstream plasma etching Chemical RF 

High pressure etching Physical/chemical RF 

Plasma etching Physical/chemical RF 

Ion etching Physical RF 

Reactive ion etching Physical/chemical RF 

Magnetic confmement ion etching Physical RF 

Magnetic confmement reactive ion Physical/chemical RF 
etching 

Triode etching Physical/chemical RF or DC 

Ion beam etching Physical DC 

Reactive ion beam etching Physical/chemical DC 

Chemically assisted ion beam etching Physical/chemical DC 

Photon assisted chemical etching Physical/chemical DC to drive photon 
source 

+Electron cyclotron resonance etching physical/chemical MWor 
RF and MW 

+- There are many configurations of electron cyclotron resonance system. 
RF, DC and MW stand for radio frequency, direct current and microwave 

respectively. 

I 

Power density causes a breakdown of the gas molecules into reactive 

species. Increase in power density increases the etch rate non-linearly. 

Generally, high power density can cause substrate heating and can damage 

the semiconductor and photoresist. 

Pressure can also affect the etch rate. An increase in pressure may increase 

the density of the molecular species in the etching chamber, but it causes 

a decrease in the ion bombardment intensity. Etch rate suffers when the 

etching mechanism is ion dependent. Mechanisms which are dependent on 

chemical species only will proceed faster (i.e. chemical mechanisms). 
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Gas composition is generally important for selectivity etching. A material 

may etch faster in one gas plasma than another because of the relative 

reaction rate of the radical species produced. Mixtures are also important 

as selectivity or surface roughness can improve by their use. 

Gas flow rate determines the supply of reactants to the chamber. The 

residence time of the reactants in the chamber decreases as the flow rate 

increases. The relation between the flow rate Q and residence time 'tr is 

given by equation (1.1). 

't' = V P 
r P Q' 

(1.1) 

Where V p is the plasma volume which can be taken as constant, and p is 

the chamber pressure. There are two flow regions, the high and low. At low 

flow rates, the etch rate may suffer because of inadequate supply of 

reactants. At high flow rates, the reactants are pumped away before they 

can react with the surface of the semiconductor. To achieve optimum etch 

rate, there is a need to choose a flow rate which can provide enough 

reactants, and allows enough time for the reaction at the surface of the 

semiconductor (Chapman and Minkiewicz, 1978). 

The wafer area of the semiconductor may cause loading effect problems. 

This is because the species with long lifetimes react rapidly with the 

semiconductor surface. The species are consumed by the material and as the 

generation rate of the reactive species is fixed by parameters such as power 

density, pressure and flow rate, the concentration of the reactive species 

decreases as the etchable area of the semiconductor increases. 

Temperature can also affect the etch rate of the material (Schwartz and 

Schaible, 1980). The etch rate changes at elevated temperatures also the 

roughness and uniformity may improve if the temperature of the substrate 

is controlled. The relation between etch rate R and temperature T is given 
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by equation (1.2). 

(1.2) 

where ~ is the activation energy for the reaction, T is the temperature and 

K is Boltzmann's constant. 

1.5 Process variables 

Process variables for dry etching can be divided into three broad categories 

and at the start of the present work the investigations were carried out on 

these process variables: 

1. Etch rate. 

2. Uniformity and reproducibility. 

3. Selectivity and profile. 

The etch rate which is generally important depends on the material to be 

etched and the process parameters such as power density, pressure, flow 

rate and gas composition (Carter, 1988). 

Uniformity and reproducibility are dependent on (1) the length of exposure 

of the sample to the room ambient, (2) the electric field distribution, (3) the 

loading effect and (4) the gas distribution (Broydo, 1983). Selectivity and 

profile depend on the etching mechanism. When the mechanism is biased 

towards chemical etching, a strong loading effect is observed and the profile 

may not show a good anisotropic pattern. Choice of gas is important if 

selectivity is desired (Ibbotsonb and Flamm, 1988). 

1.6 Damage and deposition 

Damage and deposition are inevitable side effects of dry etching. To 
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minimize these side effects they must first be identified. They can be 

separated into three groups (Fonashb
, 1985). 

1. Film deposition. 

2. Ion impregnation. 

3. Intrinsic bond damage. 

Residue layer 

Ion Impregnation 

Intrlnslo bond damage 

Bul k semloonduotor 
no damage 

Figure 1.4. Macroscopic diagram of damage regions in semiconductors. 

Figure 1.4 shows a schematic diagram of the damage regions with their 

identification. The top layer is the deposited or residual layer on the surface 

of the semiconductor. This layer may be present after chemical or combined 

physical and chemical dry etching. Its existence depends on the etching gas 

used and the etching chemistry. 

Next is the ion impregnation region. This region is present after physical 

or combined physical and chemical etching. It contains the etching species 

or impurities which were implanted in the semiconductor during etching. 

This is because the high energy ions impregnate the semiconductor. 

Last is the intrinsic bond damage. This region can extend further into the 

material than the ion impregnation region. This kind of damage is present 

in physical or combined physical and chemical etched samples. If the 

etched material is a compound, the stoichiometry may be disturbed. 

Dislocations, vacancies and interstitials will be present in this region. 

-12-



CHAPTER 2 

A REVIEW OF DRY ETCHING OF III-V 

COMPOUNDS 

In this chapter the dry etching of III -V semiconductors is reviewed. There 

are many articles and papers published on this subject but only the most 

useful have been cited. The use of halogenated gases and mixtures, pure 

hydrogen and mixtures of hydrogen and hydrocarbon gases are reviewed for 

etching III -V semiconductors. 

Numerical values of semiconductor etch rates are not discussed here as they 

are dependent on the dry etching equipment. There is no standard 

equipment which can be used to compare etch rates. 

2.1 Dry etching ,yith chlorinated gases 

To etch III-V semiconductors it is important to etch both the semiconductor 

and the surface oxide layer because the oxide layer can act as an etch stop. 

It has been reported that gases such as C12, CCI4, CCI2F2, PCl3 and HCI can 

be used for GaAs etching. With the exception of Cl2 these gases can also 

remove the surface oxides, (Smolinsky, et al., 1981). 

For InP etching, although chlorinated gases were used, the etch rate was 

low and the etched surface was discovered to be very rough at ambient 

temperatures. When etched at elevated temperatures, smoother surfaces 

were produced (Donnelly, et aI., 1982). It has been also discovered that in 

a chlorinated plasma without fluorine gases, the etched surfaces were Ga 

or In rich for GaAs and InP respectively. 

Hydrogen chloride (HCI) and carbon tetrachloride (CCI4) were compared for 

etching GaAs, (Smolinsky, et aI., 1983). HCI did not show a high etch rate 
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but no carbon deposition occurred on the sample compared with CCI
4

• It 

has been suggested that HCI gas without plasma could not etch GaAs below 

250°C, (Akita, et aI., 1991). Nonetheless GaAs was etched in HCI gas when 

the surface of the semiconductor was irradiated with an electron beam. It 

has been found that the lower the wafer temperature, the faster the etch 

rate. It has been even suggested that an enhanced etch rate was possible if 

the wafer temperature was reduced below O°C. The reasoning given for this 

suggestion was an assumption that the absorption of HCI molecules on the 

surface decreases with increase in temperature and so the lower the 

temperature of the semiconductor sample, the higher the absorption of the 

molecules. This would result in a higher etch rate. The electron beam 

enhanced the dissociation and excitation of HCI molecules such that the 

hydrogen and chlorine atoms could then react with the surface. 

CCl4 showed a high etch rate compared with HCI but the problem was the 

deposition of a poly-chloro-carbon film on the surface of the 

semiconductor. Addition of oxygen to CCl4 increased the etch rate further 

and reduced the fonnation of the poly-chloro-carbon film. Analysis of the 

plasma during InP etching in CCl4 showed the existence of InCI" species. 

Both GaAs and InP displayed non-Arrhenius behaviour and a loading effect. 

However, at elevated temperatures the loading effect was reduced, 

(Gottscho, et aI., 1982). 

The use of CCl4 for patterning III -V compounds offered good 

reproducibility although it had many undesirable effects such as rough 

etched surfaces and deposition of poly-chloro-carbon films, (Semura, et aI., 

1984). When GaAs was etched in pure CCI4, the surface looked either grey 

due to roughness or black due to film deposition. The profile of the etched 

pattern also showed non-anisotropy. To improve the etching quality, CCl4 

was diluted with oxygen (02) and then hydrogen (H2) to etch GaAs. 

At low concentrations of O2 , etch rate improved, but the etched surface 
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quality was poor. As the concentration of 02 increased, the surface quality 

improved slightly but trenches were fonned at the base of the etched walls. 

The addition of H2 to the working gas instead of O2 improved the quality 

of the etched surface. The etch rate decreased slightly but the etched profile 

was anisotropic with smooth surface and side walls. 

The analysis of the CCIJH2 etched GaAs surface showed traces of oxide 

and C. It was presumed that the oxygen contamination was due to the 

exposure of the sample to the atmosphere. The larger amount of C detected 

was thought to be due to contamination during etching. Raman spectroscopy 

showed no additional damage compared with a wet etched sample. 

Boron trichloride (BCI3) has also been used for GaAs etching. The GaAs 

etch rates obtained were rather low compared to other chlorinated processes, 

(Sonek and Ballantyne, 1984). The reason for this was that the process 

chamber together with the electrode was made of aluminium (Al). It is 

thought that this may have caused the reduction in etch rate of the 

semiconductor as the etching gas attacked the whole of the chamber. This 

may have caused a loading effect. 

Generally the etched profiles were anisotropic at optimum conditions and 

the etched surface was smooth but the surface of the side walls was very 

rough. Increase in power density and pressure increased the etch rate 

slightly at first and then it decreased. This increase might have been much 

larger if the chamber were not made of aluminium. At high power density 

the anisotropic pattern was lost due to ion bombardment scattering from the 

surface. Analysis of the surface of the GaAs after etching in optimum 

conditions showed no chlorine or boron contamination. 

Addition of chlorine to BCl3 caused a loss of anisotropy but increased the 

etch rate. The surface was also very rough. Addition of argon reduced the 

surface roughness and improved the anisotropy for both GaAs and AIGaAs, 
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(Scherer, et al., 1987). The authors have suggested a model for the etching 

of GaAs and AIGaAs at different power densities, pressures and AI volume 

concentration. This model was machine dependent which meant that it 

could not be used for all RJE systems. 

During RIE of GaAs and AIGaAs in BCliAr mixtures, four problems were 

identified by the authors. They were; 

(1) under-cutting at the high pressure caused a loss of 

directionality of etching. 

(2) inclined side wall profiles (shadowing), due to low pressure 

which allowed too high a sputtering rate. 

(3) surlace roughness due to high power density and low chamber 

pressure. 

(4) re-deposition of materials, mainly on the mask, due to etching 

at low power densities and pressures during very short etching 

periods. 

To etch GaAs together with AIGaAs with a high degree of selectivity, it is 

best to use fluorine and chlorine based gases. One of the common gases 

used for selective etching of GaAs and AIGaAs is dichlorodifluoromethane 

(CCI2F2), which was also used in a mixture with an inert gas, (Hikosaka, 

et al., 1981). 

In pure CCl2F2 the GaAs etch rate increased as the pressure increased but 

in the case of AIGaAs the etch rate decreased. It was demonstrated that the 

DC self bias voltage (See chapter four and appendix XI for a discussion of 

DC self bias voltage), decreased as pressure increased which indicated that 

the etching of AIGaAs was mainly dependent on ion bombardment. The 

low etch rate for AIGaAs was considered to be due to the formation of 

aluminium fluoride AIF3 on the surlace of the sample. The etching of the 

sample also started after a small delay due to the surlace oxides which first 

had to be sputtered. This has been reduced by adding helium to CCI2F2• 
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Generally GaAs which was etched in pure CCl2F2 was covered with a thin 

film of contaminant which may have been a fluoro-chloro-carbon polymer. 

This could be eliminated by adding He to the etching gas. When He was 

used as a mixing gas, the GaAs etch rate decreased but the AIGaAs etch 

rate increased. This was due to an increase in the DC self bias voltage 

which indicated an intensification of ion bombardment and reduction of 

etchant species. At high pressures and high CCl2F2 to He ratio, the 

selectivity of GaAs to AIGaAs was very high with AIGaAs hardly showing 

any etching tendencies. 

When the plasma chemical species were analyzed, (Chaplart, et ai., 1983), 

CI, C12, CCI, CF, CF2 and CF3 species were detected. Increase in flow rate 

increased the etch rate due to increase in the supply of reactive species to 

the chamber. Increase in power density also increased the etch rate due to 

breakdown of the gas molecules which caused the supply of more reactive 

species and also intensification of ion bombardment. The etch rate however 

increased when Ar was let into the chamber. Large increases in Ar 

concentration caused a reduction in etch rate. It was established that the 

etching was primarily caused by CI species reacting with GaAs to form 

GaClx and AsClx' but F also reacted with the surface to form GaF x and 

AsF x' In this case the GaF x species would not etch due to low volatility of 

these species. Addition of Ar to the gas caused the sputtering of these non­

volatile species from the surface and hence increased the etch rate. 

Further work on plasma diagnostics indicated the presence of other species 

in the chamber, (Seaward, et aI., 1987). These were F, C2F2, HF, HCI and 

CO. Hand 0 were also observed but it was thought that their presence may 

have been due to the presence of water vapour in the chamber. The volatile 

species were thought to be the same as above with the addition of AsClxFy 

and in the case of aluminium AICI . The non-volatile species detected were , x 

GaClxFy and AIF3• 
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Further work on selective etching of GaAs and AIGaAs proved the case 

presented by Hikosaka, et ai., (Knoedler and Kuech, 1986). The 

experiments were petformed using different AIGaAs compositions. It has 

been found that the higher the Al content the lower the etch rate of the 

sample etched. Selectivity between GaAs and AIGaAs increased as the Al 

composition increased. Selectivity decreased as the DC self bias voltage 

increased. 

However no delay in etching was observed when the samples were being 

etched, (i.e. no initiation time of etching was observed). This may have 

been due to removal of the sutface oxides before etching. 

Very good anisotropic pattern transfer was achieved using CCI2F2 , (Hilton 

and Woodward, 1988). The profile of the pattern was controlled by addition 

of He to the etching gas, (Hirano and Asai, 1991). By controlling the He 

volume concentration the angle of the etched wall together with the degree 

of undercutting could also be controlled. Devices were fabricated using 

CCI2F2• An exotic optical device was the micro-lens array, (Darbyshire and 

Pitt, 1990). The fabrication was petformed using a chemically assisted ion 

beam etching system, (CAIBE). In this case an Ar beam was used and 

CCl2F2 was introduced into the chamber as the working gas. The photoresist 

was overheated so that it took a hemispherical shape. Non-selective etching 

had to take place so that the photoresist and the GaAs substrate etched at 

the same rate. Other devices such as FETs were also fabricated to test the 

current-voltage (I-V) and capacitance-voltage (C-V) characteristics of the 

etched semiconductors (Hilton, et aI., 1989). 

Another gas widely used in ill -V semiconductor etching is silicon 

tetrachloride (SiCI4). The advantage of this gas over other halocarbon gases 

is that it does not produce poly-chloro-fluoro-carbon films on the sutface 

(Stern and Liao, 1983). Also it can etch Al efficiently. Like other processes 

using chlorinated gases, the etch rate of GaAs was higher than that of InP, 
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due to the non-volatility of the InC~ species as discussed above. Increase 

in power density increased DC self bias voltage and etch rate. Decrease in 

pressure also increased DC self bias voltage. The profiles of the etched 

GaAs and InP were not anisotropic at high pressures but then improved as 

the pressure was reduced. To improve anisotropy Ar was added to the 

SiCI4 • 

Further work on GaAs etching in SiCl4 demonstrated orientation-dependent 

etching, (ODE) or crystallographic etching, (Li, et al., 1984 and 1985). This 

was observed at low power densities and high pressures. Decrease in 

pressure caused a reduction in reactive species and increased the DC self 

bias voltage. In such conditions the crystallographic etching 'gave way to 

anisotropic etching. Addition of AI to SiCl4 also caused the loss of 

crystallographic etching. 

The selectivity experiments performed on masks showed SiCl4 to be 

suitable for non-organic masks. For optimum conditions pure SiCl4 was 

very selective for GaAs etching when chromium (Cr), silicon nitride (SixNy) 

and silicon oxide (SiOx) were used as masking materials. The photoresists 

did not show good selectivity compared with non-organic masks. Addition 

of AI to SiCl4 reduced the selectivity in all cases. 

SiCl4 has also been used for selective etching of GaAs over AIGaAs. This 

was possible by mixing the chlorinated gas with sulphur hexafluoride (SF6), 

(Salimian and Cooper,Ill, 1988). The reaction of fluorine with the surface 

of AIGaAs formed non-volatile AIF3' 

The etch rate of GaAs increased slightly as the SF6 volume concentration 

increased. However it had the opposite effect on the AIGaAs. Its etch rate 

decreased by a large amount as the SF 6 volume concentration increased. 

The only way the etch rate could be increased was by increasing the ion 

bombardment intensity. This effect was observed also for AIGaAs etching 
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in CCI2F2• Increase in ion bombardment did not have an effect on GaAs 

etching. From this it was apparent that the AIGaAs etching in this mixture 

was largely dependent on a physical mechanism. 

The selectivity of GaAs to AIGaAs increased as the SF6 concentration 

increased. However, at high concentrations of this gas the selectivity did not 

change. Increase in ion bombardment decreased selectivity. 

Elemental analysis of etched GaAs sample indicated no traces of CI, F, Si 

and S contamination. C and 0 contaminations were present due to exposure 

to ambient air. The AIGaAs sample did show traces of F due to the non­

volatile AIF3 on the surface. The etched profile of the GaAs/AIGaAs 

showed a very good anisotropy. 

The etched profiles of GaAs and InP have also been investigated at elevated 

temperatures, (Van Daele, et aI., 1990). At low temperatures GaAs showed 

good anisotropic profiles but at elevated temperatures this was lost. For InP 

the effect was the opposite. At low temperature the etch rate was slow and 

the surface was smooth but the pattern was not anisotropic. As the 

temperature increased the etch rate increased and the profile became more 

anisotropic but the surface became rough. 

The I-V characteristics of GaAs Schottky diodes did not show much 

difference between the reference and etched samples. However the C-V 

measurements indicated some passivation of carrier concentration by a 

factor of 10 near the surface of the sample. 

Chlorine, (CI2) gas has also been widely used to etch ill-V compounds. 

This was used for crystallographic, selective and non-selective etching of 

GaAs and AIGaAs. Crystallographic etching of GaAs and AIGaAs was 

investigated using a reactive ion beam etching system, (RIBE) with an ECR 

source, (ECR-RIBE) , (Sugata and Asakawa, 1987). GaAs was reported to 
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be etched by CI radicals (plasma excited) and Cl2 (with no plasma 

excitation) without the presence of an ion beam. CI radicals etched GaAs 

from about 190°C. In the case of C12 , the etching did not start until 290°C. 

The rate limitation of the etching process at low temperature was 

considered to be due to the thermal desorption of GaClx which is higher 

than that of AsClx' At high temperatures this was due to the low supply of 

CI species. When both CI radicals and ions were used to etch the samples, 

rapid etching started at much lower temperatures than 190°C. This is the 

region where CI radicals or Cl2 molecules could not etch. 

Etching started at such low temperatures because the non-volatile products 

which were formed on the surface were desorbed by ion bombardment. 

Crystallographic etching of GaAs and AIGaAs was performed by using both 

CI radicals and Cl2 molecules. In all cases the process was temperature 

dependent. 

Generally during RIE of GaAs/AIGaAs the selectivity is affected by the 

presence of O2 or water vapour, in the chamber. The selectivity of GaAs 

over AIGaAs is thought to be due to the oxidation of AI on the surface. 

The oxide does not normally react with CI radicals and must be sputtered 

away. It was found that to etch GaAs and AlGaAs non-selectively, the 

partial pressure of O2 and H20 in the chamber must be reduced, (Vawter, 

et al., 1987). 

At low pressures « 10 mtorr) the non-selective etching of GaAs/AIGaAs 

was possible. Below 1 mtorr, the etch rate of GaAs was found to be greater 

than that of AIGaAs. When the DC self bias voltage increased, non­

selective etching was observed again. This behaviour was due to the high 

partial pressure of O2 and H20 at very low pressures. Higher DC self bias 

was needed to etch away the native oxides. 
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In order to remove the oxide and carbon contamination from the sunaces 

of III -V compounds, the samples could be exposed to certain radical 

species, (Asakawa, et aI., 1987). To remove the carbon from the surface of 

the sample it could be exposed to 0 radicals to produce CO species which 

would then escape from the sunace. To remove the oxide layer the sample 

could be exposed to H radicals at about 1 aaoc to form H20 vapour which 

would also leave the surface. When the surface of the process samples were 

analyzed before exposure to the atmosphere no traces of surface oxide or 

C were observed. 

Cl2 has been used to remove a monolayer of GaAs molecules from the 

surface, (Aoyagi, et aI., 1992). This was possible because of the design of 

the etching system. The etching stopped automatically after one molecular 

layer was removed because of the synchronisation between the etchant 

feeding rate and incident energetic beam flux. 

Electrical characteristics of n-GaAs etched in Cl2 were also investigated, 

(Lee and Baratte, 1990). These were compared with the characteristics of 

the sample etched in Ar. The ideality factor and barrier height of the Cl2 

etched sample improved compared to the sample etched in argon. 

Chlorinated gases were found to be flexible etchants for ID-V compounds. 

GaAs, AIGaAs and InP could all be etched under different conditions. The 

problem with the chlorinated gases is that they are either corrosive, toxic 

or both, which is not healthy for the operator or the system. There is also 

the problem of general roughness of the surface of the III-V compounds 

etched and also the low etch rate of InP. For this reason it was important 

to search for other etchant gases which were not hazardous to the operator 

or the etching system. This may be possible by reducing the amount of the 

chlorinated gas entering the chamber. 
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2.2 Exotic halogenated Inixtures 

Cl2 was mixed with other gases to etch ill-V compounds. The reason for 

this was the fact that Indium and Gallium were generally hard to remove 

as they remained as InClx and GaClx on the surtace. Addition of Ar 

removed some of these species by sputtering but the surtace remained 

rough. Various mixtures of Cl2 have been used to etch GaAs, (Vodjdani and 

Parrens, 1987). These mixtures were CliCHJAr, CI2/CHJH2 and CliHiAr. 

When CH4 was used in the C12/ Ar mixture, at optimum conditions the 

surtace became very smooth and an anisotropic profile was observed. When 

the volume concentration of Cl2 increased, the etch rate also increased but 

the surtace became very rough and the results were not reproducible. At 

very low concentrations of Cl2 the surtace was very rough mainly due to 

film deposition because of CH4 reactions. 

When a CI2/CHJH2 mixture was used, the etch rate was small at low 

volume concentration of H2 due to film polymerization on the surtace. As 

the H2 volume concentration increased, the etch rate increased also. When 

CliH2/ Ar was used, the etch rate decreased as the H2 volume concentration 

increased. At low concentrations of H2 the surface was rough but at high 

H2 concentrations the surface was smooth and the etched profile was 

anisotropic. 

The analysis of the surtace showed CI, C, and 0 contamination on all dry 

etched samples. The 0 and C peaks were considered to be due to exposure 

to atmosphere. However certain samples displayed a larger amount of C on 

the surface than usual and they were the samples which were exposed to 

the mixtures which contained CH4• 

CH4 could be used to remove the Ga from the Ga-rich surface with the help 

of ion bombardment because C12/ Ar mixtures alone could not remove all 

-23-



the Ga and provide a smooth surface. The H2 could be used whenever CH
4 

was used in order to stop polymerization on the surlace. It is therefore 

important to use all these gases together, that is to use a mixture of 

CliCHJH2/Ar. Mirror facets for InP/InGaAsP lasers have been etched using 

this mixture, (Van Gurp, et a1., 1989). In order to produce a smooth surface 

the sample was heated to 200°C. 

The damage on the surlace of the etched InP was investigated using such 

a mixture. This was because InP is the hardest semiconductor to etch in 

chlorinated gases, (Van Roijen, et al., 1991). The analyzed surlace of the 

etched InP showed large amounts of phosphorus (P). This was important 

because the surface of the InP etched in a gas mixture containing Cl2 is In 

or InClx -rich due to the low volatility of these species. The amount of P 

detected on the surface was much larger when a higher power density was 

used. Generally no CI species were detected on the surface and minimal Ar 

penetration was observed. The surtace of the etched InP sample was very 

smooth and no trenching was visible at the base of the etched wall. The 

profile of the etched wall was highly anisotropic. High resolution 

transmission electron microscopy (HRTEM) confinned the surface analysis 

results when the P-rich layer was observed. The thickness of this layer was 

shown to be greater when greater power densities were used to etch the 

surface. 

The use of CH4 and H2 at 200°C meant that the C and H species could 

react easily with the In which was not generally volatile. This reaction 

could have generated In metal-organic compounds which are extremely 

volatile at this temperature. 

It was suggested by the authors that the damage did not penetrate more 

than a few nanometres from the surface. Hydrogen could diffuse deep in 

the semiconductor at 200oe. Also the effect of ion bombardment could 

damage the crystal lattice up to a depth depending on ion energy. The 
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carrier concentration at different depths from the surface could have been 

determined if the authors had shown some C-V measurements. 

A mixture of phosphorus trichloride (PCI3) and Ar was also used to etch 

III -V compounds. A quantum-well laser structure with many layers of 

GaAs, AIGaAs and InGaAs was etched using an ECR-RIE system, (Pearton 

and Hobson, 1991). It was shown that the etched depth increased as the 

microwave power increased. However the anisotropy of the etched pattern 

was poor. Trenching was visible at the base of the etched wall and residues 

were formed on the surface of the semiconductor. 

Chloromethane (CICH3) mixed with H2 has been used to etch both GaAs 

and InP, (Law and Jones, 1992). Other admix gases were also used instead 

of H2. They were helium (He), neon (Ne), argon (Ar) and oxygen (02), In 

order to vary the concentration of the mixture, the H2 flow rate was kept 

constant but the CICH3 flow rate was varied. The etch rate of GaAs 

increased as the concentration of CICH3 was increased until it reached a 

maximum. Further increases of the concentration of CICH3 reduced etch 

rate due to the deposition of polymers on the surface of the sample until 

etching stopped all together. At low flow rates of H2 the optimum etch rate 

was also low. 

The etch rate of InP was much higher than the GaAs under the same 

conditions. Increase in power density increased the etch rate of GaAs 

linearly, but the InP etch rate appeared to increase exponentially. The 

etched GaAs displayed a very smooth surface and side wall but the 

anisotropy was poor. InP displayed good anisotropy and a smooth surface 

but the side walls were rough. The use of oxygen as the admix gas reduced 

etch rate. 

When H2 was replaced with other admix gases, the profile of the 

concentration graph was the same as when H2 was used but the maximum 
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etch rate occurred at different concentrations of ClCH
3

• The maximum etch 

rate was also much lower than when H2 was used. When other admix gases 

were used instead of H2, the mechanism of etching may be different. 

Iodomethane (ICH3) was one of the non-chlorinated halogen gases which 

was used to etch InP, (Doughty, et aI., 1986). The etch rate was slow and 

the etched surface was rough. This was due to the deposition of a polymer 

film on the surface. The formation of the polymer film was reduced when 

Ar was added to the ICH3• When O2 was added to the ICH3 instead of Ar, 

the etch rate improved and the polymer film was removed from the surface. 

The etched side wall was very rough and the anisotropy was not good. 

Iodine (12) was used with Ar in an ion beam-assisted etching system, 

(IBAE) to etch InP. At the optimum conditions the etch rate was low but 

the surface was very smooth. The profile anisotropy was poor. 

InP was also etched in hydrogen iodide (Ill). III was mixed with H2 and 

Ar. The etching was performed in a ECR -RIB system. on both n and p type 

InP, (Pearton, et aI., 1992). The etch rate of InP increased as the DC self 

bias voltage increased. The etch rate of both types of InP was the same for 

the same conditions within the limits of experimental errors. The profile of 

the etched samples showed a very good anisotropic pattern and the etched 

surface and side walls were very smooth but trenches were formed at the 

base of the etched walls. Removal of H2 from the mixture increased the 

etch rate but the surface of the etched sample became very rough. Addition 

of the CH4 to the mixture instead of H2 decreased the etch rate by a large 

amount due to a CHx and I reaction. The surface analysis of the etched 

surfaces indicated traces of C and 0 but no traces of I were found. The 0 

and C found on the surface were due to surface oxidation and carbon 

contamination because of exposure of the sample to the atmosphere. 

The etching of InP was considered to be due to the formation of volatile 
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species such as In4, PIx and PHx' Other III -V compounds could be etched 

if similar volatile compounds were to be formed. 

2.3 Hydrogen piaslna 

Generally nearly all halogenated gases used for dry etching of III -V 

compounds are toxic and/or corrosive. Thus there is interest in gases which 

are not so hazardous to the operator or the etching system. 

Hydrogen (H2) was thought to be useful, (Changa 
& b, et aI., 1982). It was 

thought that atomic hydrogen could be fonned from dissociating hydrogen 

molecules by electron or photon collisions. The atomic hydrogen would 

then react with the surface to produce volatile hydrides. Also it could react 

with the surface oxides and remove them. For H2 etching of ill-V 

compounds, the required etching temperature was found to be higher for 

GaAs than InP. Micrographs of the sample showed undercutting of the 

etched surface. 

It was found that atomic hydrogen can etch GaAs without the help of a 

plasma at atmospheric pressure but at high temperatures. The GaAs was 

heated to about 850°C in an H2 or H2/He atmosphere. A tungsten filament 

was heated to about 2000 °C above the sample, (Kobayashi, et aI., 1991). 

At these conditions the GaAs could be etched at a reasonable rate. 

Reduction in the temperature of the filament resulted in pit formation which 

was Ga-rich. This was due to the difference in the vapour pressure of Ga 

and As. When the filament was heated again, the pit formation disappeared. 

The etch rate increased as the substrate temperature increased. The etch rate 

of GaAs in these conditions followed an Arrhenius model. 

The RIE of n-GaAs was performed in hydrogen to measure the degree of 

damage caused by hydrogen ions, (Pang, 1986). The degree of damage 

during RIE was dependent on the extent of ion bombardment. Also in the 
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case of H2, the higher the substrate temperature, the higher the possibility 

of H diffusion into the substrate. I-V characteristics of the hydrogen etched 

sample indicated a large divergence from the original ideality factor and the 

barrier potential. 

Damage due to hydrogenation of GaAs was further studied by C-V 

measurements of the carrier concentration from the surface through the 

material, (Dautremont-Smith, 1988 and Pearton, et aI., 1987). To permit H 

to diffuse in the GaAs the temperature had to be in the range 150°C to 

300°C. For Si- doped n-GaAs hydrogenated at 250°C, the carrier 

concentration decreased by about a factor of 100 near the surface, compared 

to the control sample. The passivation of donors extended deep in the 

semiconductor in some cases greater than 10 Jlm. 

The diffusion of hydrogen was assessed for Si doped n-GaAs and Zn doped 

p-GaAs of equal carrier concentrations etched under the same conditions. 

It was found that; 

(1) the diffusion depth of H in p-GaAs was much greater than that 

in n-GaAs, 

(2) in the case of low frequency plasma (10-30 kHz), the diffusion 

depth of H in n-GaAs increases with decreasing donor 

concentration and in p-GaAs it increases with increasing acceptor 

concentration, 

(3) low frequency exposure of GaAs produced about an order of 

magnitude greater depth and greater peak concentration for the 

same conditions than did high frequency, (2.45 GHz). 

After annealing, full recovery of carriers was reported. It was established 

that only a fraction of the hydrogen had diffused out of the GaAs. The 

complete recovery may have been due to the repair of defects within the 

crystal. 

-28-



2.4 Non-chlorinated gases 

The RIE of InP in chlorinated gases suffered from low etch rate and surface 

roughness due to low volatility of InClx products. For this reason alternative 

etching gases were investigated. One mixture was discovered to etch InP 

at a high rate in room temperature. This was a mixture of methane and 

hydrogen, (CHJH2)' (Niggebrugge, et aI., 1985). 

When InP samples were etched in CHJH2 mixtures, the etch rate was high 

and the etched surface was smooth with good anisotropy of etched walls. 

When CH4 was replaced with Ar and the sample was etched under the same 

conditions, the surface became rough and etch rate decreased. This was 

claimed to be a characteristic of physical etching. In pure H2, InP was 

hardly etched at all. As CH4 was introduced into the chamber the etch rate 

increased. This continued with increase in volume concentration of CH4 

until the etch rate reached a maximum. Any further increases in CH4 

concentration decreased the etch rate until carbon polymerization occurred 

on the surface of the sample. This carbon polymerization also occurred at 

very low power density. The etching was also weakly dependent on 

temperature. 

The deposited film was thought to be of hydrocarbon polymeric species. 

This polymeric film was deposited on the mask material for both 

photoresist and inorganic types. One good feature of this was the fact that 

the mask material was reinforced because of the polymer film on its 

surface. This allowed the etching to continue for a long time. This film 

could be removed in O2 plasma. 

The etch rates of other III-V semiconductors were also investigated using 

this mixture. It was discovered that the etch rate was reduced as the Ga 

content increased in the compound. The highest etch rate was achieved for 

InP, InGaAsP, InGaAs and GaAs respectively. 
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The electrical characteristics of the CHJH2 etched GaAs were also 

investigated, (Cheung, et ai., 1987). The I-V and photoluminesence, (PL) 

analysis indicated very low damage at different power densities. The etch 

rate of GaAs in H2 was very low but as CH4 was added the etch rate 

increased. The etch rate of GaAs followed the same pattern as for InP 

discussed above. This continued with increase in volume concentration of 

CH4 until the etch rate reached a maximum and then it decreased with any 

further increases in concentration of CH4 until deposition occurred on the 

surface of the sample. 

It is thought that the RIE of III-V compounds in CHJH2 mixtures is the 

reverse of metal-organic chemical vapour deposition, (MOCVD), Therefore 

this process is now called metal-organic reactive ion etching, (MORIE). Ar 

has been added to the CHJH2 mixture to etch InP. It was claimed that the 

surface of InP was rough when Ar was not used in the mixture. However 

after etching in a CHJH2/ Ar mixture the surface was smoother but trenches 

were visible at the base of the etched walls. It was also found that AIGaAs 

etched more slowly than GaAs. (Henry, et ai., 1987 and Lecrosnier, et aI., 

1987). The possible volatile species of III-V compounds that were thought 

to be produced during etching are shown in Table 2.1. 

It is thought that Hand CHx species created in the plasma react with the 

surface to produce the volatile species which then escape from the surface. 

At low concentrations of CH4, the concentrations of CHx species generated 

in the plasma are also low and so the etch rate was low. As the CH4 

concentration increased, the CHx generation also increased which resulted 

in higher etch rates. At very high concentration of CH4, the CHx species 

polymerized at the surface and deposition occurred. The heat of formation 

may be useful for prediction of formation of above species, (Tirtowid jojo 

and Pollard, 1986). 
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Table 2.1. Possible volatile products during RIE of III -V compounds. 

III-V Possible volatile conlpounds after 

selnicond uctors etching 

before etching Metal organic Hydrides 

GaAs Ga(CH3)3 AsH3 

AIGaAs Ga(CH3)3' AI(CH3)3 AsH3 

InGaAs Ga(CH3)3' In(CH3)3 AsH3 

InGaAsP Ga(CH3)3' In(CH3)3 AsH3, PH3 

InP In(CH3)3 PH3 

The generation of In and Ga metal-organic compounds was the reverse of 

that reported for the dissociation of such compounds, (Jacko and Price, 

1963 and 1964). Therefore the generation of such compounds could be as 

follows for In 

for Ga 

In + CH3 -+ In(CH3) 

In(CH3) + CH3 -+ In(CH3)2 

In(CH3)2 + CH3 -+ In(CH3)3 

Ga + CH3 -+ Ga(CH3) 

Ga(CH
3

) + CH3 -+ Ga(CH3)2 

Ga(CH3)2 + CH3 -+ Ga(CH3)3 

(C2.1) 

(C2.2) 

The above formulae show the possible formation of trimethylindium and 

trimethylgallium. Generally it is thought that the reaction between the 

plasma species and the InP is of the form, 

(C2.3) 

and for GaAs, 
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(C2.4) 

The CHJH2 etched GaAs and InP showed a very smooth swface and good 

anisotropy but GaAs suffered from rather low etch rates, (Thoms, et al., 

1988). This may have been an advantage as chlorinated gases yield a high 

etch rate and short etching time and may not be controllable and 

reproducible. Also etching small dimensions for quantum-well structures 

may cause a problem due to possible dimension loss. The degree of damage 

of n-GaAs was further investigated by I-V and C-V techniques. (Cheung, 

et al. 1988). The I-V measurements indicated some damage. C-V 

measurements enabled the carrier passivation to be measured from near the 

swface into the bulk of the sample. However after annealing at 380°C the 

carriers were totally recovered. 

The damage to the etched side walls was investigated by measuring the 

conductance of quantum wires. The side walls were damaged to a 

considerable depth when etched with CHJH2 mixture compared to the 

SiCl4-etched and wet-etched samples. After annealing, the damage was 

reduced to about 20nm depth on the etched walls. 

I -V characteristics such as the ideality factor n and barrier height <t> of 

etched n-GaAs at different depths has been determined, (Collot and 

Gaonach, 1990). After RIB with CHJH2' Schottky diodes were fabricated, 

and n and <t> were calculated from the I-V measurements. The n and <t> 

values of the etched sample diverged from those of the control values up 

to a certain depth. Annealing at elevated temperatures improved the values 

up to 400°C where the best values of n and <t> were obtained compared with 

those of the control sample. The C-V measurements indicated the 

passivation of carriers. Partial recovery of carriers was achieved at different 

annealing temperatures until at 360°C full recovery was accomplished. At 

lower temperatures full recovery was possible if the time of annealing 

increased. 
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Damage to InP after CHJH2 etching due to hydrogen was different from 

that for GaAs, (Hayes
a

, et aI., 1989 and Singh, 1991). H penetrated further 

into n-InP and its concentration was slightly higher near the surface. p-InP 

did show passivation of carriers but n-InP indicated a slight increase in the 

carrier density. The carrier concentrations returned to nonnal after 
annealing. 

The etch rate was found to be dependent on the masking material when InP 

and GaAs were etched in a CHJH2 mixture with photoresist as the masking 

material. InP obeyed the Arrhenius relationship but GaAs did not (Carter, 

et aI., 1989). When a SixNy mask was used for GaAs its etch rate also 

obeyed the Arrhenius relationship. This was confirmed when samples were 

etched with different masks, (i.e. photoresist and SixN
y
), (Lawb

, et aI., 

1990). This was more evident at higher CH4 flow rates, (higher CH
4 

concentrations). This was attributed to the reaction of the photoresist with 

the active species. 

The etch rate of GaAs in pure H2 increased as the temperature increased. 

When CH4 was added, the same occurred but the dependence on the 

temperature was not as sensitive as before. The sensitivity to temperature 

was reduced as the CH4, concentration increased. At high concentrations of 

CH4 no dependence on temperature was observed. This was claimed to be 

due to polymerization on the surface, (Lawa
, et aI., 1990). 

The etch rate of GaAs decreased as the exposed GaAs area increased. This 

was confirmed at different CH4 concentrations. However the etch rate also 

decreased when the area of the photoresist covering the sample increased. 

This confirmed the assumption that the CHx species may react with the 

photoresist. It has been also discovered that the anisotropy of the etched 

patterns was poor as the etch-able area increased. 

Investigation of the etch selectivity between GaAs and AIGaAs indicated 
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that the etch rate decreased as the Al content in Ga increased, (Law and 

Jones, 1989). To etch samples of high Al content, the power density had to 

be increased. The rate of AIGaAs etching was dependent on the CH
4 

concentration. When the Al content in Ga was higher, the volume 

concentration of CH4 in H2 had to decrease. At various pressures or flow 

rates, the peak etch rate of the sample was found to be at different CH
4 

volume concentrations, (Law, et aI., 1989). 

The plasma species were analyzed in order to detect the species responsible 

for etching III -V compounds. InP was used for etching and optical emission 

spectroscopy was employed to analyze the plasma, (Field, et aI., 1990). 

When spectra of pure CH4 were analyzed with no InP sample in the 

chamber, the species detected were Hand CH. For a pure H2 plasma H was 

detected. When CHJH2 mixtures were used with 10% CH4 the Hand CH 

peaks were visible but the CH peak displayed much smaller intensity than 

that for H. When InP was etched in the CHJH2 mixture, the CH peaks 

disappeared. No metal-organic compounds were detected. 

Further studies of the plasma and InP surface also failed to detect any metal 

organic-compounds, (Hayesb
, et aI., 1989). On the InP, species such as P, 

P2, P3, PH, PH2, PH3, PCH2, PCH3, In, InO, InP, and InP2 were detected. In 

order to detect the species before the reaction with InP, it was best to 

identify the species deposited on the inorganic mask, as these species did 

not react with the mask. These species were identified as C2H, C3H, C4H, 

C5 •• C9, ClOH, CII and C l2• The deposited species were mainly carbon, and 

the hydrocarbon species had an abundance of carbon in them. 

Surface analysis of the sample indicated large quantities of In rather than 

P. Therefore the rate limiting factor during etching of InP in a CHiH2 

mixture is the erosion of the In. The mechanism of etching was attributed 

to two species. First, H was said to react with P primarily to produce PH". 

Next the CH" species were considered to be responsible for reaction with 
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In to produce volatile methyl radicals. Neither CHx nor In(CHx)y were 

detected, although CH species were detected in the plasma as reported 

before. 

Ion bombardment plays an important part in CHJH2 etching of III -V 

compounds. For this reason an ECR-RlE system was employed using a 

mixture of CHJHiAr to investigate the effect of low ion bombardment 

intensity on the sample by reducing the DC self bias voltage, (Lawb
, et aI., 

1991). The etch rate of GaAs was much lower at optimum conditions for 

low DC self bias voltages. 

The use of O2 as an extra admix gas to CHJH2' improved the etch rate 

above a certain concentration of O2 but generally the etched surface was not 

as smooth as when no O2 was used, (McNabb, et aI., 1991). The authors 

devised an empirical model from which they could calculate the etch rate, 

polymer deposition rate and DC self bias voltage. This model however was 

machine dependent and could not estimate the above mentioned process 

variables on different systems. 

It was recently argued that H2 may not be necessary in the mixture to etch 

GaAs, (Law\ et aI., 1991). The reaction was thought to be of the form, 

(C2.5) 

To establish the above relation, helium (He), neon (Ne) and argon (Ar) 

were used. When etch rate was plotted against admix gas concentration or 

flow rate both He and Ne displayed similar etching characteristics to those 

of H
2

• The etch rates at optimum concentration of Ne and He were not as 

high as when H2 was used, with He showing the lowest etch rate. The 

authors argued that MORIE did occur on the surface. Side wall roughness 

has also been investigated after etching InP in CHJHiAr, (Chakrabarti and 

Pearton, 1991). It was claimed that the problem was related to the 

photoresist formed on the surface of InF. 
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Other non-halogenated gases have been used to etch III-V compounds. A 

mixture of ethane (C2H6) and H2 was first used to etch InP, GaAs, and 

InGaAs, (Matsui, et al., 1988). The etched surfaces of InGaAs and InP were 

very smooth. The etching of AIGaAs was also studied (P t 1 , ear on, et a ., 

1989 and Pearton and Hobson, 1989). 

Etohlng Etoh Front Oarrler GaAs I-V C-V 
Ref. rete oone. 

ges nm/mln 
metal -3 type 

Berrier V Oarrllr om- s 
em Ideility Berrier V 

Hilton 
2.6 X 10

17 
et 81 COl F 43 TI/Au --- n 0.72 1.10 0.86 
1989 2 2 

17 
Ven 

160# Au [ 
h.5 X 10 n 0.79 1.14 --- ---

Deele SIOI 17 
et el 4 4 X 10 P 0.47 1.20 --- ---
1990 

Lee & 01
2 

160 TI/Au --- n 0.71 1.14 0.91 ---
Barette 

12# 1990 Ar TI/Au --- n 0.66 1.26 0.91 ---

Peng H2 6· TI/Au -- - n 0.68 1.26 ------
1986 

°2 --- TI/Au --- n 0.47 1.20 --- ---

Oheung 
OH IH 17 

2 X 10
17 

1988 20 TI/Au 2 X 10 n 0.99 1.06 ---
4 2 

# From Pang '986 • From Oheung et 81 1987 

Table 2.1. Some quantitative values for GaAs etching. 

Generally etching in this mixture was similar to that of CHJH2 etching, 

except that optimum etching occurred at lower concentrations of C2H6· 

Temperature had no effect for AIGaAs etching but the etch rate of GaAs 

was affected. Propane (C3Hg) was also used to etch GaAs, (Law\ et ai., 

1990). Table 2.1 shows some quantitative values for GaAs etching in 

different gases. 

2.5 Objectives of present work 

GaAs is an important material for microelectronics industry because of its 

high electron mobility and photonic capabilities. It is widely used for 
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communication and defence, therefore any research involving the processing 

of this material will be beneficial to mankind and will enrich knowledge 

which could then be used for commercial reasons. 

The industry uses chlorinated gases for etching GaAs because of its high 

etch rate at room temperatures compared to the low etch rate of CHJH2 

mixtures. The primary objective of this research is therefore to explore the 

advantages of using mixtures of CHJH2 plasma for etching GaAs in RIE 

mode by taking into account its low etch rate. A method is considered such 

that the final etched product would yield repeatable results with improved 

etched characteristics such as etch rate, anisotropy and smoother etched side 

walls and surfaces. 

A CHiH2 mixture is used for etching GaAs because it does not damage the 

etching system and is not hazardous to the human operator. It is not a 

destroyer of ozone and therefore can be considered more environmentally 

friendly than the chlorinated gases. Its advantages will be considered for 

etching GaAs, in particular its effect on the inorganic mask erosion used on 

GaAs. 

The effect of using mixtures of CHJH2 for etching P-GaAs and the degree 

of damage induced in the semiconductor is also of interest as p-GaAs is not 

generally used as much as n-GaAs for fabrication of devices due to its low 

mobility of carriers. However there are new devices which do need p-GaAs 

layers and these surfaces may get exposed to plasmas such as CHJH2 

mixtures. The advantage of using such mixtures for p-GaAs etching IS 

therefore of importance. 

The advantages of selective deposition of carbon polymeric film on the 

inorganic mask and its passivation during etching of GaAs in CHiH2 

plasma is also of importance and is investigated here. 
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CHAPTER 3 

EXPERIMENT AL PROCEDURES 

The experimental procedures are considered in two parts. The first part is 

the dry etching of GaAs, and the second part is the electrical testing of 

etched samples. The etching experiments took place in the Microelectronics 

Centre clean room. The test and measurements and electron microscopy 

laboratories were used for electrical testing and surface analyses. 

Metallisation of certain samples took place outside the clean room in a 

vacuum deposition laboratory at Kings College University of London. 

Figure 3.1 is a flow chart showing the route taken for RIE experiments. 

START ~ 

Olean GaAs Deposit SI0 2 Photoresist Dry etch Remove 
r- r- l""- I- photoresist wafers as GaAs mask Pattern 

Remove SI02 Bad OheCK 

~ Good 

Cut In to size 

I 
Remove 0 by M esure etohed Dry etch Measure mask 

f-- ..-
GaAs 

I""-
02 plasma step step 

I 
Measure 2nd measure 3rd Mount on 

Gold coat f- Remove mask r-- step r- EM stub I-

step 

EDX Soannlng for Scanning for Scanning for 
analysis r- profile f- trench I- dimenSion size 

END 

Figure 3.1. Flow chart showing the steps taken for dry etching in methane 
and hydrogen mixtures. 

For the first part of the experiment two inch <100> GaAs semi-insulating 

substrate wafers were used. The AlGaAs layers of various Al content were 
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grown on some GaAs semi-insulators by Metal Organic Chemical Vapour 

Deposition (MOCVD), to a thickness of l~m (The semi-insulating wafers 

and the wafers with AIGaAs epi-Iayers were supplied by Plessey Research, 

Caswell). For the second part, two inch <100> p-type GaAs wafers were 

used. The semiconductor was Zn doped with a dopant concentration of 

about 2 X 1018 cm-3
• (p-type wafers were supplied by the University of 

Sheffield Department of Electrical and Electronics Engineering). 

START • 
Clean GaAs Back contact Anneal wafer Cut wafer Into 

I-- I-- I--
wafers metallization for contact 4 pieces 

I 
4th piece 3rd piece 2nd piece 1st piece 

CH/H 2 etched CH/H 2 etched H2 etched not etched 

f 
4th piece 
annealed I 

Front 
metalll zatl on 

\ 

I-V test 

I 
C-V test 

END 

Figure 3.2. Flow chart showing the steps taken for 
electrical testing of etched samples. 

All wafers in parts one and two of the experiment were grown by the 

Liquid Encapsulated Czochralski method (LEC). Figure 3.2 describes the 

procedures for preparation and electrical testing of the etched samples. 
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3.1 Preprocessing procedures 

Before dry etching, the GaAs samples were cleaned and masked. The 

cleaning procedure was as follows: 

The GaAs wafers were first immersed in a bath of acetone and then iso­

propyl alcohol (IPA) , to remove possible organic contamination on the 

surface. Next, the wafers were placed in a bath of 10% hydrochloric acid 

and 90% deionised, (DI) water, (1 Hel : 9 H20), for general cleaning and 

removal of the surface oxides of Ga and As. Finally a bath of 100/0 

ammonium hydroxide and 90% DI water (1 NH40H : 9 H20) was needed 

to remove any remaining oxide and carbon at the surlace. Each bath took 

30 minutes. 

The wafers which were selected for the dry etching experiments were then 

dipped in DI water and then in IP A and left to dry in air. The p-type wafer 

selected for electrical testing after dry etching was dried by blowing N 2 gas 

over the surface in order to minimise the surface oxidation (Miers, 1982). 

In all cases contact with water was minimised so that the surlace oxidation 

would be reduced. 

Inorganic compounds were chosen for masking of GaAs instead of the 

usual organic photoresists due to possible reaction of CHx species with the 

organic masks. Another reason for using inorganic mask was because of the 

heating of the electrodes in the RIE system. The driven electrode (the 

cathode) was not cooled because no cooling system was available. It was 

discovered that long tenn exposure to the plasma caused heating of the 

electrode which caused the photoresist surface to degrade. A Si02 mask was 

used for the majority of the experiments. A Si3N4 mask was also used on 

certain experiments involving AIGaAs. 

For deposition of Si02 an Electro Gas Systems SILOX EG 8/2 reactor was 
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used. This is a atmospheric pressure chemical vapour deposition system 

(APCVD). For deposition of Si3N4, a Plasma-Therm PK 2430 PD system 

was used. This is a plasma enhanced chemical vapour deposition (PECVD) 

system. The process conditions are stated in appendix II. 

3.2 Masking of galliulTI arsenide 

After the deposition of the inorganic layer on top of the semi-insulating 

GaAs wafers, they were masked with Merck N-45 negative photoresist. The 

N-45 was then patterned with a Cobilt CA 800 contact aligner which 

illuminated the surface of the mask with ultra violet light from a mercury 

vapour lamp. The procedure is detailed in appendix m. 

The pattern was then transferred to the epi-Iayer by dry etching the wafers 

in trifluoromethane plasma (CHF3) also known as Freon 23 or Halocarbon 

23, using the Electrotech Plasmafab 340. The semi-insulating wafers were 

then transferred to a Nanotech Plasma Prep 100 barrel etcher in which the 

N-45 negative photoresist was removed in oxygen (02) plasma, (see 

appendix II for the operation procedures).The wafer was cut to size, (5mm 

X 5mm, unless stated otherwise), and was then ready to be etched in 

methane and hydrogen mixtures with the epi-Iayer masking the GaAs. 

Picture 3.1 shows the micrographs of the edge of masking patterns. The 

edge of N-45 mask is smoother than the rest. The edge of the Si02 mask 

is not as well defined as the edge of the Si3N4 mask. 

-41-



Picture 3.1. Micrographs of masks . 

(Top) Merck N-45, 

(middle) Si02 epi-Iayer and 

(bottom) Si3N4 epi-Iayer. 

------------ ----~---------------



3.3 Reactive ion etching of GaAs and analvsis 

The GaAs samples were etched in methane and hydrogen for 30 minutes. 

Test etching was carried out with mixtures of argon, hydrogen and methane. 

This was important as the gas which might have caused the combined 

chemical and physical etching had to be identified. The experiment was 

performed using the methane/hydrogen, methane/argon and hydrogen/argon 

mixtures (see appendix IV for information on gases), and the etch rate for 

each mixture was compared with regards to the variation of the DC self 

bias voltage. 

Different process parameters were used which will be discussed in the 

results chapter. The procedures before and after etching were as follows: 

Before etching, the depth tl of the Si02 layer was measured using a Tencor 

model 200 profiler. This was performed by measuring the depth of 10 

different patterns and taking a mean. The sample was then etched in 

methane and hydrogen mixtures for the specified time. 

After etching, it was observed that an unknown layer was deposited on the 

Si02 masking layer but not on the GaAs surface. The depth t2 was 

measured with the profiler a second time and then the sample was exposed 

to an O2 plasma in the barrel etcher for 5 minutes. The etched depth t3 was 

measured a third time from which it was obvious that the unknown 

deposited layer had been removed. This suggested that the layer was carbon 

(C) or a hydrocarbon polymeric film. Finally the GaAs was dipped in a 

hydrofluoric solution (5% HF in DI water). The Si02 layer on the GaAs 

was then dissolved in the HF solution. The sample was then washed in Dr 
water and dried by blowing nitrogen (N2) over its surface. The profiler was 

used for a final time to measure the dept t4 of GaAs etched. 
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3.3.1 Measurements and calculations 

From the profiler measurements it follows that , 

(3.1) 

and, 

(3.2) 

where tmask was the depth of mask before etching and toaAs was the depth of 

etched GaAs. 

(8) (b) 

D 
GaAs Mask 

( c) (d) 

Oar bon or 
carbon polymers 

---- ----

--1-t, 
- -

Figure 3.3. Diagram of the GaAs. (a) before etch, (b) after etch, 
(c)after carbon polymer removal, (d) GaAs etched step. 

Depth tcarbon of the deposited carbon was given by, 

t = t - t 
carbon 2 3' 

(3.3) 

The depth of the etched mask tE-mask was, 
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The etch rate R was given by, 

t R=-
't 

(3.4) 

, (3.5) 

where 't is the time of etching and t is the depth measured by profiler. The 

deposition rate D of unknown layer can also be calculated from equation 

(3.1). If D is the deposition rate with t as the deposited height and 't as the 

deposition time, than D=t/'t. Figure 3.3 shows the depth of the sample 

measured at different stages using the profiler. 

3.3.2 Pressure and gas flow 

The pressure was measured in units of mtorr using a Baratron gauge. The 

lowest base pressure achieved was 10 mtorr. The international systems unit 

(SI unit) for pressure is the Pascal (Pa). The units in this work are therefore 

converted to SI units. Since 1 Pa = 7.5 mtorr, pressure in mtorr can be 

converted to Pa by dividing the pressure in mtorr by 7.5. 

The flow of gas was measured by mass flow controllers. The units of flow 

were given as standard cubic centimetres per minute, (sccm). This also 

needs conversion to SI units which measure flow in Pa m3
/ sec. 1 sccm is 

therefore 1 cubic centimetres per minutes at atmospheric pressure, (i.e 

101333.33 Pa). To convert into Pa m3
/ sec, multiply the value in sccm by 

1.69 X 10-3
, (see appendix V). 

The total flow Q of gases entering the system is given by, 

(3.6) 

where Qx is the flow of each gas entering the system (x = Gas). If two 
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types of gases were admitted to the chamber, the total flow is given by, 

(3.7) 

The percent volume concentration V Cfrl of gas 1 is given by, 

(3.8) 

In case of methane and hydrogen mixtures the total flow of gas can be set 

by three methods. First, the flow of hydrogen Qhydrogen can be kept constant 

but the flow of methane Qmethane can vary. In this case the flow of methane 

and therefore the total flow Q are varied which indicates that the residence 

time of the gas mixture is changing. 

The second method is to keep the methane flow Qmethane constant and vary 

the flow of hydrogen Qhydrogen' The problem will be as before, the total flow 

Q will vary which causes the variation of the residence time. 

The third method is to keep the total flow Q constant. This indicates that 

the flow of methane and hydrogen can vary. When the total flow is constant 

the residence time of the gas mixture will remain constant also. 

After considering these methods of flow control, the third option appears 

more attractive. This is because in the first and second case there are three 

variables, (i.e. methane flow or the hydrogen flow, total flow and the 

residence time of the gas mixture in the chamber). In the third case only 

two variables exist, (methane and hydrogen flow). 

3.4 Surface analysis 

After dry etching and measurements the surface of the GaAs was scanned 

using a Cambridge Stereoscan 240 electron microscope (SEM), with Energy 

Dispersive X-ray system, (EDX). The GaAs samples were mounted on an 
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electron microscope stub using conductive carbon cement. The samples 

were then coated with about 10-20 run of gold using a Polaron E5100 

coating unit. This was performed so that the incident electron beam would 

not diverge from the GaAs surface. 

After coating, the stub was then placed in the electron microscope chamber 

and the surface was analyzed. The dimensions of the etched surface were 

measured to find evidence of any change in linewidth. The profile was 

examined for anisotropy and trench formation. This was performed by 

looking at the surface from different angles. 

Llnewldth gain 
-.,1 1..-

1 1 
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I~ 
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1 
1 
, .. ,~--
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--,..,Llnewldth loee , , 
, 
I~ 

Actual Llnewldth 

(a) 

r 
Vertical etoh 
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\ /:-: 

."". 1 1 
tan 19 - y/x 1 1 

--+", .... ,--
Lateral etch 

x 
(b) 

Figure 3.4. Profile of etched surface. (a) Linewidth. (b) Profile. 

Figure 3.4 shows the general profile of the etched surface. The profiles 

were at times complex as curvatures sometimes occurred at the top and 

bottom of the etched step. 

The surface of semiconductor was analyzed for any chemical thin film that 

may have been deposited during etching. This was possible in the SEM 

system because when a sample is bombarded with electrons, X-rays are 

generated which are characteristic of the material which is analyzed (Sze, 
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1985). The intensity of X-ray emitted by the material can then be plotted 

against the X-ray energy which identifies the material. This was perfonned 

using the EDX system. 

The anisotropy Ar of the etched pattern was then calculated by measuring 

the lateral x and vertical y etch rates using the cursors on the SEM. 

The degree of anisotropy is given by, 

x A = 1 --
f y' 

or the angle of anisotropy e is given by, 

ft = arctan y 
x 

3.5 Metallization and electrical testing 

(3.9) 

, (3.10) 

P-type GaAs wafers were used for electrical testing. After cleaning, the 

back contact metal was deposited on the back of the wafer using an 

Edwards E306 thermal evaporation system. 

The base pressure was 5 X 10-7 torr. The metals evaporated were: nickel 

(Ni) 5 run, gold/germanium (Au/Ge) with 12% Ge 100 nm, nickel (Ni) 30 

nm and gold (Au) 100 run (Howes and Morgan, 1986). The wafer was then 

annealed in nitrogen (N2) gas and atmospheric pressure for 20 minutes at 

405°C and cut into four equal pieces. The first piece was kept as a control 

reference. The second was etched in H2 plasma and the third and fourth 

piece were etched in methane and hydrogen plasma separately. The fourth 

piece was then annealed at 400°C in a N 2 gas and atmospheric pressure for 

20 minutes. Figure 3.5 shows the metallization layers. 
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Front Schottky metal 

130 nm of Au 

Semloonduotor 

6 nm of NI 
_-... tIt~ V/L/////LL//////// 100 nm of Au/Ge 

- ~~~I 30 nm of NI 

Back contact metal 100 nm Au 

Figure 3.5. Metallization layers for GaAs. 

Picture 3.2 shows the pattern of the masks for etching experiments and the 

front Schottky metal layer. A complex pattern was used for the etching 

mask so that the effect of etching could be observed for different sizes and 

geometry. The shape of the front Schottky metal contact for electrical 

testing was a simple hexagon. 

The fronts of the samples were then metallized with gold using the Edwards 

E306 system. The thickness of this gold Schottky barrier metal was about 

130 run. 

The electrical testing was in two parts. First the current-voltage (I-V) and 

then the capacitance-voltage (C-V) characterization were carried out. For 

both cases 10 Schottky diodes were examined on each of the four samples 

and mean of the 10 was calculated. The samples were placed on a wafer 

probe station in a dark box so no photo-emission occurred. For current­

voltage (I-V) measurements a Hewlett-Packard 4145A Semiconductor 

Parameter Analyzer was used. The thermionic-emission theory was used to 

calculate the ideality factor n and barrier height <1>, (see appendix vn and 

VITI for the derivation of the equations). Figure 3.6 shows the profile of the 

graphs of the I-V measurements. 
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Picture 3.2. Micrographs of, (top) Si02 mask pattern and (bottom) front Schottky metal. 
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Figure 3.6. The diagram of the I-V characteristic graphs. 

From the graph of I against V, the threshold voltage, breakdown voltage 

and reverse current at pre-selected voltages was measured. When In! was 

plotted against q V /kT, the gradient of the curve in the diffusion region 

yielded l/n from which ideality factor was calculated. The saturation current 

was found from the intercept of the graph from which the barrier height 

was computed. The voltage for this experiment was set from 3 V in the 

reverse range, to -2 V in the forward range for the p-GaAs sample, (except 

for when the breakdown voltage was measured for which reverse voltage 

exceeded 3 V). 

In the case of (C-V) measurements a Hewlett-Packard 4275A Multi­

Frequency LCR meter set to high frequency, (1 MHz) was used. The 

reverse voltage range was set from 3 V to 0 V for p-GaAs sample. Figure 

3.7 shows some of the possible information from C-V measurements. 

Figure 3.7 (a) shows a curve for C against V. 1/C2 against V shown by 

figure 3.7 (b) yields a straight line if the carrier concentration through the 

bulk is uniform. For non-uniform carrier concentration this would be a 

curve as shown in figure 3.7 (c), and in this case carrier concentration N 

could be plotted against the depletion width Wd as shown in figure 3.7 (d). 
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This was the case for this work as RIE caused non-uniformity of carriers. 

(see appendix IX for C-V derivations). 

c 
I 

1/C 
I 

1/0 N 

r 
v v v 

(a) (b) (0) (d) 

Figure 3.7. Diagrams of C-V curves. 
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CHAPTER 4 

CHARACTERIZATION OF THE 

REACTIVE ION ETCHING SYSTEM 

Before dry etching experiments on GaAs commenced, the reactive ion 

etching system was characterized. This was important in order to specify 

the exact conditions in which methane and hydrogen would be used for 

etching of GaAs. 

The chamber condition is of importance in dry etching. Results for a 

chamber which was dirty differ from those with a cleaned chamber. Other 

process parameters such as pressure, applied power density and flow rate 

in the chamber affect the results more obviously. 

These quantities can specially effect the DC self bias voltage Vse1f which is 

related to the physical mechanism (ion bombardment) and the reflected 

power which is the power not dissipated in the chamber. In this chapter the 

characterization of the Electrotech Plasmafab 340 is described. 

4.1 Reactive ion etching Systelll 

The dry etching system was a Special Research Systems (SRS), (now 

Swface Technology Systems (STS)), Electrotech Plasmafab 340 dual 

system (McQuarrie, 1988), with a combination of a two stage rotary and a 

Roots blower pump (Picture 4.1). The dual chamber system was designed 

such that both corrosive and non-corrosive gases could be used for 

semiconductor dry etching. The RlE equipment was also called a 

master/slave system. The slave system was used for non-corrosive gases, in 

this case gases such as methane and hydrogen mixtures for GaAs etching 

and Freon 23 for Si02 and Si3N4 etching. 
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II 

Picture 4.1. Photograph of the SRS Electrotech Plasmafab 340 dual system. 
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The master system was fitted with a glove box that contained a nitrogen 

atmosphere to isolate the chamber from the outside air environment to 
enable the use of corrosive gases. 

The master/slave system was connected to the vacuum pumps and to the RF 

power supply with an RF matching system as shown in Figure 4.1. The 

slave and the master system could not be used together. A switch changed 

the pump/power supply from one chamber to another via a network of 

pneumatic valves for the pumps and relays for the RF power supply. 

Rotary pump 

Slave side 

Swltoh 

-

Liquid nitrogen 
oold trap 

Master side 

matohlng unl t 
RF Generator 

Figure 4.1. Diagram of the arrangements of the pumps and the power 
supply of the master/slave system. 

In order to use the master system the cold trap had to be filled with liquid 

nitrogen before the system was fully operational. The pneumatic valves on 

the traps could be operated automatically only if the trap was full of liquid 

nitrogen. 
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The pneumatic valves on the Plasmafab 340 needed a minimum of 4.2 X 

105 Pa, (60 psi) air pressure to operate. Below this limit the whole system 

would shut down. The RF power supply also needed pressurised water for 

cooling. 

The pumps were a combination of a two-stage rotary pump, (E2M40) 

capable of sweeping 42.5 m3/h and a Roots blower pump, (EH250) capable 

of sweeping 310m3 /h. It was claimed that this pump combination was 

capable of an ultimate pressure of 1.5 mtOIT. However the best base 

pressure achieved was 10 mtOIT. The reason maybe due to the reduction in 

pump efficiency because of excessive use of chlorinated gases in the master 

side before this project started, (leak rate < 1 mtorr/min). 

The lubricants used for the pumps were Edwards 15 for the rotary pump 

and Edwards 16 for the Roots blower pump. These are both hydrocarbon 

based and therefore not inert to oxygen. For cleaning deposited films such 

as hydrocarbons from the chamber walls, cathode and pipeline components, 

oxygen plasma could not be used. The system was cleaned by wiping the 

cathode and the chamber walls by a clean cloth soaked in acetone. 

Scrubbing the dirty components using a nylon scourer soaked in acetone 

resulted in a cleaner chamber. 

The master/slave system was arranged in reactive ion etching mode, with 

the lower electrode connected to the RF power supply. This indicates that 

if inert gases such as argon are used the configuration can also be called 

sputter or ion etching. 

The lower electrode (cathode) was made of aluminium and was coated with 

ti tanium oxide. The chamber hatch acted as the upper electrode (anode) and 

was connected to earth. The ratio of the areas of cathode and anode was 

1:3. The cathode diameter was approximately 17.4 cm with an area of about 

237.7 cm2
• 
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A diagram of the chamber is shown in Figure 4.2 (a). The gas was admitted 

to the chamber radially. The volume of the chamber in which the plasma 

was struck was about 2100 cc. This volume would be used as the plasma 

volume for this system which is of importance for the calculation of 

residence time of the gas in the chamber, (see equation 1.1). 

Gleee vIew porte 
chamber /' DO vol tmeter 

Upper electrode 
(Anode) 

(reading DO self bias ... ---~ 

I 

~GaB outlet 

Gas Inlet 

/c8thode \ 

To pumps 
Gae Inlet 

§)RF power supply 

L 

(a) 

voltage) 

1-----1 Lower eleotrode 
(Oathode) 

Matohlng network 

RF generator 
with power meter 

-= (reedIng forward 

Small resistance 
end capacitance 

(b) 

and reverse power) 

Figure 4.2. Chamber diagram of the Plasmafab 340. (a) General view. (b) 
Electrical diagram. 

Figure 4.2 (b) is the simplified electrical diagram for the measurement of 

DC self bias voltage Vself' on the cathode. The small resistance and 

capacitance is required to filter the high frequency signal. The large 

resistance is needed to act as a potential divider to scale down the voltage 

by 100 times so that a voltage of -1000 V can be measured on the DC 

meter as a maximum of -10 V. The RF power supply was able to provide 

up to 300 W at 13.56 MHz. The impedance matching unit on this system 

was manually controlled. 
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• Pneumatic valve 
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X Onloff (plug) valve l 
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B aratron 
gauge 

--
Pressure 
controller 

.C 
v8lve~ j 

Mass flow 
controllers 
(1,2, end 3) t~ 

Ohamber 1 

~ 

P 'Gee flow dlreotlon ~ 
Roots blower pump 

Rotary pump 

Methene 

Hydrogen 

l 
'1/ '\ it 
I" I 

'" • ~ • ~ 

• .~ 

2 3 

• • 

Figure 4.3. Diagram of gas controllers in Plasmafab 340. 

• 

The process was controlled from the front panel on the slave system. These 

were the system controller, the pressure controller, the mass flow 

controllers, the RF power controller and the process timer modules. The 

operating pressure and gas flow were pre-adjusted on the relevant controller 

modules and the process duration was set on the timer before the process 

began. When the chamber pressure reached the base pressure, the gas 

pressure and flow controllers were activated. Figure 4.3 shows the diagram 

of gas controllers. 

Argon was admitted by mass controller 1 which was calibrated for nitrogen 

and could admit gas in to the chamber at a maximum flow of 200 sccm. 

Mass flow controller 2 was calibrated for hydrogen and could admit gas to 

the chamber at a maximum flow of 200 sccm. Mass flow controller 3 was 
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calibrated for nitrogen and admitted gas to the chamber at a maximum flow 

of 100 sccm. Methane or Freon 23 were admitted in the chamber by this 

mass controller. The gases were led to the mass controllers by a series of 

on/off (plug) valves and flow restriction (check) valves. The flow of gas 

Qgas through mass flow controllers 1 and 3 was calculated by equation 4.1. 

(4.1) 

Where QN is the flow of gas indicated on the mass flow controller 

calibrated for nitrogen and C is the conversion factor. 

Nitrogen was used for purging the system when the chamber hatch had 

been opened. The pressure of the chamber was measured by a B aratron 

gauge which could be separated from the chamber by a pneumatic valve. 

The pressure was controlled by a pressure controller valve which varied the 

pumping speed of the system. 

4.2 DC self bias voltage 

DC self bias voltage Vself is caused by the accumulation of negative charge 

on the cathode, (the electrode which is connected to the RF generator). This 

is due to the high mobility of the electrons in the plasma, (Chapman, 1980. 

Also see appendix X). Generally increase in Vself indicates an increase in 

the intensity of ion bombardment. This is because the higher the negative 

charge on the cathode the higher the acceleration of positive ions will be 

towards the cathode. 

The behaviour of Vself for the Electrotech Plasmafab 340 is described here. 

Experiments were carried out with mixtures of methane and hydrogen. The 

plasma was struck when no GaAs was present in the chamber and the value 

of V
self 

was measured at different process parameters. Figure 4.4 shows the 

graphs of Vse1f against process parameters. The measurements were taken for 

power density, pressure, total flow rate and volume concentration of 
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methane in hydrogen. 

Figure 4.4 (a) shows the variation of Vself against power density. The total 

flow rate was set at 4.4 X 10-2 Pa m3/sec (26 sccm), with methane 

concentration of 10% volume in hydrogen. At 4 Pa (30 mtorr) V
se1f 

increased as the power density increased. This behaviour was observed at 

different pressures between 6 Pa to 10 Pa (45 mtorr to 75 mtorr). The 

increase in Vself because of the increase in power density was due to the 

increase in the ionization of the species in the chamber. The higher the 

power density the higher the degree of ionization, hence the higher the 

negative charge on the cathode. 

Increase in pressure caused a decrease in Vself as shown in figure 4.4 (b). 

At 6, 8 and 10 Pa (45, 60 and 75 mtorr) , the profiles of the curves are 

similar. The total flow rate and the methane concentration in hydrogen was 

as before but the graph shows the trend of the curves for different power 

densities between 0.21 to 0.84 W/cm2 (50 to 200 W of power). The trends 

for all curves are the same between 4 to 10 Pa (30 to 75 mtorr). The 

decrease in Vself because of increase in pressure was due to the decrease of 

the mean free path of the species in the chamber, indicating more collisions 

between the species and hence less probability of electrons and ions 

reaching the electrodes in anyone cycle. 

Figure 4.4 (c) shows Vself against total flow rate of methane and hydrogen. 

The measurements were taken for different power densities, pressure and 

methane concentration in hydrogen. Vse1f was measured for total flow rates 

from 4.4 X 10-2 to 9.4 X 10-2 Pa m3/sec (26 to 56 sccm). The general trend 

of the graph indicates a slight decrease in Vself as the total flow increases. 

This also shows that an increase in pressure and/or methane concentration 

in hydrogen decreased Vself' This may have been due to the decrease in the 

residence time of the gas mixture in the chamber as the total flow rate 
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increased. The species were passing so quickly through the chamber that 

they may not have had enough time to charge the cathode. 

Figure 4.4 (d) shows the behaviour of Vself against volume methane 

concentration in hydrogen from 0 to about 55%. The experiment was 

perlonned at different power densities and pressures. Generally Vself 

increased until 10% volume of methane in hydrogen and then it decreased. 

However at high power densities and low pressures the magnitude of Vself 

increased. 

This slight increase in Vself after the introduction of CH4 (up to 10% volume 

concentration) to the chamber may have been due to the production of 

electrons by ionization following the breakdown of molecules. As a result 

of this the cathode was charged to a higher negative value. When CH4 

volume concentration increased beyond 10% most of the energy was spent 

in breaking down the molecules rather than ionization. this resulted in 

reduction of negative charge on the cathode and hence decrease in Vse1f• 

4.3 Reflected po\ver 

When a RF generator supplies power to a load, some of this power is 

reflected back to the RF generator. This is called the reflected power and 

its magnitude depends on the matchings of the impedances of the system, 

(Duffin, 1980. Also see appendix XI). 

Figure 4.5 shows the graph of minimum reflected power against forward 

power of the system. The measurements were taken at different pressures 

from 4 to 7 Pa (30 to 52.5 mtorr), for forward power between 25 to 150 

W. The total flow rate was set at 8.1 X 10-2 Pa m3/sec (48 sccm), and the 

volume concentration of methane in hydrogen was at 250/0. 

The reflected power increased as the forward power increased. This was 
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Figure 4.5. The graph of reflection power against forward power. 

tuned to a minimum value manually. For all cases the minimum value of 

reflected power was less than 5% of the forward power. 

4.4 Condition of the challlber 

The condition of the chamber is very important for dry etching. Figure 4.6 

also shows the behaviour of Vself against volume concentration of methane 

in hydrogen. The measurements were taken for clean, and dirty chamber 

(dirty chamber walls and cathode), and also clean cathode with dirty 

chamber walls (dirty is defined here as condition of chamber after 10 usage 

in CH.JH2 mixtures). The results were similar within the limits of 

experimental errors for a clean chamber and clean cathode only, with dirty 

chamber walls. The trend of the graphs of Vse1f was the same as that shown 

in figure 4.4 (d) but the quantity of V self decreased for dirty chamber 

compared with other conditions. The etch rate of the GaAs sample at 40% 

volume concentration of CH4 was the same for the clean chamber and clean 
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cathode which was about 50 nrn/min. However for dirty chamber deposition 

occurred at 300/0 volume concentration of CH
4

• 

760 
. ,--.. 

> 
o CLEAN CHAMBER AND CATHODE 

I T DIRTY CHAMBER AND CATHODE 
'--" 

710 
w ¢ CLEAN CATHODE ONLY 
C) 

~ 
:....J 
0 

660 > 
(f) 
« 
CD 
l.J... 
:....J 610 w 
(f) 

0 

T 

2 ~ ~ 
POWER DENSITY: 0.42 W/cm , PRESSURE: 4 Pa. 

0 
TOTAL FLOW: 3.4 X 10-2 Pa m 3/see (20 seem). 

560 ~----~ ____ ~ ______ L-____ ~ ____ -L ____ --U 

o 10 20 30 40 50 60 
VOL OF CH4 IN H2 (%). 

Figure 4.6. Graph of DC self bias voltage against volume methane 
concentration in hydrogen for different conditions of the vacuum chamber. 

One of the problems of this Electrotech Plasmafab 340 was the inability to 

control the cathode temperature. Figure 4.7 shows the graph of temperature 

of the cathode, as it cooled after opening the chamber hatch. 

After processing for 30 minutes at power density of 0.42 W Icm2
, pressure 

of 4 Pa (30 mtorr) , flow of 3.4 X 10-2 Pa m3/sec (20 sccm) and 100% 

hydrogen, 30 seconds elapsed until the chamber hatch opened. It must also 

be noted that for the chamber hatch to open after the pumps were isolated, 

the chamber had to be purged with nitrogen gas so that the pressure inside 

and outside of the chamber would equalise. The purging gas was let in the 

chamber from the base of the cathode and then radially from the side. This 

gas also cooled the cathode. 
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6 

Figure 4.7. The graph of the cooling temperature of cathode against time. 

The temperature was measured by immediately placing a thermocouple on 

the surface of the cathode when the hatch was opened. Temperature 

decreased as time advanced. 

The 30 second elapsed time to open the chamber hatch was not the only 

cooling factor. The nitrogen used for purging also presented an important 

influence on cooling the cathode and thus it is difficult to estimate the 

original temperature at time t=O. 

The position of the semiconductor samples on the cathode does not appear 

to effect the etching process. Figure 4.8 shows the variation of etch rate of 
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Figure 4.8. The graph of etch rate against the position of the sample. 

GaAs against the distance from the centre of the cathode. The samples were 

etched at the same time at different positions on the cathode. The power 

density and pressure were set at 0.42 W/cm2 and 4 Pa (30 mtorr) , with 

flow rate set at 3.4 X 10-2 Pa m3/sec (20 sccm). The GaAs samples were 

etched in 100% hydrogen. The etch rate was constant for all samples within 

the limits of experimental errors which indicated uniform etching at 

different positions of the cathode. As the physical mechanism is dominant 

under these conditions, the electric field is considered to be uniform across 

the cathode. 

The plasma can affect the pressure set by the operator. Figure 4.9 shows 

this effect. The set pressure Ps is plotted against the difference ~p between 

the set pressure and plasma pressure Pp which is the pressure in the process 

chamber after the plasma is struck, (L\p = Pp - pJ. 

The experiment was performed at different power densities from 0.21 to 

0.63 W/cm2 • The pressure was set from 30 to 52.5 mtorr. Note that SI unit 
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Figure 4.10. The graph of residence time of gas against flow rate. 
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for pressure was not used for this case as Pa (pascal) is not a sensible unit 

at these pressures for small changes. The total flow rate was set to 8.1 X 

10-2 Pa m3/sec (48 sccm), and the methane concentration was 25% volume 

in hydrogen. The general trend of the graph shows an increase in ~p as the 

set pressure is decreased. 

Figure 4.10 is shows the graph of residence time of the gas in the chamber 

against the flow rate. The residence time was calculated for the stated flow 

rates at two different arbitrary pressures, from equation 1.1. The residence 

time of the gas in the chamber decreases as the flow rate increases. At high 

pressures the residence time of the gas is higher than at low flow rates. 
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CHAPTER 5 

REACTIVE ION ETCHING RESULTS 

In this chapter results of experiments on reactive ion etching of gallium 

arsenide in mixtures of methane and hydrogen are presented. Etch rate and 

anisotropy were compared for various values of the process parameters. The 

deposition of carbon polymers was also investigated together with erosion 

of the masking pattern. 

5.1 Non-chlorinated gas 111ixtures 

Three different configurations of gas mixture were used to etch GaAs. The 

mixtures used were methane/hydrogen (CHJH2)' methane/argon (CHJAr) 

and hydrogen/argon (HiAr). The reason for using these gas mixtures was 

to investigate the basic mechanisms of the etching process. 

The power density and pressure chosen for the experiment were 0.42 

W/cm2
, (power 100 W) and 4 Pa (30 mtorr) respectively. The area of the 

GaAs samples used for this experiment was 100 mm2. The total gas flow 

rate was set to about 3.4 X 10-2 Pa m3/sec (20 sccm). 

Figure 5.1 shows the graphs of etch rate R and DC self bias voltage Vse1f 

against volume concentration of admixed gases. Figure 5.1 (a) shows the 

variation of R and Vse1f for mixtures of methane and hydrogen. R was a 

minimum for 100% hydrogen. As methane was added to hydrogen R 

increased until it reached a maximum of about 28 nm/min at about 50% 

volume of methane in hydrogen. At 500/0 concentration of methane although 

the etch rate was at maximum, carbon pellets were deposited on the surface 

of the GaAs sample. 

In order to produce a good GaAs surface the best volume concentration of 

methane in hydrogen at the set conditions was considered to be about 
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40% which yielded an etch rate of about 26 run/min. The value of V
se1f 

increased to about -720 V at 100/0 volume of CH4 in H2. Then it started to 

decrease until at about 600/0 volume of CH4 in H2 it reached to its lowest 

value. The value of Vself was about -630 V at 40% volume of CH4. This 

indicated that the etch rate increased as the DC self bias voltage decreased. 

A decrease in DC self bias voltage indicates a reduction in the intensity of 

ion bombardment. This suggests that the chemical component of etching 

(reactive species), was becoming intense and the physical component of 

etching (ion bombardment), was slightly decreasing. 

Figure 5.1 (b) shows the variation of Rand Vself for mixtures of methane 

and argon. As methane was added to argon, R decreased. The value of Vself 

also decreased. The maximum R of 31 nm/min, occurred at maximum Vself 

of -600 V at 100% argon. The mechanism of etching was mainly physical 

as a reduction in ion bombardment intensity caused a reduction in etch rate. 

Figure 5.1 (c) shows the variation of Rand Vself for mixtures of hydrogen 

and argon. R decreased from 31 run/min at 100% Ar to a minimum of 4 

nm/min at 100% hydrogen. Vself however did not show the trends of figure 

5.1 (a) or (b). It decreased at first from -600 V at 100% Ar to a minimum 

of -570 V at about 30% volume of H2 in Ar, then increased to its maximum 

value of -690 V at 1000/0 H2. At 1000/0 H2 ion bombardment was intense but 

R was low because of the low mass of the hydrogen bombarding ions. The 

mechanism of etching in this case was also mainly physical. 

The methane and hydrogen experiment showed a strong tendency to 

combined physical and chemical etching mechanism. The rest of the 

experiments were carried out in methane and hydrogen mixtures. 
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5.2 Effect of flow on RIE of GaAs 

The RIE of GaAs was repeated in methane and hydrogen mixtures at a 

power density and pressure of 0.42 W/cm2 (power 100 W), and 4 Pa (30 

mtorr), respectively. The methane concentration experiments discussed here 

were carried out at different total flow rates of 3.4 X 10-2,5.1 X 10-2
, 

6.8 X 10-2 and 8.1 X 10-2 Pa m3/sec (20, 30,40 and 48 sccm). The area of 

GaAs samples for etching was reduced from 100 mm2 to 25 mm2
• Figure 

5.2 shows the results of the experiments performed at different total flow 

rates. 

Figure 5.2 (a) shows the variation of etch rate R and DC self bias voltage 

Vself against volume of CH4 concentration in H2 at 3.1 X 10-2 Pa m3/sec (20 

sccm). R increased as the volume of methane in hydrogen increased up to 

about 45% volume where R was about 50 nm/min. It then decreased as the 

methane concentration increased further until at 60% volume of CH4 where 

R was zero. The etch rate fell after 45 % volume concentration of CH4 until 

the whole of GaAs surface was covered with deposited carbon at 60% 

volume of CH4• Vse1f increased from about -710 V to -730 V from 0 to 

about 10% volume of CH4 in H2• It then decreased as the CH4 volume 

increased. at optimum R, Vself was at about -630 V. 

Figure 5.2 (b) also shows the variation of Rand Vself with respect to CH4 

concentration, but in this case the total flow rate was set to 5.1 X 

10-2 Pa m3/sec (30 sccm). R increased as the CH4 concentration increased 

until at about 29% the maximum R of about 50 nm/min was achieved. As 

before, a further increase in CH4 caused carbon polymerization which 

inhibited the etching process. Vse1f also increased until 100/0 volume of CH4 

where the maximum Vself was -710 V. It then decreased to about -660 V at 

29% concentration of CH4• 

Figure 5.2 (c) shows the variation of Rand Vself at a constant total flow of 
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6.8 X 10-
2 

Pa m
3
/sec (40 sccm). Again, the trend of the graph was the same 

as before for both Rand Vself' R increased until at 27% volume of CH
4 

where R was at maximum of about 50 run/min and Vself was about -630 V. 

A similar trend can be observed in Figure 5.2 (d) where the total flow rate 

was kept constant at 8.1 X 10-2 Pa m3/sec (48 sccm). Maximum R was 

achieved at 25% volume of CH4 which was about 50 nm/min, as before. 

The value of Vself at optimum CH4 concentration was about -580 V. The 

flow rate was not increased above 8.1 X 10-2 Pa m3/sec, because the 

pressure could not be kept at a constant 4 Pa when total flow rate was 

increased further. 

Figure 5.3 shows the effect of the total flow rate from 3.4 X 10-2 to 8.1 

X 10-2 Pa m3/sec (20 to 48 sccm). Figure 5.3 (a) shows The etch rate R and 

the optimum volume of CH4 against total flow rate. R remained constant 

within the limits of experimental error but the optimum volume of CH4 

decreased from about 45% at 3.4 X 10-2 Pa m3/sec to 25% at 8.1 X 10-2 

Pa m3/sec. 

Figure 5.3 (b) shows the variation of carbon deposition rate on mask and 

DC self bias voltage Vse1f against total flow rate. The carbon deposition 

decreased as the total flow rate increased. At 8.1 X 10-2 Pa m3/sec the 

carbon deposition rate was at about 7 run/min. Vself increased slightly at the 

beginning but then it decreased as the total flow rate increased. 

Picture 5.1 shows the micrographs of the etched surface. Picture 5.1 (top) 

shows the profile of the surface etched at total flow rate of 3.4 X 10-2 Pa 

m3/sec and 45% methane concentration. The side wall was rough and 

curvatures were present at the top and bottom of the wall. Picture 5.1 

(bottom) shows the profile of the sample etched at total flow rate of 8.1 X 

10-2 Pa m3/sec and 25% methane concentration. There are no curvatures 

present at the top and bottom of the etched wall. Anisotropy was very good. 
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Figure 5.3. Graph of (a) etch rate and optimum methane concentration, (b) 
carbon deposition and DC self bias voltage against total flow rate. 

Figure 5.4 shows the graph of etch rate R and DC self bias voltage Vse1f 

against total flow rate at an arbitrary methane concentration of 20%. R 

increased as the total flow rate increased but Vself decreased. 
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Picture 5.1. Micrographs of the etched surface. (Top) etched at 3.4 X10-2 and 

(bottom) etched at 8.1 X 10-2 Pa m3/sec. 
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Figure 5.4. Graph of etch rate and DC self bias voltage against total 
flow rate at an arbitrary 20% methane concentration. 

Picture 5.2 shows the micrograph of the profiles of the etched surfaces at 

8.1 X 10-2 Pa m3/sec. Picture 5.2 (top) shows the surface of the sample 

etched in 20% CH4 concentration. The surlace of the wall was very smooth 

but trenching occurred at the base of the wall. At about 25% CH4 

concentration, the surface of the wall was also smooth but there was 

minimum trenching at the base of the wall, (picture 5.2 (bottom». 

Fine adjustment of DC self bias voltage Vself was possible because the total 

flow rate of the gas could be controlled. Vself decreased from -600 V 

to -580 V between 20% and 250/0 volume CH4 concentration, a change of 

about 3%. Through fine adjustment of Vself by varying the total flow rate, 

smooth walls of high anisotropy were etched with minimum trenching at 

the base of the walls and smooth etched surfaces. 
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Picture 5.2. Micrographs of etched surfaces at total flow rate of 8.1 X 10-2 Pa m3/sec. 

(Top) 20%, (bottom) 25% volume CH4 concentration in H2• 
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Figure 5.5 shows the graph of anisotropy against total flow rate. The 

anisotropy improved as the flow rate of the gas mixture increased to a limit 

determined by the pumping speed of the system. (See appendix I for the 

definition of x and y). 
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Figure 5.5. Graph of anisotropy against total flow rate. 

5.3 Effect of power density and pressure 

Experiments have also been perfonned at varying power densities and 

pressures. The total flow rate was kept constant at 8.1 X 10-2 Pa m3/sec (48 

secm) and the volume of CH4 concentration in H2 was kept at 25%. 

Figure 5.6 shows the graph of variation of etch rate against power density 

and pressure. Figure 5.6 (a) shows the variation of etch rate against power 

density at different pressures. 
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Figure 5.6. Graphs of etch rate against (a) power density and (b) pressure 
at a total flow rate of 8,1 X 10-2 Pa m3/sec and 25% CH4 concentration, 
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At 4 Pa (30 mtorr) , carbon polymerization occurred at about 0.11 W/cm2 

which resulted in zero etching. As the power density was increased etching 

was initiated. The power density was increased to about 0.63 W/cm2 • The 

trend of the graph shows an increase in etch rate as the power density 

increased. 

At 5 and 6 Pa (38 and 45 mtorr) carbon polymerization occurred at power 

densities of up to 0.21 W/cm2
• When the power density was increased 

further, etching commenced. At 7 Pa (53 mtorr) polymerization occurred up 

to about 0.42 W/cm2
• At higher power densities etching was initiated. 

Figure 5.6 (b) shows the variation of etch rate against pressure. It can be 

seen that when etching occurred, increasing the pressure had no effect on 

etch rate. The etch rate remained constant within the limits of experimental 

errors. This was true for all operated power densities. A further increase in 

pressure (not shown in figure 5.6 (b» caused carbon deposition. 

Picture 5.3 shows the micrographs taken for the sample which was etched 

at low pressure of 4 Pa (30 mtorr) and high power density of 0.63 W/cm2
• 

The top picture shows the etched wall from one side. The good anisotropy 

achieved at about 0.42 W/cm2 was lost at this power density. This was 

because of very strong ion back scattering from the surface of the sample. 

The bottom picture shows the base of the wall where a large trench is 

visible. This was caused by ions scattering from the side walls to the 

surface at the base of the wall (see figure 5.7). 

Picture 5.4 shows the micrograph of the sample which was etched at the 

same power density as before but at the higher pressure of 7 Pa (53 mtorr). 

The same effects as before can be observed but generally there was a better 

anisotropy and less trenching at the base of the wall. This was because of 

a decrease in the intensity of ion bombardment due to increase in pressure. 
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Picture 5.3. Micrographs of GaAs sample etched at low pressure and high power density . 

(Top) side view, (bottom) elevated view. 
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Picture 5.4. Micrographs of GaAs sample etched at high pressure and high power density. 

(Top) side view, (bottom) elevated view. 



Picture 5.5. Micrographs of GaAs etched at low pressure and low power density. 

(Top) side view, (bottom) elevated view. 



Picture 5.6. Micrographs of GaAs etched at high pressure and low power density. 

(Top) side view, (bottom) elevated view. 

°5 



Picture 5.5 shows the micrographs of the samples etched at low pressure of 

4 Pa (30 mtorr) and low power density of 0.21 W/cm2 • The wall shows 

reverse slope and a very high degree of roughness. This was due to a very 

low ion bombardment. 

Picture 5.6 shows the micrographs of sample etched at high pressure of 6 

Pa (45 mtorr) and low power density of 0.32 W/cm2
• Although there is no 

trenching present, there seems to be some re-deposition on the side walls 

at the top. 

Ion 

--~~~ Ion direction 

\ 
(8) (b) 

Figure 5.7. Diagram of ion bombardment. (a) Back scattering, 
(b) wall to surface scattering. 

Figure 5.8 shows the variation of etch rate R and DC self bias voltage Vself 

as a function of power density and pressure. In figure 5.8 (a), The pressure 

and total flow rate were set to 4 Pa (30 mtorr) and 8.1 X 10-2 Pa m3/sec 

respectively with 25% volume of CH4 in H2. R increased as the power 

density increased. At the same time Vself also increased. This indicates that 

ion bombardment was intensified when R increased. However it also 

indicates that at low power density of about 0.11 W/cm2 where Vse1f was 

also at a low of -320 V, etching stopped and polymerization occurred. 

-86-



POWER (W). 
0 25 50 75 100 125 150 

80 
(0) 670 S:-70 . I 

"..... ~ 
C ·e 60 

620 
w 

.......... 
(!) 

E 50 570 ~ 
c: :..J 
~ 0 

w 40 520 > 
t-: 

(f) 

~ 30 
« 

470 CD 

:r: ~ 
~ 20 420 ~ 
0 () 

10 370 0 

PRESSURE: 4 Po. ~ 

0 320 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

POWER DENSITY (W/cm2). 

PRESSURE (mtorr). 
15 20 25 30 35 40 45 50 55 60 

80 600 
(b) • 

> 70 I . 
"..... 580 ~ c: .- 60 w E (!) 
.......... ~ E 50 560 :..J c 0 
~ > 
~ 40 ~ 
~ 30 540 CD 

:r: ~ () 

tJ 20 
w 

520 ~ 
• 

10 POWER DENSITY: 0.42 W/cm2. 
0 

<I 

0 500 
2 3 4 5 6 7 8 

PRESSURE (Po). 

Figure 5.8. Graph of etch rate and DC self bias voltage against (a) power 
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Figure 5.8 (b) shows the variation of Rand Vself against pressure. The total 

flow rate and CH4 concentration were set as before. The power density was 

set to 0.42 W/cm2
• The etch rate was constant with in the limits of 

experimental errors, between 4 to 6 Pa, (30 to 45 mtorr) , but at 7 Pa (53 

mtorr) , carbon deposition occurred. Taking Vse1f into consideration, it is 

clear that as pressure increases Vself decreases and in this case at about -520 

V deposition had occurred. 

Figure 5.9 shows the graph of anisotropy against power density and 

pressure. Figure 5.9 (a) shows the anisotropy against power density. At 

about 0.42 W /cm2 the best anisotropy was achieved for all set pressures 

between 4 to 7 Pa (30 to 53 mtorr). 

At 4 pa (30 mtorr) , anisotropy was at its worst at 0.21 W /cm2
• As the 

power density increased anisotropy also improved until at 0.42 W /cm2 it 

was at an optimum value of about 0.95, or more than about 87°. However 

after the power density was further increased to 0.63 W/cm2
, the degree of 

anisotropy was reduced. The trend of the graphs at other pressures was 

similar except at 7 Pa where the anisotropy just decreased as power density 

increased. Figure 5.9 (b) shows the anisotropy against pressure. It shows the 

anisotropy was at its best at 0.42 W/cm2
• The anisotropy was poor at other 

power densities. 

The linewidth of the etched surface was also measured. The linewidth of 

the Si02 mask on GaAs was measured to be about 9.2 Jlm before the 

CHJH2 etching. Figure 5.10 shows the measured line width of the etched 

surface against power density and pressure. Figure 5.10 (a) shows the 

measured linewidth against power density. After etching at 4 Pa (30 mtorr) 

and 0.21 W/cm2
, the linewidth was less than that of the mask. As the power 

density increased the linewidth measured increased until at 0.42 W /cm
2 

the 

linewidth was about the same as the mask. Further increases of the power 

density increased the linewidth further. Figure 5.10 (b) shows the linewidth 
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Figure 5.9. Anisotropy against (a) power density and (b) pressure. 
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Figure 5.10. Linewidth against (a) power density and (b) pressure. 
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against pressure. Increase in pressure caused a decrease in the linewidth 

dimension of the etched sample. Only at 4 and 5 Pa (30 and 38 mtorr) and 

between 0.42 and 0.53 W/cm2 was the linewidth dimension produced at the 

pre-etched mask dimension. 

5.4 Carbon polvrner deposition 

One effect of using methane and hydrogen mixtures was the deposition of 

carbon polymers on the surface of mask and side walls, as discussed in 

chapter 2. The deposition of carbon polymers on the mask can protect it 

against further etching no matter how long the process continued. The 

greater the time of etching, the thicker the protective carbon polymer layer 

deposited on the mask. 

In this section the deposition rate of the carbon polymers on the surface of 

the mask is shown. First the effect of the volume concentration of methane 

in hydrogen and total flow rate of the gas mixture is presented. Next the 

consequence of power density and pressure is demonstrated and finally the 

proof of deposition of carbon polymers on the surface of mask is 

confirmed. 

The carbon polymer deposition rate on the mask was measured for different 

CH4 concentrations at different total flow rates. The process variables such 

as power density and pressure were set to 0.42 W/cm2 and 4 Pa (30 mtorr) 

respectively. 

Figure 5.11 shows the graphs of carbon deposition rate D, and thickness of 

mask removed when etched tE-mask, against the volume CH4 concentration in 

H2 at different total flow rates. The mask etch rate was not represented 

because the etching of mask took place for a short time at the beginning of 

the process. This is due to the carbon polymerization of the surface, which 

protected the mask. Therefore etching of the mask did not take place for the 
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whole 30 minutes of the process. 

Figure 5.11 (a) is shows the variation of D and tE-mask against CH
4 

concentration at a total flow rate of 3.4 X 10-2 Pa m3/sec, (20 sccm). As the 

volume of methane concentration increased, The carbon deposition rate also 

increased. At 50% volume of CH4, D was about 10 nm/min but tE-mask was 

about 15 nm. 

The trends of figure 5.11 (b), (c) and (d) were similar to those of (a). At the 

optimum total flow rate for etching GaAs, (8.1 X 10-2 Pa m3/sec, [48 

sccm]) , at 30% volume concentration of CH4, D was about 8 nrn/min. but 

tE-mask was about 5 run. At the optimum concentration of 25% volume of 

CH4, D was over 7 nm/min and tE-mask was just under 10 run. 

In tenus of solving engineering problems of etching ill-V compounds, this 

shows a very good potential for mask protection. The results showed that 

at optimum conditions only a very small depth of mask was etched away 

because of carbon polymerization. Also RIE of lII-V compound 

semiconductors could continue for a very long time. 

For the next set of experiments the total flow was set to 8.1 X 10-2 Pa 

m3/sec, (48 sccm), with 25% volume of CH4 in H2• Figure 5.12 shows the 

variation of carbon deposition against power density and pressure. 

Figure 5.12 (a) shows the change in deposition rate D against power 

density. As the power density was increased the value of D decreased. This 

was repeated through out the set pressure from 4 to 7 Pa, (30 to 53 mtorr). 

Figure 5.12 (b) shows the change in D against pressure. As the pressure 

increased D also increased. 

The variation of the mask thickness etched tE-mask against power density and 

pressure is presented in figure 5.13. The change in tE-mask against power 
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density is presented in figure 5.13 (a). When the power density increased 

the tE-mask increased. This was because of the intense ion bombardment 

which removed some of the Si02 mask which was vulnerable before carbon 

polymer protection layers were deposited on the surface. The higher the set 

power density, the faster the mask was removed from the surface at the 

beginning of the process. Figure 5.13 (b) shows the effect of pressure on 

tE-mask' As the pressure increased tE-mask decreases. This is because of the fast 

polymerization of the surface as the density of carbon species in the 

chamber increases. The higher the pressure, the higher the carbon 

polymerization on the surface. 

Figures 5.14 and 5.15 show the EDX analysis of the surface of the GaAs 

samples. The electron accelerating voltage was set to a minimum of 6 KV. 

Figure 5.14 represents the analysis of the GaAs samples etched at power 

density, pressure and total flow rate of 0.42 W/cm2
, 4 Pa (30 mtorr) and 3.4 

X 10-2 Pa m3/sec, (20 sccm) respectively. 

In all the graphs of figure 5.14, the peaks of gallium Ga, arsenic As and 

gold Au were expected. The Ga and As peaks existed because of the GaAs 

sample which was etched and Au peak existed because the sample was 

coated with gold so the electron beam would not charge and ultimately 

diverge from the surface. 

Figure 5.14 (a) shows the unetched GaAs sample used as standard. Figure 

5.14 (b) and (C) and (d) were the samples for which etching at 20%, 40% 

and 60% CH4 volume concentration in H2 was attempted. The samples 

represented in figures 5.14 (b) and (c) were etched successfully but 

polymerization occurred on the sample represented in figure 5.14 (d). 

The surfaces of samples presented in figure 5 .14 (b) and (c) were exposed 

to O2 plasma after CHJH2 RIE to remove the film from the mask but 

sample (d) was not exposed to the O2 plasma because polymerization 
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-96-



occurred not only on the mask but also on the surface of GaAs. 

Furthennore samples presented in figure 5.14 (b) and (c) were bathed in 5o/c 

HF solution to remove the Si02 mask. 

In all graphs there were two unexpected peaks. They were carbon C and 

oxygen 0. The standard represented by figure 5.14 (a) was exposed only 

to air and so this could be due to exposure to ambient atmosphere. The 

processed samples which are represented by figure 5.14 (b) and (c) show 

the same peaks as the standard and they have the same intensity. Figure 

5.14 (d) shows a very intense carbon peak which dominates the graph. It 

indicates that the film which was deposited was carbon based. 

The EDX system could not detect any element lighter than boron B, so the 

existence of hydrogen in the polymer film could not be confirmed. The 

literature has been consulted for exact diagnostics of the deposited film on 

the surface, and is discussed in chapter 7. 

Figure 5.15 shows the EDX analysis of a GaAs standard and a sample 

etched at the same conditions as before but at optimum flow of 8.1 X 

10-2 Pa m3/sec, (48 sccm) and 250/0 volume CH4 in H2. Figure 5.15 (a) 

shows the EDX characteristics of the standard. Figures 5.15 (b) and (c) 

show the characteristics of the etched surface and the mask respectively. 

The etched GaAs sample was not exposed to the O2 plasma or 5% HF 

solution. The EDX conditions were the same as before. 

Figure 5 .15 (b) shows the surface of the etched GaAs sample. The peaks 

are the same as before except for an extra peak between As and Au which 

is silicon Si. This should not be present for the etched surface analysis. The 

reason for presence of this small peak is the fact that the RIE system was 

used for Si, Si02 and Si3N4,etching as well. It was then possible for the 

GaAs sample to have been contaminated. The Si peak which is present is 

therefore judged to be due to contamination from the RIE chamber. 
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Figure 5.14. EDX analysis of GaAs samples. (a) Standard, (b) 20% CH4, 

(c) 40% CH4 and (d) 60% CH4 volume concentration. 
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Figure 5.15. EDX analysis of GaAs samples. (a) Standard, 
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The carbon peak also looks larger compared to that of the standard. This 

was perhaps due to the carbon monolayer present on the sample just before 

the production of the volatile species. The difference between this and the 

standard was the fact that this sample was not exposed to O
2 

plasma. 

Figure 5.15 (c) shows the BDX analysis of the top of the mask which was 

not etched. There are large C, ° and Si peaks. Si and ° peaks are present 

due to the Si02 mask. The C peak is large because of the deposition of 

carbon polymers on the surface of the mask. The Au peaks on figure 5.15 

(b) and (c) are larger than that shown in the figure 5.14 because a thicker 

gold coat was deposited on the surfaces of these samples. 

5.5 AIGaAs etching 

The optimum conditions to etch 25 mm2 GaAs samples were found to be 

at power density, pressure, total flow rate and CH4 volume concentration of 

0.42 W/cm2
, 4 Pa (30 mtorr), 8.1 X 10-2 Pa m3/sec (48 sccm) and 25% CH4 

volume concentration in H2, respectively. These parameters represented the 

optimum residence time and DC self bias voltage. All further experiments 

were conducted at these values unless otherwise mentioned. 

The effect of aluminum content in GaAs is discussed here. The experiment 

was performed on samples of AlxGa1_xAs, where the Al contents were x= 

0.1, 0.2, 0.3 and 0.5. For this experiment each wafer was cut into two 25 

mm2 samples. One was masked with Si02 and the other with Si3N4. The 

procedures were explained in chapter three. The samples were then etched 

together. This was performed in order to find the AIGaAs etch rate and also 

to investigate the effect of the different mask materials on AIGaAs during 

processing. It was claimed that the AlGaAs samples which were masked 

with Si3N4 etched more quicldy*. 

---------------------------------------------------------------------------------------------

* - Private communication with Dr. Alan Webb, GEC-Marconi, Caswell. 
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Figure 5.16. Graph of etch rate and etch ratio of AIGaAs against 
Al content in Ga. 

Figure 5.16 shows the graph of etch rate R and ratio of etch rate of GaAs 

to AIGaAs (AIGaAs/GaAs) against the aluminum content in gallium. The 

depth of the samples etched with SiOl mask was measured after exposure 

to O2 plasma to remove the carbon polymers from the surface and removal 

of the mask in 5% HF solution. 

The samples etched with the Si3N4 mask were also exposed to O2 plasma 

to remove the carbon polymers but the Si3N4 mask was not removed. Wet 

etching of Si3N4 in phosphoric acid at elevated temperatures or HF solution 

would also have dissolved the AI content of the GaAs. 

The actual etch rate of the AIGaAs samples with the Si3N4 mask was 

estimated from the results found for the Si02 mask removal. The trend of 

the graph shows a reduction in etch rate as the Al content x increased. This 

was true for both Si02 and Si3N4 masks. 
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At x=O (i.e. GaAs only), the etch rate was about 50 run/min. At x=O.l (i.e. 

5% Al in GaAs), the etch rate had dropped by about 50% to 25 nm/min. At 

x=0.5 (i.e. 25% Al in GaAs) the etch rate was zero and carbon 

polymerization occurred on the surface of the samples. 

The results for etched samples which were masked with Si N were similar 
3 4 

to the samples which were masked with Si02• The difference was the 

thickness of the Si3N4 mask which was not removed. The line through open 

triangle symbol in figure 5.16 shows the estimated etch rate of AIGaAs 

with Si3N4 mask and the etch rate is the same for Si02 mask. The ratio of 

etch rate of AIGaAs to GaAs (AIGaAs/GaAs) is presented in figure 5.16 

also. As the x value increased the ratio of etch rate decreased. 

Thus at these operating conditions, AlGaAs was etchable in CHJH2 

mixtures up to an Al content x of 004. above which AlGaAs was not 

etchable. It might have been possible to etch AIGaAs with larger x value 

if the methane concentration had been reduced. 

5.6 Loading effect and uniforIllity 

The effect of increase in area of GaAs sample for RIB in CHJH2 was also 

investigated. The area which was masked on the GaAs sample was about 

2 mm2• This masked area remained constant as the total sample area 

increased. 

Figure 5.17 shows the etch rate R and carbon polymer deposition rate D 

against the GaAs sample area. The trend of the graph shows a decrease in 

R as the wafer area increased. The maximum R was about 50 nm/min for 

a 25 mm2 sample. It then decreased to about 35 nm/min for a 2000 mm
2 

GaAs sample, (2 inch GaAs wafer). R remained the same for both the 25 

and 100 mm2 samples. This is higher than the R value found for the 100 

mm2 sample shown in figure 5.1 (a). The high value is due to the increase 
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in total flow rate which in this case supplied enough species to the chamber 

to react with the surlace of the GaAs samples. The deposition rate of 

carbon polymer D seems to be constant as area increased. 
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Figure 5.17. Graph of etch rate and carbon deposition against wafer area. 

Picture 5.7 shows the micrographs of the profile of the etched 2 inch GaAs 

sample. The top picture is a side view of an etched wall. It is very clear 

that the wall does not show good anisotropy as found for smaller GaAs 

samples. The bottom picture shows the wall from another angle. There is 

clearly trench formation at the base of the wall and the side wall roughness 

appears to have increased. This indicates an imbalance between the 

chemical mechanism (C;w:Hy species) and the physical mechanism (ion 

bombardment). This problem may be solved by repeating the experiment 

for different CH4 volume concentrations to find a new value for the 

optimum methane concentration. 
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Picture 5.7. Micrographs of etched 2 inch GaAs wafer. 

(Top) side view and (bottom) elevated view. 
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Figure 5.18 shows the etch rate R against edge to edge distance of a 2 inch 

GaAs wafer. The measurements were taken from north to south and west 

to east. In both cases the trend of the graphs were identical with maximum 

etch rate ~ax of about 37 run/min and minimum etch rate ~in of about 32 

run/min. ~ax occurred at the edges of the wafer whereas ~in occurred at 

the centre. The uniformity U of the etched depth is given by (Carter, 1988), 

RITIJ1X-Rmfu 
Ue:!± X 100%, 

2R mean 

(5.1) 

where ~ean is the mean. North-south and east-west uniformities were + 
7.6% and + 9.1 % respectively. 
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Figure 5.18. Etch uniformity graph for 2 inch GaAs wafer. 
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This is very different from the results obtained for the chamber conditions 

presented in chapter 4, where figure 4.8 showed that the etch rate was 

constant against distance from the centre of the cathode. 
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An explanation for the difference between the two cases is simple. For the 

characterization of the system, 100% hydrogen was used, (chapter 4). At the 

set conditions, hydrogen etched the surface of the GaAs largely by a 

physical mechanism (i.e. ion bombardment). In the case of the present 

experiment, a mixture of methane and hydrogen was used in which the 

methane volume concentration was 25%. The mechanism of the etching was 

therefore combined physical and chemical. 

The gas mixture was let in to the chamber radially from the surroundings 

of the cathode. As a result of this the active species reached the edges of 

the wafer before the centre and therefore etching occurred more rapidly at 

the edges of the wafer. 

5.7 Heating effect and reproducibility 

As mentioned in chapter 4, The Electrotech Plasmafab 340 had no cathode 

cooling system. As a result the cathode was heating up as the time of 

etching progressed. Figure 5.19 shows the graph of etch rate Rand 

temperature T of the cathode against the set etching time. 

R increases as the set time of dry etching increases. R should have 

remained constant as set time increased, i.e. time should not have effected 

R. The only reason for this increase in R was the increase in T which was 

measured after the process had ended. The graph of T shows an increase 

as set time increased. 

Reproducibility was also investigated. Figure 5.20 shows the graph of etch 

rate R and DC self bias voltage Vself as a function of time period. The 

graph of R against reproducibility was constant with in the limits of 

experimental errors. The graph of V self shows a trend with a minimum at 

about the 75th day. The drop in the DC self bias voltage was caused 

because the chamber may have been dirty during this period. The 
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chamber was then cleaned and as a result the value of Vse1f recovered. The 

small decrease in Vse1f did not affect the etch rate but it could have affected 

the profile of the etched walls and the etched surfaces. A large drop in the 

etch rate could cause carbon polymerization of the surface. 

5.8 A Inethod for RIE of GaAs in CH4/H, 111ixture 

The etching was controlled through the adjustment of power density, 

pressure and total flow rate. At the high pressures allowed by RIE, carbon 

polymerization occurred. The method of etching was then altered so that 

etching was possible at higher pressures. 

When the pressure increased and the total flow rate of the gas mixture was 

kept constant, the residence time of the gas mixture increased (equation 

1.1). From experiments performed it was evident that the DC self bias 

voltage decreased as the pressure increased because of the decrease in mean 

free path of the electrons. In order to etch at high pressure it is therefore 

necessary to keep the residence time and DC self bias voltage constant and 

to alter total flow rate and power density. 

The best conditions for etching at 0.42 W/cm2 and 4 Pa, (30 mtorr), were 

found to be 8.1 X 10-2 Pa m3/sec, (48 sccm) and 25% volume CH4 in H2• 

The residence time 'tr of the gas mixture was 0.1 sec and the DC self bias 

voltage was -580 V. 

The experiments were then performed at pressures between 7 and 12 Pa, 

(53 to 90 mtorr) , keeping the residence time at 0.1 sec and DC self bias 

voltage at -580 V by varying the total flow rate and power density with the 

CH4 concentration at 25%. 

Figure 5.21 shows the results obtained with the first method. Figure 5.21 

(a) shows the etch rate R and cathode temperature T against pressure. As 
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Figure 5.21. Graph of (a) etch rate and cathode temperature and (b) power 
density and total flow rate against pressure. 

the pressure increased, R also increased. This was not expected, as R should 

have remained constant at about 50 nm/min. The explanation for this was 

related to the cathode temperature. As pressure increased, the power density 

was increased in order to keep the DC self bias voltage constant at -580 

V. This increase in power density caused an increase in cathode temperature 
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which is also shown in Figure 5.21 (a). As the temperature of the cathode 

was not controllable, an increase in temperature was inevitable with an 

increase in power density. Figure 5.21 (b) shows the variation of power 

density and total flow rate against pressure to keep the DC self bias voltage 

and residence time of the gas mixture constant. 
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In order to reduce the effect of temperature on the etch rate and prove that 

the first explanation was correct, a second method was devised. To keep the 

DC self bias voltage constant at -580 V, the total flow was increased but 

the methane flow was kept constant. This allowed the volume concentration 

of hydrogen to increase, which gave a more effective way to increase DC 

self bias voltage without large increases of power density. 

Figure 5.22 shows the graphs of results obtained for the second method. 

Figure 5.22 (a) shows the variation of etch rate R and cathode temperature 

T against pressure. The etch rate increased but the rate of increase was 

lower than that shown in figure 5.21 (a). T also increased as pressure 

increased because of the increase in the power density, but the rise was not 

as much as with the first method. Figure 5.22 (b) shows the variation of 

power density and flow rate with pressure to keep the DC self bias voltage 

and residence time of the gas mixture constant. 

The Arrhenius plot was thought to be unreliable as the temperature could 

not be controlled. The process variables for etching GaAs in mixtures of 

methane and hydrogen were therefore: 

(5.2) 

where P d' p, Q, and V %methane are power density, pressure, total flow rate and 

volume concentration of methane in hydrogen respectively. In order to etch 

with reproducible results it is best to set the following parameters: 

< Vself' P , l' r' V % metharu! > , 
(5.3) 

where V and 't are DC self bias voltage and residence time of the gas 
self r 

mixture in the chamber respectively. 
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CHAPTER 6 

ELECTRICAL CHARACTERIZATION RESULTS 

In order to evaluate the damage caused to the GaAs samples due to ion 

bombardment and hydrogen in-diffusion, the electrical characteristics of p_ 

GaAs semiconductor samples exposed to pure hydrogen and a mixture of 

methane/hydrogen plasma were investigated. 

Although electrical behaviour of n-GaAs due to RIE damage in mixtures of 

CHJH2 plasma has been reported in the literature, very little information 

exists for p-GaAs. This may be due to the unpopularity of p-GaAs because 

of its low mobility. However p-GaAs is used for hetrojunction bipolar 

transistors (HBT's), (Ashburn and Rezazadeh, 1988 and Herbst, 1992), and 

the complementary high electron mobility transistors (Ali et aI., 1989). 

To evaluate the degree of damage due to ion bombardment and 

hydrogenation, two methods were employed. They were current-voltage (I­

V) and capacitance-voltage (C-V) techniques and to employ these 

techniques gold Schottky diodes were fabricated on the p-GaAs samples. 

6.1 RIE of p-tvpe GaAs and electrical l11easurelllents 

As described in chapter three, a two inch p-GaAs was cut into four equal 

quarters and processed. However before front Schottky metallization, three 

pieces were exposed to the plasma. The process parameters such as power 

density, pressure and total flow rate were set to the best conditions found 

which were 0.42 W/cm2 (100 W power), 4 Pa (30 mtorr) and 8.1 X 10-2 Pa 

m3/sec (48 sccm) respectively and the time of etching was set to 30 

minutes. The temperature of the cathode after etching was less than 60°C. 

One of the three pieces was exposed to pure hydrogen plasma. The DC 

self-bias voltage was -680 V which was higher than before. This was due 
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to extensive cleaning of the chamber and the cathode. The other two pieces 

were exposed to methane and hydrogen plasma individually with 25o/c 

volume concentration of CH4• The DC self-bias voltage was -580 V. In the 

first and second case about 150 run and 1400 run were removed from the 

semiconductors respectively. One of the samples which was etched in 

methane and hydrogen was then annealed in N2 gas at 400°C and 

atmospheric pressure. Front barrier metal was then deposited on all samples. 

The I-V method was perfonned to test the ideality factor of the Schottky 

diodes for both the processed and unprocessed samples. The saturation 

current 10 was measured so the barrier height of the diode <I> could be 

calculated. The reverse current at 2 V and 3 V, the threshold voltage and 

the break -down voltage of the diodes were also measured. The I-V relation 

and the derivation of the ideality factor n and barrier height <I> is shown in 

appendix VII. 

The C-V method was perfonned primarily to measure the carner 

concentration N of the processed and control samples. The ion 

bombardment of the surface however caused N to become non-unifonn in 

the etched samples and so N was therefore measured against the depletion 

width W d' Both Nand W d were measured at zero volts also. The C-V 

relation is shown in appendix IX. 

6.2 Current-voltage l11easurelllents 

Figure 6.1 shows the ideality factor n and the barrier height <I> of the 

Schottky diodes for the control and the processed samples respectively. In 

figure 6.1 (a), the control sample displayed an n value of about 1.33. This 

may be due to the high carrier concentration. Semiconductors with large 

carrier concentrations may yield high n values, (Madams et aI., 1975 and 

Sze, 1981). The samples used for this experiment had a carrier 

concentration of about 2 X 1018 cm-3
• The sample which was etched in a 
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Figure 6.1. I-V test for (a) ideality factor and (b) barrier height. 
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hydrogen plasma indicated a much lower value for n which was about 1.16. 

The sample which was etched in the mixture of CHJH2 plasma, displayed 

a slightly higher n value of 1.22 compared to that etched in pure H
2

. Finally 

the sample which was etched in CHJH2 plasma and subsequently annealed 

at 400°C in N2 atmosphere displayed a n value of about 1.39. This shows 

some recovery. 

Figure 6.1 (b) shows the behaviour of the barrier height <1>. The control 

sample displayed a barrier hight of about 0.71 V, which is high for a gold 

front metal Schottky diode. This may be due to pinning of the Fermi level, 

(Spicer et aI., 1980 and 1982). The sample which was etched in H2 plasma 

displayed a <I> value of about 0.81 V while the sample which was exposed 

to CHJH2 plasma indicated a <1> value of 0.82 V. The annealed sample 

displayed very little improvement with a <1> value of 0.80 V. 

Figure 6.2 shows the saturation current 10 and the threshold voltage of the 

control and processed Schottky diodes. In figure 6.2 (a), the control sample 

displayed an 10 value of about 10-8 A. This decreased to 3 X 10- 10 A for the 

H2 etched sample and 10-10 A for the CHJH2 etched sample. The annealed 

sample displayed an 10 value of 3 X 10-10 A which was only a negligible 

recovery. 

The threshold voltage is represented in figure 6.2 (b). The control sample 

showed a threshold voltage of about 0.5 V. This increased to 0.9 V for the 

H2 etched sample and 0.65 V for the CHJH2 etched sample. The annealed 

sample showed no further improvement from 0.65 V. In cases of <1>, 10 and 

threshold voltage, the annealed sample did not recover its original value. 

Figure 6.3 shows the reverse current and breakdown voltage of the control 

and the processed samples. Figure 6.3 (a) represents the reverse current of 

the samples. The control sample presented values of 0.2 rnA and 2 rnA at 

2 V and 3 V respectively, which were very leaky. The sample which was 
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etched in H2 plasma displayed an improved value of about 30 nA and 0.2 

/lA at 2 V and 3 V respectively. These values improved further for the 

sample which was etched in CHJH2 plasma. The reverse current at 2 V and 

3 V was about 6 nA and 30 nA respectively. After annealing, the reverse 

current decreased to its lowest values which were 2 nA and 20 nA at 2 V 

and 3 V respectively. 

Figure 6.3 (b) shows the behaviour of the breakdown voltage. The control 

diodes displayed a very low value of 3.2 V which was due to the high 

carrier concentration. The sample which was hydrogenated in pure H2 

plasma, presented a much higher value of about 9 V for breakdown voltage. 

The CHJH2 etched sample presented a lower value of about 7 V and the 

annealed sample partially recovered the original breakdown voltage which 

was about 5 V. 

The results show distinct changes in the I-V characteristics of the processed 

samples to the control. This behaviour is explained by using C-V 

characterization. 

6.3 Capacitance-voltage Ineasurelnents 

The C-V measurements were performed on the same samples which were 

used for I-V measurements. The ion bombardment may have caused 

a non-uniformity of carrier concentration N across the depth of the 

processed samples, therefore N was measured against depletion width Wd 

of the GaAs to examine the profile of the carrier concentration in the depth 

of the material. 

Figure 6.4 shows the carrier concentration No and depletion width W do at 

zero volts. Figure 6.4 (a) which represents the carrier concentration No, 

clearly indicates the No value of the control sample to be at about 2 X 10 18 

cm-3
• The sample which was etched in pure H2 displayed a decrease in the 
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No value by a factor of 100 to about 2 X 1016 cm-3
• The sample which was 

etched in a mixture of CHJH2 plasma displayed a higher No value of 6 X 

1016 cm-
3

• Finally the sample which was etched in CHJH2 plasma and 

annealed displayed a complete recovery of No to about 2 X 1018 cm-3. 

Figure 6.4 (b) which represents the depletion width Wdo at zero volts also 

indicates a large change between the control and the processed samples. 

The control sample displayed a Wdo of about 0.024 J.lm. The sample which 

was etched in H2 plasma displayed an increase in Wdo of about a factor 

of 8, to 0.2 J.lm. The CHJH2 treated sample displayed a Wdo of 0.1 J.lm. The 

annealed sample indicated a value of 0.036 J.lm for Wdo' 

Figure 6.5 shows the carrier concentration N against the depletion width 

Wd· The control sample displayed a Wdo of about 0.024 J.lm and a No value 

of about 2 X 1018 cm-3
• As the depletion width increased the carrier 

concentration increased slightly but remained in the 1018 cm-3 region. For 

comparison the original value of N is considered to be 2 X 1018 cm-3
• 

The sample etched in H2 plasma indicated a drop in No by a factor of 100 

to about 2 X 1016 cm-3 and Wdo of 0.2 J.lm. As Wd increased N increased. 

The solid tail line shows the interpolation of this plot from which the extent 

of the passivation of carriers could be estimated. In this case the passivation 

continued until 0.5 J.lm where N reached its original value. 

The sample which was etched in the mixture of CHJH2 plasma also 

indicated a large decrease in No value but not as much as the H2 treated 

sample. The Wdo value was about 0.1 /-lm. As Wd increased the N value 

increased. The solid tail line also shows the interpolation of this plot. The 

acceptor passivation extends 0.3 11m into the semiconductor. 

The sample which was etched in a mixture of CHJH2 plasma and annealed 

shows a complete recovery as far as the No value was concerned. However 
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did not recover totally. A difference of about 12 nm remained between 

the control and annealed samples. This may be due to the surface 

modification caused by the etching procedure which will be discussed in the 

next chapter. 
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CHAPTER 7 

DISCUSSIONS 

In this chapter the results of reactive Ion etching and electrical 

characterization of GaAs will be discussed and a possible model for the 

mechanism of etching GaAs in mixtures of methane and hydrogen 

(CHJH2)' will be presented. 

The influence of H2 and CH4 on etching of GaAs, together with the effect 

of the process parameters and the deposition of carbon polymers on the 

surface of the samples are considered here. Finally the current-voltage and 

capacitance-voltage results are assessed. 

7.1 Non-chlorinated gas Inixtures 

The effectiveness of H2 in the CHJH2 mixture is argued here. When CHJH2 

was used to etch GaAs, the etch rate R increased as the CH4 volume 

concentration increased (figure 5.1 (a)). At the same time the DC self bias 

voltage Vself decreased. This indicated that the ion bombardment intensity 

was decreasing and therefore the increase in R was due to reactive species 

which reacted with the surface to produce volatile species which escaped 

from the surface. In other words, the increase in R was due to the chemical 

mechanism as the influence of the physical mechanism decreased. 

When argon Ar was used instead of H2, R decreased as CH4 volume 

concentration increased (figure 5.1 (b)). The reduction in R may be due to 

many factors. First was the reduction of ion bombardment intensity which 

is indicated by Vself" This value decreased which indicated that the ion 

bombardment intensity was reduced and so R was reduced also. This 

occurred because overall, more energy may have been needed to break the 

CH bonds and to ionize the atomic and molecular remains than for ionizing 
4 

an Ar atom. The second reason is the polymeric deposition of the surface 
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which could make the sputtering of the surface of GaAs difficult as ions 

had to remove two items, the GaAs and the deposited polymer film. Finally 

reduction of the molecular mass of the admixed gas (in this case CH
4

) 

could reduce the sputtering yield. 

When Ar was used instead of CH4 The same behaviour was observed for 

R as when H2 was added (figure 5.1 (c)). That is, R was reduced as the H2 

volume concentration increased. However, Vself decreased at the beginning 

and then increased until at 100% H2, Vself was at its highest value. Although 

the ion bombardment was more severe the R value decreased. This was due 

to the small mass of H or H2 ions. Increase of Vself was due to increased H2 

concentration. H2 molecules could dissociate into two H atoms and then 

these could be ionized. The ionization energy of H2 molecules and H atoms 

is lower than that of Ar atoms. This could explain the higher Vse1f value 

when pure H2 was used compared with that when pure Ar was used. 

Usually Ar, being an inert gas, does not react with anything. When Ar is 

ionised however, the outer shell configuration will resemble that of chlorine 

and becomes similarly reactive. In the presence of H2 or H, reactions may 

take place to produce a complex ion such as ArH+, (Chapman, 1980). 

Experiments involving CH4 and other inert gases have been reported, (Law\ 

et aI., May 1991). These were neon and helium. The authors argued that it 

was possible to achieve MORIE without using H2. They also argued that 

the damage to the semiconductor would be much lower if H2 is not used. 

They did not show any evidence for their argument on damage. However 

the graphical information showed similar profiles for the CHJH2' CHiNe 

and CHJHe curves, although the optimum etch rate for the inert admix 

gases were much lower than for H2• 

In both cases when inert admix gases were used, etch rate increased as the 

methane concentration increased. The etch rate reached a maximum and 
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then polymerization occurred. This is similar to when CHJH2 is used and 

so because of this, MORIE has been diagnosed. However this can be 

explained in another way. For both cases, the ionisation energy of Ne and 

He is much higher than that of CH4 and so methane will ionise more easily 

than He or N e and so the surface will be sputtered primarily by the CH
4 

ionised species rather than by He or N e. At high concentrations of CH
4 

polymerization occurred. In the case of He there is an additional 

explanation. As CH4 is a heavier molecule than He, a higher sputter yield 

is observed when it is mixed with He. 

There is a possibility that MORIE may have taken place but at a very low 

rate. Generally etching could have occurred primarily by the physical 

mechanism, (i.e. ion sputter etching was performed). In order to achieve 

reactive ion etching it is necessary to use CHJH2 mixtures. 

7.2 The effect of CH4 concentration and flow rate 

Figure 5.2 (a) to (d) shows the graphs of etch rate and DC self bias voltage 

against volume concentration of CH4 in H2. In all cases the etch rate R 

increased initially as the CH4 volume concentration increased. After R 

reached an optimum level, increases of CH4 volume concentration caused 

a decrease in R until finally carbon polymers were deposited all over the 

GaAs sample and etching stopped. 

This is explained by suggesting that the CHx and Hy radicals may have 

reacted with the surface of the GaAs to produce metal organic and hydride 

compounds. Therefore the reactive component of etching is dependent on 

the supply of CH4 because as the CH4 supply to the chamber increases R 

increases. The reactive species are absorbed on the surface and the incident 

ions supply kinetic energy to the surface so that volatile compounds are 

formed because of the reaction between the GaAs and the polymeric film 

and then they escape from the surface. After the etching process the 
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polymeric film cannot be detected on the surface of GaAs with the naked 

eye but as this film does not react with the inorganic mask material (in this 

case Si02), it can be noticed on the mask. 

The reduction in R and deposition of the polymeric film all over the sample 

at high concentrations of CH4 can be interpreted by suggesting that as the 

CH4 volume concentration increases, the carbon polymeric deposition rate 

D increases. The incident ions are unable to supply enough kinetic energy 

to the surface to continue with the optimum condition of etching the sample 

and at the same time remove the extra amount of deposited film. Eventually 

as the CH4 concentration increases, the deposition rate of the carbon 

polymeric film would be so high that the ions would not be able to 

continue to etch the surface of the sample and deposition occurs on all 

GaAs surfaces. 

In all cases in figure 5.2 the profile of the DC self bias voltage Vself was the 

same. Vself increased slightly as the CH4 volume concentration in H2 

increased by a small amount. This may have been due to the production of 

electrons by ionisation following the breakdown of the molecules, (i.e. if 

the CH4 molecule dissociates completely five atoms can be ionised 

compared with two atoms when a H2 molecule breaks down). As a result 

of this the cathode was charged to a higher negative value. When the CH4 

volume concentration increased further, most of the energy was spent in 

breaking CH4 molecules rather than in ionisation. This resulted in reduction 

of negative charge on the cathode and hence a decrease in the value of Vse1f' 

The effect of flow rate is presented in figures 5.2 and 5.3. It is clearly seen 

from figure 5.2 that the optimum etch rate was shifting as the total flow 

rate was increasing. In fact the increase in flow rate caused the optimum R 

to occur at a lower CH4 volume concentration. Figure 5.3 (a) and (b) shows 

the variation of etch rate, optimum CH4 volume concentration in H2• 

deposition rate of polymer film at optimum CH4 concentration, and the DC 
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self dias voltage at different flow rates. 

Usually when a reactive gas is used to etch a surface the etch rate changes 

as the flow rate is varied (as mentioned in chapter 1). At low flow rates the 

etch rate is low because although the residence time of the gas is high, 

enough species are not supplied to the chamber. When the flow rate 

increases the supply of species to the chamber will increase until at an 

optimum flow rate the residence time and the supply of the gas is balanced 

and a maximum etch rate will occur. When the flow rate is increased 

further the etch rate will fall again because the residence time of the gas is 

so low that the species will not have enough time to react with the surface. 

It is accepted that the reactive gas in this case was CH4• At low total flow 

rate of the gas mixture the residence time of the mixture was high but the 

total supply of the species to the chamber was low. In order to overcome 

this deficiency so that the etch rate could remain high, the partial flow rate 

of the reactive gas then had to be high or in other words the volume 

concentration of CH4 had to be high. When the total flow rate increased, the 

supply of the species to the chamber increased also such that the partial 

flow rate for optimum etching decreased. 

It is obvious from figure 5.3 (a) that the optimum etch rate remained 

constant as the flow rate increased and the CH4 volume concentration 

decreased. In this case further increases of the total flow rate were avoided 

or the pressure would have changed due to the limits of the pumping speed 

of the system. The deposition rate of the carbon polymeric film was also 

reduced as the flow rate increased~ (figure 5.3 (b)), because of the reduction 

in CH4 volume concentration and residence time of the gas. 

The behaviour of the DC self bias voltage Vse1f for varying total flow rate 

was similar to its behaviour for varying CH4 volume concentration. The 

initial rise in V
self 

because of the increase in total flow rate was due to a 
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reduction in CH4 volume concentration so that most of the input energy was 

not wasted on breaking down CH4 molecules. However further increases in 

total flow rate caused a decrease in Vse1f• This was due to the decrease in 

the residence time of the species in the chamber. 

This behaviour was shown clearly when etch rate R and DC self bias 

voltage Vself were investigated for varying the total flow rate of the gas 

mixture at an arbitrary CH4 volume concentration of 200/0 as shown in 

figure 5.4. R increased because as the total flow rate increases, the supply 

of active species increases. Vself decreased because the residence time of the 

species in the chamber decreased. 

Figure 5.5 shows the variation of anisotropy as a function of total flow rate. 

The anisotropy for both the arbitrary 20% and optimum volume 

concentration of CH4 improved when total flow rate was increased. The DC 

self bias voltage decreased as the total flow rate increased. This indicated 

a reduction in ion bombardment intensity and as a result a possible 

lowering of the bombardment of the side walls by the back scattered ions. 

In the case of the samples which were etched at optimum volume 

concentration of CH4, the variation of the DC self bias voltage was in 

conjunction with the reduction in the volume concentration of the reactive 

species. There seems to be a ratio between the physical and chemical 

components of the process which has to be satisfied in order to etch a 

pattern with good anisotropy. This ratio is obviously dependent on the 

process parameters chosen. 

The quality of the etched walls also improved as shown in picture 5.1 and 

5.2. Picture 5.1 (top) shows the effect of high ion bombardment. The 

sample was etched at low total flow rate and high CH4 concentration. There 

is a lip fonnation at the top and at the bottom the etched wall is not 

perpendicular to the etched surface. 
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The pattern shows a curvature on the etched wall and it is generally very 

rough. This is thought to be due to the bombardment of the wall by back 

scattering ions. In contrast the sample which was etched at a higher total 

flow rate and therefore lower optimum CH4 concentration showed a much 

better anisotropy and surface roughness (picture 5.1 (bottom». Picture 5.2 

shows the smoothness of the etched side walls for 20% (picture 5.2 (top)), 

and optimum concentrations of CH4 (picture 5.2 (bottom». 

At low CH4 concentrations, when the ion bombardment intensity was high, 

trenching occurred at the base of the etched walls. This is visible in picture 

5.2 (top) and was due to the ions which were scattered from the side wall 

to the base, as shown in figure 5.7. This problem was removed when the 

CH4 concentration was at its optimum. The trenching at the base of the 

etched wall is at a minimum. This was achieved by varying the total flow 

rate and the CH4 volume concentration which affected the ion bombardment 

intensity as indicated by the change in DC self bias voltage. At optimum 

CH4 volume concentration a change of about 10% was noted for Vself 

between the lowest and the highest set total flow rates. At highest total flow 

rate a change of about 3% was noted for Vself between the 20% and 

optimum CH4 volume concentration. 

7.3 The effect of power density and pressure 

The effect of power density and pressure was investigated by keeping the 

total flow rate and the CH4 volume concentration in H2 constant. Figures 

5.6 and 5.8 show the behaviour of etch rate R and DC self bias voltage 

Vse1f' At low power densities deposition occurs but as the power density 

increases etching is triggered. Further increases in power density increased 

R. At higher pressures the same pattern of etching was repeated except that 

deposition occurred up to a higher power density (figure 5.6 (a». In figure 

5.6 (b), the variation of R is plotted against pressure. Increases in pressure 

had no effect on R which remained constant until suddenly deposition 
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occurred (not shown in this graph). The same occurred for all selected 

power densities. This may be explained better when figure 5.8 is discussed 

where V self is shown alongside R. 

When pressure is constant and power density is increasing, the intensity of 

ion bombardment is also increasing, causing an increase in the transfer of 

kinetic energy to the surface. The intensification of ion bombardment is 

indicated by the increase in Vself as shown in figure 5.7 (a). However an 

increase in power density causes also an increase in the cracking of the gas 

molecules which supply the reactive species. This in turn will cause an 

increase in R because of higher ion bombardment intensity and increase in 

reactive species concentration. 

At low power density the bombarding ions are not energetic enough and so 

as a result the kinetic energy transferred to the surface will be small. No 

reaction will take place between the deposited polymer film and the GaAs 

~urface and so no volatile species will be created to escape from the 

surface. At higher pressures, higher power density is required to transfer the 

kinetic energy to the surface because the ion bombardment intensity will be 

lower. 

The effect of pressure on ion bombardment is indicated in figure 5.8 (b). 

Although R remained constant at lower pressures, Vself was decreasing. 

Deposition occurred when Vself was at its lowest. This confinns the fact that 

ion bombardment is necessary to etch GaAs in CHJH2 mixtures and there 

is a minimum value of Vself above which etching occurs and below which 

deposition follows. This is the triggering value of Vse1f which is dependent 

on process parameters. 

The etch rate was not the only process variable which was critical. 

Anisotropy and side wall roughness were also of importance. Although the 

etch rate was constant at varying pressures, the anisotropy and side wall 
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conditions were not the same. Pictures 5.3 to 5.6 show the micrographs of 

the etched patterns. At a constant high power density the profiles of the 

etched samples at high and low pressure are different. Although not at 

optimum, the anisotropy at high pressure is much better than at low 

pressure because of the reduction in the ion back scattering to the side walls 

from the sutface. In addition the trenching formed at the base of the etched 

wall is a little smaller because of the reduction in ion scattering from the 

side walls to the base of the walls. Figure 7.1 indicates the etched profile 

observed. 

(a) Reverse slope (b) Facet (d) Curvature 

Figure 7.1. Selected etched patterns. 

At low power density and low pressure the anisotropy showed reverse slope 

and the side wall was very rough. This is an indication of low intensity ion 

bombardment. At slightly higher power density and high pressure the 

anisotropic pattern transfer improved. However possible side wall deposition 

was observed. 

The behaviour of the anisotropy is shown in figure 5.9 for varying power 

density and pressure. Generally anisotropy improves as the power density 

increases until it reaches an optimum and then further increase causes the 

deterioration of anisotropy as shown in figure 5.9 (a). 

The behaviour of the etched anisotropy against pressure was a little more 

complex (figure 5.9 (b». At very low power density and low pressure the 
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anisotropy was poor. However as power density increased slightly, 

anisotropy improved. Increase in pressure degraded anisotropy again. 

Further increases in power density improved anisotropy and increases in 

pressure did not effect anisotropy. At high power densities and pressures the 

anisotropy was poor but improved as pressure increased. 

Generally high power density or low pressure causes high DC self bias 

voltage and hence high ion bombardment intensity. At a very low power 

density, because the ion bombardment intensity was low, the anisotropy was 

poor. When the power density increased the ion bombardment increased and 

so anisotropy improved. Increase in pressure caused a reduction in ion 

bombardment intensity and so caused poor anisotropy again. At optimum 

power density and pressure the best anisotropy was observed. Increases of 

pressure did not seem to have affected the anisotropy because although ion 

bombardment intensity decreased it was enough to keep the anisotropy the 

same. At high power density the anisotropy was poor when pressure was 

low because the ion bombardment intensity was so high that the ion back 

scattering from the surface caused etching of the wall and so facets were 

formed. Increase in pressure reduced ion bombardment back scattering and 

so anisotropy improved. 

The linewidth of the etched sample for optimum conditions was about the 

same as the linewidth of the mask before etching. Increase in power density 

increased linewidth (linewidth loss, see chapter three). Increase in pressure 

caused a decrease in linewidth (linewidth gain, see chapter three). The loss 

of linewidth was due to the ion bombardment intensity which caused a back 

scattering from the surface and hence formation of facet side walls. The 

gain of linewidth was possibly caused because of the polymer formation 

over the edge of the mask. 

-132-



7.4 Carbon polvlllerization 

When III -V compounds are etched in CHJH2 mixtures, a thin film layer is 

always deposited on the surface of the masking material. This layer is more 

apparent when an inorganic mask such as Si3N4 or Si02 is used. Generally 

it is best to achieve the highest etch rate with minimum deposition. The 

deposition rate against total flow rate was shown in figure 5.3 (b) for 

optimum CH4 concentration. The deposition decreased as the total flow rate 

increased and this was due to the reduction of CH4 volume concentration 

and reduction in residence time of the gas mixture. 

Figure 5.11 (a) to (d) shows the graph of carbon polymer deposition rate 

and thickness of mask removed from the surface against the CH4 volume 

concentration in H2• In all cases the carbon deposition rate increases sub­

linearly as the volume concentration of CH4 increases. The carbon 

deposition rate was reduced due to the increase in total flow rate. The 

deposition rate of the carbon layer was about six to seven times lower than 

the etch rate. 

The thickness of the mask removed was reduced as the CH4 volume 

concentration increased. This was due to the protection provided by the 

deposited carbon film. At optimum concentration of CH4 and total flow rate 

the thickness of the mask removed was a few nanometres. The rate of mask 

removal was not calculated because it is thought that the mask removal 

occurred only at the beginning of the etching process when no protective 

film was present on the mask. 

The effects of power density and pressure are shown in figure 5.12 (a) and 

(b) respectively. It seems that as power density increased the deposition rate 

of the carbon polymeric film decreased. It is thought that the deposition rate 

of the polymeric film should increase as the power density increases. The 

cracking of the CH
4 

species should cause a higher density of carbon based 
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polymeric species to deposit on the surface. In this case the intensity of ion 

bombardment is such that any increase in power density would cause a high 

value of DC self bias voltage which indicates a large increase in ion 

bombardment intensity. Therefore the actual deposition rate, based on the 

measured thickness of the carbon polymeric film, decreases due to 

sputtering of that film. However the effect of pressure on deposition of this 

polymeric film is as expected. The increase in pressure increased the 

deposition rate because first, the density of polymeric species increased in 

the chamber and second, the DC self bias voltage reduced which indicated 

a reduction in ion bombardment intensity. Therefore reduction in the 

sputtering of the deposited carbon polymeric film was observed. 

The effect of ion bombardment is more apparent when the influence of 

power density and pressure is examined for the thickness of mask removed, 

(figure 5.13 (a) and (b) respectively). The polymeric film does not seem to 

react with the mask and as a result there is only a deposition of the 

polymeric film rather than a reaction producing volatile species which 

would result in etching. As protection of the mask material by the 

polymeric film is not instantaneous, the removal of mask at the beginning 

of the process will be by sputtering only. The amount of mask sputtered 

will show the severity of the ion bombardment. This is another way of 

looking at intensity of ion bombardment which will confmn the evidence 

of DC self bias voltage. The etched mask thickness increases as the power 

density increases indicating an increase in sputtering. This is the same at all 

pressures. However the increase in pressure has the opposite effect. This is 

as indicated by the DC self bias voltage behaviour discussed in chapter 

four. 

The polymeric film was analyzed using an energy dispersive x-ray system 

(EDX). The surface of the etched sample after exposure to oxygen plasma 

did not show any extensive carbon contamination compared with the 

standard sample. The sample which had a polymer film deposited all over 
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the surface and was not exposed to oxygen plasma did show extensive 

carbon polymerization (figure 5.14 (a) to (d)). 

When the surface of a GaAs sample was compared with its mask before 

exposure to oxygen plasma, the GaAs surface did show a very small 

increase in carbon compared with that of the standard. This may have been 

due to the inhibitor film on the surface which was not yet removed. The 

surface of the mask however showed a very large carbon peak compared 

with the standard sample (figure 5.15 (a) to (c». 

A carbon polymeric film forms on all surfaces during the process, but the 

effect on the mask surface is different from that on the exposed horizontal 

semiconductor surface. The kinetic energy of the ions and the reactive 

species from the plasma combine to react with and etch the semiconductor 

surface. On the mask the chemical reaction does not take place. Hence the 

build-up of the carbon polymer and its identification after etching. A film 

may also form on the side walls as etching proceeds. This may protect the 

wall to provide good anisotropic pattern transfer. 

The EDX analytical system could not detect hydrogen, as discussed in 

chapter five. When the polymer film was analyzed (Hayesb et aI., 1989), the 

majority of the species were CxHy where x could be as high as 12 but y 

was either 0 or 1 (Le. Ho indicates no H exists). It was suggested that light 

elements such as CH to CH3 could not perhaps be detected. However it was 

evident that there was an abundance of carbon in the polymer. This 

information will be used here in a later section of this chapter when a 

mechanism is suggested. 

7.5 AIGaAs etching 

The effect of variation of the relative aluminium (AI) content in aluminium 

gallium arsenide (AIGaAs) was investigated (figure 5.16). The etch rate 

-135-



decreased as the Al content increased. The etching of AIGaAs was 

investigated for Si02 and Si3N4 masks and these masks gave similar results 

at the operating conditions. 

The reason for using Si3N4 was the possibility that the Al in AIGaAs mav 

react with the oxygen in Si02 and create AlxOy which is hard to etch. If this 

is the case it did not manifest itself for the conditions under which the 

experiments were carried out. Perhaps it may be possible to etch AIGaAs 

and GaAs non-selectively in a mixture of CHJH2 but the conditions for this 

may require a reduction in partial pressure of oxygen and water vapour, as 

was discovered for etching in Cl2 plasma (Vawter, et al., 1987). 

Generally it was shown that as the content of Al in AIGaAs increases the 

etch rate decreases until deposition of polymer occurs instead of etching. 

The ion bombardment intensity remained the same as indicated by DC self 

bias voltage because the conditions remained fixed. It is therefore possible 

that for the conditions under which these experiments were carried out the 

Al was mainly removed physically. 

7.6 Loading effect and uniforInitv of the process 

The loading effect of the GaAs was investigated by increasing its area and 

yet keeping the masked area constant (figure 5.17). The etch rate decreased 

as the GaAs area increased but the carbon deposition rate remained 

constant. The decrease in etch rate was due to the loss of reactive species 

because of their reaction with the surface of the etchable material. As the 

generation rate of the reactive species was constant (set by the process 

parameters), when the area of the etchable material increased the 

concentration of available reactive species is reduced due to reaction and 

hence a decrease in etch rate occurs. The deposition rate on the mask 

material remained the same because this was not dependent on the rate of 

generation and loss of the reactive species. 
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Generally the micrograph of the two-inch etched sample showed poor 

anisotropy of the etched walls, the onset of trench formation at the base of 

the etched walls, and side wall roughness (Picture 5.7 (top) and (bottom»). 

These features are characteristic of etching in CHJH2 plasma when there 

are low amounts of reactive species present (reduction in the chemical 

etching mechanism). 

When a two-inch wafer was etched and the etch rate was measured across 

the diameter for uniformity variations (figure 5.18), the etch rate at the 

centre was seen to be lower than that at the edges. This was because the 

gas entered the chamber radially and hence the reactive species reached the 

edges of the GaAs wafer first. The reaction started at the edges of the wafer 

before the centre. This is mainly because of the chemical component of the 

etching mechanism. Figure 4.8 shows the etch rate against distance from the 

centre of the electrode when 100% H2 was used. It is thought that the 

hydrogen etched GaAs largely by a physical mechanism at 13.56 MHz. 

The etch rate was uniform and hence the electric field was uniform across 

the electrode. 

7.7 Heating effect and reprod ucibilitv of the process 

The problem of cathode heating is very important because the temperature 

increase which was caused by the power density and ion bombardment 

affected the etch rate. The cathode did not have a cooling system and 

therefore its temperature was not controllable. Consequently the increase in 

the set time of the etching caused a gradual increase in temperature which 

caused an increase in etch rate, (figure 5.19). 

The relation between the etch rate and temperature is shown by equation 

1.2. The etch rate was not plotted against temperature in this case because 

the temperature could not be controlled. It was increasing with elapsed 

time. 
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The reproducibility of the etch rate was excellent. Etch rate remained 

constant at set process parameters for the period which was designated for 

the reproducibility test. The DC self bias voltage was reduced slightly. This 

was due to the condition of the process chamber. The processing of GaAs 

in CHJH2 mixtures caused the deposition of carbon polymers on the 

chamber walls and the cathode. 

The small decrease in DC self bias voltage during the middle of the 

reproducibility test was due to the dirtiness of the chamber. This value 

returned to normal when the chamber was cleaned. The condition of the 

chamber can affect the DC self bias voltage and in extreme cases a 

relatively large drop may result in deposition of carbon polymers on the 

GaAs sample rather than etching of the surface. This is due to the reduction 

in the kinetic energy transferred to the surface of the sample. The effect of 

contamination of the chamber on DC self bias voltage and hence reduction 

in ion bombardment intensity was discussed in chapter four for various 

conditions. 

7.8 The technique for RIE of GaAs in CHiH2 Plaslna 

The technique discussed here for RIE of GaAs in CHJH2 mixtures may be 

used to etch at higher pressures allowed by RIE to yield the optimum 

results which were found for that at lower pressure. The reason was to 

indicate that the important parameters in etching in such mixtures are the 

DC self bias voltage and the residence time of the gas mixture. 

Unfortunately the problem of uncontrollable cathode temperature caused the 

result to be rather different from that which was expected. To prove that the 

result was different because of temperature, another technique \vas 

demonstrated. 

It is accepted that the set process parameters are generally power density 
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(Pd), pressure (p), total flow rate (Q) and percent volume concentration of 

CH4 (V %methane)' The sample area and the cathode temperature are also 

important. It was however shown that the pressure had no effect on etch 

rate until Vself decreased below the etch trigger value (figure 5.8). Only etch 

rate remained independent of pressure above the Vself trigger value. The 

profile of the etched pattern and the side wall smoothness did show some 

dependence on pressure. This was considered to be caused by the imbalance 

between the chemical and physical components of the etching mechanism. 

The process parameters for optimum etching were established during the 

etching procedures. Vself and the residence time (1) of the gas mixture were 

recorded. To keep the etch rate the same and the profile as anisotropic with 

smooth side walls as that achieved for optimum condition, it was considered 

that Vself should be kept constant when pressure increased, such that the ion 

bombardment intensity would remain the same as for optimum condition. 

V %methane was also kept constant but the increase in pressure caused an 

increase in the number of molecular species. To keep the value of Vse1f 

constant for increasing p the value of P d had to increase. This meant that 

there would be an increase in the cracking of the molecular species also. 

Increase in p also caused an increase in 1. The value of 1 was also reduced 

by increasing the total flow rate, to the value found for the optimum 

condition such that the deposition of polymeric species and their reaction 

with the surlace was kept at optimum. 

Figure 5.21 (a) and (b) shows the etch rate and the measured cathode 

temperature with applied power density and total flow rate against pressure 

for keeping V
self 

and 1 constant. The etch rate was expected to be constant 

but in this case it increased with the increasing pressure. The reason for this 

was that the temperature was increasing due to the necessity for increasing 

the power density to keep Vse1f constant. If the cathode temperature could 

have been controlled such that it was constant than constant etch rate would 

have been possible. 

-139-



To prove that the increase in etch rate was due to temperature a second 

technique was devised to test the behaviour of the etch rate against 

pressure. Generally all conditions stated above were satisfied except that 

V o/cmethane was varied. To reduce 't, total flow rate was increased by 

increasing only the H2 flow and keeping the CH4 flow constant. This was 

necessary because as the Pd increased, Vself increased significantly when the 

H2 concentration was high in the mixture, (see DC self bias voltage in 

chapter four). 

Figure 5.22 (a) and (b) shows the variation of etch rate, temperature, 

applied power density and total flow rate against pressure for the condi tions 

set above. The etch rate was lower than that expected in the beginning, but 

this was due to the fact that the CH4 concentration was lower. The etch rate 

generally increased with increasing pressure as before but the rate of 

increase was much lower than that found for the first technique. The 

temperature was slightly lower than before because less power density was 

required to keep the value of Vse1f constant with increasing pressure. 

It is therefore considered that the increase in etch rate was due to increase 

in cathode temperature and if this was kept constant the etch rate and 

anisotropy together with side wall smoothness may have been consistent 

with the optimum values. This is not dependent on the RIB etching system. 

The process parameters must first be used to find the optimum Vself and 't 

which can then be used to optimise etching at all pressures. This is thought 

to be possible only for RIB in CHJH2 mixtures because of the 

independence of etch rate with pressure. 

7.9 Electrical characteristics 

The current-voltage relation of the diodes was dependent on the process 

characteristics used for etching. The ideality factor (n) and barrier height 

(<t» of the diodes are shown in figure 6.1. The high n value of the control 
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sample was due to its high carrier concentration (Madams et ai., 1975 and 

Sze, 1981). The n value decreased when the sample was etched in pure H
2

• 

This may have been due to the passivation effect near the surface. 

The CHJH2 etched sample also showed a decrease in the n value but not 

as much as when pure H2 was used. The annealed sample recovered the 

original n value. In this case the carriers were recovered, possibly by repair 

of the crystal damage or out-diffusion of hydrogen. The difference of n 

value between the H2 etched and CHJH2 etched sample is not thought to 

be due to a reduction in H2 volume concentration in CH4 but to a reduction 

in the value of DC self bias voltage hence reduction in ion bombardment 

intensity and causing less damage. 

The breakdown voltage increased to its highest value when the sample was 

etched in H2 plasma and when etched in CHJH2 mixture it also increased 

but not as much as for a H2 plasma. The annealing reduced the value of 

breakdown voltage to its original value within the limits of experimental 

error (figure 6.3 (b». 

The <t> value for the control sample was rather high for a gold front metal 

Schottky diode. This was considered to be due to Penni level pinning 

(Spicer et al. 1980 and 1982). The H2 and the CHJH2 etched samples 

indicated a higher <t> value but the annealed sample displayed no recovery. 

The reverse of this was observed for the saturation current (10) (figure 6.2 

(a», from which <t> was calculated. 

The threshold voltage also increased when etched in H2• A large decrease 

in its value was observed when the sample was etched in a CHJH2 mixture 

but this value was not as low as that found for the control sample. The 

annealed sample did not show any improvement compared with the sample 

which was etched in the mixture and not annealed. 

-141-



In the case of the barrier height, the saturation current and the threshold 

voltage, the changes were due to the passivation of the carriers but the 

problem of non-recovery of the annealed sample may be connected with the 

surlace modification of the sample after etching. After referring to the 

literature, it was found that when InP was etched in a mixture of CHJH 
2' 

an indium rich layer was left on the surface after etching (Hayesb et al. 

1989). The depth of this layer was found to be about 5 to 7.5 run. In the 

present case it is possible that a gallium-rich layer was left on the surtace 

causing the non-recovery of certain electrical characteristics. No degree of 

annealing could replace the arsenic which was lost from the gallium-rich 

layer. 

The reverse current of the control sample was very high. However after RIE 

in a pure H2 and CHJH2 mixture, the reverse currents decreased with the 

latter showing a better improvement. The annealed sample showed the best 

improvement of all. It is likely that the annealing may have repaired the 

crystal damage caused by the RIE and, possibly, damage which was present 

before RIE. 

The capacitance-voltage measurements revealed some of the reasons why 

the processed samples behaved in this way. The carrier concentration and 

depletion width at zero volts indicated large changes between the control 

and the processed samples. The carrier concentration decreased by about a 

factor of 100 for the sample etched in pure H2• This was a little less for the 

sample etched in CHJH2 mixture. Depletion width increased also for the 

samples etched in pure H2 and a mixture of CHiH2 with the latter showing 

a smaller increase. For the carrier concentration, the annealed sample 

showed a complete recovery. For depletion width there was not a total 

recovery. A very small difference was apparent between the annealed and 

the control sample (figure 6.4). 

The graph of carrier concentration against depletion width revealed the 
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degree of damage in the semiconductor (figure 6.5). If the in-diffusion of 

the hydrogen ions was only a few nanometres due to the low etching 

temperature, then the extent of the damage to the semiconductor was due 

to large bond damage and dislocations. The difference between the 

depletion width of the annealed sample and the control was about 14 nm. 

This could be the result of a gallium- rich layer on the surface. The width 

is nearly twice that reported (Hayesb et a1. 1989), but in this case the DC 

self bias value which indicates the severity of ion bombardment was more 

than twice as much. 

7.10 A 1110del for the Inechanisl11 of etching 

It was discovered that when CHJH2 mixtures are used for etching GaAs a 

carbon polymeric film is deposited on the masking material. This film is 

deposited everywhere on the semiconductor material but it probably reacts 

with the GaAs surface to produce volatile species which then escape the 

surface resulting in etching of the sample. 

Through experimentation it was discovered also that the ion bombardment 

played an important role in etching the surface as indicated by DC self bias 

voltage. Ion bombardment not only caused etching to occur but the 

anisotropy of the etched sample together with its etched side wall roughness 

was dependent on the intensity of ion bombardment. For very low ion 

bombardment, deposition of a carbon polymeric film on the semiconductor 

was apparent. Therefore it is safe to assume that the kinetic energy from the 

ions was transferred to the polymeric film which then reacted with the 

surface of the GaAs to produce the volatile species. 

There are other effects as well. The polymeric film could be depositing on 

the etched side walls so that it could protect the surface from the scattered 

ions. The polymeric film could act as a passive film helping anisotropic 

pattern transfer. 

-143-



• ",I G) I" • 
.. \:I \ I \:I G)\ 
G)" "II I" I \:II I, , , 

(a) 

(b) 

--.. ~ 

(c) 

( d) 

GaAs just before 

ion bombardment 

Direction of 

movement 

\ 
Ions 

~~~ Polymer deposited layer G 
Impregnated layer 

Reactive species 
Bond damaged layer • Undamaged GaAs 

Impregnating Ions 

Polymer film reaction 0 
~vv~'~¥:i.~"~~~~~o.r\l\ with the surface of GaAs 

I + Volatile species escaping 

Volatile species 

+ 
Dislocations 

In crystal 

Figure 7.2. Pictorial representation of the mechanism of etching. 
(a) Just before start, (b) deposition, (c) reaction and (d) etching. 
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Figure 7.2 is a pictorial representation of the mechanism of etching. Figure 

7.2 (a) represents the GaAs sample in the plasma chamber just before ion 

and radical attack. Figure 7.2 (b) shows the deposition of a polymeric film 

and ion impregnation with dislocations extending deep into the 

semiconductor. Figure 7.2 (c) indicates the reaction of the film with the 

surface and finally figure 7.2 (d) represents the escape of the volatile 

species formed. 

Another important factor is the damage caused by the ion bombardment. 

This was discovered from the electrical measurements. It has been argued 

that the passivation of the Zn dopants in p-GaAs is due to trapping of 

hydrogen ions by these centres (Dautremont-Smith, 1988). The argument 

was true in their case because the sample temperature was kept at about 

300°C. However in the present work the temperature was much lower (not 

exceeding 60°C). It is suggested that in this case the hydrogen impregnation 

would not extend more than 10. nm"', specially at low ion accelerating 

voltages, (DC self bias voltage of was less than -1000 V). If this is true the 

passivation of carriers in this case is caused by the dislocations and crystal 

bond damage due to collisions at the surface which extend into the bulk of 

the semiconductor. Therefore it is possible that in this case the ion 

bombardment of the surface produces bond damage extending deep into the 

semiconductor and that the broken bonds near the surface are hydrogenated 

causing the formation of some volatile species which will escape from the 

surface. 

Therefore the mechanism of etching is a combined physical and chemical 

with both sub-mechanisms, inhibitor-driven ion-assisted etching, and 

energy-driven ion-enhanced etching working together. The carbon polymeric 

film would probably react with both gallium and arsenic to form methyl 

------------------------------------------------------------------------------------------

* - Private communication with Dr. A. A. Rezazadeh, Department of 

Electronic and Electrical Engineering. King's College, London. 
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volatile species, after the ions supply enough kinetic energy to the surface 

whereas arsenic would react with hydrogen to fonn hydride volatile species 

after the surface lattice bonds were damaged by the ions. 

Next the fonnation of species will be fonnalised. It will be divided into two 

parts. First, the possible species created in the plasma and then, the reaction 

on the surface which would create the possible volatile species. 

In the chamber before the plasma was struck CH4 and H2 were present. 

When the plasma was struck the possible species were fonned either from 

hydrogen or from methane. In case of hydrogen the species formed were, 

H 2 +e -H+H+e 

H 2+e -+H; +2e 

for methane the species fonned were, 

CH4+e -+CH3+H +e 

CH
4 
+e -CH4+ + 2e 

CH3 +e -CH2+H+e 

CH
3
+e -CH3+ +2e 

CH2 +e -CH + H +e 

CH
2
+e -+CH+ +2e 

CH+e -C+H+e 
CH+e -CH+ +2e 

C+e -C+ +2e 

H+e -H+ +2e. 

.' f th species and There are many other reactions such as eXCl tatlon 0 e 

reaction between the radicals and the ions (Tachibana et al. 1984). Etching 

of GaAs occurs when carbon polymeric species deposit on the surface of 

the semiconductor. The analysis of the deposited species showed an 
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abundance of carbon rather than hydrogen (Hayesb
, et aI., 1989). 

The reaction on the surface may be as follows; 

(C7.1) 

where L implies that the sum is taken over all constituent species in the 

plasma playing a role in etching the GaAs. From here the kinetic energy of 

the bombarding ions is needed to cause reaction between the carbon 

polymeric film and the GaAs surface. Ion bombardment is also necessary 

to damage the bonds to make surface reaction of the GaAs easier. The most 

probable reaction on the surface may happen between the carbon polymeric 

species and it may be as follows: 

(C7.2) 

Next a reaction may occur between the GaAs and the polymeric film as 

follows; 

[ 

m n 1 CL L C(7HT) + 
(7 -1 T)-O surface 

(C7.3) 

and then, 
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(C7.4) 

and there may be a small reaction on the surface from the radicals 
presented in equation C7.1. This will be as follows' , 

(C7.5) 

The next step of the reaction is as C7.4. 

(C7.6) 

r~ 3 3 3 3 1 r f:t ~ Ga(CH~)4J + t~ ~ As (CH.) , + u.?; AsH", gas 

where all the Greek letters from a to (0 and Latin lower case letters from 

a to z are integers with m>n. The above is the proposed model of the 

mechanism of etching for GaAs. In case of AIGaAs the Al content is 

removed by a physical mechanism (i.e. ion sputtering), hence the argument 

for deposition of a carbon polymeric film on the semiconductor when the 

Al content increases in the sample. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

In this chapter conclusions to RIE of GaAs in methane/hydrogen plasma 

will be presented and recommendations for continuing this work will be 

suggested. 

8.1 Conclusions 

By monitoring the DC self bias voltage and using the method of total flow 

control described in previous chapters, CHJH2 gas mixture was successfully 

used to etch GaAs surface. The final etched surface showed an anisotropy 

of better than 87° with smooth etched surface and side wall, and minimal 

or no trenching at the base of the etched walls. Deposition of a carbon 

polymeric film on the surface of the inorganic mask protected it from 

erosion. Some of the damage induced on the p-GaAs due to CHJH2 RIE 

was repaired after annealing. 

A combined physical and chemical mechanism of etching of GaAs was 

possible only when CHJH2 mixtures were used. When Ar was substituted 

instead of H2 or CH4, the etching was dominated by a physical mechanism 

only. The etch rate increased as the volume concentration of CH4 in H2 

increased. 

When the etch rate reached an optimum level at a specific CH4 volume 

concentration further increases of volume concentration of this gas caused , 
a decrease in etch rate accompanied by carbon polymer deposition over the 

GaAs surface. After an initial increase, the DC self bias voltage decreased 

when the volume concentration of CH4 increased, indicating a reduction in 

ion bombardment intensity. 
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Carbon polymeric deposition occurred on all surfaces during the process, 

but the effect on the mask surface was different from that on the exposed 

GaAs surface. The kinetic energies of the bombarding ions and the reactive 

species formed in the plasma combine to etch the GaAs surface due to 

certain chemical reactions. The chemical reactions did not take place on the 

inorganic mask and hence the build up of polymeric film occurred on the 

mask. 

The increase in the total flow rate of the gas mixture did not affect the etch 

rate of the GaAs at optimum CH4 volume concentration. The deposition rate 

of the carbon polymeric film was reduced when the total flow rate of the 

gas mixture increases. 

At an arbitrary CH4 volume concentration lower than the optimum level, the 

etch rate increased with increasing total flow rate. If the pumping speed of 

the vacuum system allowed, as the total flow rate increased the etch rate 

would have reached a maximum and then any further increases in the total 

flow rate would have caused a decrease in etch rate. The DC self bias 

voltage decreased with increasing total flow rate. 

The anisotropy improved with increasing total flow rate as long as the CH4 

volume concentration was not set above the optimum level. The roughness 

of the etched surface was very low in all cases. The etched side walls 

showed the best smoothness at the optimum volume concentration of CH4 

and high total flow rates. The trenching at the base of the etched walls was 

formed at high DC self bias voltage. 

The etch rate increased with increasing power density. The DC self bias 

voltage also increased with increasing power density. The pressure had no 

effect on etch rate until polymerization of the GaAs surface occurred. The 

DC self bias voltage decreased with increasing pressure. 
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The best anisotropy was achieved at optimum power density and pressure. 

and any divergence from optimum conditions resulted in imperfect 

anisotropy. The linewidth of the etched patterns was conserved at optimum 

conditions. Any change in the power density and pressure caused a loss or 

gain in linewidth. Generally, an imbalance between the chemical component 

and physical component caused a divergence from optimum pattern transfer. 

Increase in the volume concentration of CH4 increased the carbon 

polymerization rate on the inorganic masking material. At the same time the 

rate of removal of the masking material decreased as the polymerization 

rate increased. Polymerization on the surface of the mask reinforced it such 

that continuous etching of the GaAs was possible for long periods. 

Increase in power density decreased the carbon polymeric film deposition 

rate and increased the quantity of mask removed from the surface of the 

GaAs. Increase in pressure increased the carbon polymeric film deposition 

rate and decreased the quantity of mask removed. 

On all GaAs samples there were minute traces of oxygen and carbon 

because of the exposure to atmosphere. However an abundance of carbon 

was detected on the inorganic mask after etching and on the entire surface 

of the samples which were deposited with the polymeric film. 

An increase in the aluminium content in AlGaAs decreased etch rate until 

carbon polymeric film deposition occurred on the entire surface. Different 

inorganic masks such as Si02 and Si3N4 had no effect on etch rate for the 

same conditions of etching. 

At the set conditions of etching a loading effect was observed for samples 

larger than 1 cm2 • Samples with area smaller than 1 cm
2 

did not show any 

loading effect. Rough etched side walls. trenching and divergence from 

anisotropy were observed when a piece of GaAs larger than 1 cm
2 

was 
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etched. The carbon deposition rate on the mask was constant as the area of 
etching increased. 

The reproducibility of the etching procedure was excellent. The uniformity 

of etched patterns across the wafer and the temperature dependence of 

etching of the wafer were dependent on the system design and independent 

of CHJH2 process perfonnance. 

As long as the substrate area and temperature were kept constant, the 

process variables such as etch rate and anisotropy were reproducible at 

different pressures as long as the DC self bias voltage, residence time and 

CH4 volume concentration in H2 were kept the same as those found at 

optimum conditions 

The use of H2 and CHJH2 for etching GaAs has a profound effect on this 

semiconductor. This is mainly due to the presence of hydrogen in both H2 

and CH4• The damage to GaAs however could be partially or completely 

repaired by annealing it in N2 gas at 400°C and atmospheric pressures. 

The ideality factor of highly doped p-GaAs Schottky diodes decreased when 

etched in H2 or CHJH2 plasmas. However it recovered after annealing. 

The barrier height of the sample increased after etching in H2 or CHJH2 

plasmas and annealing did not cause recovery. 

The breakdown voltage of the samples increased after etching in H2 or 

CHiH2 plasmas. Annealing only partially recovered the original value. 

The reverse current improved after etching in H2. It further improved when 

etched in CHJH2' After annealing, it reached its lowest best value. 
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The carrier concentration near the surlace of GaAs after etching in H2 and 

CHJH2 plasmas was reduced because of the passivation of acceptors. The 

case of the H2 etched sample was a little more severe than that of the 

CHJH2 etched sample. Annealing caused a complete recovery of the 

carners. 

The depletion width at zero bias of the Schottky GaAs diode increased after 

etching in H2 and CHiH2 plasmas because of the passivation of acceptors. 

The case of the H2 etched sample was more severe than that of the CHJH2 

etched sample. Annealing caused a partial recovery of the depletion width 

at zero bias. 

The damage extended to about 0.3 11m in the p-GaAs after RIB in CHJH2' 

The extent of damage was caused by dislocations to the crystal structure 

rather than H in-diffusion. The degree of this damage was dependent on the 

severity of ion bombardment. 

The difference between the depletion width at zero bias of the etched­

annealed sample and the control sample was probably caused by a gallium­

rich layer at the surlace of the CHJH2 etched sample. 

Combined physical and chemical mechanism of etching GaAs occurred. In 

this case both sub-mechanisms were at work. They were the inhibitor-driven 

ion-assisted etching and energy-driven ion-enhanced etching. 

The carbon polymeric film deposited on the entire surlace of the sample 

reacted with the GaAs due to the transfer of the kinetic energy of the 

bombarding ions to the surlace (inhibitor-driven ion-assisted). The probable 

volatile species produced in this reaction were methyl gallium and methyl 

arsenIC. 
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The ions also damaged the crystal lattice and the damaged bonds then 

reacted with the hydrogen radicals (energy-driven ion-enhanced). The 

probable volatile species involved were arsenic hydrides. 

8.2 Recol1Ullendations for further work 

The project can continue in at least four different paths. They are; (1), use 

of other carbon containing gases instead of methane and use of oxygen as 

an admix gas, (2), use of new etching systems, (3) further electrical 

characterization and (4), surlace and bulk analysis. 

8.2.1 Use of other non-chlorinated gases 

There are three areas where this can be done. They are; (1), the use of CO 

or CO2 instead of CH4 in the gas mixture to observe if etching is possible, 

(2), the use of oxygen (02) in the mixture, to investigate if these gases help 

GaAs etching and (3), electrical characterization of samples etched in such 

conditions. 

If combined physical and chemical etching with CO is possible it may be 

replaced by CO
2 

which is not a flammable gas. It may show also that CHx 

species formed from cracked CH4 do not necessarily react with GaAs to 

etch the surlace and in fact CH will form on the surlace after C deposition , x 

and then will react with the GaAs surlace. 

The use of O
2 

in the mixture to observe if this gas will help the etching of 

GaAs. At the mtorr range of base pressures there is some oxygen and water 

vapour present. The partial pressure of both O2 and H20 could be high in 

the chamber during RIE and these may help etching. If there is a reaction 

and etch rate increases, there may be a different mechanism involved which 

should be investigated. 
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Electrical characterisation of a wafer etched in such plasmas can be useful. 

In this case a larger number of diodes can be fabricated on the processed 

wafer and therefore a larger statistical sample for current-voltage (1-V) and 

capacitance-voltage (C-V) measurements can be obtained. 

8.2.2 Use of other etching systems 

Other etching systems could be used for GaAs etching in CHJH2 mixtures, 

such as electron cyclotron resonance-reactive ion etching system (ECR-RIE) 

and radio frequency-reactive ion beam etching system (RF-RIBE). 

The ECR-RIE could be used to etch GaAs in CHJH2 mixtures at very low 

DC self bias voltage (Vse1f)' This is possible because in such systems Vse1f 

can be independently controlled. The microwave power can be increased so 

that more radicals can be produced, at the same time the RF power can be 

reduced such that the DC self bias voltage could be decreased to a 

minimum. The electrical characterization of GaAs samples etched in ECR­

RIE system is important because damage to the crystal lattice due to ion 

bombardment can be shown at different DC self bias voltages and 

microwave power densities. The depth of passivation of carriers may be 

reduced by setting very low DC self bias voltages. 

The RF-RIBE system could also be used for etching GaAs. This is 

important as the production of the species will be the same as that produced 

by the RIB system because the RF source used is the same, operating at 

13.56 MHz. The use of RF-RIBE is necessary because an important 

objective of research in this field would be the identification of the volatile 

species after etching. No paper has been seen to date about the 

identification of possible metal-organic etched species on a GaAs surface. 

Generally the RIDE operating pressure is lower by an order of 10 to 100 

times than that of RIE. There is a possibility that the species may be 

detected at such pressures and also, as the plasma is not in the same 
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chamber as the sample, ~e species life time may be longer due to the 
confinement of the plasma. 

8.2.3 Electrical characterization 

The optimum CH4 volume concentration in H2 alters when process 

parameters are varied. This includes changes in temperature and area of the 

substrate. For this reason a systematic program of experimentation should 

be carried out to characterize electrically the GaAs samples which where 

etched under different conditions. For this, both I-V and C-V techniques 

can be used to characterise a large number of diodes fabricated on the 

etched n and p type GaAs samples. This could be performed at different 

temperatures, including at room temperature (300 K), liquid nitrogen 

temperature (77 K) and liquid helium temperature (4 K). Also deep level 

transient spectroscopy (DLTS) can be performed. 

Both n and p type GaAs etched samples could be compared for ideality 

factor and barrier height values. These could be measured as a function of 

depth. After RIB, diode fabrication and electrical measurements, the diodes 

on the surface and a layer from the surface of the sample (about 25 run) 

could be removed by wet etching. Diodes could then be fabricated on the 

same sample again and electrical measurements taken. Annealing of the 

samples is also important. The samples could be annealed either 

isochronally or isothermally. In the case of isochronal annealing the 

samples etched at the same conditions could be annealed at different 

temperatures for constant time. For the case of isothermal annealing the 

samples which were etched at the same conditions could be annealed at the 

same temperature but for different times. 

Generally good annealing should be possible for both cases. For the case 

of isochronal annealing damage to the semiconductor should be repaired at 

high temperature but short time. For the later case the temperature of 
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annealing could be low but the time of annealing would be long. 

8.2.4 Surface and bulk analysis 

It is important to analyze the surface and bulk of the etched GaAs samples. 

There are methods for detecting surface deposition, impregnation of 

semiconductors by foreign constituents and amorphous layers. Many 

methods are available. These include Auger electron spectroscopy (AES), 

high resolution transmission electron microscopy (HR-TEM), scanning 

tunnelling electron microscopy (STEM) and light element elastic recoil 

detection analysis (LE-ERDA). 

AES could be used for investigation of surface deposition. In this case the 

deposited film would be a carbon or hydrocarbon polymeric film on the 

surface due to CH4 plasma. AES could detect elemental carbon but not 

hydrogen. If the surface of the semiconductor sample is gallium or arsenic­

rich, this method can show it up to a certain distance from the surface so 

some indication of amorphous layer depth and stoichiometric disturbance 

could be detected near the surface. 

HR-TEM could be used to take micrographs of the amorphous and 

disturbed layer. GaAs etched at different conditions could be used for this 

method to discover the depth of the damaged layers. 

STEM could be used for surface roughness measurements. Techniques such 

as surface profiling and scanning electron microscopy (SEM) are not able 

to show accurate roughness of the surface of the CHJH2 etched samples. 

This is because the surfaces of the GaAs samples etched in such mixtures 

are very smooth and the sensitivity of such instruments cannot determine 

the roughness. It may be possible to use the STEM technique because it can 

be sensitive to atomic layers on the surface. 
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The LE-ERDA system can be used to detect hydrogen up to 2 ~m into the 

GaAs bulk. This method is a kind of Rutherford back scattering system. 

The helium ions may knock any light element out of the GaAs surface 

which then will be detected. If the depth of hydrogen, implanted or in­

diffused, is more than 211m, then methods such as secondary ion mass 

spectroscopy (SIMS) could be used. In this case such systems cannot detect 

hydrogen but they can detect deuterium (D2 or 2H2)· 
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APPENDIX I 

LIST OF SYMBOLS 

Symbol Description Unit 

a Area cm2 

~ Degree of anisotropy 
A* Richardson constant for semiconductors A cm-2 K-2 

A** Richardson constant for semiconductors A cm-2 K-2 

with quantum mechanical reflection and 
phonon back -scattering 

C Capacitance F 

D Deposition rate run min-I 

h Planck constant J s 

I Current A 

10 Saturation current A 

k Boltzmann constant J K- 1 

mo Electron rest mass kg 

* Effective mass kg m 

* (= m*/mo). [x= e, lh, hh]@ mx 
n Ideality factor of Schottky diode 

N Carrier concentration cm-3 

Nc Density of states in conduction band cm-3 

Nv Density of states in valence band cm-3 

Pd 
Power density W cm_2 

p Pressure 
Pa 

q Electronic charge 
C 

Q Total flow rate 
Pa m3 sec-I 

~ Partial flow rate. [x= Gas] 
Pa m3 sec-I 

R Etch rate 
run min-I 

~ Vertical depth. [x= Material] run 
K 

T Temperature 

V Applied voltage 
V 

Vbi 
Built-in voltage 

V 

Vself 
DC self bias voltage 

V 
m3 

Vp Plasma Volume 

V%x 
Percent volume concentration of gas. [x= Gas] 

Wd Depletion width 
~m 

x Lateral etch depth 
run 
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SYl11hol Descri ption linit 

y Vertical etch depth. [= ~ for Material] run 

~ Activation energy eV mole- I 

Ex Relative permittivity. [x= Material] 

Eo Permittivity of free space Fern-I 

Es Pennittivity of semiconductor Fern-I 

e Angle of Anisotropy 0 

't Etching time mIn 
'tr Residence time of gas in vacuum chamber s 

<t> Barrier height V 

@ - [e = electron, lh = light hole and hh = heavy hole.] 
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System 1 -----> 

System 2 -----> 

System 3 -----> 

System 4 -----> 

I I 
Base 

Pressure 

Pressure 

Power 

Gas Flo'", 1 

Gas Flo,v 2 

Gas Flow 3 

Plate Tenlp. 

Tilne 

Material 

Process 

APPENDIX II 

PROCESS CONDITIONS 
Electro Gas Systems SILOX EG 8/2 APCVD. 

Plasma-Therm PK 2430 PD PECVD. 

Nanoteeh Plasma Prep 100. 

Eleetroteeh Plasmafab 340. 

Systenl 1 Systenl 2 Systeln 3 Systeln 4 

---- 20 mtorr 100 mtorr 10 mtorr 

760 torr 600 mtorr 800 mtorr 45 mtorr 

---- 40W 100 W 75 W 

O2 NH3 O2 CHF3 
200 50 15000 40 

ee/min seem ee/min seem 

N2/SiH4 NiSiH4 

95%/5% 95%/50/0 ---- ----

60 cc/min 800 seem 

N2 

8000 ---- ---- ----

ee/min 

450°C 300 °C ---- ----

15 min 20 min 5 min 3 min 

Si02 Si3N4 N-45*, C+ Si02, Si3N~ 

Deposition Deposition Removing Removing 

- 170 nm - 130 nm C or N-45 Si02/Si3N4 

* _ N-45 is Merck negative photoresist. + - C or C polymers. 
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APPENDIX III 

PHOTORESIST MASKING PROCEDURE 

Merck negative photoresist N-45 

Process step 

Substrate dehydration pretreatment 

Spin coating 

Pre-bake 

Irradiation with high pressure mercury 
vapour lamp HB 0: 200 W 

Development with Selectiplast N-2 

Rinsing with n-butyl acetate MOS 
Selectipur 

Post-bake 

Pattern transfer 

Removal of photoresist with O2 plasma 
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Conditions 

200°C, 1 hour 

5000 rpm => 0.4 Jlm thick 

80°C, 10 minutes 

2 seconds 

First bath 45 seconds 
Second bath 5 seconds 

First bath 45 seconds 
Second bath 5 seconds 

170°C, 30 minutes 

Wet or dry etching 

5 minutes 



I 

APPENDIX IV 

CHARACTERISTICS OF GASES USED FOR 

REACTIVE ION ETCHING 

II ARGON I FREON 23 
I METHANE I HYDROGEN 

FORMULAE AI CHF3 CH4 H2 

GRADE Electronic VLSI Research Research 

N 4.85 N 4.8 N 4.5 N 5.5 

PURITY (%) 99.9985 99.998 99.995 99.9995 

FLAMMABLE LIMIT Non Flammable Non Flammable 5-15 4-74.5 

IN AIR (%) 

CONVERSION 1.42 0.50 0.72 1.01 

FACTOR· 

MAIN Chemically Inert, Asphyxiant Flammable, Highly 

CHARA CTERISTICS Asphyxiant Asphyxiant Flammable. 

Asphyxiant 

CONTENTS IN Gas Liquefied Gas Gas Gas 

CYLINDER 

BOILING POINT (0C) -185.9 -82.1 -161.5 -252.77 

Typical Impurities 02' Nz, CO2, CO, Air. ~O. 02' N2. Ar. CO2, 02' N2. CO2, 

Hz, HP, He. Acidity. Freons. H2O. CO. Hp. He. 

*- Conversion factor relative to N2• 
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APPENDIX V 

CONVERSION GRAPH FOR MASS FLO'" 

CONTROLLERS 

1 Seel11 = (101333.33 Pa)/((I XI06 
111

3
) X (60 sec)) 1.69 X 10.3 Pa 1113/ sec. 

1.000 r--------------__ ---, 

. --.... 
o 
~ 0.100 

""-~ 
E 
o 

0.. 
'-" 

0.001 
o 25 50 75 100 125 150 

FLOW (seem). 

Figure A.l. Graph converting units of flow from scem to Pa m3/see. 

Table presenting conversion of values from seem to Pa m3/see. 

seenl Pa lu3/see Seel11 Pa 111
3/sec 

(X 10.2
) (X 10.2 ) 

10 1.7 60 10.1 
20 3.4 70 11.8 
30 5.1 80 13.5 
40 6.8 90 15.2 
50 8.5 100 16.9 
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APPENDIX VI 

TABLES OF CONSTANTS 

Physical constants 

Quantity I Symbol I Value 

Boltzmann's constant k 1.38066 X 10-23 

Electronic charge q 1.60218 X 10-19 

Electronic rest mass mo 0.91095 X 10-30 

Permittivity in vacuum to 8.85418 X 10-14 

Plank's constant h 6.62617 X 10-34 

Thermal voltage at 300 K kT/q 0.0259 

Properties of GaAs at 300 K 

Properties I Symbol I Value 

Relative permittivity of GaAs tGaAs 13.1 

I 
Unit 

J K- I 

C 

kg 

F cm- I 

J s 

V 

I 
Unit 

Permittivity of GaAs ts 1.15935 X 10-12 F cm- I 

Effective density of states in Nc 4.7 X 1017 cm-3 

conduction band 

Nv 7.0 X 1018 -, 
Effective density of states in cm" 

valence band 

'" 0.067 Electron effective mass me 
>I< 

0.082 Hole (light) effective mass m Ih 
>I< 0.45 Hole (Heavy) effective mass m hh 

Energy gap at 300 K Eg 1.42 eV 

-165-

I 

I 



APPENDIX VII 

CURRENT-VOLTAGE CHARACTERISTICS OF 

SCHOTTKY DIODES 

From thermionic-emission theory (Rhoderick and Williams, 1988), the 

current I is given by, 

I = I exp( QV) 
o nkT' 

where, q = electronic charge 

V = applied voltage 

k = Boltzmann's constant 

T = temperature which was taken as 300 K 

n = ideality factor 

(1A7) 

10 = saturation current. (See appendix VI for values of constants). 

From (1A7), 

In! = In I + (~)v, 
o nkT 

(2A7) 

The above equation yields a straight line from which n can be calculated 

from the gradient, 

n = (!L) a(1n l) , 
kT av 

(3A7) 

where a(ln 1)/aV is the gradient of the graph. The saturation current 1(1 can 

be found from the y intercept of the graph and is given by, 

I = A .. T2a exp (- qq,), 
o kT 

(4A7) 
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where a is the surlace area of the diode, A"* is the Richardson constant. 

(see appendix VITI) and <l> is the barrier height. From (4A7), 

kT (A *~aT2) ¢=-In , 
q 10 

(SA7) 

nand <t> can then be calculated from above equations. 
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APPENDIX VIII 

CALCULATION OF RICHARDSON CONSTANT 

The Richardson constant for semiconductors is given approximately by. 

A*=4nqm*k2 
~ , 

h-
(lAS) 

With quantum mechanical reflections and phonon scattering the fonnula is 
changed to, 

(2AS) 

where the constant (fJp)=O.5, (Shur, 1987) and h is the Planck's constant. 
The effective mass is given by, 

(3A8) 

where 

for electrons and 

* * mx =mLh +mhh, 

for holes respectively. 

Richardson constant calculated for GaAs. 
? -' Units of A C111-- K -. 

01 A* 1 A** I 
n-type 9.5 4.8 

p-type 75.5 37.S 
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APPENDIX IX 

CAPACITANCE-VOLTAGE CHARACTERISTICS OF 
SCHOTTKY DIODES 

For a metal-semiconductor barrier (Look, 1989) the depletion width Wd is 

given by, 

The depletion layer capacitance C is given by, 

€ a c= _s_ 
W' 

d 

where, N = carrier concentration 

(lA9) 

(2A9) 

Es = Permittivity of semiconductor (= Eo Eo aAs , where Eo is 

pennittivity in free space and EGaAs is the GaAs relative 

pennittivity). 

Vbi = built-in voltage. (See appendix VI for values of constants). 

From (lA9) and (2A9), 

(3A9) 

Graphs of 1/e2 against V would yield a straight line if N is uniform 

throughout the semiconductor. In the case of a non-uniform carner 

concentration, N should be plotted against the W d' N is given by; 

(4A9) 
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APPENDIX X 

DC SELF BIAS VOLTAGE 

The negative charge accumulated on the cathode in a RIB system causes the 

DC self bias voltage . This is due to the fast mobility of the electrons 

compared with other particles present in the chamber during RIE. Figure 

A.2 (a), shows a simplified diagram of the chamber with the plasma and the 

insulating material covering the cathode. Its equivalent circuit diagram is 

presented in figure A.2 (b). Figure A.2 (c) shows the voltage at u, (The 

wave form is presented in square shape for simplicity). At P the wave fonn 

is as shown in figure A.2 (d). This is because of the accumulation of charge 

per cycle on the cathode. 

(a) 

(b) 

Voltage 

Insulator 

Plasma Va. 

~ 

Voltage 

Plasma 

~ r-

- -. 
" (e) , , 

, , 

""" 

0/' t ~'t' (d) 

t '/2 

Voltage p f\ / , 
Va. V \T Time 

""" 

T Ime 
-. 

Voltage (e) 

Time 

(f) 

Figure A.2. Diagrams for describing DC self bias voltage. 

If the wave form at u, is a sinusoid as presented in figure A.2 (e), then at 

P this wave form would be offset by a negative amount as shown in figure 

A.2 (f). 
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APPENDIX XI 

REFLECTED POWER OF RF GENERATORS 

When a RF generator supplies power to a load (plasma vacuum chamber), 

some power is reflected back to the RF generator. This is called the 

reflected power. 

\ 
~ 

@ @ 

...--....L....---, Matching 
1.-..,.----1 ne t wo r k 

\ 
RF generator Load Plasma and 
Internal 
Impedance 
r+ja 

Impedance - Chamber -- -R+jA Impedance 
R+jA 

(8) (b) (0) 

Figure A.3. Diagrams showing RF generator with 
internal impedance and load. 

Figure A.3 (a) shows a RF generator with an internal impedance of (r+ja) 

which is cOlUlected to a load of impedance (R+jA). It is important for the 

generator to have a maximum power dissipation on load so that power is 

not be reflected back to the RF generator, (i.e. a large current does not flow 

round the circuit back to the generator). The mean power over one cycle 

<P> for the circuit shown in figure A.3 (a) is given by; 

R (Vrms)2 
<p>=------

[(r+ R)2 +(a +Af] 

(lA1l) 

where V nns is the root mean square voltage generated by the RF generator. 

The power dissipation in the load can change when the impedance of the 

circuit is changed. The minimum value of power dissipated in load is found 

by; 
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d<P> (Vrms)2 [(r+R)2 + (a+A)2] - 2R(r+R) 

dR [(r+R)2 +(a+A)2f 
(2All ) 

From equation (2Al1) it can be noted that power dissipation in the load 

will be a maximum when A=-a and R=r. 

Figure A.3 (b), shows the same arrangement as before but the load is the 

chamber with plasma. In this case to minimise the reflected power a 

matching network is needed such that the combined impedance of the 

plasma chamber and the matching network is equal to that of the generator. 

This is shown in figure A.3 (c). 
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APPENDIX XII 

IONIZATION POTENTIAL AND BOND STRENGTH 

OF SELECTED ELEMENTS AND MOLECULES 

Ionization energy of Ionization energy of Bond Strength of 

l110lecules (e V) elelllents (eV) 11101ecules (e V) 

Molecule Energy Element Energy Molecule Energy 

H2 15.4 H 13.6 H-H 4.5 

CH4 12.6 C 11.3 H-CH3 4.6 

CH3 9.8 Ar 15.8 H-CH2 4.8 

CH2 10.4 Ne 21.6 H-CH 4.4 

CH 11.1 He 24.6 H-C 3.5 

Divide by 96.49 to convert from e V to kJ/mol. 

Values from CRC Handbook of Chemistry and Physics, 67
th 

Edition, 

1986-1987, CRC Press. 
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