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INDIUM ARSENIDE FILMS 

by Norman Godinho 

Indium Arsenide films have been prepared from the elements by 

a modified 'three temperature' method, in a conventional vacuum 

system. The films have been examined by X-ray and electron diffraction 

and the electrical properties evaluated by Hall effect and conductivity 

measurements down to liquid nitrogen temperatues. 

Initially, polycrystalline films were deposited on amorphous 

substrates and the conditions established to give a 

compound with good electrical properties. Epitaxial layers were 

then deposited on {100}, {110} and {lll}As faces of semi-insulating 

GaAs. Deposition rates of O.lpm/min. in an Arsenic pressure of 

10 ^torr and substrate temperatures of 600-650°C, resulted in films 

with mirror smooth surfaces and sharp interfaces. Laue hack reflection 

and reflection electron diffraction indicate that the films are single 

crystal. 

2 

Room temperature mobilities of 23,000cm /V-sec and electron 

concentrations of l-2xlO^^/cm^ have been obtained with epitaxial 

films thicker than 4pm, increasing to A5,000cm^/V-sec at 100°K. A 
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reduction in thickness results in a fall in mobility to about 

lOOOcm^/V-sec with 300& films and a rapid decrease in mobility with 

temperature at this thickness. It has not been possible to explain 

this on the basis of impurity scattering, since it appears that 

very little auto-doping by the substrate is taking place. A conventional 

Boltzmann surface scattering theory has been used to explain some of 

the results. 

A photomechanical process has been used to fabricate 12x12 

arrays of insulated gate field effect structures on the very thin 

epitaxial films, using evaporated contacts and gate insulator. 

Source-drain spacings of 10, 25, 40, and 110pm were incorporated, 

with Hall probes in the llOvim gaps. These are essentially accumulation 

and depletion mode devices and the saturation characteristics arc not 

good. Hall mobility measurements with low drift fields, well below 

pinch-off, indicate a reduction in mobility with increasing gate field 

and a surface transport theory is presented which may explain this. 

However, because of the large electron wavelength in IiiAs, it is 

believed that quantization of the conduction band levels could affect 

the transport properties in these films considerably. 
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1. INTRODUCTION 

I.I. Introduction 

Since Welker^"^ first reported the semiconducting properties 

of the group III - V compounds in the early fifties, there has been 

considerable technological interest in these materials, because of 

their high electron mobility. Later it was realised that these 

compounds offer unique properties which cannot be observed in the 

elemental semiconductors, Silicon and Germanium. This results in 

such devices as the Gunn effect oscillator and the semiconductor laser, 

the operation of which depend on the band structure of the material. 

Although much of the effort has been concentrated on GaAs, the 

electrical properties of melt grown material is poor, probably due 

to non—stoichiometry and other defects. However, the recent advance 

in epitaxy has led to the growth of GaAs filais; with far superior 

properties to pulled crystals, and which are now used for the majority 

of Gunn effect devices. Thus, epitaxial films are not only useful 

from a device point of view, but also because higher quality material 

may be produced, permitting a better understanding of the physics 

of these compounds. 

Indium Arsenide, the material studied in this project, has a 

sphalerite (zincblende)lattice, in common with other III - V compounds, 

which is similiar to the FCC Diamond lattice, except that the nearest 

neighbour atoms are occupied by different elements. The first 

Brillouin zone of these compounds is a truncated octahedron, as with 

Silicon and Germanium. The conduction band minimum in InAs is at the 
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centre of the Brillouin zone and so are the valence band maxima, i.e., 

a direct bandgap. Very little is known about the higher sub-hands, but 

it is believed that there are minima in the [10^ and [ll^ directions, 

1.2 

which are predicted ' to be 1.1 and 1.2eV above the lowest conduction 

band minimum, although the exact positions of these are not known. 

Apparently, the valence band is similiar to that of Germanium and 
1 3 

silicon, with light and heavy hole bands ' . Fig.1.1 shows the 

suggested band structure of la^s. A summary of the other relevant 

properties of InAs is given in Appendix F. 

This project was begun*with the intention of depositing Indium 

Arsenide films and using them to fabricate insulted gate field effect deviccs. 

InAs was chosen because it has a high bulk mobility at room temperature 

which should make it suitable for device operation in the gigahertz 

region, while at the same time the bandgap is not too small so that 
15 -3 

the room temperature intrinsic concentration is below 10 cm . The 

feasibility of such a device depends on several factors, but the 

most important is the need for a low surface state density. By 

choosing a suitable semiconductor-insulator combination together with 

appropriate annealing procedures, it should be possible to reduce this 

to an acceptable level. This, of course, involves a considerable 

amount of technology, and so in this project we have attempted only 

to demonstrate the possibility of fabricating such a device. The devices 

* 
See Appendix G.I. 
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fabricated are similiar to Weimer's^'^ thin film transistor but 

employ different fabrication procedures. These devices operate in 

the accumulation and depletion mode and do not require p-n junctions 

with their inherent capacitances, which degrade high frequency 

performance. Thus, with a particular mobility it should be possible 

to operate a thin film transistor at a higher frequency, than an inversion 

layer device using diffused source and drain contacts. The results 

of De Graff^'^ using CdSe transistors appears to confirm this, since 

he obtained cut-off frequencies of 150Mc/s with channel mobilities of 

2 

50-100cm /V-s and a source-drain length of 10pm. However, it is essential 

to have good saturation characteristics for such operation. 

Brody and Kunig^'^ and Kunig^'^ were the first to report the 

successful operation of a thin film transistor using polycrystalline 

InAs films. However, their devices were rather crude since they used 

metallic out of contact masks, but this permitted all depositions to 

be carried out in one pump-down, which is both rapid and less likely 

to cause contamination. These devices had cut-off frequencies of 

about 8Mc/s and they did expect operation in the gigarhertz region 

with a reduction in size, but this was not realised^'^. Page^'^ has 

suggested that heat dissipation problems with glass substrates, which 

have a low thermal conductivity, can degrade the high frequency performance. 

However, the smaller source-drain spacing used by Kunig^'^ resulted in 

poor saturation, which was probably the cause of the degradation. The 



5. 

transistors we have fabricated on epitaxial InAs also do not saturate 

properly, but this could be improved by a reduction of the impurity 

concentration in the InAs film, and of source drain parasitic resistances. 

Initially, we encountered considerable difficulties in depositing 

stoichiometric InAs films, hence the electrical properties of the 

early films were very poor. Ill - V compounds generally tend to 

dissociate when evaporated, therefore special techniques have to be 

employed to deposit the films. We have used the 'three temperature' 

method, developed by Gunther , which employs two independently 

controlled sources, one for each of the elements, and a suitable 

substrate temperature. It appears that only polycrystalline InAs 

has been deposited by Gunther other workers, using 

this method. We have deposited epitaxial InAs^'^^ on semi-insulating 

GaAs comparable to melt grown and epitaxial InAs deposited by chemical 

vapour deposition. All the films were n-type, no attempts being made 

to deposit p-type material. 

Although chemical deposition methods are attractive for industrial 

applications, they usually require high temperatures with consequent 

auto-doping of the epitaxial layers, and the interfaces are often 

not very sharp. These are important factors when studying very thin 

films for use in field effect structures or in the study of hetero-

junctions, which has received much attention recently. Evaporation 

also permits easy control of film thickness when very thin films are 

required. There is also a distinct possibility of extending the multi-
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source method to deposit pseudo-binary alloys of the form, 

(In^Gaj^_^)As, by employing three independently controlled sources. 

The variation of bandgap with composition is almost linear in such 

alloys, which should be useful for infra-red detectors. 

Ill - V compounds, particularly InAs, in single crystal bulk 

form, are used extensively in such applications as Hall effect analogue 

multipliers and g a u s s m e t e r s ^ ' I n order to get the required sample 

geometry, the single crystals must be ultra-sonlcally cut or sand 

blasted which is a time consuming process and not always successful. 

However, a photomechanical process can be used with thin films, followed 

by chemical etching, a method which is rapid and can give precise 

geometries. Also, for a given current, the Hall voltage in a thin 

film is much larger than that in a thick single crystal. 

The Use Of Thin Films In Physical Investigations 

Apart from the technological applications of thin films, they 

are an ideal tool for many physical investigations. The effect of 

. the surface on the transport properties of the carriers can be 

studied by depositing films of various thickness, provided that auto-

doping by the substrate is negligible. Most of the early studies 

have been on polycrystalline metal films/where it"was found that the surface 

was a diffuse scatterer. However, more recent investigations with 

epitaxial Gold indicate that it has a specular s u r f a c e ^ ' ^ . 

Since the electron effective mass in most of the III - V compounds is 

small, the mean free path is large (in InAs m* = 0.025m and X = 3000%), 



therefore the surface dominates the electron mobility even with a 

film thickness of the order of a micron or less. The small effective 

mass also implies a large electron wavelength, which should make the 

electron scattering insensitive to microscopic surface roughness, and 

may result in specular reflection. However, our results indicate a 

rapid fall in mobility with a reduction in thickness below a few microns 

in both epitaxial and polycrystalline InAs. 

Wlien the film thickness is of the order of the electron 

wavelength, quantization of the energy levels into sub-bands is believed 

to occur, due to quantization of the electron motion perpendicular 

to the surface. Blatt has indicated that a spherical constant 

energy surface will be split into discs, as shown in Fig.1,2, the 

separation of which is inversely proportional to the number of inter-

atomic spacings occupied by the film thickness. If this separation is ' 

large compared to the electron energy, the transport properties of 

the latter could be affected considerably. 

Accumulation or inversion layers at the surface, induced by the 

field effect, will also give rise to this quantization because the 

carriers are confined in an even narrower potential well. The recent 

observations by Fowler et. al^'^^ of Shubnikov-de Hass oscillations 

in Silicon inversion layers, demonstrated for the first time the two 

dimensional nature of the electron transport. From the period of 

the conductance oscillations with gate field, they were able to 

calculate the electron effective mass, which fitted well with the bulk value. 



Fig.1.2 

Quantization of energy states in a thin 
film with spherical constant energy surfaces 



M u r p h y ^ h a s suggested that, since the low effective mass in 

III - V compounds indicates a low density of conduction band states, 

splitting of the energy levels into sub-bands could result in 

conduction electrons higher up the band, which may permit a study of 

the band structure of the material and may even result m a controlled 

Gunn effect type oscillator. 



2.1. DEPOSITION METHODS 

2.1.1. Introduction 

Attempts to deposit III - V semiconducting compounds by evaporating 

the compound directly, result in layered files which are completely 

non~stoichiometric and, therefore, possess very poor electrical 

2.1 

properties ' . This is because there is a wide disparity in the 

vapour pressures of the two components of the compound at any 

particular temperature, so when the compound is heated the more 

volatile group V element evaporates preferentially and deposits on 

the substrate. As the temperature is raised further, the group III 

element then begins to evaporate and deposits on top of the volatile 

component. Flash evaporation and the "three temperature" method 

are two techniques which have been used to overcome this problem. 

These methods have been used to deposit both polycrystalline and 

epitaxial films, whereas the chemical transport methods to be 

described have been used to deposit epitaxial layers. In chapter 5, 

a comparison will be presented of the electrical properties of InAs 

films deposited by the various methods. 

2.1.2. Chemical Vapour Deposition 

The various continuous flow open tube systems used to deposit 

epitaxial GaAs can also be used for epitaxial InAs. The more common 

methods employ (i) Hydrogen Chloride, (ii) Water Vapour, as transport 

agents. 

The first method has been used by Cronin et. al^'^ and McCarthy^' 

to deposit epitaxial InAs. Fig. 2.1. is a schematic diagram of the HCt, 
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system used by McCarthy. Pure hydrogen is bubbled through Arsenious 

Chloride which is then fed to one end of the tube in a three zone 

furnace. The reaction taking place in zone 1 is: 

4AsC& +6H2 2 As^+12HC& 

A boat containing Indium or InAs is placed in zone 2. If an 

Indium source is used, it must be saturated with Arsenic before transport 

of the latter can take place to zone 3. McCarthy found that this 

could take a considerable length of time during which the Indium 

source was depleted, so he used InAs, instead, as the source (Cronin et. al 

overcame this problem by using a separate Arsenic source). Apparently 

the reaction taking place in zone 2 is: 

4lnAs+kHC& Z klnC&+As^+2n 

Finally, the reaction in zone 3 where the substrate is placed 

is probably given by: 

6lnC&+As^ + klnAs+2InC22 

InC&2 is deposited on the tube walls beyond zone 3, which can be 

a separate (dump) tube to facilitate cleaning. Doping of the layers 

can be achieved by using an appropriately doped InAs source. 

The furnace zone temperatures shown in Fig. 1 are those used 

2 

by McCarthy ' . In order to obtain good epitaxial layers he found 

it essential to etch the substrate by raising its temperature above 

the source temperature for about ten minutes before the deposition; 

transition to growth conditions had to be made at a maximum cooling rate 

of 2°C/min. 
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Cronin et. al used (100), and ± 2° semi-insulating 

GaAs substrates and found the {100} orientations gave the best 

crystalline structure and highest growth rate, in the region of 

0.5pm/min. McCarthy found no difference in the properties of films 

on {100} and {110} orientations of GaAs. 

A closed spaced technique using water vapour as the transporting 

agent has been used by R o b i n s o n ^ t o deposit GaAs. The reaction 

appears to proceed as follows: 

ZGaAs+HgO ^GagO+Hg+As 

Robinson also mentions that he has iised IHiis method to deposit 

epitaxial InAs and Inf but gave no details of the quality of these 

layers. 

2.1.3. Liquid Epitaxy 

^iguid epitaxy of InAs on an InAs substrate has been employed 

by Brown and Porteous^'? to fabricate laser diodes. A melt of pure 

Indium with aoout 3/» by weight of InAs is placed in a silica boat 

together with the InAs substrate. The boat is placed in a furnace 

which is tilted at a small angle from the horizontal so that the melt 

is at one end, and the substrate at the other end. With the furnace 

at approximately kjO C, the melt is tilted onto the substrate and the 

temperature lowered to 300 C at about C/min, thus promoting the 

InAs growth. When the desired layer thickness is reached the melt 

is tipped off the substrate. Doping of the epitaxial layers can be 

achieved by adding an appropriate amount of dopant to the melt. 
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Brown and Porteous have given no details of the electrical 

properties of their epitaxial layers, except that the layers were 

doped to give 10^^ carrier/cc, which was required for laser operation. 

Apparently, epitaxial GaAs grown by this method usually has inferior 

2.8 

electrical properties and the layer surfaces are usually rough, 

containing an excess of Gallium. The-advantage of this method is 

its simplicity and the high growth rates that can be achieved. Recently, 
? 4i 

however, Harris and Snyder claim that they have obtained high 

quality epitaxial GaAs by this method, having mirror smooth surfaces 

and very uniform doping, for use in Gunn devices. 

2.1.4. Flash Evaporation 

This method was originally devised by Harris and Siegel^'^ 

to deposit alloy films and more recently used by Richards et. aj^.lO 

to deposit III - V compounds. 

A powder of the compound, or a mixture of the components in 

the correct proportions, is allowed to fall grain by grain onto a hot 

boat, which vapourises all the constituents of the powder rapidly. A 

grain following on the boat will result in the volatile group V 

element evaporating first, followed by the group III component. If 

the powder delivery is rapid, there will be several grains in the 

boat at any particular instant which are at different stages of 

decomposition. Providing the powder feed is at a continuous and uniform 

rate and no material accumulates in the boat then the vaoour which impinges 

on the suostrate has the same composition as the powder, resulting in 
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a stoichiometric film. Small fluctuations in grain delivery may-

result in inhomogeneties, but this can be overcome by adding an 

excess of the group V element to the powder. This will provide an 

excess of the volatile component at the substrate so that no unreacted 

group III element deposits, and providing the substrate is heated 

to a suitable temperature, no free group V material will condense 

on it. Doped films can be deposited by inserting the appropriate 

amount of dopant in the powder. Richards et. and Richards^ 

have used this method to deposit various III - V compounds, particularly 

InSb and GaAs, epitaxially, but have given very few details of their 

P IP 
electrical properties. Juhasz and Anderson ' have used this 

method to deposit InSb on mica, but it appears they did not obtain 

2 13 

epitaxy. Recently, Vlasov and Semiletov ' have deposited InAs and 

InSb by flash Evaporation. Apparently, their films usually had an 

excess of Indium on the surface, giving it a rough appearance. 

It appears that the disadvantage of the flash evaporation 

method is the poor control of evaporation rate. Presumably, this is 

achieved by varying the rate of grain delivery together with an 

appropriate change in boat temperature, so that the number of grains 

in the boat remains constant. 

2.1.5. Three Temperature Method 

This method was originally developed by 

to deposit various III - V compounds. 
Basically, two independently controlled sources are used, 

one for each component of the compound. The temperatures of these 
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sources are maintained such that there is an excess of the volatile 

group V element over the group III element at the substrate surface. 

Providing the substrate temperature is sufficiently high the group V 

material will deposit only if it forms a stoichiometric compound 

with the group III material, any excess material re-evaporating. 

However, there is an upper limit on the substrate temperature, above 

which the volatile component begins to evaporate preferentially, 

leaving an excess of the non-volatile component. The process of film 

formation is aided by the self-stoichiometry of III - V compounds. 

?.l8 

Following GUnther"' , we calculate the upper and lower limits 

of substrate temperature, at a particular deposition rate, that will 

result in a stoichoimetric compound. 

The number of atoms (molecules), R+i^ impinging on a 

substrate which is at a distance r from a point source is; 
o 

a . = P.(2nM.kT.)"2A /nr 2 cn'^sec"^ 
+1 1 1 1 o o 

...(2.1) 

where the subscript represents the component, i, of the compound and, 

P. vapour pressure above the source 
1 

M . atomic (molecular) weight 
1 

T. temperature of source 

A ̂  effective evaporation surface 

The angle dependency of the source is neglected, since it is 

assumed that the angle subtended at the substrate is small. 

The film growth rate will be controlled by the impingement 

rate of the less volatile component. Therefore, for a certain film 
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growth rate, the impingement rate of the group III element is fixed. 

Knoving the vapour pressure-temperature relationship for the particular 

2.19 . . 

element ' ' , it is then possible to calculate Pjjj and I'jjj- The 

impingement rate for the group V element is given an excess by a 

factor of about ten and Py and can then be calculated similarly. 

Now, the rate of desorption from the substrate is: 

R_. = P^^(2t[?L. kT)~2 cmf^sec"^ ...(2.2) 

where is the equilibrium vapour pressure of component i, at the 

substrate temperature T. 

If the group V element is not to deposit on its own, then 

- ^+v' using (2.1) and (2.2), this gives: 

^eV 
" L -

2 
'T„ irr 'T„ 

o V 

...(2.3) 

Since P^, and are known, it is possible to plot P ^ vs T. 

The intersection of this with the equilibrium vapour pressure-

temperature curve of this element will give the substrate temperature, 

'''min Bbove which free group V material will not deposit. 

The upper temperature limit is set by the dissociation pressure 

of the group V element above the compound (such curves have been 

published by Goldfinger and Jeunehonrae'^°and Renner^'^.^ for III - V 

compounds). The intersection of equation 2.3 with the appropriate 

dissociation pressure curve will give the temperature above 

which the volatile component will evaporate preferentially, resulting 

in an excess of the non-volatile component. A detailed calculation 
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for the case of Iru\s will be given in chapter 3, which shows that there 

is a wide region of substrate tenperature at which stoichiometry can 

be achieved. However, in practice it is necessary to use the highest 

possible temperature to obtain good quality films. 

Some of the advantages of the '"three temperature" method are: 

1. Temperature control of the two sources is not critical. 

2. Film growth occurs under quasi-eouilibrium conditions, thus 

enhancing enitaxy. 

3. Stoichiometry can be achieved with substrate temperatures 

higher than that permitted with flash evaporation, which 

is important if epitaxy is to be attempted. 

It should be possible to deposit doped layers by using the anpronriate 

depant in a separate reservoir source, similar to the method used by 

P. 22 
Ito at. al to deposit doped epitaxial silicon. 

Deposition of pseudo-binary alloys of the form In Ga, As 
X 1—X 

should be possible using three independently controlled sources, the 

composition being controlled by the In/Ga ratio. It appears all the 

III - V compound films deposited by Gunther and other workers^'^^' 

using this method, have been on amorphous substrates, which result in 
2 2U 

polycrystalline films. Johnson ' used Sapphire substrates, but 

apparently did not obtain epitaxy. Noteworthy, is the work of Deklerk 

2.25 

and Kelly , who used this method to deposit CdS films on glass with 

the c axis perpendicular to the substrate plane. 

The only published work on the use of the "three temperature" 

method to deposit epitaxial layers is by Davey and Pankey^^^^, who 

deposited GaAs on Ge substrates, and Steinberg and Scruggs^'^^ who 



19. 

deposited GaAs on NaC&, in a conventional high vacuum plant. Davey and 

Pankey employed a system similar to that of Gunther's, in which the 

vacuum chamber is a silica tube with the two evaporation sources 

connected to the side walls of the tube and the temperatures 

monitored by thermocouples. In order to eliminate contamination from 

glass sealing operations, they used metal flanges and viton gaskets 

to seal the entrance port. An elaborate process of cleaning, ion 

bombardment and annealing of the substrates was employed to remove 

contamination and damage. Extremely low deposition rates, less than 

100 A°/min, were used in order to avoid condensation of free gallium. 

Their electron diffraction patterns indicate considerable twinning 

in their films. Similarly the electron diffraction results of 

2 . 2 7 . . 

Steinberg and Scruggs ' indicate their GaAs films to be highly 

defective. Mo details of electrical properties were given by either 

of these workers. 
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2.2. NUCLEATION, GROWTH AND EPITAXY 

2.2.1. Introduction 

The sequence of growth of a thin film on a substrate may be 

summarised as follows: 

1. The formation of a surface distribution of small three 

dimensional nuclei. These critical nuclei may consist of only 

a few atoms (molecules) or more, depending on the particular 

interface. 

2. The growth in size of these nuclei, without any increase in 

their numbers, by the addition of monomers through surface 

diffusion. 

3. Further increase in the size of these nuclei or islands, 

accompanied by the coalescence of neighbouring islands and, 

hence, a gradual decrease in their numbers. 

U. The formation of a connected network of deposits, which develops 

rapidly into a channelled structure. 

5. A continuous deposit film free of holes. 

The contribution of nucleation to epitaxy is very important, and 

so in this section we attempt to find, qualitatively, the conditions 

necessary for epitaxial nucleus formation. Eo attempt will be made to 

calculate the specific values of the deposition parameters, since this 

would require a knowledge of the various interfacial energies and surface 

diffusion and desorption energies, for our particular system. 

We assume we are dealing with a uniary vapour, in order to simplify 

the analysis. This is justifiable for our system, since it is most 

probable that in the case of a compound the process of surface diffusion 
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and addition to the nuclei occurs by compound molecules, rather than 

the separate components. This is because the interaction rate of the 

impinging atoms of the two elements is much more rapid (and greater), 

than the nucleation rate. Later, we attempt to obtain, again qualitatively, 

the conditions necessary for compound formation. 

2.2.2. The Role Of Nucleation In Epitaxy 

Experimental evidence indicates that coherent nucleatian is not 

essential, in order to obtain epitaxy. According to Bassett et. al^'^^ 

2.20 

and Pashley" epitaxy may also result from, either semi-coherent 

or incoherent nucleation. (A coherent interface has perfect one-to-one 

matching between the substrate and deposit and usually occurs with low 

index planes. An interface is said to be semi-coherent if there is 

one-to-one matching over most of the contact area, but which has 

some interface dislocations.) The critical requirement for epitaxy 

is that a particular orientation has (i) a lower free energy of formation, 

AG*, and therefore has a much higher nucleation rate than any other 

modification, (ii) is characterised by a state of binding and of 

position on the surface conducive to a high rate of growth. 

Coalesing nuclei with small mis-orientations (less than a degree) 

have been observed to undergo a process of rotation by which they orient 
2.29 

themselves exactly with each other"' '. However, if the nuclei have 

large mis-orientations this will result in permanent defects, particularly 

dislocations and grain boundaries. Thus the need for single orientation 

nuclei, if good epitaxy is to be achieved. 
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2.2.3. Heterogeneous Kucleation Theory 

The two approaches to nucleation theory are based on (i) a 

capillarity model (ii) an atomistic model. The first assumes a cap-

shaped nucleus, which is part of a sphere, with bulk thermodynamic 

properties. This model is satisfactory for experimental conditions 

in which the critical nucleus is large, i.e. greater than 50 - 100 atoms. 

In some systems, the critical nucleus can contain only a few atoms, 

• P O "50 

and is it is desirable to use the atomistic model"' which does 

not depend on macroscopic parameters. However, this theory is still 

at an early stage, and has not yet been employed to obtain quantitative 

information, so the capillarity model will be used here. 

The mechanism of nuclei formation is as follows. Atoms from the 

vapour phase strike the surface and either immediately rebound, or 

are thermally equilibrated and are adsorbed, provided the vapour is 

super-saturated tfith respect to the bulk solid phase. These adsorbed 

atoms (adatoms) diffuse at random over the surface and form small clusters, 

which grow and decay by the addition or loss of single atoms. Energitically 

formation of a cluster is unfavourable until it exceeds a certain size, 
afterwhich growth proceeds rapidly. 

The nucleation rate, J, is the rate at which monomers are added 

2.30 
to the critical nuclei, and is given by:'* 

J = wn*zr . . . ( 2 . L ) 

where w is a frequency factor for the addition of monomers to the critical 

size nucleus, 

n* is the number of critical nuclei/unit area, 
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Z is the Zeldovich non-equilibrium factor, 

r is the Lothe-Pound correction factor. 

The frequency with which bingxe atoms join a critical nucleus 

to promote it to a stable growing nucleus may occur either by direct 

addition from the vapour, or by surface diffusion of an adatom, as 

mentioned earlier. Apparently the latter process is more rapid 

ff 
by a factor exp{—— where AG^ and AG . are the free energies 

0-111 

of activation for desorption and surface diffusion, respectively, of 

adatoms. We may assume AG, >> AG,.„„ for our system, hence addition 
'' des diff 

by surface diffusion is the dominant mechanism. Now the probability 

that an adatom is adjacent to a critical nucleus is given by, n^27rr^a^sin9, 

where n is the surface concentration of adatoms, r* is the radius of 
s 

the critical nucleus, a is the jump distance, and 0 is the angle of 

wetting of the cap shaped nucleus (see Appendix A, Fig. A2). The 

frequency at which an adjacent adatom will jump to join the nucleus 

is vexp(-AG^^p^/kT), v being the lattice vibration frequency. 

(J) is then given by: 

w = n 2nr*a vsin0exp{-~AG.. „„/kT} ...(2.5) 
s o allI 

The concentration of critical nuclei is: 

n* - n^exp(-AG*/kT) ...(2.6) 

where AG*, the Gibbs free energy of formation of a critical nucleus 

derived in Appendix A, is: 

AG* l6wo 3 /3AG 2 
C-V V 

f^(8) ...(2.7) 
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is the condensate-vapour interfacial free energy/unit area, which 

is assumed to he isotropic, hence a spherical cap. The driving force 

for the phase transformation is AG , Gihbs free energy chan%e/unit 

volume, associated with the transformation of the adsorbed atoms 

to the crystalline embryo. In terms of super-saturations, it is given 

by: 

= - (~)ln(P/P^) ...(2.8) 

P is the super-saturated vapour, P^ the equilibrium vapour pressure 

and V the atomic (molecular) volume. 

f^(0) is the geometrical function given by (Appendix A): 

f^(8) = 2-3cos9+cos^9 ...(2.9) 

k 

The Zeldovich non-equilibrium factor, Z, takes into account 

the loss of critical nuclei, both by promotion to super-critical 

size and by decomposition to become sub-critical embryos and is given 

2 = i", ...(2.10) 
L3mkTi*2J 

where î"' is the number of monomers in the critical nucleus. In 

the usual experimental case, this correction factor is not large, 

and so in order to simplify the analysis, we neglect it. 

The I'Othe-Pound factor, T, is a statistical mechanical correction 

to the free energy of formation of the critical nucleus. It takes 

into account the number of complexions that arise from the distribution 

of adsorbed atoms, n^, among the sites on a solid substrate lattice. 

In the normal experimental case n^ >> n^, so the contribution to the 
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free energy of formation of the critical nucleus can be approximated^ 

to; 

...(2.11) AG^ = -kTIn(n^/n^) 

and 
AG^ 

- E T 
n 

n 
.. .(2.12) 

The surface concentration of monomers can be expressed as: 

n_ RT l~exp(-t/T ) 
s s 

t is the time of exposure-, the impingement rate is given by 

.. .(2.13) 

R 

(2nMkT )2 
...(2.14) 

where T is the equilibrium temperature of transformation at the 

pressure of interest, and T , the residence time is: 

1 
AG 

exp ( ) 

kT 
..(2.15) 

AGjgg is the free energy of activation for dcsorption of adsorbed atoms 

Experimentally t » % so is given by: 

n 

(2nMkT 
P 

AG. 
exp (—'is?-) 

kT 
X2.16) 

Substituting equations 2.5, 2.6, 2.7, 2.12, 2.16 in equation 

2.4, the nucleation rate can be expressed as follows: 

-4iTa n a 
o o c-v 

(2nMkT ) AG 
sinOexp 

AG -AG .rr 
des diff 

exp 
-16wo 

3kTAG 
fl(G) 

V 

kT 

.(2.17) 

X 
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2.50 
Following Moazed ' , we can express this in the form: 

J = asin0exp{-3f j^(S)} ...(2.17) 

where 
4ira n a „ 

o o c-y P 

(2nMkT )* AG 
P V 

exp 
AG, -AG...-

des diff 

kT 
. . . ( 2 . 1 8 ) 

IStto ^ 

3kTAG ...(2.19) 

Equation 2.17 is the general nucleation rate equation. For a 

particular substrate-vapour system, the nucleation rate is a function of 

the substrate temperature, T, and the vapour pressure, P, of the 

impinging atoms and, therefore, also on AG and the contact angle O. 

2.2.4. Heterogeneous Nucleation Theory Applied To Epitaxy 

In order to achieve epitaxy, the majority of growing nuclei must be 

aligned in one orientation and have a high growth rate. In the 

following two sections the nucleation rate equation will be used to 

understand basically, the effects of super-saturation and substrate 

temperature variations in the epitaxial nucleus formation. 

2.50 
Following Moazed ' , we can express equation 2.17 as follows: 

Ina/J = Ina^ = gf^(8)-Insin8 

...(2.20) 

J is set to a constant, which is just measurable, the value depending 

on the method of measurement. By differentiating the R.H.S. of equation 

2.20 with respect to 6 and equating to zero, we obtain the value of 0 

at the minimum of equation 2.20. For a particular value of g this is; 
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- 4cos8 

®"""" " Ssin'fe ...(2.21) 

This indicates that with g decreasing, the minimum occurs at a 

higher 6 value. The R.H.S. o£ equation 2.20 is plotted in Fig. 2.2 

as a function of 6 for various g values. 

2.2.5. Effect Of Super-Saturation Changes On Epitaxy 

The ratio (P/P ) is a good representation of the super-

saturation, since P is the pressure due to the impingement flux and P 

is the equilibrium pressure at the substrate temperature T, which we 

set to a constant value. 

We can express a and 6 in terras of P/P^ using equation 2.8 for 

AG : 
V 

a 
f aey uiiii 

exp i ; 
^ J (2nMkT )SjkT ln(P/P^) kT 

= K, . 

ln(P/Pg) ...(2.22) 

ISiTv^a ^ K 
c-v 2 

Sk^T^tlnCP/P )}^ {ln(P/P )}2 ...(2.23) 
e e 

where and are constants at a particular substrate temperature. 

Any increase in P ahovewP^ will increase a^, therefore Ina^, 

which can be represented by a straight line in Fig. 2.2, will rise from 

a low value. At the same time B decreases, but since g is large and 

small, the Ina^ line will not intersect the appropriate B curve 

and no measurable nucleation will take place. As P/P^ is increased 

further there will be a point when the line just intersects the 



28. 

A 

<D 
(U 

r-H 
60 
G 
(0 

u 
(0 
4J 
c 
o 
u 

(D 
iw c 
c 
o 
•H 
w 
u 
c 
5 

(S! 
tti 

CM 
(A 

bC cd 
"H 

<D 
0 
• H 
(0 
G 

iw 
cc. 

o 
N 

kn 

QUTSU-g - (6)T;8 



29. 

appropriate g curve and the nucleation rate wil]. rise rapidly. This 

is the critical super-saturation, (P/P ) . , and the critical nucleus 
^ e crit 

will have a single G value. This value of (P/P ) will be the critical 

value only if the substrate surface has sites which, energetically, 

correspond to the G values at the point of tangency. 

Some substrates riiay have none or very few such sites, and so the 

super-saturation would have to be increased to give a reasonable nucleation 

rate. This would cause the line to intersect the appropriate 

curve at two different G values, 6̂  and e^, as shown by tlie broken 

line in Fig. 2.2, making all sites on the surface corresponding energetically 

to 6 values between these two points, potential nucleation sites. 

Now, from equation A.5, cosO = (o -o )/a . Assuming 
s-'V c-s c-v 

a and o , the interfacial energies of the substrate-vapour and 
s-v c-v 

condensate-vapour, respectively, are constant, then 8 is a minimum when 

a is a minimum, which is the case when the nucleus is in the 
c-s 

epitaxial orientation. Therefore, at low super-saturations, ideally a 

P/P^ value corresponding to a single 6 value, the nuclei should all be 

oriented correctly, resulting in epitaxy. However, at high super-

saturations random nucleation, corresponding to a range of 6 values, 

destroys the epitaxy. 

2.2.6. Effect of Substrate Temperature On Epitaxy 

We now maintain the impingement flux constant and vary the substrate 

temperature,AG^ can be expressed in terms of substrate temperature 

f 11 2.50 
as follows: 

rT - T 

AGy = ...(2.24) 
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AH^ is the enthalpy associated with the vapour to solid transformation 

at the pressue of interest, and T is the equilibrium temperature of 

transformation at the pressure of interest. 

Using equation 2.24 we can express 6 as follows: 

1 6 n o i 3 T 2 K_T ^ 
o _ c-v p _ 3 p 

3kTAHy(T -T)2 1(7-1)^ ...(2.25) 

is a constant at a particular pressure P. This expression is 

plotted in Fig. 2.3 (a). 

At a particular evaporation rate, and therefore, pressure P 

at the substrate surface, lowering the substrate temperature will 

increase the super-saturation. Now, in the last section we concluded 

that low super-saturations are required for epitaxy. Therefore we 

must work with substrate temperature well above the minimum of 3 

in Fig. 2.3a.. Also, since the super-saturation ratio must be greater than 

unity, the branch of the curve we are interested in is below T^. 

(The super-saturation is unity at T = T^). Therefore, in . this 

region of temperatures, marked X in Fig. 2.3, a decrease in substrate 

temperature will cause a decrease in g. 

Again using equation 2.24, can be expressed: 

K . P T AG, - A G , . . . 
4 p r des diff 

a = . — .expi i 
JAH T =(T -T) kT 

V p p 

...(2.26) 

where is a constant for a particular system. 

One would expect that in the case of a crystalline substrate 

^^des large and the residence time is long. The evidence also indicates 
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that the adatoms are highly mobile, hence a low surface diffusion 

energy. Thus (AG, is nositive, and therefore,a decrease in 
des diff ^ ' 

substrate temperature will increase the exponential term in equation 2.26. 

The pre-exponential will decrease with a decrease in substrate 

temperature in the region of interest. However, the exponential term 

should dominate causing to increase. 
^ 1 

Now assume the iinningement flux and substrate temperature are 

set so that tlie Ina line intersects the appropriate B curve in Fig.2.2, 

at or near the minimum, thus favouring epitaxy. A decrease in 

temperature will raise the Ina^ line, which will intersect a lower 

value 3 curve at two widely separated points. Following the earlier 

arguments, this would destroy the epitaxy. Since and B are moving 

in opposite directions, it would appear that the change from epitaxial 

to random nucleation can occur very rapidly, i.e. with a very small 

decrease in substrate temperature. 

It should be mentioned here that there may be small differences 

in the values of t!ie interfacial energies, and in a and n^, of 

the various low index orientations of a particular material. This 

could result in small changes in the substrate temperature and/or 

super-saturations required for epitaxy on the various orientations. 

Since the impingement flux and the substrate temperature both 

affect the super-saturation ratio, it may appear that varying either 

of these two parameters has the same effect on nucleation and epitaxy. 

However, it must be remembered that the substrate temperature also 

affects drastically the surface diffusion of adatoms. 
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We may conclude that, at a particular impingement flux epitaxy 

will be encouraged with substrate temoeratures at or near the highest 

temperature at which nucleation just takes place. The above theory 

also predicts that to maintain epitaxy any increase in impingement 

flux must be accompanied by an increase in substrate temperature in 

order to keep the super-saturation ratio constant, but this is valid 

only within a limited range of temperatures. Graphically, this can 

be represented by plotting the impingement flux as a function of 

substrate temperature over which epitaxy occurs, as shown in Fig.2.3(b) 

The reason for the band of temperatures, is that epitaxy may still 

be obtained below the 'epitaxial temperature' provided 8^-0 is 

small, since re-orientation of the nuclei can occur at the coalescence 

stage. Temperatures below the lower limit will result in increasing 

random nucleation and above the upper limit in no nucleation. However, 

with a III - V compound, for example, temperatures above the upper 

limit correspond to nucleation of the non-volatile component only, 

since the residence time of the volatile component is very short. 

Recently, Kenty and Rirth^"^^ have used the capillarity model 

to calculate the conditions for the epitaxy of silver. However, 

they approached the problem by calculating the ratio of epitaxial 

to random nucleation, assuming as we have done above, that the inter-

facial energy is a minimum when the nuclei are orientated correctly 

for epitaxy. Qualitatively, both these approaches come to the same 

conclusions regarding epitaxy. 
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2.2.7. Lattice Misfit, Strain and Pseudomorphism 

The disregistry 6, between two lattices is defined in 

terms of lattice misfit AX, as: 

<S = I — I ...(2.27) 

where ±AX = X^ is the lattice parameter of the substrate inter-

face plane and Xg that of the deposit material with the same inter-

face plane. 

The strain in the nucleus is given by: 

x-Xg 

^ ~ ' """" ' ...(2.28) 

^2 

where x is the lattice parameter of the nucleus interface plane. 

It has been p o s t u l a t e d ^ t h a t the interfacial energy between 

two phases is a minimum when they are in perfect registry across their 

boundary. This implies that any misfit between the lattices must be 

taken up by strain in the condensing lattice, i.e. e = 6. However, if 

e < 6, the actual disregistry is equal to (6 - e). The interfacial 

2 30 
energy may then be represented by 

a' = o" +n(<5-e) ...(2.29) 
c-s c~s 

where n is a constant and is the term due to bond tyoe. 
c-s ^ • 

2 

The strain energy is given by where is the appropriate 

co-efficient of elasticity. This must be added to AG to give for the 

free energy of formation of the critical cluster: 

T^AGy+C^E^)^ ...(2.30) 
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where 8' is the contact angle of the critical nucleus with 

a = a' in equation A.5. 
C-3 c-s 

Now 5 is the upper limit on e. Therefore if I AG | , >> C,6^. 
v'crit 1 ' 

the nucleus will form coherently such that e ^ 8 and CT' = . On 
c-s c-s 

the otherhand, if 6 >> nucleus will be incoherent, with 

E ~ o and a' = + h <S. 
c-s c-s ' 
• 2 28 n no 

According to Bassett et. al and Pashley ' , electron and X-ray 

diffraction fail to reveal coherency lattice strains in the 3-dimensional 

nucleiof a growing epitaxial therefore they conclude that coherency 

is not essential to produce epitaxy. Generally, lattice constant 

measurements of thin deposits indicate that the spacings of the initial 

deposit is characteristic of the deposit material and is not modified 

to match the substrate lattice spacing, except in a few systems, where 

pseudomorphisin has been observed with films less than 100 A° thick^'*^, 
2 29 9 35 

Experimental evidence ' indicates that nucleation usually 

occurs at luonatomic ledges or near imperfections such as grain boundaries 

or dislocations. Therefore, under these circumstances, it appears that 

whatever the misfit, it is unlikely that any degree of coherency 

exists between the nuclei and substrate. 
2.2.8. Mudeation At Macroscopic Ledg es 

9 .36 

Chakraverty and Pound" have examined the effect of a macroscopic 

ledge on the nucleation rate. They obtained an expression for the free 

energy of formation of the critical nucleus similar to equation 2.9 

but with fj(0) replaced by the latter being a complicated 

function of 0. The ratio of the nucleation rate at a ledge, J^, to that 
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on a flat surface, J, is then given by: 

16-na ^ 

In (J /J) = lng+( y - — ( 8 ) - f (8)1 
SAC kT I t J 3AG kT I ^ J ...(2.31) 

where g is the fraction of surface sites occupied by steps. 

fj^(O) < at any 9. ^ 

By plotting in(J^/J) vs. 6 for typical values of g and 
a 
c-v 

V 

they have shown that with contact angles between 50° and 100°, nucleation 

will occur predominantly at these ledges. This has been verified, for 

?.35 

example, by the decoration of cleavage steps of rock salt by Rold'" . 

It would appear from Chakraverty and Pound's theory that the 

critical super-saturation for nucleation on a surface with a large 

density of steps would be lower, thus encouraging epitaxy, by providing 

preferential sites for nuclei possessing a particular structural feature. 

2.2.9. Effect Of Impurities On Nucleation and Epitaxy 

•A residual gas pressure of 10 ^ torr is equivalent to an impingement 

rate of approximately one monolayer per sec. The impurities adsorbed 

on the substrate surface can affect the nucleation rate in several 
wavs, e.R. AG, can be reduced, thus reducing J. Adsorption of gas 

des ' 

molecules on the substrate and on the cap nucleus can also modify the 

interfacial energies, reducing the nucleation rate in general, according 

9 10 
to "irth and Pound*"' . 

The effect of impurity adsorption on epitaxy is still not understood 

9.5] 
properly. Mathews and Grunbaum"" ' found that gold films deposited on 

- 7 - 8 
air cleaved rock salt at 10 -10 torr had lower dislocation densities 

~9 
than those deposited at 10 torr, probably because the bake-out at the 
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lower pressure removed some of the contaminants on the rock salt. 

2.2.10. Orientation Changes And Re-Crystallisation 

The importance of re-orientation and re-crystallisation 

during the coalescence stage has been demonstrated by many in-situ 

.2.372.38 
electron microscope studies of the growing nuclei ' ' ' , using 

2.39 

Moir^ fringe patterns" to identify the relative orientations of the 

crystallites. Crystallites which are slightly misaligned have 

been observed to re-orient themselves perfectly during the coalescence 

stage, by rotation in the plane of the substrate. However, it appears 

that this occurs only at an early stage of growth, when the coalescing 

islands are not too large. At a later stage of growth, when larger 

islands coalesce and during filling in of channels, apparently very 

little re-orientation takes place. It is at this stage that dis-

locations become permanently incorporated in the film. 

Often the islands have gross mis-alignments such as d o u b l e 

positioning where there is a 180° mis-orientation in the substrate plane. 
2.38 

According to Jabobs et. al , when two such islands coalesce the 

fault at the junction moves out of the compound island by a process of 

re-crystallisation, rather than by island rotation. This occurs 

simultaneously with the liquid like coalescence of the two nuclei. 

Apparently, a similiar process occurs with polycrystalline deposits, 

particularly those nucleated at a very high density. 
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2.2.11. Condensation Of Multicomponent Vapours 

In section 2.1.5. we considered the condensation of binary 

vapours and estimated the substrate temperatures necessary for the 

formation of a stoichiometric compound, on the basis of vapour pressure 

data. We now examine the processes occuring in terms of surface 

diffusion and desorption energies and try to obtain the general conditions 

to be satisfied for stoichiometric condensation of binary vapours. 

The processes to be described will be limited to the period after nucleation 

and formation of a continuous film so the various activation energies 

are characteristic of the elements on a substrate of the compound. We 

also assume that the incident atoms reach thermal equilibrium with the 

substrate surface in a short time, compared with that spent mobile on 

the surface. 

Atoms incident on the surface move about between surface states, 

corresponding to a minima in their potential energy, until they finally 

condense by forming a molecular bond with neighbouring unlike atoms. 

Therefore, it is essential that the number of collisions between atoms 

of the two elements is large. 

The number of sites covered in unit time, by surface diffusion of 

an adatora is given by: 

y = vexp 
AGdiff 

...(2.32) 
kT 

The number of sites covered in unit time by atoms of elements A (group TIT) 

and B (group V) is: 

L kT J L kT J Ya+b = V 

...(2.33) 
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and the time to cover one site is: 

...(2.34) 

The mean lifetime of an atom of the volatile element B before collisi on 

with an atom of element A, is given by 2.40 

% h 

s A 
vn 

s A 

exp-
AG 

liffA 

IcT 

+ exp-"!̂  

...(2.35) 

kT 

-,-1 

where n^ is the number of surface sites occupied by atoms of element A 

i.e. the surface population of A. 

The rate of collision of B with A adatoms is: 

"sB • "sp/^cB ...(2.36) 

Using equation 2.13 for the surface population of adatoms 

(with t >> Tg), we have for the rate of collision of A with B: 

AB cxP 

AG, ,+AC, n 
desA desB 

kT 
exn -

AG 
diffA 

kT 

exp 
A^diffB 

k T 

.(2.37) 

and R are the respective impingement rates. Equation 2.37 

is also roughly the rate of formation of the compound, providing the 

activation energy for this process is low. 

There are two conditions to be satisfied for stoichiometric 

compound formation. The first requires the residence time T to 
sB 

be much greater than the mean collision time T otherwise compound 
cB 

formation will not occur, i.e. 
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s B 
- 1 

V cxp 
f"o'l 

kT 
sA 

...(2.38) 

The second condition^'requires the surface population of 

the volatile element to be much less than the number of surface 

sites , If the impingement rate of this element is too high, all 

the surface sites may be occupied and a situation may arise where 

elemental material may be trapped. Thus: 

"b's « "o 
% 

...(2.39) 

By substituting for^T^and '̂ sA equations 2.38 and 2.39 and re-

arranging, we have: 

n V 
o 

\ » 

f'®di£fA . ̂  
exp - j — — + exp 

kT kT -

expl 

...(2.41) Rg « n^vexp -
kT 

10 

kT 27 28 -2 -1 
(since v = — , n v is of the order of 10 -10 cm sec for 

h 

the range of substrate temperatures in use.) 

We also know that must be greater than R^. Thus, for 

experimentally permissible impingement rates (in the region 

of 10^^-10^^ cm ^sec ^), equation 2.40 requires the desorption energies 

to be high and the surface diffusion energies to be low. This also 

implies a high rate of formation of the compound, according to equation 2.37, 
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However, in order to satisfy equation 2.41, AG ^ must be low coupled 

with a high substrate temperature. Therefore, to satisfy the two 

conditions above it is necessary that AG, >> AG . Usin% equations 
^ desA, desB 

2.40 and 2.41, and from a knowledge of the desorption and surface 

diffusion energies of the two components of the compound, it is then 

possible to decide if satisfactory deposition of the compound is possible 

with the two source method. 

Using the above equations together with the nucleation theory 

given earlier, it should be possible to calculate the optimum 

impingement rates and substrate temperatures necessary for nucleation 

and growth of an epitaxial film. However, with some systems it may 

not be possible to satisfy both these requirements with one set of 

deposition parameters, in which case epitaxial nucleation must be initiated 

and the conditions then changed to optimise compound formation. 
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Defects In Epitaxial Films Of Sphalerite Structure Compounds 

A brief outline of some common defects in sphalerite structures 

will be presented in this section. 

2.3.1. Point And Line Defects 

Point Defects 

The number of possible point defects in binary compound 

semiconductors is double that in the elemental semiconductors, germanium 

and silicon. Thus, both cation and anion vacancies or interstitials 

may occur. However, to preserve overall gtoichiometry vacancies of opposite 

type (Schottky defects) or vacancy-interstitial pairs (Frenkel defects), 

for example, are necessary. Point defects in III - V compound semi-

conductors can affect the electrical properties considerably, since a 

group III vacancy will probably behave like an acceptor, while a group V 

vacancy as a donor, as well as recombination and trapping centres. 

There do not appear to be any studies of point defects and non-

stoichiometry in InAs, but X-ray lattice p a r a m e t e r ^ a n d other 

2.44 

measurements on bulk GaAs, indicate a very large density of such defects, 

of the order of 2-5 x lO^^cm"^. 
Line Defects 

In the Diamond structure the {111} planes are the slip planes 

with the slip along the <110> directions. This results in dislocations 

with a 60° Burgers vector. The corresponding defects in the sphalerite 

structure are the a60 and B60° dislocations, depending on whether they 

consist of group III or V atoms, as shown in Fig.2.4(a). Apparently, 

these give rise to the triangular etch pits often observed on {111} surfaces, 

(see section 4.3.2.). 



43. 

2.3.2. Stacking Sequences, Faults And Twining 

The normal stacking sequence in an FCC structure is abcabc 

and in the sphalerite structure these are the double atom planes 

aabgcy ... shown in Fig.2.4(a). A stacking diagram is plotted in 

Fig.2.4(b), demonstrating that the sphalerite stacking is represented 

by a straight line. Also shown is the stacking sequence of the hexagonal 

wurtzite structure, in which some compound semiconductors cyrstallize, 

and some longer, regular repeat sequences called polytypes. 

Polytypism often occurs in II - VI compounds, but there appears to be 

little evidence to suggest that it occurs in III - V compounds. 

Intrinsic stacking faults, due to aggregation of pairs of vacancies 

to remove double atom layers of {ill} planes, and extrinsic faults, due 

to the introduction of out of sequence extra double atom layers, both 

occur in sphalerite structures. The dissociation of a 6o" dislocation 

can result in four types of stacking faults^'^*, (i) intrinsic and 

extrinsic upright faults (no wrong bonds up or down from the fault), 

(ii) intrinsic and extrinsic inverted faults, (wrong bonds up and down 

from the fault). Energetically, however, upright faults would be 

expected to predominate. Successive stacking faults of the form 

abcbac ... (omitting the Greek letter planes), result in twining, with 

the <111> directions as the twin axes. (In an FCC structure a rotation 

twin about a <111> is also a reflection twin, and because of the 

high symmetry it is equivalent to a 60° rotation about this axis). 

There is a tendency for multiple twinning to occur about <111> axes 

in epitaxial films of sphalerite compounds when the deposition temperature 

is too low. This reduces to simple twinning as the temperature 
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is increased and finally to untwinned epitaxy, but in some cases it 

persists up to the highest permissible deposition temperatures^. 

2.3.3. Heterojunction Misfit Dislocations 

It was mentioned in section 2.27 that there is little evidence 

to suggest that epitaxial layers are pseudomorphic except with very 

thin films (<100R), of some systems. Therefore, if we assume the 

change lattice parameter is abrupt across the heterojunction inter-

face, this will result in dislocation lines in two or three directions 

along the interface plane" , which consist of atoms of the material 

with the smaller lattice constant. This is illustrated in Fig.2.5(a) 

for a (111) interface seen on a (110) plane. These are pure edge type 

dislocation lines which are perpendicular to the plane of the drawing, 

with the Brugers vector in this plane. The spacings of these dislocations 

depend on the substrate and deposit lattice parameters and the 

orientation of the interface plane^'^^, forming a right angle cross 

grid in {100} and {110} interfaces and a 60° grid in {111} interfaces, 

as shown in Fig.2.5(b). If and are the atomic repeat distances 

perpendicular to the dislocation lines and along the interface plane 

of the materials with the smaller and larger lattice constant, respectively, 

then there will be an interger N for which NX^ = (N+1)X^ = D,,the 

spacing of the dislocation lines. Therefore, 

D - ^ 

...(2.42) 

The spacings for the three low index planes of a GaAs/InAs hetero-

junction are given in table 2.1. 
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The number of dangling bonds AN^ at the interface is the 

difference between the dangling bonds presented at the appropriate 

surface by the two materials, i.e. AN = N -N , and N is given by: 
s s^ Sg s ^ ^ 

N 
s 

m 

...(2.43) 

where q^xqg is the unit mesh of the crystallographic plane and m is 

the number of dangling bonds associated with this area. For the case 

of a (100) surface, shown in Fig.2.5(a), = a/2[oii] and = a/2[oIl], 

hence q^xqg = a /2. There are two dangling bonds per atom, which are 

shared by four meshes, hence 2/4 = 1/2 dangling bond per corner atom. 

Therefore, m = 4 x | = 2, and N^{100} = 4/a^. The density of dangling 

bonds for the various GaAs/lnAs interfaces is presented in table 2.1. 

TABLE 2.1 

Density of dangling bonds and misfit dislocation spacing in 

a GaAs/lnAs heterojunction 

GaAs a=5.6535R 
InAs a=6.0581& 
Misfit 7.14% 

Plane 

N Co As 

cm 

N InAo 

cm 

Density of 
dangling bonds 
at hetero-
junction _ 

AN cm 
s 

Misfit 
dislocation 
Space D S 

{100} 1.25x10^^ 1.09x10^5 1.6x10^4 59.83 

{110} 
14 

8.85x10 
14 

7.71x10 1.14x10^4 
D =59,83 
0^=84.61 

{111} 7.22x10^4 6.29x10^4 
13 

9.3x10 59.83 
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(a) Heterojunction misfit dislocations in a (111) interface seen on 

a (110) plane, for a lattice misfit of 20% 

(b) Cross-grid of misfit dislocations in a (111) interface, for an InAs/GaAs 
heterojunction 

Fig.2.5 
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Since the laisfit dislocations in an abrupt heterojunction 

are confined to the interface plane, according to the above model, 

they should not affect the electrical properties of an epitaxial 

layer on an insulating substrate. However, thay are of considerable 

importance in the study of heterojunctions^ 

2 52 

Recently, Abrahams et. al, ' have put forward a model 

in which the misfit dislocations in both abrupt and graded hetero-

junctions are not only confined to the interface plane, but also 

give rise to inclined dislocations that propagate through the growing 

layer. Since epitaxy occurs by a process of heterogenous nucleation 

and island growth, the misfit dislocations may be expected to be 

segmented, as illustrated in Fig.2.6(b). Apparently, since dislocations 

cannot end within a crystal, the segmented misfit dislocations 

must bend upwards and propagate through the growing crystal. 

Abraham et. al. suggest that the inclined dislocations can bend in 

and out of any subsequently formed misfit plane to relieve the 

strain, and their density will remain constant with increasing 

thickness. Studying GaAs/GaAs^_ hetcrojunctions by transmission 

electron microscopy, they have obtained conclusive evidence to 

support this model. These inclined dislocations can have a high 

density and one may assume they would affect the conduction 

properties of the epitaxial layer. 

The [ill] direction is not equivalent to the [ill] direction 

in sphalerite compounds which is a consequence of the non-centrosymmctric 

structure. Hence the <111> directions are referred to as the polar 
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surface atom 

O interior atom 

(a) {100} surface of sphalerite structure 
showing unit mesh vectors. Shaded atoms 
are of one component of the compound and 
open atoms of the other. (After Holt, ref.2.47). 

(b) Schematic diagram of segmented misfit 
dislocations in {100} interface 

Fig.2.6 
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axes. This results in one face of a slice containing a surface 

layer of group III atoms and the other face group V atoms, since 

the surface atoms which are triply bonded to the underlying layer 

are more stable than the single bonded atoms (see section 3.1.3). 

A heterojunction between two sphalerite compounds should result 

in the epitaxial layer continuing the polarity of the substrate. 

According to Holt , however, in a compound/element heterojunction 

there would be a tendency for deposition of the compound to occur 

with the polarity so oriented that alternation of lower and higher 

electronegativity atom planes is obtained across the interface. 
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3. EXPERIMENTAL 

3.1.1. Calculation Of Deposition Parameters 

In section 2.1.5 we outlined the method of calculating the 

limits of substrate temperatures, for particular impingement fluxes, 

which should result in stoichiometric film formation. We now 

illustrate this with a calculation for the case of Indium Arsenide. 

Fig.3.1 is a plot of equation 2.1 for the impingement rates of 

Indium and Arsenic, assuming an effective evaporation area of 0.31 sq.cm. 

and source-substrate spacings of 5, 7 and 10 cm. Suppose we require 

a deposition rate of 10 ^/sec, which corresponds to an Indium 

impingement . flux of l.SxlO^^cm ^sec assuming the Indium flux 

controls the film growth rate. We let the Arsenic flux have an excess 

16 -2 -1 

by a factor of about ten, i.e. = 2x10 cm sec . With a source-

substrate spacing of 10 cm, the source temperatures required, from 

Fig.3.1, are: 

= 982°C, 1255°K 

Tg = 308°C, 581°K 

From the vapour pressure graphs of the elements, Fig.3.2, the 

above temperatures result in the following vapour pressures above 

the sources: 

P,. = 2x10 ^ torr 
lA 

- 2 

P^g = 7x10 torr 

Hence, the vapour pressures at the substrate are: 

^2A " 2x10 ̂  torr 

^2B ° 7x10 ̂  torr 
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where the suffixes 1 and 2 represent the source and substrate, 

respectively. 

From equation 2.3 we then have: 

Pgg = 7xl0"^(T/581) torr ...(3.1) 

Fig.3.3 is a plot of the vapour pressure of As^ above Arsenic 

and of Asg+As^^ above InAs. The intersection of equation 3.1 with 

these two curves gives the minimum and maximum substrate temperatures 

required for stoichioinetry. For the particular case above: 

\ i n = 471°K 

V x - 565°K 

Also plotted are two similar curves for P^g = 2x10"^ and 2xlO~^ torr. 

Temperatures above T^^^ will result in an excess of Indium and 

below T^.^ in an excess of Arsenic. This is illustrated in Fig.3.4 

for the three Arsenic pressures considered, which shows the 'stoichiometric 

interval', and the shift to higher temperatures of this inverval with 

increasing Arsenic pressure. It must be emphasized that although 

stoichiometry should be achieved over this wide temperature range, 

the substrate temperature required to obtain large grains or for 

epitaxy is usually near the upper limit. 

If annealing is to be performed after the deposition, this must 

be done in an Arsenic pressure greater than its partial pressure above 

the compound, at the particular annealing temperature (see Fig.3.3), 

otherwise a loss of Arsenic from the deposited film may result. 
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Intersection Of Equation 3.1 With As^ Vapour Pressure Above 
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3.1.2. Deposition System 

The vacuum system employed is a conventional 18" bell jar high 

vacuum plant, consisting of a 360 litre/min rotary pump, a 6" oil 

diffusion pump and a liquid nitrogen trap. The vacuum that could be 

achieved normally was about 5x10 ^torr, and under optimum conditions, 

—A 
10 torr. 

Most of the components in the vacuum chamber were made of 

stainless steel. However, the substrate base plate, holder and 

heater were made of Molybdenum, since it was found that stainless 

steel was not suitable at temperatures above 600°C. 

Initially, the evaporation sources were cylind-rical Alumina 

crucibles with Tungsten spiral heaters, which were cemented to the 

crucibles with Alumina cement. Pt./Pt.+10% Rhodium thermocouples 

were cemented to the bottom or sides of the crucibles, in order to 

monitor the temperatures. However, the purity of the Alumina cement 

was suspect, so Molybdenum boats were used instead, with thermo-

couples spot-welded to the sides of the boats. With both types of 

sources it was found that the true temperatures of the evaporating 

sources were not being monitored, and therefore the impingement fluxes 

were incorrect. Even if a calibration was made for a particular 

source geometry and source-substrate spacing, it would be difficult 

to get a reproducible impingement rate, since this would also be a 

function of the amount of material in the source. 

Therefore, it was decided to use an Edwards oscillating Quartz 

crystal thin film monitor; which can monitor both the rate of deposition 
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and the film thickness. The monitor operates on the principle that 

material deposited on the Quartz crystal results in a shift in the 

resonant frequency, which is monitored by heterodyne action. This 

method is suitable to monitor the Indium evaporation, since it has a 

condensation coefficient near unity at, say 200°C, which is probably 

the maximum temperature the crystal would be at during the deposition, 

without using a special cooling system. However, Arsenic will not 

deposit on a surface at this temperature, and attempts to cool the 

crystal resulted in condensation on the cooling coils only, which appeared 

to attract the Arsenic away from the crystal, probably because the 

coils were much colder than the Quartz crystal. 

Finally, a nude ionization gauge head placed near the 

substrate was employed to monitor the Arsenic pressure, instead, 

giving satisfactory results. The Indium rate, hence the film growth 

rate and thickness, were monitored by the crystal monitor. Figure 3.5 

is a schematic diagram of the vacuum chamber and a photograph of the 

chamber is shovm in Fig.3.6, 

The substrate heater consists of a Imn diameter Tungsten wire 

spiral with a Molybdenum heat shield. In order to achieve rapid 

temperature • changes, the substrate holder has a small thermal mass, 

but this, of course, does not allow for good temperature stability. 

The temperature was monitored with a Pt./Pt+13%Rh thermocouple, 

spot welded to a Molybdenum sheet, which was placed on the substrate 

holder. It is probable that the thermocouple indication was higher 

than the true temperature of the condensation surface. 
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3.1.3. Substrate And Source Materials 

Substrates 

The polycyrstalline films were deposited on the following 

types of substrates: 

(1) Corning 7059 glass 

(2) Fused Quartz 

(3) Alumina 

The majority of these films were deposited on Corning glass, since 

the use of fused Quartz and Alumina did not result in any improvement 

in film quality. 

The following procedure was employed to clean the substrates; 

(1) Rinse lin de-ionized water 

(2) Ultrasonically agitate in de-ionized water for 5 minutes 

(3) Ultrasonically agitate in iso-propyl alcohol for 

5 minutes 

(4) Blow dry with Nitrogen gas 

After this cleaning procedure the substrates were placed immediately 

in the vacuum chamber. 

The epitaxial films were deposited on semi-insulating 

GaAs (p > lO^fi-cra), having the following orientations: 

(1) {100} 2°OFF singular orientation 

(2) {110} 2°OFF singular orientation 

(3) {111} 2"OFF singular orientation 

(4) {111} 1/2 OFF singular orientation 

These substrates were obtained from the Royal Radar Establishment, Malvern, 

cut to the required orientation, but not polished. Mechanical 

* See Appendix 0.2-
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lapping and polishing was carried out as follows: 

(1) Lap with 600 grade Silicon Carbide 

(2) Polish successively with 6, 1 and 1/4 micron 

Diamond paste on Hyprocel Pellon pad. 

Between each of these stages the substrates and mounts were ultra-

sonically agitated in water to remove the grit left from the previous 

stage. 

Before deposition, the GaAs substrates were prepared as follows: 

(1) Ultrasonically agitate in hot isopropyl alcohol for 

five minutes 

(2) Etch for ten minutes in: 3H2S0^:1H202:1H 0 at 

approximately 50°C 

(3) Flood with de-ionized water and rinse thoroughly 

(4) Repeat step 1 

(5) Dry in Nitrogen gas or on a hot plate 

The substrates were then placed immediately in the vacuum chamber. 

3.1 

A common method of polishing GaAs is due to Reisman and Rohr ' . 

This is a wet pad method which involved squirting a solution of 

Sodium Hypochlorite onto a rotating pad at intervals of a few minutes, 

with the substrates held against the pad. Apparently, the surfaces 

obtained do not have the familiar 'orange peel' effect often 

observed after chemically polishing a lapped surface. Since the 

wet pad method is a lengthy process and requires specialized 

equipment, it was decided to use the method outlined above, which results 

in extremely smooth surfaces. 
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As mentioned in chapter 2, the <111> directions in sphalerite 

compounds are the polar axes, i.e. in one direction the A atoms are 

triply bonded to the underlying layer and the B atoms are singly 

bonded, and vice versa. This is illustrated in Fig.3.7. The singly 

bonded layers are unstable, thus the two (111) faces contain the triply 

bonded atoms; one face consisting of A atoms and the other of B atoms. 

The etch given above will only polish the Arsenic face. 

Therefore, before mechanically polishing the {111} substrates the 

correct face was determined by etching for a short period in this 

etch. Attempts to find a suitable polishing etch for the Gallium 

face have been unsuccessful. 

Source Materials 

+99.999% pure source materials were used, which were obtained 

from Koch-Light Laboratories and from New Metals and Chemicals. 

A small amount of 6N pure materials, also obtained from Koch-Light 

was used in two evaporations. Unfortunately, these evaporations 

were unsuccessful, resulting in polycrystalline films, so no 

comparison could be made regarding the effect of material purity 

on electrical properties. 

3.1.4. Experimental Deposition Conditions 

Polycrystalline laAs 

The source-substrate spacing was 10 cm for most evaporations. 

Before deposition, the substrates were outgassed for about an hour 

at 550 - 600°C, and the sources outgassed during this period at increasing 

temperatures in steps, up to the evaporation temperature. This process 
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may also result in the preferential evaporation of volatile impurities 

in the source materials. 

The Indium impingement rate was set to the required value by 

moving the shutter vertically upwards so that the Quartz crystal was 

exposed to the Indium flux but the substrates were still covered. 

When the required rate was obtained the shutter was moved sideways 

to expose the substrates. During the evaporation the Arsenic pressure 

was maintained at approximately 10 ^torr. Deposition was usually 

carried out at substrate temperatures in the region of 450 - 500°C. 

Nucleation of the compound would not occur if the temperature was 

above 550°C. However, in order to obtain a large grain size, it 

was found necessary to anneal the films after deposition at temperatures 

up to 620°C in an Arsenic atmosphere. Alternatively, the temperature 

could be raised as soon as a continuous film was deposited, with 

the re-crystallization occuring during the deposition. During 

deposition or annealing, any exces§ Arsenic above 5x10 ^torr appeared 

to have no effect on the electrical properties of the films. 

The effect of various deposition parameters, such as annealing 

temperature, time and impingement rate on the electrical properties 

has been investigated. These results will be presented in chapter 5. 

It was found that the best films, i.e. having high mobilities and 

low carrier concentrations, were obtained with a deposition 

temperature between 330 and 500°C and annealing at approximately 620°C 

for 15 minutes or longer in an Arsenic pressure of 10~^torr. Above 
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630°C, Arsenic re-evaporation occured, the transition being very rapid. 

According to the calculations of section 3.1.1. the transition 

should occur at 715°C. The discrepancy could be due to errors in 

temperature and pressure measurements and in the Arsenic partial 

pressure data. 

Epitaxial InAs 

Outgassing of the substrates was carried out in steps up to 

a maximum of 700°C, for a period of one to two hours. The sources 

were also outgassed during this period and maintained at the 

evaporation temperature for 10 to 20 minutes before the deposition. 

The deposition parameters for the growth of single crystal films 

have been found to be extremely critical compared to the 

polycrystalline films. It was found that epitaxy occured at 

different substrate temperatures with the three orientations used. 

With an Indium rate of 10 - 15%/sec and an Arsenic pressure of 

-4 

10 torr, the limits of substrate temperatures required for epitaxy 

were approximately; 

orientation T . °C T °C 
min max 

{110} 595 620 

{100} 605 640 

{111}B 630 665 

Temperatures above the maximum resulted in Indium rich films. 

This was confirmed by dipping the sample in concentrated HCl, which 

reacts with the free Indium to give off Hydrogen. If the compound 
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is stoichiometric InAs there is no reaction. Temperatures well 

below the minimum resulted in films which were highly twinned or 

polycrystalline as indicated by electron diffraction. These films 

usually had rough matt surfaces, whereas the good epitaxial layers 

have optically smooth surfaces with some growth features. However, 

below 450°C the twinned and polycrystalline films also have mirror 

smooth surfaces, due to the small grain size, but no growth features 

are observed under the optical microscope. 

Epitaxy on {111} surfaces could still be achieved with rates 

of 20 R/sec, but attempts at 50 £/sec resulted in polycrystalline 

deposits. A proper investigation of the epitaxial relation between 

impingement rate and substrate temperature would require a large 

number of substrates of one orientation. 

3.1.5. Insulator Film Deposition 

Silicon Oxide was used as the gate insulator for the field 

effect devices fabricated. It was vacuum evaporated at a rate of 

40 £/sec onto a substrate maintained at 200°C. A separate vacuum 

system was used, which was capable of pressures down to 5xlO~^torr, 

Apparently, vacuum evaporated films of Silicon Oxide may contain 

a mixture of the Monoxide and the Dioxide, the composition depending 

on the Oxygen pressure of the system during the deposition? It is 

also possible that changes in composition occur with time, thus making 

It a poor gbte insulator. However, it was chosen as an interim 

measure, since it is easy to deposit and is one of the few evaporated 

* See Rppendix Q.J. 
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insulators that has been studied extensively. 

The possibility of using reactively sputtered Tantalum Oxide 

for the gate issulator has also been considered, since it has a 

high dielectric constant. However, preliminary results^indicate 

that the surface state density at the interface of InAs and TagO^ 

is very high, thos giving very poor conductivity modulation. 

3.2.1. Measurement Of Film Thickness 

Since the substrates were placed on a holder for the deposition, 

usually there was an edge where the film thickness could be measured 

directly by interference methods. Thickness measurements of the 

films on glass substrates were often carried out after depositing 

a thin film of Aluminium« A Zeiss multiple reflection interference 

microscrope with a Thallium source (X/z" 2675 &) was used. The 

accuracy of the measurements were probably not better than ± 10%, 

particularly with the very thin films. This method is suitable if 

the film surface is optically reflecting, and in the thickness range 

0.03 to l.Oiim. However, the thick epitaxial layers were either 

angle lapped and measured in the interference microscope, or 

stained cleavage sections were photographed under high magnification 

(x2800). The latter method is only suitable with orientations which 

cleave easily perpendicular to the surface. There is a slight colour 

difference between the epitaxial InAs and the GaAs substrate, which 

can be distinguished under the microscope. However, this difference 

can be enhanced by staining the GaAs in Sodium Hypochlorite for about 

10 sees. 
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3.2.2. Preparation Of Films For Electrical Measurements 

Initially, the films were deposited through out of contact 

Molybdenum masks to obtain the required geometry for Hall effect 

and conductivity measurements. A disadvantage of using metal 

masks is that at high temperatures there can be a large gradient 

across the exposed and unexposed areas of the substrate. Therefore, 

the films were deposited over the whole substrate and a photo-

ffisehanical process used to define the pattern. PMD 'superline' 

positive resist was found satisfactory, since it dissolves very 

easily in acetone. A six arm bridge geometry was used for these 

measurements. The Aluminium contact pattern was evaporated through 

a Molybdenum mask. This geometry was chosen in conjunction with 

R. Hawkins, who has made low frequency noise measurements on 

these films. 

The InAs films were etched in one of the following: 

1. 3HN0^ : IHgO 

2. : IH^Og : IHgO i at approximately 30-40°C 

3. IHNO ; IHCl ^ 

Contact to the pads was made using Johnson & Mathey Silver 

preparation FSP51, which was found satisfactory in the temperature 

sange 65 - 450°C. With a sufficiently high input impedance meter, 

it is not essential to have ohmic contacts if a bridge specimen is 



70. 

employed. The resistance between any two probes of the very thin 

films measured was less than 10^ ohms, whereas the electrometer used 

has an input impedance greater than 10** ohms. 

3.2.3. Field Effect Device Fabrication 

Fig.3.8 is a cross sectional view of the thin film field effect 

structures fabricated. Evaporated source-drain contacts were used 

and isolation is achieved with the semi-insulating substrate. The 

fabrication method to be described is applicable to both polycrystalline 

and epitaxial InAs. 

The photographic masks required to fabricate these devices 

were produced with a Watson mark 3 step and repeat camera, which 

has a reduction of 10 : 1. The total reduction from the master 

was 250. 

Figs.3.9 (a) - (c) show the basic geometries of the various 

masks, magnified about twenty times, (a) defines the semiconductor, 

(b) the source-drain contacts, and (c) the field plate etc. The gate 

insulator was evaporated through a metal mask consisting of strips, 

as shown in Fig.3.9 (d). The basic pattern'incorporates four transistor 

structures with source-drain spacings of 10, 25, 110 and AOpm. The 

AOym gap is not shown in (b), but occurs in the step and repeat 

pattern. There are two Hall probes in the 110pm gap for channel mobility 

measurements. Also included is an MOS capacitor, the Btaall circular 

pattern, and a plain cpa^citor, the large circular pattern. This basic 
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set is repeated in a 12x12 array. All the .devices have a channel 

width of 500pm. 

The device fabrication procedure is as follows 

1. Spin PMD 'superline' positive resist on epitaxial layer and 

bake at 80°K for 20 minutes, 

2. Expose resist with mask of Fig.3.9 (a) to define semiconductor 

pattern. Etch in SHgSO^ilHgOgilHgO. Remove resist with acetone, 

3. Deposit 2000S thick Aluminium film, 

4. Spin resist and expose with mask of Fig.3.9 (b) to define 

source-drain contacts, etc. Etch in Orthophosphoric acid. Remove 

resist, 

5. Deposit Silicon Oxide through metal mask shown in Fig.3.9 (d), 

6. Deposit lOOoS Aluminium film, 

7. Spin resist and expose with mask of Fig.3. 9 (c) to define 

field plate, etc. Etch in Orthophosphoric acid. Remove resist. 

Ocassionally it was found that in step 4 the Orthophosphoric 

acid attacked the epitaxial InAs, so an alternative procedure in 

place of steps 3 and 4 is as follows 

3. Spin positive resist and expose with a double reversal negative 

mask of Fig.3..9 (b), thus removing resist in Aluminium contact 

areas, 

4. Evaporate Aluminium (2000S). Remove resist and excess Aluminium 

by ultrasonic agitation in acetone. 
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A photograph of devices fabricated on epitaxial InAs is shown 

in Fig.3.9(e). Only a few slices have been processed in order to 

demonstrate the feasibility of making such devices, and the measurements 

have been of a limited nature. It was decided that the effort should 

be concentrated instead on improving and characterising the epitaxial 

layers. A contributing factor was the lack of a suitable gate 

insulator. 

3.2.4. Electrical Measuring Apparatus 

The measurement set-up employed was arranged so that measurements 

could be made on the films or on the field effect devices. A 

Keithley 610B electrometer, with an input impedance greater than 

10̂ "̂  ohms, was used to measure the D.C. voltages. The Hall effect 

and magnetoresistance measurements were carried out either with a 

1.5" or a 4" Newport magnet, the latter capable of fields of up 

to 10,000 gauss with a 3cm gap. 

In order to make measurements down to liquid Nitrogen temperatures 

a vacuum cryostat was constructed in stainless steel. Temperature 

control was achieved with a Nichrome wire heater on a copner sleeve, 

and measured with a copper/constantan thermocouple. A vacuum 

~1 

better than 10 torr was obtained using a mechanical pump. Temperatures 

down to 65 K were achieved by pumping on the liquid Nitrogen. 
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4. PHYSICAL INVESTIGATIONS 

4.1. X-Ray Diffraction 

4.1.1. Diffractometer Studies 

X ray diffractometry was used to study the texture of the poly— 

crystalline films and to obtain lattice constant measurements of 

both, the polycrystalline and epitaxial layers. 

A schematic diagram of the Siemens Kristalflex diffractometer 

table is shown in Fig. 4.1. The target is copper and the output of 

the monochromator and slit system is Cu ka, which has a weighted 

average wavelength X = 1.54178& (ka^ is given twice the weight of kOg). 

The specimen is rotated at (p rads/sec and the detector at 2(}> rads/sec, 

thus satisfying the Bragg conditions nX » 2dsln8, at the appropriate 

angle 0, for crystal planes parallel to the substrate. The output 

of the detector is fed to a pulse-height analyser and then to a 

counter and chart recorder, which is synchronised to the detector -

rotation. 

In order to obtain an accurate value of the lattice constant, 

the step scan arrangement was employed. By using an appropriate 

reduction ratio, the table is rotated in steps of 0.005° or 0.05° 

at intervals of 0.1, 1.0, and 10 minutes, depending-on'the accuracy 

required. At the end of each interval the number of counts is printed 

on a console, and the table is stepped to the next position. 

The step scan is usually carried out at a high angle peak since, 

for a given error in 0, the error in sinG is smaller as 0 approaches n/Z 

radians. However since the higher angle peaks of these polycrystalline 



76. 

Cu target 

filter and slit system 

specimen 

rads/sec * 

diffractoraeter 
circle 

2(j) rads/sec 

detector 

(a) Schematic diagram of diffTactometer table 

X-ray source specimen 

monochromator crystal 

(b) Double crystal diffractometer to obtain rocking curves 

Fig.4.1 
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films were usually broader and of lower intensity, the (111) peak 

was used. In order to eliminate errors due to mechanical back-

lash, the stepping was carried out in both directions through the 

peak. This was repeated at an angle of -6 degrees to compensate for 

zero off-set, because the incident X-rays and the detector may not 

be parallel when 9 is zero. The average of these four peaks was then 

used to calculate the lattice constant. 

Although transmission electron microscopy, coupled with diffraction 

is an extremely powerful method to study the defect structure of 

crystals, it is essential to use thin samples, less than a few 

thousand angstroms thick. With epitaxial films, such as InAs on 

GaAs, this requires jet etching from the back of the substrate until 

the required thickness is achieved, which is a delicate and time 

consuming process. 

A very useful technique for studying the perfection of epitaxial 

layers, which does not require thinning, is by X-ray rocking curves 

obtained with a double crystal difftactometer. The first crystal 

is the monochromator, which should be good quality resulting in a 

source of highly collimated X-rays. Tlie second is the specimen 

to be examined. Ideally, the two crystals are of the same orientation, 

resulting in the parallel arrangement shown in Fig.4.1.(b). However, 

this may not always be possible when examining different epitaxial 

orientations, unless the appropriate monochromatingcrystal orientations 

are :available. A perfect crystal combination results in a peak width 



78 

of the order of a few seconds to a few tens of seconds of arc^*^'^'^. 

If the specimen has low angle grain boundaries, a considerable increase 

in the peak width will then be observed. Apparently, with a peak 

width of about 25" low angle grain boundaries with tilts dovm to 

5 - 10" can be detected*'^. The peak width and the total integrated 

intensity, i.e. the area under the peak, are therefore very sensitive 

to crystal perfection. However, since facilities to obtain rocking 

curves were not readily available, we have not been able to make such 

measurements. 

4'1.2. Texture Of Polycrystalline InAs Films 

Fig.4.2 is part of a typical chart record of a 5000% poly-

crystalline film, which shows a strong (111) peak. In order to 

obtain a comparison, table 4.1 gives the relative intensities of an 

InAs powder pattern from the ASTM Powder Data File, together with the 

relative intensities of sample C168, for all reflections of the F.C.C. 

structure upto the (440) peak. The intensities arc given relative to 

the (111) peak, which is arbitrarily set to 100. This indicates clearly 

a strong (111) texture in these films, i.e. the crystallites are 

orientated with their <111> axes perpendicular to the substrate surface 

plane. 

The intensity of the (111) peak relative to the (220) peak 

was found to increase considerably with higher annealing temperatures. 

The results in table 4.2 are the relative intensities, I(lll)/I(220), 

for several films, the higher values corresponding, in general, to 

higher anneal temperatures. 
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rig. 4. 2 Typical dif f ractometer chart rccord of a polycrvp t-i ] line 

InAG film on l̂a.̂ ,.?. Deposited at $00 °C. Anncr.lod at 520'C 
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28 
(approx.) 

Reflecting 
Plane 

Peak Intensity 
I counts/min. 

l/KllpxlOO 
intensity 
relative to 
(111) peak 

I/I(lll)xl00 
from ASTM 
Powder Data 
File InAs card 

15-869 

25.4 111 8.0 X 10* 100 100 

29.5 200 1.5 X 10^ 0.188 8 

42.3 220 3.6 X 10^ 0.450 60 

50.0 311 4.9 X 10^ 0.612 40 

52.3 222 2.8 X 10^ 0.350 2 

61.3 400 1'0 X 10^ 0.125 10 

67.5 331 2.0 X 10^ 0.250 14 

77.25 422 3.0 X 10^ 0.375 16 

82.?5 
511 
333 

3.3 X 10^ 0.412 10 

92.2 440 •v 0.0 8 

Table 4.1 

Comparison of relative intensities with ASTLt Powder 

Data File.Sample C168. 
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since the crystallite size of the thick films is usually large, 

it was not possible to obtain an estimate of the size from the line 

broadening, since the machine broadening is of the same order or 

greater. This method is suitable only with a crystallite size of about 

lOOoR or less^'^. 

Sample I(lll)/I(220) 
relative 

intensity 

I(lll)/I(220) 
from ASTM 

Powder Data File 

C168 222 1.67 

C231 8 1.67 

C299 26 1.67 

C307 173 1.67 

C317 92.2 1.67 

4.1.3, 

Table 4.2 

Intensity of (111) peak relative to (220) peak . 

of several polycrystalline samples. 

Lattice Constant Measurements 

Polycrystnllina InAs Films 

A plot of the step scan data indicated that there was a very small 

error, of tna order of 0.01 , between the forward and reverse scan peaks, 
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at one position. However, there was a difference of approximately 0.20° 

between the average of the peaks on each side of 9 = 0 , due to the zero 

offset, (see Fig.4.3)». Apparently the accuracy of the system, without any 

temperature control, is of the order of ± 0.0002%. Also, the 

variation of lattice constant with temperature is about 0.000lS/°C. 

It is unlikely that the sample temperature varies by more than 

about ± 1°C after the system has been running for a few hours. Hence 

the results should be accurate to the third decimal place. 

Taking the average of the four peaks, the lattice constants 

of several polycrystalline samples have been calculated to five 

digits and the results are presented in table 4.3. 

Substrate Sample Average 0 
(111) peak 

Lattice 
Constant a S 

Corning 7059 C168 12.700° 6.0672 

Corning 7059 C231 12.712° 6.0690 

Corning 7059 C299 12.720° 6.0639 

Corning 7059 C307 12.672° 6.0854 

Corning 7059 C317 
o 

12.695 6.0756 

Table 4.3 

Results of lattice constant measurements on polycrystalline 

InAs Films 
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The lattice constant of melt grown InAs, given in the literature*'*, 

is 6.05838 ± O.OOOOsS at 25°C, which indicates a large difference 

with the results in table 4.3. J o h n s o n ^ h a s measured a value of 

6.063S in polycrystalline InAs deposited on corning glass by the 

same method. 

The larger value measured could be explained by differences 

in thermal expansion coefficients of the substrate and deposit. 

The average expansion coefficient of corning 7059 glass is 

4.6x10 */°C and that of InAs is 6.67xlO"^/°C. When the sample is 

cooled from about 600°C after deposition, the substrate contracts 

less then the film material, thus causing a strain in the film. 

If we assume this difference in contraction is taken up entirely 

by strain in the film, and the strain is uniform across the film 

thickness, then a simple calculation shows that the lattice constant 

at 25 C should be 6.0658&. Although this figure compares favourably 

with some of the results in table 4.3, it is difficult to believe 

that the strain is uniform across the film thickness. 

Epitaxial InAs 

The usual method for lattice constant measurements of a single 

crystal is to use a powder of the specimen in the diffractometer. 

However, since this is a destructive method and because our films 

are thin, we have obtained a diffractometer step scan by mounting 

directly, the GaAs substrate with the epitaxial layer, on a glass 

plate which fits into the specimen holder of the diffractometer. 
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Chart records of epitaxial layers on (111) GaAs gave a very 

strong (111) peak and no other InAs peaks. However, probably due 

to some penetration of the substrate, a weak (111) GaAs peak was 

observed. 

Since the goniometer in the diffractometer did not have an 

arrangement to tilt the specimen about a horizontal axis parallel 

to the film surface it was not possible to align the specimen 

accurately. Therefore, the lattice constant measurements were 

inaccurate. For example, values of 6.05& and 6.12& were obtained 

for samples G339 and G334 respectively.. Clearly, these have 

very large measurement errors. Since these films are several microns 

thick, it is unlikely that the lattice mismatch has any effect on 

the deposit. 

Laue Back Reflection To Determine Orientation Of Epitaxial Layers 

Seversx thick epitaxial InAs films and some GaAs substrates 

have been examined by Laue back reflection, in order to determine 

the orientation of the layers. The X-ray source was unfiltered 

radiation from a copper target. The photographic film and sample 

surface were set parallel and 3cra apart, with the X—ray beam perpendicular 

to this plana. All the crystallographic planes of one zone will 

give rise to a set of spots on the film which lie on a straight 

line or hyperbola*'^. Using a Greininger chart and a Wulff nett, 

It is then possible to construct a stenographic projection for a 

particular sample and the orientation of the surface plane obtained. 



# 
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I 

Fig.4.4 
Laue back reflection photographs of epitaxial InAs, 

(a) (100), (b) (111) orientation 
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Fig.4.4 shows typical Laue photographs of (100) and (111) 

epitaxial InAs which indicate the layers are single crystal. By 

plotting stereographic projections they were found to be of the 

order of 2° OFF singular orientation, which is the same as the 

substrate misorientation. 

4.2. Electron Microscopy 

4.2.1. Transmission Electron Microscopy and Diffraction 

Several polycrystalline films, less than 3000& thick, were 

examined by transmission electron microscopy and diffraction in 

an AEI EM6G microscope. The films were stripped from the glass 

substrates by dipping them in dilute Hydrofluoric acid, (SHgOilHF at 

R.T. for approximately 10 minutes), which attacks the glass but does 

not appear to etch the InAs. Sections of the film which floated off 

were rinsed in distilled water and placed on a microscope grid. 

Figs.4.5 and 4.6 show bright field micrographs of two polycrystalline 

samples, together with their diffraction patterns. Fig.4.7 illustrates 

the ring pattern to be expected for InAs, with a camera constant 

AL = 1.366 cmS (100 KV electrons). The diffraction patterns 

indicate that the films have condensed in the cubic phase with perhaps 

a (111) preferred orientation, since these are the most intense 

rings. However, the intensity of the various rings is also a function 

of the structure and multiplicity factors. 
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SOOA 
I 

(a) Bright field transmission electron micrograph, of a 
thin polycrystalline InAs film on glass, sample C259-500A. 
Deposited at 400'C, no anneal 

(b) Diffraction pattern of the same sample. 100KV electrons 

Fig J; .5 
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2oooA 
I I 

(a) Bright field transmission electron micrograph, of a 
500A polycrystalline InAs film, deposited at 525 °C 
and annealed at 595 "C for 10 minutes. Sample 0228 

(b) Diffraction pattern of the same sample. 80 KV electrons 

Fig.4.6 





9 0 . 

642 

:22. 

120 

F i g . 4 . 7 

I n d e x e d r i n g p a t t e r n o f F i g . 4 . 5 ( b ) , s h o w i n g s o m e 

h i g h i n t e n s i t y FCC r e f e l c t i o n s . 1 0 0 KV e l e c t r o n s . 

D i f f r a c t i o n c o n s t a n t - 1 . 3 6 5 c m - R . M a g n i f i e d x l . 6 4 



9 1 

B y o b t a i n i n g a n a v e r a g e o f t h e m e a s u r e d c r y s t a l l i t e s i z e s 

f r o m t h e e l e c t r o n m i c r o g r a p h s o f t h e t h i n f i l m s a n d t h e o p t i c a l 

m i c r o g r a p h s o f t h e t h i c k e r l a y e r s , i t h a s b e e n e s t a b l i s h e d t h a t t h e 

c r y s t a l l i t e s i z e i s o f t h e s a m e o r d e r a s t h e f i m m t h i c k n e s s , w h e n 

t h e f i l m s a r e a n n e a l e d a t t h e h i g h e s t t e m p e r a t u r e p o s s i b l e w i t h o u t 

d i s s o c i a t i o n t a k i n g p l a c e . F i g . 4 . 8 s h o w s t h e v a r i a t i o n o f t h e a v e r a g e 

g r a i n s i z e w i t h f i l m t h i c k n e s s . I t a p p e a r s t h e s e f i l m s e x h i b i t 

" g r o w t h o r i e n t a t i o n " , i . e . t h e g r a i n s i z e i s o f t h e s a m e o r d e r a s 

t h e f i l m t h i c k n e s s . I f t h e f i l m s a r e d e p o s i t e d a t a l o w s u b s t r a t e 

t e m p e r a t u r e , t h e g r a i n s i z e m a y b e v e r y s m a l l , b u t a n n e a l i n g a t a 

h i g h e r t e m p e r a t u r e i n c r e a s e s t h e s i z e t o t h e p o i n t w h e r e i t i s l i m i t e d 

b y t h e f i l m t h i c k n e s s . 

4 . 2 . 2 . R e f l e c t i o n E l e c t r o n D i f f r a c t i o n O f E p i t a x i a l I n A s 

A l t h o u g h L a u e b a c k r e f l e c t i o n c a n g i v e a n i n d i c a t i o n o f s i n g l e 

c r y s t a l l i n i t y , i t i s o n l y s u i t a b l e i f t h e e p i t a x i a l l a y e r i s m o r e 

t h a n 5 - l O y m t h i c k , o t h e r w i s e t h e X - r a y b e a m p e n e t r a t e s t h e s u b s t r a t e . 

A l s o , L a u e p h o t o g r a p h s p r o v i d e v e r y l i t t l e i n f o r m a t i o n o n c r y s t a l d e f e c t s . 

T h e r e f o r e , m o s t o f t h e e p i t a x i a l l a y e r s w e r e e x a m i n e d b y g l a n c i n g 

a n g l e h i g h e n e r g y r e f l e c t i o n e l e c t r o n d i f f r a c t i o n , w h i c h a l s o p e r m i t s 

v i e w i n g t h e s p e c i m e n a t d i f f e r e n t a z i m u t h s . I n i t i a l l y , t h e EM5G 

m i c r o s c o p e w a s u s e d , b u t i t d i d n o t h a v e a p r o p e r r e f l e c t i o n s t a g e . 

H e n c e , a c r u d e s p e c i m e n h o l d e r , w i t h n o f a c i l i t i e s f o r t i l t i n g , h a d 

t o b e u s e d . M o r e r e c e n t l y , m a n y s a m p l e s w e r e e x a m i n e d i n a H i t a c h i H . U . l l 

m i c r o s c o p e , w h i c h h a s a p r o p e r r e f l e c t i o n s t a g e w i t h f a c i l i t i e s t o 
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i n s e r t a G o l d s t a n d a r d f o r c a l i b r a t i o n w i t h o u t r e m o v i n g t h e s p e c i m e n 

b e i n g e x a m i n e d . T h e d i f f r a c t i o n p a t t e r n s w e r e t a k e n a t 7 5 k V , g i v i n g 

a d i f f r a c t i o n c o n s t a n t XL = 1 . 9 7 c m S . 

F i g . 4 . 9 s h o w s d i f f r a c t i o n p a t t e r n s o f I n A s f i l m s o n { 1 1 1 } 

a n d { 1 1 0 } G a A s d e p o s i t e d a t 2 6 0 ° C a n d 4 0 0 ° C r e s p e c t i v e l y . T h e f i r s t 

c l e a r l y i n d i c a t e s t h e f i l m i s a h i g h l y o r i e n t a t e d p o l y c r y s t a l l i n e 

s a m p l e , w h i l e t h e s e c o n d s h o w s a l a r g e n u m b e r o f e x t r a s p o t s , p r o b a b l y 

d u e t o m u l t i p l e t w i n n i n g . 

F i l m s d e p o s i t e d a t h i g h e r t e m p e r a t u r e s , b u t s t i l l b e l o w t h e 

o p t i m u m v a l u e , r e s u l t i n l a y e r s w h i c h a r e e p i t a x i a l , b u t w i t h c o n s i d e r a b l e 

t w i n n i n g . F i g . 4 . 1 0 ( a ) i s a p a t t e r n o f a n I n A s f i l m o n ( 1 0 0 ) G a A s , 

s a m p l e G 3 5 0 , v i e w e d a t [ l O l ] a z i m u t h , i . e . t h e e l e c t r o n b e a m i s 

a l o n g t h i s c r y s t a l l o g r a p h i c d i r e c t i o n . T h e m a n y s a t e l l i t e s p o t s o c c u r i n g 

a t o n e t h i r d t h e d i s t a n c e b e t w e e n t h e m a i n m a t r i x s p o t s a r e d u e t o 

t w i n n i n g ^ ' ^ . T h e t w i n a x e s i n FCC s p h a l e r i t e s t r u c t u r e m a t e r i a l s a r e 

u s u a l l y a l o n g < 1 1 1 > d i r e c t i o n s . S i n c e t h e d i f f r a c t i o n p a t t e r n 

r e p r e s e n t s t h e i n t e r s e c t i o n o f t h e E w a l d s p h e r e w i t h t h e r e c i p r o c a l 

l a t t i c e ^ d i r e c t i o n s a l o n g t h e d i f f r a c t i o n p a t t e r n r e p r e s e n t p a r t i c u l a r 

c r y s t a l l o g r a p h i c d i r e c t i o n s . N o w , r o t a t i o n o f a t w i n b y 1 8 0 ° a b o u t 

t h e t w i n a x i s s h o u l d b r i n g i t i n c o i n c i d e n c e w i t h t h e m a t r i x o r i e n t a t i o n . 

Therefore, if t h i s i s performed o n t h e d i f f r a c t i o n p a t t e r n , t h e 

t w i n s p o t s s h o u l d coincide w i t h t h e m a t r i x s p o t s a s s h o w n i n F i g . 4 . 1 1 ( a ) . 

H e n c e , a l l t h e s a t e l l i t e s p o t s i n F i g . 4 . 1 0 ( a ) c a n b e i d e n t i f i e d d u e 

t o s i m p l e t w i n n i n g . I t s h o u l d b e n o t e d t h a t t h e a b o v e c a s e o c c u r s 
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(a) Reflection electron diffraction of an Iiuls film on 
{ m l orientation GaAs, deposited at 260 C 

(b) RED, InAs on (110} GaAs, deposited at 400 °C 

Fig.4.9 
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(a) Electron diffraction of a highly twinned InAs film 

on (100) GaAs, sample G350 deposited at 54-0 C. Seen 

at [l0l] azimuth. 

(b) Same as above but viewed at [101] azimuth. 

Fig.4.10 
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o n l y w h e n t h e b e a m d i r e c t i o n i s p e r p e n d i c u l a r t o a t w i n a x i s . T h e 

i n d i c e s o f t h e t w i n s p o t s c a n b e o b t a i n e d e a s i l y i n t h i s c a s e , 

o n c e t h e m a t r i x s p o t s h a v e b e e n i n d e x e d . T h u s , i f ( h k l ) i s a 

™ ^ t r i x r e c i p r o c a l l a t t i c e p o i n t , t w i n n i n g a b o u t ( p q r ) t r a n s f o r m s 

i t t o t h e p o i n t ( h ' k ' l ' ) g i v e n b y ^ ' ^ ; 

h ' = p ( p h + 2 q k + 2 r l ) - h ( q ^ + r ^ ) 

2 2 2 
P + q + r . . . ( 4 . 1 ) 

k ' = q ( 2 p h + q k + 2 r l ) - k ( p ^ + r ^ ) 

2 2 ~ 2 
P + q + r . . . ( 4 . 2 ) 

1 ' = r ( 2 p h + 2 q k + r l ) - l ( p ^ + q ^ ) 

2 2 2 
P + q + r . . . ( 4 . 3 ) 

F o r e x a m p l e , t h e m a t r i x s p o t ( 3 3 1 ) i n F i g . 4 . 1 1 ( a ) g i v e s 

r i s e t o t h e t w i n s p o t 1 / 3 ( 5 , 5 , 1 1 ) d u e t o t w i n n i n g a b o u t ( 1 1 1 ) , b y 

p u t t i n g h k l = 3 3 1 a n d p q r = 1 1 1 i n e q u a t i o n s 4 . 1 t o 4 . 3 . W h e n 

t h e s a m e s a m p l e , G 3 5 0 , w a s v i e w e d a t 1 8 0 ° f r o m t h a t i n F i g . 4 . 1 0 ( a ) 

s t r e a k i n g o c c u r e d a s s h o w n i n F i g . 4 . 1 0 ( b ) . T h e d i f f e r e n c e i n 

t h e s e t w o p a t t e r n s i s , p e r h a p s b e c a u s e t h e ( 1 0 0 ) s u r f a c e p l a n e 

i s n o t p e r p e n d i c u l a r t o t h e s p e c i m e n r o t a t i o n a x i s . A p p a r e n t l y , 

a h i g h d e n s i t y o f s t a c k i n g f a u l t s c a n r e s u l t i n a r e l a x a t i o n o f 

t h e B r a g g c o n d i t i o n d u e t o a l i m i t a t i o n o f t h e e x t e n t o f t h e 

d i f f r a c t i o n g r a t i n g . I f t h i s l i m i t a t i o n i s s t r o n g l y o r i e n t a t i o n 

d e p e n d e n t , t h e r e c i p r o c a l l a t t i c e p o i n t s a r e e x t e n d e d i n s o m e 

d i r e c t i o n s , a n d i n e x t r e m e c a s e s b e c o m e a n a s s e m b l a g e o f i n t e r s e c t i n g 

r o d s . T h i s r e s u l t s i n s t r e a k i n g u n d e r c e r t a i n c o n d i t i o n s a n d t h e 
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s t r e a k s r u n a l o n g < 1 1 1 > a x e s , i . e . t h e d i r e c t i o n s o f t h e s t a c k i n g 

f a u l t s . T h e n o r m a l s t a c k i n g s e q u e n c e a l o n g t h e s e d i r e c t i o n s , 

i n a n FCC s t r u c t u r e i s a b c a b c . . . , a s s h o w n i n F i g . 4 . 1 1 ( b ) . 

A s u c c e s s i o n o f s t a c k i n g f a u l t s c o u l d r e s u l t i n a s t a c k i n g s e q u e n c e , 

a b c b a c s h o i m i n F i g . 4 . 1 1 ( c ) . T h i s i s i n f a c t a r e f l e c t i o n 

t w i n w i t h C t h e t w i n p l a n e , a n d t h e t w i n a x i s p e r p e n d i c u l a r t o 

t h i s p l a n e . ( I n a n FCC s t r u c t u r e a r e f l e c t i o n t w i n i s a l s o a 

r o t a t i o n t w i n a n d d u e t o t h e h i g h s y m m e t r y i n c u b i c s t r u c t u r e s , 

a 6 0 ° C r o t a t i o n i s e q u i v a l e n t t o a 1 8 0 ° r o t a t i o n o f t h e t w i n ) . 

2 2 2 
S i n c e p = q = r = 1 , t h e r e c i p r o c a l l a t t i c e t w i n p o i n t 

( h ' k ' l * ) g i v e n b y e q u a t i o n s 4 . 1 t o 4 . 3 r e d u c e s t o : 

( ~ ( - p h + 2 q k + 2 r l ) , — ( 2 p h - q k + 2 r l ) , — ( 2 p h + 2 q k - r i ; 

3 p 3 q 3 r 

. . . ( 4 . 4 ) 

A s s h o w n a b o v e , t h e r e c i p r o c a l l a t t i c e p o i n t ( 3 3 1 ) g i v e s 

r i s e t o t h e t w i n s p o t — ( 5 , 5 , 1 1 ) , w h i c h c a n b e w r i t t e n : 

3 

( 3 3 1 ) - V - ( 5 , 5 , 1 1 ) -> ( 2 2 4 ) - - ( 1 1 1 ) 

3 3 

i . e . t h e t w i n o f ( 3 3 1 ) i s d i s p l a c e d f r o m t h e m a t r i x p o i n t ( 2 2 4 ) 

b y - — ( 1 1 1 ) . T h u s i t c a n b e s e e n t h a t t h e t w i n p o i n t s d i v i d e t h e 

3 

d i s t a n c e b e t w e e n m a t r i x p o i n t s i n t h r e e s , i . e . t h e t w i n p o i n t s 

a r e g i v e n b y ; 

( u ± ^ p , v ± — q , w ± — r ) . . . ( 4 . 5 ) 

3 3 

w h e r e ( u v w ) i s a m a t r i x r e c i p r o c a l l a t t i c e p o i n t . H o w e v e r , n o t 

a l l s u c h p o i n t s a r e p e r m i s s i b l e . P a s h l e y a n d S t o w e l l ^ ' ^ ^ h a v e 

s h o w n t h a t t h e t w o c o n d i t i o n s t o b e s a t i s f i e d a r e ; 
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020 

R e c i p r o c a l l a t t i c e f o r a n FCC c r y s t a l 

i n c l u d i n g p o i n t s d u e t o t w i n n i n g . T h e 

e x t r a s p o t s a r e d u e t o d o u b l e d i f f r a c t i o n 

( a f t e r P a s h l e y a n d S t o w e l l , r e f . 4 . 1 4 ) 

e FCC m a t r i x s p o t s 

. { 1 1 1 } p r i m a r y 

t w i n s p o t s 

• E x t r a s p o t s 

( e ) S c h e m a t i c d i a g r a m t o i l l u s t r a t e m a t r i x -

t w i n d o u b l e d i f f r a c t i o n 

F I G . 4 . 1 1 
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! • p u + q v + r w = ± ( 3 N + 1 ) , . . ( 4 . 6 ) 

w h e r e N i s a n i n t e g e r , e i t h e r p o s i t i v e o r n e g a t i v e . 

2 . T h e d i s t a n c e o f a n a l l o w e d t w i n r e c i p r o c a l l a t t i c e p o i n t 

f r o m t h e o r i g i n m u s t b e e q u a l t o t h a t o f a n a l l o w e d m a t r i x 

r e c i p r o c a l l a t t i c e v e c t o r . F o r e x a m p l e , i f ( u v w ) = ( 2 2 0 ) , 

t h e n t h e l e f t h a n d s i d e o f e q u a t i o n 4 . 5 g i v e s 4 , 0 , 0 , - 4 , 

f o r t h e t w i n p l a n e s ( 1 1 1 ) , ( 1 1 1 ) , ( 1 1 1 ) , a n d ( i l l ) . O n l y 

t h e f i r s t a n d l a s t v a l u e s a r e a c c e p t a b l e , w i t h N = + 1 . T h e 

s e c o n d c o n d i t i o n a b o v e w i l l a l l o w o n l y t h e p o s t i v e s i g n i n 

4 . 5 " f o r t w i n n i n g a b o u t ( 1 1 1 ) a n d t h e n e g a t i v e s i g n f o r 

t w i n n i n g a b o u t ( 1 1 1 ) , i . e . t h e t w i n p o i n t s a r e 

(220)+ -(111) and (220) - -(III) 
3 3 

B y t h i s m e t h o d a l l t h e t w i n p o i n t s c a n b e d e d u c e d , a n d t h i s 

i s s h o w n i n F i g . 4 . 1 1 ( d ) , w h i c h i s a r e c i p r o c a l l a t t i c e f o r 

a n F . C . C . c r y s t a l . S i n c e , b y r o t a t i n g , o r t i l t i n g , t h e 

s p e c i m e n i n d i f f r a c t i o n o n e c a n e x p l o r e t h e w h o l e o f t h e 

r e c i p r o c a l l a t t i c e , t h e a b o v e m e t h o d p e r m i t s a n e a s y d e d u c t i o n 

o f t h e t w i n s p o t s . 

T h u s , w h e n s a m p l e G 3 5 0 w a s v i e w e d s l i g h t l y o f f a n j o o i j a z i m u t h 

t h e d i f f r a c t i o n p a t t e r n s h o w n i n F i g . 4 . 1 2 ( a ) w a s o b t a i n e d , i n w h i c h 

s o m e o f t h e m a t r i x p o i n t s w e r e s u r r o u n d e d b y u p t o f o u r s a t e l l i t e 

s p o t s . O n e o r t w o o f t h e s a t e l l i t e s p o t s a r o u n d e a c h m a i n p o i n t 

a r e p r i m a r y t w i n s p o t s a n d t h e r e s t a r e d u e t o d o u b l e d i f f r a c t i o n . 

A p p a r e n t l y , i t i s g e o m e t r i c a l l y f a v o u r a b l e f o r e l e c t r o n s d i f f r a c t e d 
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(a) RED of epitaxial InAs on (100) GaAs, sample G350, 
viewed at a small angle off an [OOl] direction. 

(b) RED of epitaxial InAs on {lio} GaAs, deposited at 595'^. 
ElOl] azimuth. Note the high intensity twin spots. 

Fig.4.12 
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( d ) D i f f r a c t i o n p a t t e r n o f F i g . 4 . 1 2 ( b ) , s a m p l e G 3 4 5 , s h o w i n g 

p r i m a r y t w i n s p o t s a n d o n e d o u b l e d i f f r a c t i o n s p o t 

F i g . 4 . 1 2 



103 

i n t h e m a t r i x i n t h e v i c i n i t y o f a t w i n b o u n d a r y , a s s h o w n i n 

F i g . 4 . 1 1 ( e ) , t o p a s s i n t o t h e t w i n , o r v i c e - v e r s a , g i v i n g r i s e t o 

d o u b l e d i f f r a c t i o n ^ ' ^ . K n o w i n g t h e m a t r i x a n d p r i m a r y t w i n s p o t s , 

i t i s p o s s i b l e t o d e d u c e t h e d o u b l e d i f f r a c t i o n s p o t s b y t r e a t i n g 

a p r i m a r y d i f f r a c t e d b e a m a s a n e w s o u r c e f o r d i f f r a c t i o n i n a 

t w i n . A l l t h e e x t r a s p o t s i n F i g . 4 . 1 2 ( a ) c a n t h e n b e a c c o u n t e d 

f o r i n t h i s m a n n e r , a s s h o w n i n F i g . 4 . 1 2 ( c ) . T h e d o u b l e d i f f r a c t i o n 

s p o t s c o u l d , o f c o u r s e , b e d e d u c e d d i r e c t l y f r o m t h e r e c i p r o c a l 

l a t t i c e i n F i g . 4 . 1 1 ( d ) , s i n c e t h e r e s t o f t h e p o i n t s a t o n e t h i r d 

t h e d i s t a n c e f r o m t h e m a i n m a t r i x p o i n t s a r e d u e t o d o u b l e d i f f r a c t i o n . 

N o t e t h a t t h e d i f f r a c t i o n p a t t e r n o f F i g . 4 . 1 2 ( a ) i s s l i g h t l y o f f t h e 

( 0 0 1 ) r e c i p r o c a l l a t t i c e p l a n e , p a s s i n g t h r o u g h t h e o r i g i n , s o 

t h a t f u r t h e r a w a y f r o m t h e o r i g i n t o w a r d s t h e r i g h t 

t h e t w i n s p o t s o b s e r v e d c h a n g e f r o m t h o s e a r o u n d e v e n i n d e x s p o t s 

s u c h a s ( 4 2 0 ) , t o t h o s e a r o u n d o d d i n d e x s p o t s s u c h a s ( 7 3 1 ) , ( 7 5 1 ) e t c . 

S i n c e s o m e o f t h e d o u b l e d i f f r a c t i o n s p o t s a r e q u i t e i n t e n s e , 

i t a p p e a r s t h a t a s u b s t a n t i a l f r a c t i o n o f t h e e l e c t r o n s a r e c r o s s i n g 

t w i n b o u n d a r i e s , t h e r e f o r e t h e s e m u s t b e c l o s e l y s p a c e d , i . e . m i c r o -

t w i n s . T h i s s a m p l e w a s d e p o s i t e d a t 5 4 0 ° C . 

A f u r t h e r e x a m p l e o f t w i n n i n g i s s h o w n i n F i g . 4 . 1 2 ( b ) , w h i c h 

i s a ( l O l ) p a t t e r n o f a s a m p l e G 3 4 5 d e p o s i t e d a t 5 9 5 ° C . 

T h e t w i n p o i n t s a r e d e d u c e d f r o m F i g . 4 . 1 1 ( d ) a n d s h o w n i n F i g . 4 . 1 2 ( d ) . 

S i n c e t h e t w i n s p o t s a r e v e r y i n t e n s e a n d t h e r e a r e o n l y o n e o r 

t w o d o u b l e d i f f r a c t i o n s p o t s i t i n d i c a t e s t h a t t h e t w i n s a r e l a r g e . 

H o w e v e r , t h e a b s e n c e o f d o u b l e d i f f r a c t i o n s p o t s i n t h i s p a t t e r n 

* I n a r e c e n t p a p e r H o l t ^ h a s g i v e n a s i m i l a r i n t e r p r e t a t i o n i n t h e 
c a s e o f e p i t a x i a l Z n T e . 
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a n d i n F i g . 4 . 1 1 ( a ) c o u l d b e b e c a u s e i t i s n o t g e o m e t r i c a l l y f a v o u r a b l e 

i n < 1 1 0 > a z i m u t h s . I f h e n s a m p l e G 3 4 5 w a s v i e w e d a t [ o o l l n o d o u b l e 

d i f f r a c t i o n s p o t s w e r e o b s e r v e d , c o n f i r m i n g t h a t t h e t w i n s a r e l a r g e . 

F i l m s , r e s u l t i n g i n d i f f r a c t i o n p a t t e r n s o f t h e t y p e s h o w n i n F i g . 4 . 1 1 

a n d F i g . 4 . 1 2 h a d m a t t s u r f a c e s a n d w e r e n o t n o r m a l l y c o n s i d e r e d 

s u i t a b l e f o r e l e c t r i c a l e v a l u a t i o n . H o w e v e r , r o o m t e m p e r a t u r e 

m e a s u r e m e n t s m a d e o n some s u c h s a m p l e s i n d i c a t e d t h e e l e c t r o n 

m o b i l i t i e s w e r e u p t o 40% l o w e r t h a n t h a t i n t h e u n t w i n n e d s a m p l e s . 

E p i t a x i a l I n A s l a y e r s d e p o s i t e d a t s u b s t r a t e t e m p e r a t u r e s 

b e t w e e n 6 0 0 - 6 5 0 ° C ( t h e t e m p e r a t u r e l i m i t s f o r e a c h o f t h e t h r e e 

o r i e n t a t i o n s u s e d a r e g i v e n i n s e c t i o n 3 . 1 . 4 ) , a n d h a v i n g m i r r o r 

s m o o t h s u r f a c e s r e s u l t e d i n s i n g l e c r y s t a l d i f f r a c t i o n p a t t e r n s . E x a m p l e s 

a r e g i v e n i n F i g . 4 . 1 3 o f a t h i c k I n A s f i l m o n ( 1 1 1 ) G a A s s e e n a t [ l l O ] 

a n d [ 2 1 1 ] d i r e c t i o n s . T h e s e p a t t e r n s a r e i n d e x e d i n F i g . 4 . 1 4 . S u c h 

s a m p l e s w h e n v i e w e d a t v a r i o u s a z i m u t h s , g e n e r a l l y g a v e g o o d d i f f r a c t i o n 

p a t t e r n s w h i c h w e r e e a s i l y i n d e x e d , a n d w i t h o u t s a t e l l i t e s p o t s . 

D i f f r a c t i o n p a t t e r n s o f g o o d q u a l i t y I n A s o n ( 1 0 0 ) a n d ( 1 1 0 ) 

G a A s a r e s h o w n i n F i g . 4 . 1 5 . T h e ( 1 0 0 ) f i l m i s 2 . 7 p m a n d t h e ( 1 1 0 ) 

f i l m i s a b o u t l . O y r a t h i c k . K i k u c h i l i n e s a n d b a n d s h a v e b e e n o b s e r v e d 

o f t e n , p a r t i c u l a r l y w h e n e x a m i n i n g t h e t h i c k e p i t a x i a l s p e c i m e n s . T h e y 

a r i s e w h e n e l e c t r o n s a r e i n e l a s t i c a l l y s c a t t e r e d , w i t h a s m a l l e n e r g y 

l o s s , a n d a r e s u b s e q u e n t l y e l a s t i c a l l y s c a t t e r e d . A s t h e s p e c i m e n i s 



105 

(a) 

(b) 
Fig.4.13 

Electron diffraction of an untwinned eoitaxial InAs film 
on (111) GaAs, deposited at 640°C. (a) [liq , (b) [211] 
azimuth. 6.7 f̂ m thick lay,fer 
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>• 

(a) Epitaxial InAs on {100} GaAs, deposited at 655 °C. 
Seen at <^10^ azimuth. 

(b) Epitaxial InAs on {IIO} GaAs, seen at <̂ 1(̂  azimuth. 

Fig.4.15 
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rotated, the Kikuchi lines move across the diffraction pattern, 

appearing to be rigidly attached to the specimen. Hence, they can 

be used to determine, accurately, the orientation of the specimen. 

However, we have not attempted to do this. It was often found that 

although the Kikuchi pattern was easily observed on the microscope 

screen, the contrast was very poor on the photographic plate. Fig.4.16(a) 

is an example of a diffraction pattern showing some Kikuchi lines. 

A diffraction pattern of a very thin (110) epitaxial film, 

about 400& thick, is shown in Fig.4.16(b). Although this is a single 

crystal spot pattern, a few rings are visible which do not intersect 

the spots. This could be due to some free Indium or Arsenic on the 

surface, or contamination by unknown impurities. The d-spacings of 

the rings correspond closely to some Arsenic reflections. It is 

possible that free Arsenic could have condensed. on the film if the 

substrate temperature was reduced below 100-200°C, while the Arsenic 

pressure was still high. 

Examination of layers which appeared to have an Indium excess, 

because the deposition temperature was too high (HCl test, see 

section 3.1.4), gave ring patterns which could only be identified as 

that of InAs and not free Indium. It is possible that the blobs 

observed under the optical microscope, (section 4.3.1) were in fact a 

mixture of polycrystalline InAs and free Indium, rather than just free 

Indium. 
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(a) Epitaxial InAs on {100> GaAs, showing some 
Kikuchi lines 

(b) A very thin InAs film (~ifOOA) on (lio} GaAs seen 
at <^lj^ . Weak rings which do not iatersect the main 
spots can be observed. 

Fig.4.16 
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Some comments should be made on the observed differences in 

substrate temperature, for the transition from twinned to untwinned 

epitaxy, on the various orientations. In chapter 2 it was suggested 

that this could be due to differences in interfacial energies as 

well as surface parameters of the various orientations. Another reason 

4 9 

suggested by Holloway et. al * , is due to the difference in the angles 

between the growth direction and the <111> twin axes. Deposition 

below the optimum temperature results in faceted surfaces. Generally 

an increase in planarity is observed with increasing deposition 

temperature, and the {111} facets which deviate most from planarity 

will disappear at the lowest temperature. Thus, from table 4.4 

it can be seen that twinning should disappear in the order; 

*(001) ^ ^(110) ^ 

This indicates a reversal in the order of the (001) and (110) 

temperatures compared to our results (section 3.1.4). However, the 

above order has been observed by Holloway et. al*'^ in the chemical 

deposition of GaAs on Germanium. If this explanation is correct, then 

from table 4.4., twinning about [ill] and [ill] on (110) orientations 

should disappear first, whereas on (111) orientations, twinning about 

[ill] only should persist: up-to the transition temperature. 
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Growth Twin Axis 

Direction 

[111] [III] [ill] [111] 

[ool] 54.7° 54.7 54.7 54.7 

[110] 35.3 90 35.3 90 

[ill] 0 70.5 70.5 70.5 

Table 4.4 

Angles Between <111> Twin Axes And Growth Directions 

In conclusion, it should be pointed out that an epitaxial film 

possessing a large density of low angle grain boundaries could still 

result in a good single crystal electron diffraction pattern. Therefore, 

techniques such as X-ray rocking curves, described earlier, and X-ray 

topography would be very useful in order to obtain further information on 

the perfection of these layers, with the advantage that thinning of 

the crystal is not necessary. 

4.3. Optical Examination 

4.3.1. Surface Features And Cleavage Sections 

The crystallites of thick polycrystalline films could easily be 

observed under an optical microscope, at magnifications between 1000 

and;3000. By measuring, the approximate diameter of about thirty 
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crystallites in each micrograph, an average value of the crystallite 

size was obtained and this is plotted as a function of film thickness 

in Fig.4.8. These films usually have very rough surfaces because of 

the large grain size. 

Optical examination of the epitaxial films also indicate various 

growth features. The micrographs to be shown are of films which have 

mirror smooth surfaces by visual examination, unless otherwise stated. 

Using a Nomarski unit with polarized light, the contrast was increased 

considerably. 

Fig.4.17 shows some growth features observed on {100} surfaces. 

Using oblique incidence light it was deduced that the features in (a) 

were hillocks rather than pits. A micrograph of a {110} surface is 

shown in Fig.4.18(a). Generally these features were observed when 

the substrate temperature during deposition was slightly below the optimum 

value. Fig.4.18(b) is an example of a {111} layer, showing pits which 

could have been caused by thermal etching. Apparently etching is caused 

by residual gases, such as Oxygen, which attack the surface at high 

substrate temperatures. Although this is often referred to as thermal 

etching, it is in fact a form of chemical etching^'^*. It should be 

pointed out that epitaxial layers oh both {110} and {111} GaAs substrates 

have been deposited which are smooth and featureless, (see Fig.4.19(a)). 

Films which were deposited at too high a temperature had surfaces 

which were visually very rough with a metallic appearance, and were 

suspected to be Indium rich. Fig.4.20(d) is a typical micrograph 
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(a) 

2^/r 

(b) 

Fig.4.17 
Surface growth features on epitaxial Iiuls, {lOO} 
orientation. 5.6 layer 
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2o/(* 

(a) 

(b) 

Fig.4.18 

Surface features on epitaxial InAs, ( a ) {IIOj-

(b) { i n } orientation 
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25" /t" 

(a) 

(b) 

Fig.4.19 

(a) Surface of an almost featureless {l1l} InAs fxlm. 12 pm thick 

(b) Surface of a highly twinned InAs film, ^1l} orientation 
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showing blobs which according to electron diffraction data, could 

consist of polycrystalline InAs and free Indium. Fig.4.19(b) is a 

surface of a highly twinned InAs film, giving a diffraction pattern 

of the type shown in Fig.4.10. Many of the triangular crystallites are 

seen to be pointing in certain directions. Such films have matt surfaces. 

In order to examine the InAs/GaAs interface and also for 

accurate thickness measurement, cleavage sections were stained in 

(a) IHNOgilHC&ilHgO (20 sees. R.T.), or (b) Sodium Hypochlorite, and 

examined under the microscope. Fig.4.20(a) shows a cleavage section of 

a {111} epitaxial layer, which indicates a sharp interface. This 

demonstrates that the lower substrate temperatures required for 

epitaxy by the 'three temperature method' could result in very sharp 

interfaces, which is very useful in the study of heterojunctions, 

for example. 

4.3.2. Dislocation Etch Pits 

In order to obtain an estimate of the dislocation densities 

in the GaAs substrate and the epitaxial InAs, {111} Arsenic surfaces 

were chemically dislocation etched. The following etches were used to 

reveal dislocations in the GaAs substrate. 

I 1HF;2H^0^:5H«0 50°C 10-15 minutes 
z 2 I 

II 1HF(50%):3HN03:4H20(0.25% AgNO^) R.T. 3-4 minutes 

The first etch results in pits which tend to be circular, 

whereas the second gives triangular pits. Apparently the latter correspond 

to a 60° edge type dislocation intersecting the surface^ 
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(a) Stained cleavage section of a ^11^ epitaxial layer 

/O 
I 

(b) Surface of an Indium rich film, |lOOj- orientation 

Fig.4.20 
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The substrates had been previously chemically polished, 

as discussed in section 3.1.3. Care must be taken to avoid 

mechanically polished surfaces since this will reveal an anomalously 

4 11 

large number of pits along scratch lines ' . Fig.4.21(a) shows 

typical etch pits on GaAs using 6tch II.given above. The etch 

pit densities in the GaAs were of the order of 2 - lOxlO^cm ^ 

depending on the area of the substrate examined, but in general, they 

were in the region of 3 — 6xl0^cm Figures from RRE, give values 

4 -2 

of 1 - 3x10 cm near the centre of the slices, increasing to 

4 "2 

5 - 10x10 cm towards the periphery. Apparently, this is also a 

function of the position of the slice along the rod crystal. 

In order to reveal dislocation etch pits in the epitaxial 

InAs layer, the following etch was used: 

III IHNOgZlHgOgiG parts 40% aqueous solution 

Tartaric acid at 50°C for 

approximately 10 minutes. 

The advantage of this etch is that it removes very little material, 

which is important when etching thin films. However, the pits are 

not well defined, as shown in Fig.4.21(b).The above etch is probably 

suitable for the {111} In face. Various other etches were used, but 

none was found suitable. The etch pit densities were of the order of 

4 - 2 

1 - 3x10 cm , which is less than that on the GaAs substrate. A 

similar reduction has been observed in epitaxial GaAs on GaAs^'^^. 
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I 

(a) Chemical etch pits on {l1l] Arsenic face of 

GaAs substrate, using etch II 

So/4* 

(b) Chemical etch pits on {l1l] Arsenic face of epitaxial InAs 

Fig.4.21 
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4.3.3. Infra-red Absorption 

Infra-red absorption spectra of both polycrystalline and 

epitaxial InAs have been obtained in the 2 - lOym wavelength 

range. Unfortunately, with the polycrystalline films, the corning 

glass substrates are absorbing in this region, and even with a 

compensating substrate the results are not representative of the 

films. However, this is not so with the epitaxial films, since the 

GaAs is not absorbing above lym. Fig.4.22 shows a typical absorption 

spectrum of a {110} InAs layer, together with a GaAs spectrum. The 

energy gap of the InAs layer calculated from the absorption edge is 

0.357eV at 300^K. The published value is 0.36eV. 
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5. RESULTS OF ELECTRICAL MEASUREMENTS 

5.1. Polycrystalline Indium Arsenide Films 

5.1.1. Effect Of Annealing Temperature And Time 

An investigation was carried out first on the deposition of 

polycrystalline films on amorphous substrates. A large number of 

samples were prepared under various deposition conditions. Annealing 

the samples was found to be one of the most important parameters to 

achieve good electrical properties. In order to investigate the effect 

of annealing, several sets of samples were deposited simultaneously; 

at substrate temperatures below 500°C, cooled immediately and removed 

from the plant. The samples were then placed in the plant one at a 

time and annealed in an Arsenic pressure of approximately 10~^torr. 

The effect of annealing time, at a constant annealing temperature, on 

one set of samples is shown in Fig.5.1. This indicates that annealing 

periods above ten minutes cause very little change in the film properties. 

The effect of annealing at a constant annealing period of about eight 

minutes, is illustrated in Fig.5.2. One of the samples was given a 

second anneal above 620°C which resulted ina loss of Arsenic and a 

degradation of the mobility. 

Optical microscope examination of the films demonstrated clearly 

that annealing caused an increase in crystallite size. As discussed 

in section 4.2.1. the crystallite size is limited by the film thickness. 

Thus, the maximum mobility of the 8000& films in Fig.5.2 is less than 

that in Fig.5.1, although a higher annealing temperature was used. 
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Deposition temp. 450°C 
Annealing temp. 565°C 
Deposition rate 858/s 
Film thickness - l.fiym 

2x10' 

10 
18 

fn 
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2x10 
17 

Annealing time - rains. — 

Fig.5.1 

Effect Of Annealing Time On The Hall 
Mobility And Electron Density Of Poly-
Crystalline InAs Films 
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5.1.2. Electron Concentration Dependence On Depostion Rate 

In order to investigate the effect of the rate of condensation, 

several films were deposited in the range 1400 - 1800X, under 

similar annealing conditions, but at different rates. The electron 

concentration vs. rate is shown in Fig.5.3, which indicates there is 

no significant effect in the range 0.4 to 27oR/sec. Johnson^'^^^, 

using the three temperature method, has observed a linear . relation 

between 1/n and deposition rate, but we have found no evidence to support 

this. 

5.1.3. Effect Of Crystallite Size And Film Thickness 

The variation of mobility and electron concentration with 

crystallite size and film thickness is shown in Figs.5.4 and 5.5. 

It appears that one of the main mechanisms limiting the mobility in 

polycrystalline films is due to grain boundaries. However, the 

reduction with film thickness could be due to the combined effect of 

grain boundary and surface scattering, since a reduction in thickness 

also results in smaller grains, as shown in Fig.4.8. In order to 

observe the effects of intercrystalline boundaries only, it would be 

necessary to measure the grain size of very thick films, annealed at 

different temperatures. However, determination of the smaller grain 

size would be rather difficult since such samples are too thick for 

transmission electron microscopy. 

The reduction in electron concentration with annealing appears, 

again, to be connected with the increase in grain size. It is difficult 

to believe that this could be due to diffusion of impurities to the 
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surface, with subsequent re-evaporation, because the reduction is smaller 

in thinner films. It can be explained if we assume the grain 

boundaries give rise to donor type states. 

Dixon and Enright ' and Edmond and Hilsum^'^ have found 

that heat treainment of single crystal InAs above 450°C, with a 

subsequent quench, increased the carrier contentration of n-type 

material and decreased it in p-type material. Such variations 

were reversed by heat treatment below 350°C. Dixon and Enright have 

suggested that these effects are caused by impurities which collect 

around dislocations, where they are electrically inactive. At temperatures 

above 550°C the impurities escape and may be frozen in their new position 

by quenching. Annealing below 350°C allows them to migrate back to 

the dislocation. Hilsum^'^ has suggested that copper is the impurity. 

Apparently, copper is a rapidly diffusing donor in InAs, but it has a 

tendency to migrate to sites where it becomes electrically inactive. 

It would be difficult to believe that a similar mechanism is 

taking place in these films. In the first instance, the carrier 

concentration is reduced, rather than increased, with annealing above 

300°C. Secondly, the larger crystallites result in fewer grain 

boundaries where the donors could migrate and become inactive. Further, 

unlike the case of single crystal material, annealing our samples 

caused a considerable change in the structure of the films. 
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5'1.4. Mobility And Hall Coefficient Variation With Temperature 

Figs. 5.6 and 5.7 show the variation of mobility and Hall 

coefficient with temperature for various film thicknesses. The 

interesting feature of all these curves is the mobility minimum just 

above room temperature, which has not been observed in the epitaxial 

films. This can be explained by the barrier model discussed in section 

6.2.2. 

The Hall coefficient has a normal temperature dependence, indicating 

that all the donors ,are ionized and above room temperature the material 

is becoming intrinsic. 

Magnetic Field Dependence - Of Hall Coefficient And Magneto-

Resistance 

Fig.5.8 shows the variation of the Hall coefficient with magnetic 

field at 300 K. The high to low field ratio of the thicker 

films is usually greater than 1.1, whereas the thinner films, have a 

ratio near unity. 

The transverse magneto-resistance of several polycrystalline 

samples is plotted in Fig.5.10, with the film surface 

perpendicular to the magnetic field. In order to avoid the geometrical 

contribution, through shorting of the Hall voltage by the current contacts, 

the magneto-resistance was measured at the voltage probes. Therefore, 

these results should represent the 'physical' magneto-resistance. 

The slopes of the characteristics are in the region of 1.85 at low fields, 

i.e. Ap/pQ The variation of magneto-resistance with temperature 

is plotted in Fig.5.11. 
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Transverse Magnetoresistance Variation With Magnetic Field 
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5.2. Epitaxial Indium Arsenide 

5'2.1. Mobility And Electron Concentration As A Function Of Film 

Thickness 

The reduction of the mobility of the epitaxial films with film 

thickness is plotted in Fig.5.12, together with the polycrystalline 

results for comparison. The highest room temperature mobilities achieved 

are of the order of 23,OOOcm^/V-sec with films 5ym and thicker. 

Fig.5.13 shows the variation of the free electron density with 

filro thickness at 300 C. If we assume all the donors are ionized 

and flat bands at the surface, n then represents the net donor 

concentration. The higher electron concentration in the thinner 

films could be due to auto-doping by the substrate. Sulphur 

and selenium are two rapidly diffusing donors in InAs. A calculation, 

using the published values of the diffusion coefficients of these two 

donors in InAs, indicates very little auto-doping at the temperatures 

and times in these evaporations. 

The mobility as a function of electron concentration is plotted 

in Fig.5.14. The results of the thick and thin films are plotted 

using different symbols. Also included are some of McCarthy's results 

for thick epitaxial layers, some of which were doped. These results 

indicate that the reduction in mobility with film thickness is not due 

to ionized donor scattering. 

5.2.2. Mobility, Hall Coefficient And Conductivity Variation With 

Temperature 

Mobility variation with reciprocal temperature is plotted in 

Fig,5.15 for 5 - lOum thick layers. This shows a normal temperature 
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dependence, with polar scattering dominating at higher temperatures 

and impurity scattering below 100°C. 

Fig,5.16 shows the effect of film thickness on the temperature 

variation of the mobility, indicating a gradual reduction in the slope 

with a reduction in film thickness, the slope becoming negative with 

films below lOOoS thick. It is probably due to a change from a pre-

dominantly lattice scattering mechanism to a surface scattering mechanism. 

This will be considered in chapter 6. 

The Hall coefficient and conductivity as a function of 1/T 

are plotted in Figs.5.17 and 5.18. 

5-2.3. Magnetic Field Dependence Of Hall Coefficient And Magneto-

Resistance 

The normalised Hall coefficient for several films is plotted 

in Fig.5.19 and Fig.5.20. Similar to the polycrystalline samples, 

the thinner films have a Hall coefficient which is nearly independent 

of magnetic field. This will be discussed in sections 6.2.3. and 6.3.5. 

^^§.5.21 shows the transverse magneto—resistance of two thick 

samples measured at the probes with the film surface perpendicular to 

the field. Fig.5.22 is the magneto-resistance measured at the 

current contacts, with the film surface perpendicular and parallel to 

the field. The variation of magneto-resistance with temperature is 

shown in Fig.5.23. 

The linearity of Hall voltage with current is demonstrated by 

the results plotted in Fig.5.24, for polycrystalline and epitaxial films. 
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5'2'4. Comparison Of Results Using Various Deposition Methods 

Table 5.1 shows typical results of. epitaxial: InAs deposited 

by various methods. To the best of our knowledge, the results of 

Crohin et. al , M c C a r t h y ^ a n d Vlasov and S e m i l e t o v ^ a r e 

the only published work on epitaxial InAs at present. 

It should be noted that Cronin et. al, and presumably McCarthy 

have used 6N pure source materials, which may have resulted in their 

lower electron densities and, therefore, higher mobilities at 77°K. 

Deposition 

Method 
Film 

Thickness 

2 
p cm /V-s 

300°K 
cm^/V-s 

77°K 
Electron 
Density 
n cm~^ 

Cronin et.al 

ref,2.2 

Chemical 

vapour dep. 
20um 23,000 70,000 8.7x10*5 

McCarthy 

ref.2.4 

Chemical 

vapour dep. 
X*lOym 22,200 80,000 6. ,0x10^^ 

Vlasov and 
Semiletov 
ref.2.13 

Vacuum-

Flash evap. 
20um 17,600 35,600 1.6x10*^ 

Our results Vacuum-

Three temp, 

method 

5 .6ym 

6.7wm 

21,500 

22,700 

43,000 

32,000 

2 . 3 x 1 0 * * 

9 . 0 x 1 0 * * 

Table 5.1 

Mobility and electron concentration of epitaxial InAs 

Deposited by various methods 
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5.3. Field Effect Measurements 

5.3.1. - Drain Current And Conductivity Modulation 

Field effect devices have been fabricated on both polycrystalline 

and epitaxial InAs. However, since the conductivity modulation of 

the polycrystalline structures was poor, results of the epitaxial 

devices only will be presented. 

Some characteristics are shown in Fig.5.25 of devices on one 

slice, which indicate very poor saturation and hysteresis. The only 

comments we will make here is that improvement in device characteristics 

should be possible with, (1) a reduction in the impurity density in 

the InAs films, (2) the use of a stable gate insulator, (3) a reduction 

in surface state densities with proper annealing procedures, 

(4) elimination of parasitic resistances by using a suitable metallic 

alloy for the source and drain contacts, and alloying them in after 

deposition. Examination of the lOym and llOym device characteristics. 

Figs.5.25(b) and (d), clearly shows that the latter has better 

saturation characteristics, presumably due to the lower percentage 

fraction of contact resistance to channel resistance. Drift in 

the drain current of these devices is probably due to the combined 

effects of slow surface states and mobile ions in the insulator, 

the InAs itself being very stable. 

The drain current modulation of a 500& InAs film for various 

source to drain lengths is plotted in Fig.5.26. The D.C. source-drain 

conductance modulation of a llOyra gap is shown in Fig.5.27. Since 

there was a hysteresis effect in the device characteristics, the 
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horiz. 2V/div 
gate -2V/step 

(d) 110 jam source-drain length 
vert. 2ma/div 
horiz. IV/div 
gate ±5V/step 

Fig.5.25 

Epitaxial InAs field effect device characteristics 
InAs-500A, Si0-3000A. Note the hysterisis and poor 
saturation. These particular characteristics were 
recorded one year after fabrication 
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• 
A 

o 

l,v^ = 4.3V 

4 , = 5.0V 

A 6 2, Vp . 3.0V 

epitaxial InAs 500 S 
Silicon Oxide 3000 K 

Fig.5.26 
gate volts 

Drain Current Variation With Gate Voltage 
For Several Source-Drain Gap Lengths. 
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36 llOvim gap 

W/L = 4.55 

3000 

- 2 0 0 0 

1500 

1000 

-500 

epitaxial InAs 500 & 

Silicon Oxide 3000 X 

- 8 -4 0 

Fig.5.27 

12 

gate volts 

D.C. Source-Drain Conductance Variation With 
Gate Voltage 
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measurements were carried out by starting at a large negative gate 

voltage and varying the voltage in one direction only. These readings 

were taken after a shgrt period when the current was constant, the 

gate circuit was monitored continuously to check that insulator 

breakdown was not occuring. 

In order to get an estimation of the source and drain contact 

resistance, channel resistance at zero gate bias was plotted as a 

function of gap length and extrapolated to zero length. This yielded 

a resistance of approximately 5 ohms per contact, which is of the 

order of 5% of the 110pm channel resistance. 

5.3.2. Electron Concentration Variation With Gate Bias 

Fig.5.28 shows the variation of the free electron concentration 

per unit area with gate bias. This was calculated from the Hall 

coefficient assuming the factor r to be unity. Because of the 

shorting effect of the source and drain contacts a correction was 

made to the measured Hall voltage. The correction f a c t o r ^ i s 

6.66 for a length to width ratio of 0.22. 

The saturation in the free electron density is probably due 

to a large number of traps just below the conduction band, which 

are filled as the bands are bent toward accumulation. 

5.3.3. Hall Mobility And Field Effect Mobility 

Fig.5.29 shows a plot the the Hall mobility of electrons in 

2 
the channel as a function of electron concentration per cm , at 

two difference temperatures. By plotting the mobility as a function 

of n one avoids any effects of instability in the oxide and surface 
s 
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a 62 110pm gap 

• y2 llOiim gap 

epitaxial InAs 500 % & 

300°K 

-2x10 

gate volts 

FiR.5.28 

TTg variation with gate voltage measured by Hall effect 
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states, since and n^ are intrinsic properties of the semiconductor. 

The fall in mobility in the accumulation region is probably due to 

surface scattering at the semiconductor-insulator interface. This 

will be considered in section 6.3.3. 

The field effect mobility was calculated from the transconductance, 

g^, at 1 Kc/s using the following expressipn^'^: 

g^Ld^^ 2 
^FE cm /V-sec ...(5.1) 

e e WV . 
ox o sd 

d^^ is the oxide thickness 

^ox the relative dielectric constant of the oxide. By measuring 

some of the plain capacitors on the same slice, a value of 

= 7 was obtained. 

The variation of Vpg with gate bias for a llOPm device is 

plotted in Fig.5.30. The field effect mobility at zero gate bias 

is smaller than the Hall mobility by a factor of three, which gives 

an indication of the amount of induced charge being trapped. The 

fall off with positive gate voltage is also much more rapid, again 

confirming that the trapped charge is increasing. 
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614 110pm gap 

f = 1 Kc/s 

300°K 

epitaxial InAs 500 R 

300 mV 

gate volts 
Fig.5.30 

Field effect raobility as a function of eat; 
voltage 
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6 . TRANSPORT THEORY 

6 . 1 . Space Charge A n a l y s i s 

6 . 1 . 1 . Space Charge C a l c u l a t i o n s I n T h i n Semiconductor F i l m s 

We w i l l c o n s i d e r t h e m o d u l a t i o n o f t h e e l e c t r o n c o n c e n t r a t i o n 

per u n i t s u r f a c e a r e a by an e l e c t r i c f i e l d p e r p e n d i c u l a r t o t h e s u r f a c e . 

The emphasis w i l l be on accumula t ion and d e p l e t i o n modes of o p e r a t i o n 

and t h e e f f e c t o f f i l m t h i c k n e s s . We w i l l not cons ider conductance 

m o d u l a t i o n here because t h i s would r e q u i r e a knowledge o f the v a r i a t i o n 

o f c a r r i e r m o b i l i t y w i t h s u r f a c e p o t e n t i a l , which w i l l be examined 

l a t e r . 

6 1 6 2 

Most o f t h e ana lyses ' * * o f charge m o d u l a t i o n have assumed 

the t h i c k n e s s o f t h e semiconductor t o be much l a r g e r than t h e 

e x t r i n s i c Debye l e n g t h , hence ensur ing t h a t even under maximum band 

bend ing , b u l k c o n d i t i o n s w i l l be ach ieved s u f f i c i e n t l y deep i n s i d e t h e 

semiconductor . T h i s i s i l l u s t r a t e d i n F i g . 6 . 1 ( a ) f o r the case o f 

equa l band bend ing a t each s u r f a c e . However, when t h e above c o n d i t i o n 

i s not s a t i s f i e d , as shown i n F i g . 6 . 1 ( b ) , t h e n t h e a n a l y s i s i s m o d i f i e d 

s l i g h t l y ^^ 2 *s.4' w i l l cons ider t h e case where t h e r e a r e no s u r f a c e 

s t a t e s a t t h e f i l m s u b s t r a t e i n t e r f a c e and t h e p o t e n t i a l i s v a r i e d o n l y 

on t h e o t h e r s u r f a c e . Non-degenerate s t a t i s t i c s w i l l be used and the 

donors and a c c e p t o r s a r e assumed t o be c o m p l e t e l y i o n i z e d . 
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The net charge d e n s i t y a t any p o i n t i n the space charge l a y e r 

i s : 

P W : 

where n = nuexp(u^-#) 

-q (n-p+N^-Njj) . . . ( 6 . 1 ) 

p = n . e x p ( - U y + * ) 

" "b " *iexp(«b) 

\ " Pb • n^exp(-u^^) ...(6.2) 

t|» i s the band bending i n k T / q u n i t s = u^-u 

i s the b u l k f e r m i p o t e n t i a l normal ized to k T / q = ( e p - e ^ ) / k T 

Poissons e q u a t i o n i n one dimension may then be w r i t t e n : 

2 _T "2 r-
±JL ._qp(f) 

2 
dz G < k T 2 L 

(l-exp(-ip)) + A ^ ( e x p ( # ) - l ) 

. . . ( 6 . 3 ) 

2 i 

where Lg = (E^e^kT/2q n^) i s the e x t r i n s i c Debye l e n g t h , p l o t t e d i n 

F i g . 6 . 2 as a f u n c t i o n of n^ f o r InAs. When n^ = n ^ , = L ^ , the 

i n t r i n s i c Debye l e n g t h . 

X - n ^ / n . = exp (u^) 

i s the normal ised b u l k doping d e n s i t y . 

I n t e g r a t i o n of equat ion 6 . 3 between the l i m i t s t o \l> g i v e s : 

Lg — • ± |^exp(-*)+^i-*j-exp(-^j)+X |̂exp(i(()-i|» 

+(|g-exp(i(;̂ )î  ̂  

± F ( » i|), X) . . . ( 6 . 4 ) 
» 
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The p o s i t i v e s i g n i s f o r accumulat ion l a y e r s , the n e g a t i v e s i g n f o r 

d e p l e t i o n / i n v e r s i o n . 

When = 0 , i . e . t h i c k s l a b s , d >> Lg, reduces t o 

F ( u . u ^ ) , which was o r i g i n a l l y d e r i v e d by Kingston and N e u s t a d t e r ^ ' ^ 

and i s t a b u l a t e d by F r a n k l ® ' ^ . 

The sur face e l e c t r i c f i e l d i s g iven by : 

kT 
Eg . . . ( 6 . 5 ) 

The excess c a r r i e r concen t ra t ions a re g iven by: 

2d 

An = 
s f c n - n , )dz = n-XL f Gxp( -^) 1 

i % „ 

g • ••Qo • Oy 

M 

4p - n.x"'L y «xp(*)-l 

\ . . . ( 6 . 7 ) 

A l l these expressions reduce t o those f o r t h i c k s labs when 

= 0 , i . e . 

AOg = n^L^G(-Ug-u^) ...(6.8) 

APg = . . . ( 6 . 9 ) 

6 3 
These G f u n c t i o n s have been t a b u l a t e d by F r a n k l ' f o r v a r i o u s va lues 

of u and u. . 
s b 

We can o b t a i n an express ion i n terms of the f i l m t h i c k n e s s , 2d, 

from equa t ion 6 . 4 as f o l l o w s : 
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8 

2 i - ± L ' — ' ' A 

'I'jj F ( ^ , ^ j , X ) . . . ( 6 . 1 0 ) 

Equat ion 6 . 1 0 may be used t o o b t a i n the v a l u e of f o r va r ious f i l m 

th ickness and band bending. However, the i n t e g r a t i o n s can on ly be 

c a r r i e d out n u m e r i c a l l y , unless approximat ions f o r are used, 

as g i v e n i n the f o l l o w i n g s e c t i o n . 

6 . 1 . 2 . E f f e c t Of F i l m Thickness On The E l e c t r o s t a t i c P o t e n t i a l 

At The Subst ra te I n t e r f a c e 

( a ) Weak Band Bending 

Consider the case of weak band c u r v a t u r e < 1 

expanding the e x p o n e n t i a l terms i n equa t ion 6 . 4 one o b t a i n s ; 

F(*,*d,X) 4 ...(6.11) 

S u b s t i t u t i n g t h i s i n e q u a t i o n 6 . 1 0 and i n t e g r a t i n g , g i v e s ; 

where y 
1+X 

...(6.12) 
-2 

Equat ion 6 . 1 2 i s p l o t t e d i n F i g . 6 . 3 as a f u n c t i o n of f i l m th ickness f o r 

v a r i o u s bu lk doping d e n s i t i e s . 

(b ) Heavy E l e c t r o n Accumulat ion 

For heavy e l e c t r o n accumulat ion, i . e . << < 0 and w i t h 

X > 1 , equa t ion 6 . 4 reduces t o : 

\ 
F(*,*j,A) 9 e x p ( - # ) - e x p ( - # j ) | . . . ( 6 . 1 3 ) 
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S u b s t i t u t i n g t h i s i n e q u a t i o n 6 . 1 0 and i n t e g r a t i n g y i e l d s : 

2d 
« 2 In 2d < irL_ . . . ( 6 . 1 4 ) 

l.LjJ 

Th is express ion i s p l o t t e d in F i g . 6 . 4 . Note t h a t appears t o be 

independent o f under the above c o n d i t i o n s . I t can be seen t h a t 

t h e assumption =0 i s i n c o r r e c t f o r v e r y t h i n f i l m s , below 

approx imate ly lOOoX, and f o r b u l k doping d e n s i t i e s less than 

1 6 - 3 

10 cm . Th is i s an impor tan t c o n s i d e r a t i o n i n c a l c u l a t i o n s of sur face 

s c a t t e r i n g m o b i l i t i e s , (see s e c t i o n 6 . 3 . 4 . ) , i n v e r y t h i n f i l m f i e l d 

e f f e c t s t r u c t u r e s . 

The simple a n a l y s i s g iven above i s u s e f u l when the sur face 

band bending i s not too l a r g e . At h i g h f i e l d s , q u a n t i z a t i o n of the 

conduct ion band s t a t e s occurs , as mentioned i n chapter 1 . Under these 

cond i t ions i t i s necessary to o b t a i n a simultaneous s o l u t i o n of 

Schroedingers and Poissons equa t ions . A p p a r e n t l y , t h i s m o d i f i e s the 

shape of the p o t e n t i a l w e l l such t h a t the e l e c t r i c f i e l d p e n e t r a t e s 

f u r t h e r i n t o t h e b u l k . Hence, the e f f e c t s descr ibed above, o f a non-

zero ipj i n v e r y t h i n f i l m s , would be even more i m p o r t a n t . A f u r t h e r 

d iscuss ion o f quantum e f f e c t s w i l l be g i v e n i n s e c t i o n 6 . 4 . 1 . 
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6 . 2 . Bulk Transpor t Phenomena I n InAs 

6 . 2 . 1 . S c a t t e r i n g Mechanisms I n Bulk S i n g l e C r y s t a l InAs 

The dominant s c a t t e r i n g mechanism a t room temperature i n s i n g l e 

c r y s t a l s of s e v e r a l I I I - V compounds i s the p o l a r i n t e r a c t i o n 

of the c a r r i e r s w i t h the o p t i c a l l a t t i c e v i b r a t i o n s ^ T h i s 

i n t e r a c t i o n i s p a r t i c u l a r l y s t rong i n compounds because of the r e l a t i v e 

v i b r a t i o n s of the two unequal atoms i n the u n i t c e l l o f the l a t t i c e . 

6 7 
The p o l a r m o b i l i t y i s g iven by ' ; 

W - K — ^ F ( 8 / T ) ( e x p ( 0 / T ) - l j 
o P m*3/2 1 I 1 J . . . ( 6 .15 ) 

where i s a constant f o r a p a r t i c u l a r m a t e r i a l , 

« -ftw^/k i s the o p t i c a l mode temperature = 340°K i n InAs 

i s the l o n g i t u d i n a l fundamental o p t i c a l f requency = 4 .4x l0^^sec~^ 

i n InAs 

F ( 8 ^ / T ) i s a s lowly v a r y i n g f u n c t i o n of T , For T < 8^, F ( 8 ^ / T ^ , T ^ 

T h e r e f o r e 

« e x p ( 8 ^ / T ) T < . . . ( 6 . 1 6 ) 

The exper imenta l r e s u l t s f o r t h i c k e p i t a x i a l InAs appear t o 

f o l l o w t h i s r e l a t i o n s h i p ( F i g . 5 . 1 5 ) , but a t lower temperatures the 

e f f e c t of i o n i z e d i m p u r i t i e s dominates. 

The m o b i l i t y due t o i o n i z e d i m p u r i t i e s ^ i s g iven approximate ly . 

f o r InAs, by: 

/!+ 4.4xl08T2l 

I W 

. . . ( 6 . 1 7 ) 
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where (N^ + N^) i s t h e t o t a l i o n i z e d i m p u r i t y c o n c e n t r a t i o n . The 

e f f e c t of i o n i z e d i m p u r i t i e s i s seen t o cause a peak i n the 

m o b i l i t y o f t h i c k samples around 100°K. The m o b i l i t y due t o 

t h e combined p o l a r and i m p u r i t y s c a t t e r i n g mechanisms g i v e n by 

^ p l o t t e d i n F i g . 5 . 1 4 , assuming n = N* and N~ =» 0 , 

and us ing = 27,000cm / V - s e c . Th is f o l l o w s a p p r o x i m a t e l y t h e 

e x p e r i m e n t a l curve f o r t h i c k e p i t a x i a l l a y e r s . 

6 . 2 . 2 . B a r r i e r S c a t t e r i n g I n P o l y c r y s t a l l i n e F i lms 

I n p o l y c r y s t a l l i n e f i l m s the i n t e r - c r y s t a l l i n e b a r r i e r s cause 

a pronounced r e d u c t i o n i n t h e c a r r i e r m o b i l i t y even i n t h i c k samples, 

(see F i g . 5 . 6 ) . F o l l o w i n g P e t r i t z ^ ' ^ ^ , Waxman e t a l ^ ' ^ * and 

B r u n n s c h w e i l e r ^ ' ^ ^ have used the b a r r i e r model shown i n F i g . 6 . 5 t o 

d e r i v e an e x p r e s s i o n f o r the b a r r i e r m o b i l i t y . The model c o n s i s t s o f 

r eg ions o f low r e s i s t i v i t y , t h e c r y s t a l l i t e s , and reg ions o f h i g h 

r e s i s t i v i t y , t h e i n t e r - c r y s t a l l i n e b o u n d a r i e s . They o b t a i n e d an 

e x p r e s s i o n of the form; 

Pg = q < v > e x p ( - 0 g / k T ) / 4 N ^ k T . . . ( 6 . 1 8 ) 

where <v> i s the average t h e r m a l v e l o c i t y o f the c a r r i e r s , 

<|)g i s the b a r r i e r h e i g h t i n eV, see F i g . 6 . 5 , 

i s t h e number o f b a r r i e r s per u n i t l e n g t h = 1 / a , a i s the 

average c r y s t a l l i t e s i z e . 

S u b s t i t u t i n g <v> = {SkT/tmi*}^ i n e q u a t i o n 6 . 4 , t h e b a r r i e r m o b i l i t y 

i s : 

Hg = q a e x p ( - * g / k T ) / ( 2 w m * k T ) & . . . ( 6 . 1 9 ) 

The d i f f e r e n t t h e r m a l e q u i l i b r i u m e l e c t r o n c o n c e n t r a t i o n s i n 

t h e two reg ions g ives r i s e t o the energy b a r r i e r g i v e n by ; 
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l o w r e s i s t i v i t y r e g i o n 

( c r y s t a l l i t e s h i g h r e s i s t i v i t y r e g i o n 

( c r y s t a l l i t e b o u n d a r i e s ) 

I 
\ 

' . ' 

• ^ ' 

n / ' ' ^ ' 
n 

1 % ; 

( a ) 

i n t e r c r y s t a l l i n e e n e r g y b a r r i e r 

•t-B 
T " 

(b) 

F i g . 6 . 5 

( a ) P o l y c r y s t a l l i n e b a r r i e r m o d e l , 

( b ) e n e r g y b a n d d i a g r a m 
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" kTln(n^/n2) ...(6.20) 

Since the e l e c t r o n d e n s i t y i n these InAs f i l m s remains f a i r l y 

constant below 300°K the e x p o n e n t i a l term i n equa t ion 6 . 1 9 may 

be assumed t o be c o n s t a n t . T h e r e f o r e a t " % T < 300°K. Equat ion 6 . 1 9 

g ives the m o b i l i t y f o r b a r r i e r s c a t t e r i n g o n l y . There w i l l a lso 

be a c o n t r i b u t i o n due to p o l a r and /or i m p u r i t y s c a t t e r i n g w i t h i n 

the c r y s t a l l i t e , and sur face s c a t t e r i n g . Since a l l , except the 

b a r r i e r mechanism should be present i n the e p i t a x i a l f i l m s , we 

can o b t a i n approx imate ly , from the exper imenta l r e s u l t s by 

s u b t r a c t i n g the r e c i p r o c a l m o b i l i t y of an e p i t a x i a l f i l m of s i m i l a r 

th ickness and i m p u r i t y c o n c e n t r a t i o n . Th is i s shown i n F i g . 6 . 6 , 

p l o t t e d as a f u n c t i o n of t " ^ g i v i n g a s t r a i g h t l i n e r e l a t i o n s h i p 

over a l i m i t e d temperature range . 

Above room temperature the m t e r i a l i s approaching the 

i i ^ t r i n s i c range, hence n̂ ^ and ng w i l l beg in to i n c r e a s e . For a 

g iven inc rease i n the two r e g i o n s , the r a t i o n^/ng w i l l decrease , 

thus decreasing # g / k T . I f t h i s inc rease i s s u f f i c i e n t l y l a r g e , 

the m o b i l i t y w i l l tend to i n c r e a s e , according to equa t ion 6 . 1 9 . 

I n f a c t t h i s i s what has been observed i n the p o l y c r y s t a l l i n e f i l m s 

(see F i g . 5 . 6 ) , but not i n the e p i t a x i a l f i l m s . 
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6.2.3. Energy Dependence Of Relaxation Time And Hall Coefficient 

Factor 

Most mechanisms which scatter electrons or holes can be 

described by a relaxation time which is energy dependent, i.e.. 

Tote" ...(6.21) 

where e is the carrier energy and a is a constant for a particular 

scattering mechanism. This energy dependence gives rise to the Hall 

coefficient factor, given in equation 6.22. 

Assuming spherical constant energy surfaces (parabolic bands), 

the bulk transport coefficients of a semiconductor are obtained 

by solving Boltzmanns equation with the appropriate electric and 

6 37 

magnetic field terms, (see Putley ' for example). Generally, 

the assumption of parabolic bands is difficult to justify. However, 

the conduction band of InAs is, apparently, parabolic near the minimum ' 

which is at (000) in the e-k diagram. It only begins to deviate 

from parabolicity at higher energies, the curvature decreasing, thus 

increasing the effective mass of the electrons. If we assume the 

electrons are confined near the bottom of the conduction band, then the 

assumption of spherical constant energy surfaces is a good approximation. 

The analysis ' then yields for the Hall coefficient in the limit 

of weak magnetic fields (pB^ « 1); 

. 3ii _ r(2.+5/2) _ 1_ . ._r_ 

4 r^(a+5/2) ne ne 
...(6.22) 
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where the gamma f u n c t i o n s can e a s i l y be eva lua ted f o r i n t e g e r 

or f r a c t i o n a l va lues ( f o r i n t e g e r va lues r ( m + l ) = m l ) . The H a l l 

c o e f f i c i e n t f a c t o r , r , i s equal to the r a t i o o f H a l l m o b i l i t y t o 

c o n d u c t i v i t y m o b i l i t y . For i m p u r i t y s c a t t e r i n g , a = 3 / 2 , and 

r = 315ff /512 = 1 . 9 3 . I f a =» 0 , i . e . a l l the c a r r i e r s have the same 

v e l o c i t y , r = 1 . 

I n the l i m i t o f v e r y s t rong magnet ic f i e l d s (uB^ » 1) r approaches 

u n i t y f o r a l l the s c a t t e r i n g mechanisms. Thus, the r a t i o o f the H a l l 

c o e f f i c i e n t i n weak and s t rong magnet ic f i e l d s should prov ide f u r t h e r 

i n f o r m a t i o n about the type of s c a t t e r i n g mechanisms o c c u r i n g . U n f o r t u n a t e l y , 

o f t e n s e v e r a l mechanisms can c o n t r i b u t e t o the r e l a x a t i o n t ime a t any 

p a r t i c u l a r t e m p e r a t u r e , which compl icates m a t t e r s . 

The r e s u l t s i n F i g . 5 . 1 9 of Rg v s . f o r a t h i c k e p i t a x i a l 

InAs l a y e r a t v a r i o u s tempera tures , i n d i c a t e t h a t i o n i z e d i m p u r i t y 

s c a t t e r i n g i s beg inn ing t o dominate the m o b i l i t y a t 70°K, a l though 

r < 1 . 9 3 . Th is i s , presumably, due t o t h e c o n t r i b u t i o n of p o l a r 

s c a t t e r i n g . The energy dependence of p o l a r s c a t t e r i n g i s not w e l l 

6 X3 
understood. According t o Hi lsum and Rose- Innes * a i s z e r o , y e t 

they g i v e a v a l u e of r between 1 . 0 and 1 .14 f o r t h i s mechanisms. However, 

6 37 

P u t l e y ' g ives a » i , which r e s u l t s i n r = 1 . 1 0 5 . Th is i s much 

c l o s e r t o the v a l u e we o b t a i n a t room temperature i n the t h i c k e p i t a x i a l 

f i l m s . 

There a re two i n t e r e s t i n g r e s u l t s t o be cons idered . The r a t i o , r , 

measured i n t h i c k p o l y c r y s t a l l i n e f i l m s appears t o be of the o rder of 
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1 . 1 t o 1 . 3 (see F i g S i 5 . 8 and 5 . 9 ) , which i s l a r g e r t h a n t h e v a l u e 

o b t a i n e d f o r t h e t h i c k e p i t a x i a l l a y e r s . E q u a t i o n 6 . 1 8 i n d i c a t e s 

t h a t b a r r i e r s c a t t e r i n g has an energy dependence which g i v e s 

r = 1 . 1 0 5 . A l though t h i s i s a t t h e lower l i m i t o f t h e e x p e r i m e n t a l 

v a l u e s , i t does g i v e f u r t h e r support t o t h e b a r r i e r model . 

The o t h e r i n t e r e s t i n g p o i n t i s t h e r a t i o , r , measured on v e r y 

t h i n e p i t a x i a l f i l m s , which have a v a l u e near u n i t y a t room and 

l i q u i d n i t r o g e n t e m p e r a t u r e s . T h i s would seem t o d iscount t h a t i m p u r i t i e s 

a r e r e s p o n s i b l e f o r t h e m o b i l i t y r e d u c t i o n i n t h i n f i l m s . I n s e c t i o n 

6 . 3 . 5 . we w i l l c o n s i d e r t h e o r e t i c a l l y the e f f e c t o f f i l m t h i c k n e s s 

on t h e H a l l c o e f f i c i e n t f a c t o r . 

E q u a t i o n 6 . 2 2 does not t a k e i n t o account t h e e f f e c t o f i m p u r i t y 

d e n s i t y on t h e f a c t o r r . B e e r ^ ' * ^ ' ^ " * ^ has shown t h a t l a r g e donor 

c o n c e n t r a t i o n s w i l l tend t o reduce t h e v a l u e of r , but the a n a l y s i s 

becomes r a t h e r c o m p l i c a t e d , so we w i l l not cons ider these e f f e c t s . 

However, q u a l i t a t i v e l y t h i s can be e x p l a i n e d by t h e f a c t t h a t a t 

l a r g e degeneracy o n l y c a r r i e r s w i t h t h e f e r m i v e l o c i t y w i l l c o n t r i b u t e 

s i g n i f i c a n t l y t o c o n d u c t i o n , thus approaching t h e s i n g l e v e l o c i t y 

case o f a = 0 , r = 1 . 

6 . 2 . 4 . P h y s i c a l Magneto -Res is tance Due To An Energy Dependent 

R e l a x a t i o n Time 

I f we accept t h e assumption of p a r a b o l i c bands, as d iscussed 

i n s e c t i o n 6 . 2 . 3 . , t h e n t h e ' p h y s i c a l ' magnetoconductance i n weak 
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6 . 3 7 
magnet ic f i e l d s i s g iven by the Boltzmann equa t ion a n a l y s i s as f o l l o w s : 

^2. . „ 2b 2. r(.+5/2)r(3a+5/2) , ^ M 

^ r2 (2(1+5/2) . . . ( 6 . 2 3 ) 

Th is i s a l s o approx imate ly equal to the magneto - res is tance r a t i o 

2 2 
Ap/p^ i f Pjj << 1 , i . e . i n weak f i e l d s . 

2 

Assuming oc = i , then M = 0 . 0 8 5 . From the s lope of Ap/p^ v s . 

p l o t t e d i n F i g . 5 . 2 1 f o r an e p i t a x i a l sample, the m o b i l i t y c a l c u l a t e d 

from e q u a t i o n 6 . 2 3 i s 19 ,800 cm^/V-sec a t 300°K. Th is compares 

f a v o u r a b l y w i t h t h e H a l l e f f e c t va lue of 21 ,300 cm / V - s e c . 

At lower temperatures the magneto - res is tance increases cons iderab ly 

not o n l y because the m o b i l i t y increases but a lso due t o the inc rease 

i n the energy dependence of the r e l a x a t i o n t i m e . 

The p o l y c r y s t a l l i n e f i l m s u s u a l l y have a l a r g e r magneto-

r e s i s t a n c e than the e p i t a x i a l f i l m s a t room tempera ture , which could 

be connected w i t h the h i g h e r a they appear t o have. However, i t 

appears t h a t inhomogeniet ies can inc rease the m a g n e t o - r e s i s t a n c e , as 

discussed by Weiss^ '^^ . Thus, a c a l c u l a t i o n of the m o b i l i t y on t h e 

b a s i s o f equat ion 6 . 2 3 would g i v e an i n c o r r e c t v a l u e . 

A b e t t e r method t o o b t a i n an es t imate of the m o b i l i t y from 

magneto - res is tance would be t o use a corbino d i s c . Th is would g i v e 

the g e o m e t r i c a l magne to - res is tance , because of the complete s h o r t i n g 

of the H a l l v o l t a g e by the c u r r e n t c o n t a c t s , and would not r e q u i r e a 

knowledge of the index a t o c a l c u l a t e the m o b i l i t y . 
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6 . 3 . Boltzmann S u r f a c e T r a n s p o r t Theory 

6 . 3 . 1 . I n t r o d u c t i o n 

Some of t h e e a r l i e s t work on s u r f a c e s c a t t e r i n g i n t h i n 

m e t a l f i l m s was c a r r i e d out by Fuchs^ '^^ , who o b t a i n e d a s o l u t i o n 

o f Boltzmanns e q u a t i o n f o r b o t h , d i f f u s e s c a t t e r i n g and p a r t i a l l y 

s p e c u l a r r e f l e c t i o n a t the s u r f a c e . L a t e r , Sondheimer^'^® extended 

t h e a n a l y s i s t o t h e ga lvanomagnet ic p r o p e r t i e s o f t h i n m e t a l f i l m s . 

S c h r i e f f e r ^ ' * ^ was t h e f i r s t t o examine t h e e f f e c t o f t h e s u r f a c e 

on t h e m o b i l i t y o f t h e c a r r i e r s i n t h e s u r f a c e space charge l a y e r s 

i n semiconductors . I n o r d e r t o s i m p l i f y t h e a n a l y s i s he assumed 

a l i n e a r p o t e n t i a l i n the space charge l a y e r and a t r u n c a t e d 

l i n e a r p o t e n t i a l . The l i n e a r p o t e n t i a l appears t o be a reasonab le 

assumption i n s t r o n g i n v e r s i o n or accumula t ion r e g i o n s . L a t e r , 

Greene e t . a l ^ ' ^ O out an a n a l y s i s , w i t h i n S c h r i e f f e r s b a s i c 

f ramework, but w i t h t h e exact f i e l d a t t h e s u r f a c e . 

A l l these a n a l y s e s have been based on a s o l u t i o n o f 

Boltzmanns e q u a t i o n , w i t h the f o l l o w i n g assumptions: 

1 . Simple p a r a b o l i c band s t r u c t u r e ( s p h e r i c a l constan t energy 

s u r f a c e s ) , hence a constan t s c a l a r e f f e c t i v e mass m * , 

2 . A c o n s t a n t , energy independent , b u l k r e l a x a t i o n t i m e , 

3 . Non-degenera te s t a t i s t i c s , c l a s s i c a l e l e c t r o n gas . 

Ham and M a t t i s ^ ' ^ ^ and P i e r r e t t and Sah^'^^ have extended 

t h e t h e o r y t o c o v e r e l l i p s o i d a l energy s u r f a c e s . However, t h e 

l a t t e r r e s u l t s i n d i c a t e a v e r y sma l l d i f f e r e n c e w i t h t h e s p h e r i c a l 

constan t energy s u r f a c e case . 
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6 . 3 . 2 . Sur face S c a t t e r i n g I n Th in Semiconductor F i lms Wi th F l a t 

Bands - S o l u t i o n Of Boltzmanns Equat ion With P a r t i a l l y 

Specular Surfaces 

Boltzmanns equat ion may be w r i t t e n , us ing the r e l a x a t i o n 

t ime approx imat ion , as f o l l o w s ^ ' ^ ^ : 

(f-f.) 
V ' .Vf + a .V f 

V ^ . . . ( 6 . 2 4 ) 

where f ( x , y , z , v ^ , v y , v ^ ) i s the d i s t r i b u t i o n f u n c t i o n of the c a r r i e r s , 

e q u i l i b r i u m d i s t r i b u t i o n f u n c t i o n , v the v e l o c i t y and a 

the a c c e l e r a t i o n of the c a r r i e r s , i s t h e bu lk r e l a x a t i o n t i m e . 

The r i g h t hand s ide of equa t ion 6 . 2 4 i s an approx imat ion f o r 

the r a t e a t which e q u i l i b r i u m i s r e s t o r e d by s c a t t e r i n g and 

i s v a l i d ^ ' ^ ^ fo r smal l d e v i a t i o n s of f from i t s e q u i l i b r i u m v a l u e , f ^ . 

We assume a homogeneous f i l m w i t h i t s sur face p a r a l l e l t o 

the x - y p l a n e , and a smal l un i fo rm measuring f i e l d , E , i s a p p l i e d 

i n the x - d i r e c t i o n . The e q u i l i b r i u m d i s t r i b u t i o n f u n c t i o n 

assuming non-degenerate s t a t i s t i c s i s g iven by^ '^^ : 

2 l 2nm*kTJ ^ 2kT J . . . ( 6 . 2 5 ) 

The a c c e l e r a t i o n of the c a r r i e r s i n the x - d i r e c t i o n i s qE^/m*. 

The d i s t r i b u t i o n f u n c t i o n i s independent o f the x and y c o - o r d i n a t e s , 

and i f we assume f l a t bands, E = 0 . Then equa t ion 6 . 2 4 reduces t o : 

" i . ^ qCxV, 
» — + — - 0 . . . (6 .26) 

3z T. kl 
D 
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where f ^ i s a smal l p e r t u r b i n g f u n c t i o n . Second o rder terms 

i n the smal l q u a n t i t i e s and f ^ have been ignored . 

The g e n e r a l s o l u t i o n of equat ion 6 . 2 6 i s of the f o r m ^ ' ^ ^ * ^ ' ^ ^ : 

= fĵ ĵ  ̂ l+g(v)exp(-z/v^T^)^ ...(6.27) 

where f̂ ĵ̂  = . . . ( 6 . 2 8 ) 

i s the d e v i a t i o n of the e q u i l i b r i u m d i s t r i b u t i o n i n the b u l k w i t h 

the a p p l i e d f i e l d E^. 

g ( v ) i s a f u n c t i o n which i s eva lua ted w i t h the boundary cond i t ions 

a p p l i e d t o equa t ion 6 . 2 7 . 

We assume p a r t i a l l y specular r e f l e c t i o n a t each of the 

two sur faces of the f i l m , represented by the Fuchs r e f l e c t i v i t y 

parameters y and w, the l a t t e r app ly ing t o the f i l m - s u b s t r a t e 

i n t e r f a c e a t z = 2d. These two parameters represen t the f r a c t i o n 

of c a r r i e r s s p e c u l a r l y r e f l e c t e d by each of the two sur faces and 

can t a k e va lues between zero and u n i t y . Thus the boundary cond i t ions 

a r e : 

f ^ ( z = 0 ) = y f ^ ( z = 0 ) . . . ( 6 . 2 9 ) 

f ^ ( z = 2d) « w f * ( z = 2d) . , . ( 6 . 3 0 ) 

I n appendix B the boundary c o n d i t i o n s a re a p p l i e d t o equa t ion 6 . 2 7 

t o g i v e the f o l l o w i n g s o l u t i o n s f o r f ^ : 
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r ri-Y+Y(l-u))exp(-2d/v t,}1 1 

Vg ) 0 . . . ( 6 . 3 1 ) 

• 'n 

( l - w + w ( l - Y ) e x p ( 2 d / v T / n o j . 
1- . e x p / ^ ] 

l - y w e x p ( 4 d / v t, ) t, ' 
Z D Z D . 

< 0 . . . ( 6 . 3 2 ) 

The c u r r e n t through the sample i s then g iven 

r2d 

^nx = -9j| J 11 N(v)v^f^dzdv^dvydv^ . Iff 
° \ ' V V " . . . ( 6 . 3 3 ) 

N (v ) = 2 ( m * / h ) 3 i s the d e n s i t y of s t a t e s i n v e l o c i t y space. 

The i n t e g r a t i o n over v^ must be performed w i t h f ~ ( equa t ion 6 . 3 2 ) 

from - ® to 0 , and w i t h f t ( e q u a t i o n 6 . 3 1 ) from 0 t o ®. I i s 
nx 

the c u r r e n t per u n i t w i d t h of the f i l m , the c u r r e n t per u n i t 

c r o s s - s e c t i o n a l a rea i s I ^ / 2 d . Thus, the f l a t band f i l m m o b i l i t y 

i s : 

" f ' . . . ( 6 . 3 4 ) 

The i n t e g r a t i o n of equa t ion 6 . 3 3 i s performed i n appendix C, 

from which the r a t i o of f i l m t o bu lk m o b i l i t y i s g i v e n by; 

Up/U - f 1 - - ^ ^ = 1 r ( 6 ) * < t i : 2 s m ) r (g)t(li!2z2Y!-)r (8 ) ) 
I 20 B 26 ^ J 

. . . ( 6 . 3 5 ) 
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where g = d/X and 
h 

= T^(kT/2Trm*)^ . . . ( 6 . 3 6 ) 

i s s i m i l a r t o t h e mean f r e e p a t h i n t h e b u l k but i s a f a c t o r 

o f about f i v e s m a l l e r . 

The i n t e g r a l s i n e q u a t i o n 6 . 3 5 a r e as f o l l o w s ; 

r (6) . f 
Jq l - Y w e x p { - 2 g / ( w v ) 2 ] . . . ( 6 . 3 7 ) 

2 

where v = ni*v^ / 2 k T i s t h e energy o f t h e c a r r i e r s due t o t h e z m o t i o n , 

n o r m a l i z e d t o k T . ^ 
rgXB) = I e x p ( - v - B / ( ' i r v ) ^}dv 

o l - , « f e x p { - 2 6 / ( « ) ' } . . . ( 6 . 3 8 ) 

00 

rg (B) = f e x p ( - v - 2 6 / (ttv ) | } d v 

l - Y u e x p { - 2 3 / ( t t v ) . . . ( 6 . 3 9 ) 

These i n t e g r a l s can be e v a l u a t e d n u m e r i c a l l y o n l y . For t h e 

case o f complete d i f f u s e s c a t t e r i n g a t b o t h s u r f a c e s , Y=w=0, t h e l a s t 

t e rm i n e q u a t i o n 6 . 3 5 v a n i s h e s , r ^ ( g ) = 1 and Fg^B) i s g i v e n by ; 

CO 

[ ^ ( 6 ) = e x p ^ - v - g / ( w v ) ^ j d v . . . ( 6 . 4 0 ) 

The e x p r e s s i o n f o r t h e n ° r e d u c e s t o t h a t g i v e n by Many e t . a l ^ ' ^ ^ . 

6 27 

The i n t e g r a l i n e q u a t i o n 6 . 4 0 has been e v a l u a t e d by F l i e t n e r ' , which 

we have used t o c a l c u l a t e f o r v a r i o u s v a l u e s o f w w i t h y = 0 , 
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( i . e . d i f f u s e s c a t t e r i n g a t t h e s u r f a c e z = 0 ) . We have a l s o 

assumed i s a p p r o x i m a t e l y equa l t o t h e i n t e g r a l i n e q u a t i o n 6 . 4 0 . 

The r e s u l t s a r e p l o t t e d i n F i g . 6 . 8 as a f u n c t i o n of g. A lso shown 

i n F i g . 6 . 8 a r e t h e e x p e r i m e n t a l r e s u l t s o f F i g . 5 . 1 2 f o r e p i t a x i a l 

I n A s , assuming m* = 0 .03m, which i s a v a l u e f o r the e f f e c t i v e mass 

o f e l e c t r o n s i n InAs quoted i n t h e l i t e r a t u r e ^ T h e b u l k m o b i l i t y 

i s assumed t o be 2 3 , 0 0 0 cm / V - s e c , t h e v a l u e o b t a i n e d i n t h e t h i c k 

samples, thus = 61o£ . The e x p e r i m e n t a l curve appears t o f o l l o w 

t h e g e n e r a l shape of t h e t h e o r e t i c a l curve f o r y = w = 0 , but i s 

s h i f t e d t o t h e r i g h t by a constant f a c t o r . A b e t t e r f i t i s o b t a i n e d 

w i t h = 2300&, i . e . m* = 0 .309m, a v a l u e v e r y much l a r g e r t h a n 

t h a t quoted by v a r i o u s w o r k e r s . 

So f a r we have assumed t h a t t h e bands a r e f l a t r i g h t upto 

the s u r f a c e , which i s p robab ly not t h e c a s e . The h i g h e r e l e c t r o n 

c o n c e n t r a t i o n measured i n t h e t h i n n e r f i l m s , (see F i g . 5 . 1 3 ) 

cou ld be due t o ( i ) a u t o - d o p i n g by the s u b s t r a t e , ( i i ) t h e bands 

bending towards accumula t ion caused by s u r f a c e charge . I f we 

assume t h e l a t t e r i s t h e case , then one would expect a f u r t h e r 

r e d u c t i o n i n t h e m o b i l i t y , i f t h e s u r f a c e s a r e d i f f u s e (o r p a r t i a l l y 

s p e c u l a r ) , s i n c e a l a r g e r p r o p o r t i o n of the c a r r i e r s a r e c o n f i n e d 

near t h e s u r f a c e . T h i s cou ld t h e n e x p l a i n t h e d iscrepancy i n F i g . 6 . 8 . 

I n s e c t i o n 6 . 3 . 4 . express ions w i l l be d e r i v e d f o r the f i l m m o b i l i t y 

w i t h band bend ing , which occurs e i t h e r through s u r f a c e s t a t e s or an 

e x t e r n a l a p p l i e d f i e l d . 
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I n t h e above a n a l y s i s we have assumed t h a t t h e Fuchs 

r e f l e c t i v i t y p a r a m e t e r s , y and uj, can t a k e on v a l u e s between zero 

and u n i t y , depending on the type o f s u r f a c e , but a r e independent o f 

t h e ang le o f i n c i d e n c e a t t h e s u r f a c e , and t h e wave length of t h e 

e l e c t r o n s . P a r r o t t ^ ' ^ ^ has suggested t h a t , i n analogy w i t h t h e 

s c a t t e r i n g of l i g h t f rom d i f f u s e s u r f a c e s , t h e r e f l e c t i v i t y parameter 

should be l a r g e f o r g r a z i n g angles of i n c i d e n c e and long wave leng ths , 

and s m a l l f o r near normal i n c i d e n c e and s h o r t wave leng ths . Greene^ 

has ana lysed t h i s problem and i n t r o d u c e d another p a r a m e t e r , t h e k i n e t i c 

s p e c u l a r i t y p r o b a b i l i t y , which i s a l s o ang le dependent , and a p p a r e n t l y 

q u i t e d i s t i n c t from t h e Fuchs p a r a m e t e r . Greene and O ' D o n n e l l ^ ' ^ ^ 

have a p p l i e d t h i s a n a l y s i s t o t h e p a r t i c u l a r case of s c a t t e r i n g by 

s u r f a c e charges and have shown both parameters t o be s t r o n g l y dependent 

12 2 

on t h e a n g l e o f t h e i n c i d e n t k v e c t o r s , w i t h about 10 s c a t t e r e r s / c m . 

Another impor tan t c o n s i d e r a t i o n i s t h a t w i t h a n o n - s p h e r i c a l energy 

s u r f a c e , even specu la r r e f l e c t i o n can r e s u l t i n decrease i n m o b i l i t y . 

S ince t h e e f f e c t i v e mass i s a n i s o t r o p i c , i n g e n e r a l the v e l o c i t y p a r a l l e l 

t o t h e s u r f a c e w i l l be changed, a l t h o u g h the momentum i s p r e s e r v e d . 

Fr iedman and Koen ig^ '^^ and P r i c e ^ ' ^ ^ have used t h i s t o e x p l a i n t h e 

r e d u c t i o n i n c o n d u c t i v i t y o f t h i n Bismuth c r y s t a l s a t l i q u i d he l ium 

t e m p e r a t u r e s . They found t h a t t h e c o n d u c t i v i t y tends t o a f i n i t e v a l u e 

as t h e t h i c k n e s s i s reduced below a c e r t a i n l i m i t , and concluded from 

t h i s t h a t t h e s u r f a c e s a r e s p e c u l a r . 
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From the d i s c u s s i o n above i t appears t h a t s e v e r a l m o d i f i c a t i o n s 

a r e necessary t o t h e t h e o r y p resen ted e a r l i e r . Also an energy 

dependent r e l a x a t i o n t ime should be i n c l u d e d . The t h e o r y would 

t h e n become e x t r e m e l y compl ica ted and comparison w i t h e x p e r i m e n t a l 

r e s u l t s would be d i f f i c u l t , s ince a knowledge of v a r i o u s parameters 

would be r e q u i r e d . 

6 . 3 . 3 . Temperature Dependence Of Sur face S c a t t e r i n g M o b i l i t y 

The s u r f a c e s c a t t e r i n g m o b i l i t y w i l l be a f u n c t i o n of 

t empera ture through the v a r i a t i o n of t e m p e r a t u r e . I f we 

s u b s t i t u t e = m*y^ /q i n e q u a t i o n 6 . 3 6 , we have: 

(m*kT •) \ ( 2 2 H 1 
* - "btzaqZj _.(6.41) 

W i t h a decrease i n t empera tu re i n c r e a s e s , but t h i s i n c r e a s e 

i s a f u n c t i o n of t h e i o n i z e d i m p u r i t y c o n c e n t r a t i o n . I f i s about 

2 X lO^^cm ^ t h e n , i n c r e a s e s by a p p r o x i m a t e l y 2 , between 300°K 

and 100°K, i . e . w i t h a decrease i n t empera tu re by a f a c t o r o f 3 . 

Th is r e s u l t s i n an i n c r e a s e i n o f 2 / / 3 ~ 1 . 1 5 . Thus, t h e m o b i l i t y 

i n c r e a s e s w i t h a decrease i n t e m p e r a t u r e , even f o r f i l m t h i c k n e s s e s 

below lOOoS. A l s o , t h e i n c r e a s e i s much g r e a t e r when compared w i t h 

t h e e x p e r i m e n t a l r e s u l t s , ( F i g . 5 . 1 6 ) f o r f i l m s above t h i s t h i c k n e s s . 
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As e x p l a i n e d e a r l i e r , i t i s d i f f i c u l t t o b e l i e v e t h a t the 

r e d u c t i o n i n m o b i l i t y w i t h d e c r e a s i n g t e m p e r a t u r e o f the v e r y 

t h i n f i l m s i s due t o i m p u r i t i e s w i t h i n the b u l k o f the f i l m . 

The measured e l e c t r o n c o n c e n t r a t i o n of f i l m s below lOOoR was 

17 ~3 

l e s s t h a n 4 x 10 cm , and i f we assume t h a t t h i s i s equa l t o 

t h e i o n i z e d i m p u r i t y c o n c e n t r a t i o n t h e e l e c t r o n m o b i l i t y i n the 

tempera tu re range down t o 70°K should be w e l l above 1 0 , 0 0 0 cm^/V-sec . 

I n f a c t , t h e r e s u l t s o f Barman e t , a l ^ " ^ ^ and Schroeder^ '^^ i n d i c a t e 

m o b i l i t i e s above 7 ,000 4m^/V-sec a t donor c o n c e n t r a t i o n s o f lO^^cm ^ 

i n b u l k I n A s . A l t e r n a t i v e l y the m o b i l i t y could be l i m i t e d by 
6 30 

n e u t r a l i m p u r i t i e s ' , which has a t empera tu re independent 

s c a t t e r i n g mechanism, but n e i t h e r would t h i s e x p l a i n t h e f a l l i n 

6 38 

m o b i l i t y w i t h t e m p e r a t u r e . Zemel ' i n d i c a t e s t h a t as t h e 

f i l m t h i c k n e s s i s reduced, the m o b i l i t y should show a s lower i n c r e a s e 

t h a n i n t h e b u l k , w i t h a decrease i n t e m p e r a t u r e , but does not g i v e 

any q u a n t i t a t i v e r e s u l t s . 

A mechanism t h a t appears l i k e l y t o e x p l a i n the tempera ture 

dependence of t h e v e r y t h i n f i l m s i s t h a t due t o charged c e n t r e s 

a t the s u r f a c e o f t h e f i l m , as put fo rward r e c e n t l y by K a w a j i and 

Kawaguchi^*^^ and S t e r n and H o w a r d ^ t o e x p l a i n t h e e l e c t r o n 

m o b i l i t y v a r i a t i o n i n i n v e r s i o n l a y e r s i n s i l i c o n and InAs 

a t v e r y low t e m p e r a t u r e s . T h i s , and t h e quantum s i z e e f f e c t , w i l l 

be cons idered l a t e r . 
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6 . 3 . 4 . S u r f a c e S c a t t e r i n g I n T h i n F i lms W i t h Band Bending And 

D i f f u s e Sur faces 

I n t h i s s e c t i o n we o b t a i n a s o l u t i o n t o Boltzmanns e q u a t i o n 

w i t h band bending a t the s u r f a c e , f o l l o w i n g t h e method o f 

Greene e t . a l ^ * ^ ^ but w i t h m o d i f i c a t i o n s t o t h e boundary c o n d i t i o n s . 

S i m i l a r t o e q u a t i o n 6 . 2 6 Boltzmanns e q u a t i o n , 6 . 2 4 , can be w r i t t e n 

f o r t h e case when ^ 0 , as f o l l o w s : 

3 f 
1 . " i . 'i . i W . 

V " • • + ••• ' ' + ' •— + 
z 3z m* 3v T, kT . . . ( 6 . 4 2 ) 

2 P 

where t h e second o r d e r terms i n and f ^ have a g a i n been i g n o r e d . 

The e q u i l i b r i u m d i s t r i b u t i o n f u n c t i o n w i t h band bending iji, 

i s g i v e n by: 

"h r i3/2 ,, 
f ( v , z ) = — I y exp( -m*v 

2 l 2 m n * k T j . . . ( 6 . 4 3 ) 

By a change i n v a r i a b l e from ( v ^ , z ) t o ( v ^ , v ) , where v i s t h e 

c a r r i e r energy' i n t h e z - d i r e c t i o n , now g i v e n by : 

V = /(2kT) + ^ . . . ( 6 . 4 4 ) 

e q u a t i o n 6 . 4 2 can be w r i t t e n : 

qE 3 f f . qv E 
1 + _ i _ _ J U E f (V V .V) - 0 

m* 3v T, kT ° y . . . ( 6 . 4 5 ) 
Z D 

E^ i s a f u n c t i o n o f tp g i v e n by e q u a t i o n 6 . 5 , i f 2 d ^ Lg . 

The g e n e r a l s o l u t i o n of e q u a t i o n 6 . 4 5 i s : 

fj^ = fj^j^ j ^ l + H ( v ) e x p - K ( v ^ , v ^ g ) J ' . . . ( 6 . 4 6 ) 
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^11 g iven by equa t ion 6 . 2 8 and KCv^.v^g) by: 

" m*/q J f L 
v t, E 
zs b z 

V constant . . . ( 6 . 4 7 ) 

H (v ) is a function which must be determined from the boundary 

conditions. 

O r i g i n a l l y , S c h r i e f f e r used on ly one boundary c o n d i t i o n : 

t h a t of d i f f u s e s c a t t e r i n g a t one of the s u r f a c e s . However, t h i s 

does not s p e c i f y f ^ everywhere, and so Greene e t . a l ^ ' ^ ® used a 

second boundary c o n d i t i o n . They assumed t h a t c a r r i e r s moving toward 

the sur face from deep w i t h i n the b u l k , i n t h i c k s l a b s , have the bu lk 

d i s t r i b u t i o n f ^ ^ . They a l s o considered a p a r t i a l l y specu lar s u r f a c e , 

w i t h 2d i Lg. However, i n both cases i t was assumed t h a t the sample 

was symmetr ical about i t s midp lane . Th is i s a p p r o p r i a t e when i n t e r p r e t i n g 

r e s u l t s where, f o r example, gas cyc les are used to v a r y the sur face 

p o t e n t i a l a t both sur faces of a s i n g l e c r y s t a l s l a b . Wi th t h i n h e t e r o -

e p i t a x i a l f i l m s we must inc lude the boundary c o n d i t i o n a t the f i l m -

s u b s t r a t e i n t e r f a c e , where t h e r e i s no independent c o n t r o l o f the 

sur face p o t e n t i a l . The r e s u l t s o f s e c t i o n 6 . 3 . 2 . i n d i c a t e t h a t both 

sur faces of the e p i t a x i a l f i l m s a re d i f f u s e s c a t t e r s ( o r may have a 

smal l amount o f s p e c u l a r i t y ) . We w i l l , t h e r e f o r e , use the f o l l o w i n g 

boundary c o n d i t i o n s : 

a t z " 0 f lCVzg) = 0 . . . ( 6 . 4 8 ) 

a t z « 2d f i l m - f i ( v 2 j ) = 0 . . . ( 6 . 4 9 ) 

s u b s t r a t e i n t e r f a c e 
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i . e . bo th sur faces w i l l be assumed to be d i f f u s e . 

S u b s t i t u t i n g these cond i t ions i n equat ion 6 . 4 6 we o b t a i n 

the f o l l o w i n g s o l u t i o n f o r f ^ (appendix D ) ; 

^1 " f l l { l " * } . . . ( 6 . 5 0 ) 

where 6 i s g iven w i t h r e f e r e n c e to F i g . 6 . 9 of the ( v ^ j v ) p l a n e . 

The parabolas i n F i g . 6 . 9 a re l o c i of equa t ion 6 . 4 4 . 6 i s s p e c i f i e d 

i n the shaded reg ions as f o l l o w s (see Appendix D) 

ipg ^ 0 D e p l e t i o n Regime, F i g . 6 . 9 ( a ) 

5 = ®^P{-K(v^-V55g)-K(v^^,v^g)} < V < * s 
. . . ( 6 . 5 1 . a ) 

5 = exp-K(v^ ,v^g) ) 0 ^ . . . ( 6 . 5 1 . b ) 

^ 0 Accumulat ion Regime, F i g . 6 . 9 ( b ) 

z •* 1 

r 1 f * ( V ( « 
exp{-K(v_fV_^)-K(v_j,v__)} v_ ( OJ 

^ . . . ( 6 . 5 1 . C ) 

6 - exp-KXv^.Vgg) ( V ( 

. . . ( 6 . 5 1 . d ) 

« - exp-K(,:.v,:) i 0 ...(j.ji.,) 

>4^ 3 V « " 

The bounded e l e e t r o n s (v g i n d e p l e t i o n l a y e r s w i l l be 

s p e c u l a r l y r e f l e c t e d by the p o t e n t i a l b a r r i e r and t h e r e f o r e t h e i r l a s t 

encounter w i l l have been a t the sur face z = 2d. There fo re t h e i r 



192. 

( a ) 0 d e p l e t i o n r e g i m e 

( b ) ' I ' s ^ O a c c u m u l a t i o n r e g i m e 

F i g . 6 . 9 

Domains of solution of Roltzmanns Equation 
in the v-v^ plane, with surface band bending 
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d i s t r i b u t i o n f u n c t i o n , w i t h 6 of equat ion 6 . 5 1 ( a ) i s c h a r a c t e r i s t i c 

o f the sur face z = 2d, and the i n t e g r a t i o n must be c a r r i e d out over 

the shaded r e g i o n from t/j to 4/ and - v , t o v . 
Q s zd zd 

the accumulat ion regime the bounded e l e c t r o n s , 

w i t h z - v e l o c i t y g r e a t e r or l ess than z e r o , w i l l have l a s t encountered 

the sur face z = 0 . T h e r e f o r e , t h e i r d i s t r i b u t i o n f u n c t i o n i s g iven 

by equat ion 6 . 5 1 ( d ) , and the i n t e g r a t i o n must be c a r r i e d out from 

^ t o and -v to v . 
s d zs zs 

The c u r r e n t per u n i t w i d t h f l o w i n g through the f i l m can now be 

obta ined by s u b s t i t u t i n g f o r f ^ from equat ions 6 . 5 1 i n equat ion 6 . 3 3 

and i n t e g r a t i n g over the a p p r o p r i a t e l i m i t s . Th is i s performed i n 

appendix E . 

The e f f e c t i v e m o b i l i t y , , w i t h band bending i s then g i v e n by: 

I 

2qn^d(l+Ang/2dnjj) ...(6.52) 

where (Ang+2dn^) i s the t o t a l number of c a r r i e r s per u n i t su r face 

a r e a , c o n s i s t i n g of the f l a t band and the excess c a r r i e r c o n t r i b u t i o n s . 

U s u a l l y , the sur face m o b i l i t y i s d e f i n e d as the sur face excess conductance 

per excess c a r r i e r charge i n the space charge l a y e r . T h e o r e t i c a l l y , 

t h i s i s obta ined by s u b t r a c t i n g the f l a t band c u r r e n t from the t o t a l 

c u r r e n t I ^ . E x p e r i m e n t a l l y , i n accumulat ion and d e p l e t i o n l a y e r s 

the sur face m o b i l i t y i s e x t r a c t e d from the measurements us ing a model 

6 33 

proposed by P e t r i t z ' . Th is method i s e s s e n t i a l when t h i c k s labs 

(2d >> Lg) a re used, where the b u l k c o n t r i b u t i o n to t h e t o t a l c u r r e n t may 
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be much l a r g e r t h a n the s u r f a c e c o n t r i b u t i o n . However, w i t h t h i n 

e p i t a x i a l l a y e r s , i t i s more a p p r o p r i a t e t o i n c l u d e the c o n t r i b u t i o n 

of a l l t h e c a r r i e r s , as i n e q u a t i o n 6 . 5 2 , because even a t f l a t bands 

t h e s u r f a c e has a l a r g e i n f l u e n c e on t h e m o b i l i t y o f the c a r r i e r s . 

S u b s t i t u t i n g t h e e x p r e s s i o n f o r o f e q u a t i o n E . l l (appendix E ) , 

i n e q u a t i o n 6 . 5 2 , t h e e f f e c t i v e f i l m m o b i l i t y i s g i v e n as f o l l o w s ; 

% 0 D e p l e t i o n Regime: 

( l +An^ /2dn^) 

An^ r 
1+ 1 exp-i|) +exp-t|; f 

2dn^ 2d ® 

X 
+ 

d 
\ J 

53) 

An i s g i v e n by e q u a t i o n 6 . 6 and 

V constant . . . ( 6 . 5 4 ) 

after substituting for from equation 6.5 in equation 6.47. 

I 

" • " V o . . . ( 6 .55 ) 
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3 0 Accumulat ion Regime; 

Ws/"b 

An 

Il+ 
2d 

{exp-^g+exp-^j} 

K<v^,.0) 

^n r 
+ — / exp{ -v+2K(v , 0 ) 1 dv 

2d j , J 

^n 

* A exp{-v+K(«:s.V2d)} dv 

\ 

u, 

1 f ® dip 

2 A n 

. . . ( 6 . 5 6 ) 

. . ( 6 . 5 7 ) 

At f l a t bands ^ ^ 0 and i t can be shown t h a t 

K f V g s ' V z j ) -d/X^Cirv)' (see appendix E ) . Equations 6 .53 and 6 . 5 6 then 

reduce t o : 

\ \ r 

- + — I e x p { - v - d / X ( n v f % dv 
d d V ...(6. 58) 

which i s the same as the f l a t band r e s u l t , equat ion 6.35, w i t h y = w = 0 , 

S i m i l a r to the f l a t band case, expressions can be d e r v i e d f o r 

p a r t i a l l y specular s u r f a c e s , w i t h the parameters y and u . However, 

the expressions become r a t h e r cumbersome. 

The i n t e g r a l s i n equat ions 6 . 5 3 and 6 .56 can be eva lua ted on ly 

n u m e r i a l l y , i f the exact p o t e n t i a l s a re used, i . e . E from equat ion 6 .5 

Tt)is would r e q u i r e i n t e g r a t i n g K n u m e r i c a l l y , .between the a p p r o p r i a t e 

l i m i t s , f o r constant va lues of v and then summing the e x p o n e n t i a l terms 
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f o r each v a l u e o f v between t h e a p p r o p r i a t e l i m i t s . U n f o r t u n a t e l y , 

owing t o a l a c k of t ime we have not a t tempted t o w r i t e a computer 

program t o do t h i s . 

Express ions f o r vs . n^ or can then be p l o t t e d w i t h f i l m 

t h i c k n e s s as runn ing p a r a m e t e r , and a l s o f o r v a r i o u s v a l u e s o f t\. 

I n o r d e r t o compare t h e e x p e r i m e n t a l r e s u l t s w i t h the t h e o r e t i c a l 

express ions o f equa t ions 6 . 5 3 and 6 . 5 6 we would need t o use a v a l u e 

f o r the e f f e c t i v e - m a s s and t h e r e f o r e which would g i v e a good f i t 

a t f l a t bands, as d iscussed i n s e c t i o n 6 . 3 . 2 . For a p a r t i c u l a r 

semiconductor m a t e r i a l , n i s a f u n c t i o n o f t h e doping d e n s i t y and 

(NOTE: m* i s a l s o s l i g h t l y dependent on N ^ ) . G o l d s t e i n e t . 

have o b t a i n e d approx imat ions f o r the excess c a r r i e r m o b i l i t y i n t h i c k 

s labs and computed these f o r v a r i o u s v a l u e s of n . For l a r g e 

v a l u e s of n t h e i r r e s u l t s show a v e r y l a r g e d i p , o r cusp, as the f l a t 

band c o n d i t i o n i s approached. I n f a c t , f o r a s u f f i c i e n t l y l a r g e n 

t h e s u r f a c e m o b i l i t y becomes n e g a t i v e . G r e e n e ^ h a s cons idered 

t h i s c u s p i d a l s u r f a c e m o b i l i t y and has shown t h a t , t h e o r e t i c a l l y , t h e r e 

i s a d e f i n i t e d i s c o n t i n u i t y a t the f l a t band p o i n t . T h i s has been 

a t t r i b u t e d t o the c o n t r i b u t i o n of the unbounded, c a r r i e r s . S ince a 

h i g h n can be o b t a i n e d w i t h a h i g h m o b i l i t y semiconductor , Dav is^ '^® 

conducted f i e l d e f f e c t emperiments on InSb sur faces a t 79°K, where q 

was about 2 , but d i d not observe a cusp, n has a v a l u e o f about 1 . 2 5 

a t room t e m p e r a t u r e i n I n A s , assuming m* = 0 .03m and n = 2 x 10^^cm~^. 
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A l though we have measured t h e e f f e c t i v e m o b i l i t y of a l l the c a r r i e r s , 

i f t h e r e i s a cusp i n the m o b i l i t y o f t h e excess c a r r i e r s t h i s should 

have been observed, but was n o t . I t i s d i f f i c u l t to p r e d i c t the 

behav iour o f the m o b i l i t y i n equat ions 6 . 5 3 and 6 . 5 6 w i t h o u t n u m e r i c a l l y 

computing t h e e x p r e s s i o n s . The t h e o r y o f Greene e t . a l ^ ' ^ ^ p r e d i c t s 

a monotonic decrease i n t h e m o b i l i t y w i t h i n c r e a s i n g accumula t ion , and 

tends t o t h e b u l k v a l u e i n d e p l e t i o n . However, as e x p l a i n e d e a r l i e r , 

they assumed the c a r r i e r s moving towards the s u r f a c e have a v e l o c i t y 

c h a r a c t e r i s t i c o f the b u l k , which i s e q u i v a l e n t t o say ing t h a t the 

c a r r i e r s have been s p e c u l a r l y r e f l e c t e d i n t h e b u l k . Under t h e s e 

boundary c o n d i t i o n s one would expect t h a t the m o b i l i t y would tend 

t o t h e b u l k v a l u e i n d e p l e t i o n , s i n c e the c a r r i e r s a re c o n f i n e d away 

from t h e d i f f u s e s u r f a c e . However, w i t h t h e boundary c o n d i t i o n s we 

have used- d i f f u s e s c a t t e r i n g a t bo th i n t e r f a c e s - t h e express ions above 

should r e s u l t i n a m o b i l i t y r e d u c t i o n as the channel i s d e p l e t e d , s i n c e 

i n t h i s regime t h e c a r r i e r s can s t i l l be d i f f u s e l y s c a t t e r e d a t t h e 

f i l m —subst ra te i n t e r f a c e and a r e c o n f i n e d i n an i n c r e a s i n g l y narrower 

c h a n n e l . Th is could t h e n e x p l a i n t h e m o b i l i t y r e d u c t i o n i n d e p l e t i o n 

which we have observed , as shown i n F i g . 5 . 2 9 . 

Most of t h e work on s u r f a c e m o b i l i t y measurements has been 

c a r r i e d out on Germanium and S i l i c o n . Since 1962 the m a j o r i t y o f 

these measurements have been on S i l i c o n i n v e r s i o n l a y e r s , us ing the 

MOS system, where i t has been found t h a t t h e m o b i l i t y f a l l s o f f r a p i d l y 

as t h r e s h o l d i s approached, and t h i s cannot be e x p l a i n e d by t h e Boltzmann 
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t h e o r y . R e c e n t l y , Reddi^ '^® has measured t h e m a j o r i t y c a r r i e r f i e l d 

e f f e c t and e f f e c t i v e m o b i l i t i e s i n accumula t ion and d e p l e t i o n l a y e r s , 

i n t h i n (2—5pm) e p i t a x i a l s i l i c o n f i l m s on an o p p o s i t e c o n d u c t i v i t y 

type S i l i c o n s u b s t r a t e , us ing t h e MOS system. H is r e s u l t s show 

t h a t the m o b i l i t y tends t o t h e b u l k v a l u e i n d e p l e t i o n , u n l i k e our 

r e s u l t s . There cou ld be two reasons f o r t h i s ; f i r s t , the f i l m s he 

has used were much t h i c k e r t h a n o u r s , and so i n d e p l e t i o n most o f 

the c a r r i e r s a re c o n f i n e d t o the b u l k . Second, s ince i t i s a homo-

e p i t a x i a l system, i t seems reasonab le t o assume t h a t t h e f i l m -

s u b s t r a t e i n t e r f a c e i s s p e c u l a r . 

There i s a p o s s i b i l i t y t h a t the f a l l i n m o b i l i t y we have measured 

i n the d e p l e t i o n regime could be due t o an e r r o r i n i n t e r p r e t i n g 

t h e H a l l measurements. I n c a l c u l a t i n g the m o b i l i t y we have assumed 

a one c a r r i e r system. However, S t e r n and H o w a r d ^ a n d Fang and Fowler^ 

suggest t h a t as t h e c a r r i e r s i n a s u r f a c e space charge l a y e r a re 

d e p l e t e d , sc reen ing o f a t t r a c t i v e coulomb c e n t r e s a t t h e s u r f a c e i s 

reduced, which r e s u l t s i n bound s t a t e s . I f these bound s t a t e s o v e r l a p 

they can c o n t r i b u t e t o t h e conduct ion , but w i t h a lower m o b i l i t y 

t h a n t h e f r e e e l e c t r o n s . Assuming a H a l l c o e f f i c i e n t f a c t o r o f u n i t y 

f o r both bands, t h e H a l l c o e f f i c i e n t f o r a two c a r r i e r system i s ^ ' ^ ^ : 

2 
1 (b n , + n_) 

= - J - = 1 2_ 

9 % q(bn^ + 

where b - i s t h e r a t i o o f the m o b i l i t y o f t h e f r e e e l e c t r o n s 

t o the bound e l e c t r o n s , o f c o n c e n t r a t i o n n^ and n^ , r e s p e c t i v e l y , 

i s the measured e l e c t r o n c o n c e n t r a t i o n . 
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S ince a = qWgCbn^+ng), the measured H a l l m o b i l i t y i s : 

-H ' ^ -
(bn^ + ng) 

Thus, as the f r a c t i o n n^/ng i s reduced, t h e measured m o b i l i t y 

reduces from t o I f a two band system does e x i s t , n^ should 

go through a minimum as t h e f r a c t i o n of f r e e e l e c t r o n s i s v a r i e d . 

A l though our measurements do not show a minimum i n the range o f ga te 

v o l t a g e s used, (see F i g . 5 . 2 8 ) t h e e l e c t r o n c o n c e n t r a t i o n i s c e r t a i n l y 

d e c r e a s i n g v e r y s l o w l y i n t h i s r e g i o n . However, the bound s t a t e model 

IS o n l y impor tan t a t low t e m p e r a t u r e s , S t e r n and H o w a r d ^ s u g g e s t 

t h a t i t w i l l not p l a y a s i g n i f i c a n t r o l e i n InAs , even a t t h e s e 

t e m p e r a t u r e s , because t h e bound s t a t e band w i l l merge w i t h t h e conduct ion 

band, presumably due t o t h e v e r y sma l l e f f e c t i v e mass. 

F u r t h e r , i t i s not b e l i e v e d t h a t the h o l e c o n t r i b u t i o n i s 

s i g n i f i c a n t i n t h i s r e g i o n because of t h e l a r g e m o b i l i t y r a t i o . T h i s , 

o f course , assumes t h a t t h e h o l e m o b i l i t y i s a l s o s i g n i f i c a n t l y 

reduced by s u r f a c e s c a t t e r i n g . 
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6 . 3 . 5 . Galvanomagnetic Sur face T r a n s p o r t 

I n s e c t i o n s 6 . 3 . 2 . and 6 . 3 . 4 . , t h e s o l u t i o n s to Boltzmanns 

e q u a t i o n have been o b t a i n e d assuming zero magnet ic f i e l d . I n o r d e r t o 

i ' ^ t e r p r e t H a l l measurements on t h i n f i l m s and space charge l a y e r s i t i s 

necessary to i n c l u d e t h e e f f e c t o f t h e magnet ic f i e l d on t h e a c c e l e r a t i o n 

of t h e c a r r i e r s , i . e . , i n s t e a d of qE/m* we must s u b s t i t u t e q(E+vxB) /m* 

i n e q u a t i o n 6 . 2 4 . Zemel and Ami th^ '^^ have a t tempted t h i s 

problem f o r t h e case of a t r u n c a t e d l i n e a r p o t e n t i a l a t t h e s u r f a c e , 

and t h e l a t t e r a l s o cons idered t h e l i m i t i n g case of f l a t bands i n 

t h i n f i l m s . They assumed d i f f u s e sur faces and, o f course , a l l t h e 

s i m p l i f y i n g assumptions cons idered e a r l i e r . Two express ions r e s u l t } 

one f o r the c u r r e n t , I ^ ^ , and t h e o t h e r f o r the H a l l c u r r e n t , 1 ^ . 

The l a t t e r i s s e t t o z e r o , t o conform w i t h t h e measurement c o n d i t i o n s , 

and t h i s g i v e s an e x p r e s s i o n connect ing and E^. The f i n a l r e s u l t , 

f o r t h e case of a t h i n f i l m w i t h f l a t bands, i n t h e l i m i t o f weak 

magnet ic f i e l d s , i s ^ ' ^ ^ : 

Ry = - igCG) . l / fqn) . . . ( 6 . 5 9 ) 

where 

^ i - 2 / e + ( 2 / g ) r ^ ( B ) + r ^ ( e ) ] 
rg (B) ^ -

{ l - l / 6 + ( l / B ) r 2 ( 8 ) } 
. . . (6 .60) 

8 = d/X 
n 

r g ( e ) i s analagous t o the H a l l c o e f f i c i e n t f a c t o r r i n e q u a t i o n 6 . 2 2 , 

f o r b u l k s c a t t e r i n g mechanisms. [ 2 ( 6 ) i s g i v e n by e q u a t i o n 6 . 4 0 , and 
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r ^ ( B ) by : 

r ^ ( B ) = I ( irv) ^ e x p { - v - e / ( T r v ) ^ } 

n 

dv 
. . . (6 .61) 

A m i t h ^ ' ^ ^ has e v a l u a t e d t h i s e x p r e s s i o n and the r e s u l t s a r e 

p resen ted i n F i g . 6 . 1 0 . The i n t e r e s t i n g f e a t u r e i s t h a t f o r 

d /X < 1 , r i nc reases above u n i t y and can ach ieve v e r y l a r g e v a l u e s 
n ® 

i n v e r y t h i n f i l m s . S ince our t h i n n e s t f i l m s a r e o f the o r d e r o f 

= (61oS, assuming m* =» 0 . 0 3 m ) , or g r e a t e r , t h i s should r e s u l t i n 

an of u n i t y , which i s what we have observed. ( I n t h e l i m i t of 

h i g h magnet ic f i e l d s , r ^ ->• 1 , accord ing t o A m i t h ' s c a l c u l a t i o n s ) . 

However, t h e assumption o f an energy independent r e l a x a t i o n t ime 

would , i n any case , g i v e a v a l u e of u n i t y i n t h i c k samples, (see 

e q u a t i o n 6 . 2 2 ) . F u r t h e r , i f we assume a o f 2300S, i n o rder t o 

f i t the m o b i l i t y d a t a , t h i s would , t h e o r e t i c a l l y , g i v e an of 

about 2 . 5 f o r a 400X f i l m . 

The a n a l y s i s a l s o y i e l d s a f i n i t e magnetores is tance i n v e r y 

t h i n f i l m s ( d / X ^ < 1 ) , a l t h o u g h i n t h e b u l k the magnetores is tance 

would be z e r o . T h i s seems r e a s o n a b l e , s i n c e the v e l o c i t y o f c a r r i e r s 

near the s u r f a c e i s reduced, and t h e H a l l f i e l d on ly compensates 

the L o r e n t z f o r c e f o r t h e average v e l o c i t y . I n o rder t o observe t h i s 

m a g n e t o r e s i s t a n c e , i t would be necessary to d e p o s i t f i l m s much l ess 

t h a n X^ t h i c k . However, below a c e r t a i n t h i c k n e s s the f i l m s would 

be d i s c o n t i n u o u s , i n which case t h e Boltzmann t h e o r y would not be 

a p p l i c a b l e . 
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6 = d/Xn 

F I G . 6 . 1 0 

S u r f a c e S c a t t e r i n g H a l l C o e f f i c i e n t F a c t o r A s A 

F u n c t i o n O f g , t h e N o r m a l i z e d F i l m T h i c k n e s s 

( A f t e r A m i t h , r e f . 6 . 4 0 ) 
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6 . 4 . Q u a n t i z a t i o n Of Conduct ion Band Energy L e v e l s 

6 . 4 . 1 . Quantum S ize E f f e c t 

I n c h a p t e r 1 i t was b r i e f l y ment ioned t h a t i n a t h i n f i l m , o f 

t h i c k n e s s comparable t o t h e e l e c t r o n w a v e l e n g t h , ( i n InAs 

Ag ~ 400X a t 3 0 0 ° K ) , the e l e c t r o n energy i s q u a n t i z e d , due t o q u a n t i z a t i o n 

of the e l e c t r o n wavevector p e r p e n d i c u l a r t o the s u r f a c e . I n the 

case of a t h i n f i l m w i t h f l a t bands, t h e s imple s o l u t i o n of SchrHd inger 's 

e q u a t i o n f o r a square w e l l p o t e n t i a l w i t h i n f i n i t e l y h igh w a l l s ^ ' ^ ^ , 

i s a good a p p r o x i m a t i o n . The e l e c t r o n energy may then be w r i t t e n : 

^ ...(6.62) 

where the energy e i g e n - v a l u e s a r e : 

2 
. . . ( 6 . 6 3 ) 

N = 1 , 2 , 3 . . . 

The s e p a r a t i o n of any two l e v e l s , N and N+1, (see F i g . 1 . 2 ) , 

i s t h e n g i v e n b y : 

. . . ( 6 . 6 4 ) 

The s e p a r a t i o n of t h e two lowest sub-bands Ae i s p l o t t e d 
1,2 

as a f u n c t i o n o f f i l m t h i c k n e s s i n F i g . 6 . 1 1 . I f t h i s s e p a r a t i o n i s 

g r e a t e r than the e l e c t r o n energy , i . e . , g r e a t e r than aboutsfekT, most 

o f the e l e c t r o n s w i l l be c o n f i n e d t o t h e ground l e v e l , (N = 1 ) , 

r e s u l t i n g i n a two d imens iona l e l e c t r o n gas i n k - s p a c e . From F i g . 6 . 1 1 

i t can be seen t h a t a t tempera tures below 300°K t h e above c o n d i t i o n 
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w i l l be s a t i s f i e d i f the f i l m t h i c k n e s s i s l e s s t h a n 400X. S ince 

a change i n w i l l not be p o s s i b l e i f Ae^ ^ i s s u f f i c i e n t l y l a r g e , 

t h i s can a f f e c t c o n s i d e r a b l y the i n t e r a c t i o n o f e l e c t r o n s and phonons 

and, hence, the m o b i l i t y . Zemel^ '^^ has i n d i c a t e d t h a t as the tempera ture 

i s reduced t h e number o f e l e c t r o n s and phonons capable of i n t e r a c t i n g 

decreases e x p o n e n t i a l l y , and t h e r e f o r e one should observe a r a p i d 

i n c r e a s e i n m o b i l i t y . I n f a c t , i f d i f f u s e s u r f a c e s c a t t e r i n g i s 

a b s e n t , which i s what may be expected i n a q u a n t i z e d band^ '^^ , t h e n 

t h e m o b i l i t y could be even h i g h e r t h a n i n t h e b u l k . Th is i s c o n t r a r y 

t o our e x p e r i m e n t a l r e s u l t s . However, s c a t t e r i n g by s u r f a c e charges 

could t h e n dominate t h e m o b i l i t y as d iscussed i n s e c t i o n 6 . 5 , 

We have assumed above t h a t t h e q u a n t i z e d sub-bands a re o f 

s i n g l e energy l e v e l s . However, due to e l e c t r o n s c a t t e r i n g t h e r e i s 

a broadening o f these sub-bands, which accord ing t o t h e u n c e r t a i n t y 

p r i n c i p l e , i s o f the o rder o f ft/x, where x i s the e l e c t r o n s c a t t e r i n g 

r e l a x a t i o n t i m e . Hence, q u a n t i z a t i o n would o n l y be expected t o 

a f f e c t the e l e c t r o n t r a n s p o r t i f the energy s e p a r a t i o n Ae. . i s 

g r e a t e r t h a n t i / x . S u b s t i t u t i n g x = m * u / q , and us ing e q u a t i o n 6 . 6 4 , 

t h i s would r e q u i r e t h e f o l l o w i n g c o n d i t i o n t o be s a t i s f i e d : 

,2 
]i > 

8qd 

ir^A(2N+l) . . . ( 6 . 6 5 ) 

T h i s i s p l o t t e d i n F i g . 6 . 1 1 , f o r the lower l i m i t o f y , and w i t h 

N = 1 , as a f u n c t i o n o f d . Thus, i t appears t h a t t h i s c o n d i t i o n could 

a l s o be s a t i s f i e d by t h e e p i t a x i a l InAs f i l m s below 400X t h i c k . 
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T a v g e f ^ ' * ^ has cons idered the quantum s i z e e f f e c t on e l e c t r o n 

t r a n s p o r t i n t h i n f i l m s by a Boltzmann e q u a t i o n method, i n which he 

has d e r i v e d an e x p r e s s i o n f o r t h e e l e c t r o n m o b i l i t y i n a two d imens iona l 

gas, presumably assuming t h a t s u r f a c e s c a t t e r i n g i s a b s e n t . The 

r e s u l t s i n d i c a t e a m o b i l i t y which i s d i r e c t l y p r o p o r t i o n a l t o f i l m 

t h i c k n e s s and has a t empera tu re dependence which i s v e r y s i m i l a r 

t o the b u l k s c a t t e r i n g mechanism o c c u r i n g . B e r c h t o l d and H u b e r ^ ' * ^ 

have used T a v g e r ' s t h e o r y to e x p l a i n t h e i n c r e a s e i n m o b i l i t y w i t h 

tempera ture i n t h i n p o l y c r y s t a l l i n e InSb f i l m s , where they have 

assumed i o n i z e d i m p u r i t y s c a t t e r i n g i n t h e b u l k , wh ich , i n any case , 

would g i v e such a t e m p e r a t u r e dependence. However, i t appears d o u b t f u l 

t h a t q u a n t i z a t i o n does occur i n such a d i s o r d e r e d s t r u c t u r e . ( I n 

v e r y t h i n p o l y c r y s t a l l i n e InAs f i l m s , we have not observed the anomalous 

tempera tu re dependence of m o b i l i t y which occurs i n the e p i t a x i a l 

f i l m s ) . 

O g r i n e t . a l ^ ' * ^ have observed o s c i l l a t i o n s i n the m o b i l i t y 

and H a l l c o e f f i c i e n t w i t h f i l m t h i c k n e s s , i n e p i t a x i a l Bismuth f i l m s 

on m i c a , which t h e y a t t r i b u t e t o the quantum s i z e e f f e c t . The v a r i o u s 

f i l m th icknesses were o b t a i n e d by d e p o s i t i n g the f i l m s s i m u l t a n e o u s l y , 

thus a v o i d i n g any spreads due t o v a r y i n g d e p o s i t i o n c o n d i t i o n s . 

S i m i l a r l y , Koiiumk and Bukhshtab have observed smal l c o n d u c t i v i t y 

o s c i l l a t i o n s w i t h t h i c k n e s s i n p o l y c r y s t a l l i n e Bismuth f i l m s , which 

t h e y too a t t r i b u t e to q u a n t i z a t i o n . Fr iedman and K o e n i g ^ ' * ^ have 

s t u d i e d Bismuth s i n g l e c r y s t a l s which were t h i n n e d , and concluded 

t h a t t h e sur faces a r e s p e c u l a r , thus f a v o u r i n g o b s e r v a t i o n of t h e 

quantum s i z e e f f e c t . 
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G ' 4 ' 2 ' Q u a n t i z a t i o n I n Sur face Space Charge Layers 

I f the s u r f a c e band bending i s s u f f i c i e n t l y l a r g e , so t h a t 

the d i s t a n c e from t h e s u r f a c e cor responding t o a change i n p o t e n t i a l 

o f about k T / q , i s o f the o r d e r o f the e l e c t r o n w a v e l e n g t h , t h e n 

a g a i n t h e e l e c t r o n m o t i o n p e r p e n d i c u l a r t o t h e s u r f a c e w i l l be q u a n t i z e d , 

and the conduct ion band w i l l be s p l i t i n t o sub-bands. I t was 

S c h n e f f e r * ' 5 0 who o r i g i n a l l y suggested t h a t t h i s could a f f e c t t h e 

m o b i l i t y i n s u r f a c e space charge l a y e r s , but as d iscussed e a r l i e r , 

he i n d i c a t e d t h a t c o l l i s i o n broadening cou ld mask these e f f e c t s . 

G r e e n e * ' 5 1 has i n d i c a t e d t h a t q u a n t i z a t i o n would cause an i n c r e a s e 

i n the w i d t h o f the space charge l a y e r f o r a g i v e n s u r f a c e p o t e n t i a l , 

due to a decrease i n t h e s c r e e n i n g charge near t h e s u r f a c e . Th is would 

r e s u l t i n a h i g h e r m o b i l i t y than p r e d i c t e d c l a s s i c a l l y . He has 

shown t h a t s u r f a c e f i e l d s a p p r o x i m a t e l y i n excess of 6xl0^(T/300)^^^(m*/ra)V/cm 

would cause an a p p r e c i a b l e d e v i a t i o n f rom the c l a s s i c a l r e s u l t . 

I n o r d e r t o c a l c u l a t e t h e energy e i g e n - v a l u e s , i t i s necessary 

t o o b t a i n s e l f c o n s i s t e n t s o l u t i o n s of P o i s s o n ' s e q u a t i o n and 

Schrodinger s e q u a t i o n f o r the s u r f a c e space charge l a y e r . T h i s 

has been done by Hand le r and E i s e n h o u r ^ ' ^ ^ , who s t u d i e d Germanium 

s u r f a c e s , and more r e c e n t l y by S t e r n and H o w a r d ^ f o r n - t y p e 

i n v e r s i o n l a y e r s i n S i l i c o n . However, an approx imate s o l u t i o n can 

be o b t a i n e d by u s i n g a l i n e a r p o t e n i t a l , as shown i n F i g . 6 . 1 2 ( a ) , 

i n S c h r o d i n g e r ' s e q u a t i o n . 
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l i n e a r p o t e n t i a l 
s lope = E 

(a ) 

e*- k 

(b) 

F I G . 6 . 1 2 

( a ) Quant i zed energy l e v e l s i n a l i n e a r p o t e n t i a l w e l l 

(b) e - k d iagram of a q u a n t i z e d band 
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The e l e c t r o n w a v e f u n c t i o n t h a t r e s u l t s can be expressed as t h e 

sum o f two Bessel f u n c t i o n s of o r d e r 1 / 3 , the A i r y f u n c t i o n s , and 

t h e energy e i g e n - v a l u e s a r e g i v e n 5 3 , 6 . 5 4 , 6 . 5 5 , 6 . 4 4 , 

1 f S ' l E * 2 / 3 
Ejj = — j 1 I ( N + 3 / 4 ) . . . ( 6 . 6 6 ) 

N - 0 , 1 , 2 , 3 . . . 

Shown i n F i g . 6 . 1 2 ( a ) a r e the three lowest sub-bands and the e l e c t r o n 

w a v e f u n c t i o n ( t h e d o t t e d c u r v e ) , which tends t o ze ro a t the s u r f a c e 

and w i t h i n t h e b u l k . (These a r e , i n f a c t , t h e boundary c o n d i t i o n s ) . 

F i g . 6 . 1 2 ( b ) shows the e - k d iagram f o r a q u a n t i z e d band, where 

t h e energy cont in i iun i n k ^ , k^ space i s g i v e n by the f i r s t te rm 

i n e q u a t i o n 6 . 6 2 and t h e s e p a r a t i o n of t h e p a r a b o l a s i s g i v e n by 

e q u a t i o n 6 . 6 6 . 

I f we i g n o r e t h e f i x e d accep tor charge i n s t r o n g accumula t ion 

l a y e r s , by Gauss' law i s : 

E % 1 
qAn 

% 
= E'E 

O S . . . ( 6 . 6 7 ) 

S u b s t i t u t i n g t h i s i n e q u a t i o n 6 . 6 6 , we o b t a i n , i n the case o f 

InAs: 
= 1 . 7 8 x l 0 " 9 A n g 2 / 3 ( N + 3 / 4 ) 2 / 3 eV . . . ( 6 . 6 8 ) 

The s e p a r a t i o n , Ae^ ^ , o f t h e ground l e v e l and the f i r s t e x c i t e d 

l e v e l i s p l o t t e d i n F i g . 6 . 1 3 as a f u n c t i o n o f An^. A l s o , shown i s 

t h e e l e c t r i c f i e l d a t the semiconductor s u r f a c e , ( s i n c e we have 

assumed a l i n e a r p o t e n t i a l , and t h e r e f o r e a constan t f i e l d w i t h i n t h e 

space charge l a y e r , t h i s f i e l d i s equa l to t h e s lope of the l i n e a r 
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p o t e n t i a l ) . I t can be seen t h a t even under a moderate induced charge , 

the s p l i t t i n g o f t h e sub-bands can be g r e a t e r t h a n the the rma l energy 

of the e l e c t r o n s , r e s u l t i n g a g a i n i n a two-d imens iona l gas . At low 

f i e l d s o n l y the ground l e v e l w i l l be occup ied , a t h i g h e r f i e l d s the 

nex t sub-band w i l l b e g i n t o be p o p u l a t e d . G e n e r a l l y , w i t h a 

maximum induced charge of about lO^^cm ^ , o n l y t h e f i r s t two or t h r e e 

sub-bands w i l l be p o p u l a t e d . Another r e s u l t of q u a n t i z a t i o n i s t h a t 

energy s t a t e s below i n the p o t e n t i a l w e l l , w i l l be e l i m i n a t e d (see 

F i g . 6 . 1 2 ( a ) ) . A l s o , s i n c e t h e e l e c t r o n w a v e f u n c t i o n tends t o ze ro 

as the s u r f a c e i s approached, t h e e l e c t r o n s w i l l be c o n f i n e d away from 

the s u r f a c e , thus reduc ing any d i f f u s e s u r f a c e s c a t t e r i n g which occurs . 

Th is may e x p l a i n t h e f a i r l y h i g h m o b i l i t i e s observed i n s t rong i n v e r s i o n 

l a y e r s i n S i l i c o n ^ * ^ ^ ' ^ ' ^ ^ . 

As a r e s u l t o f q u a n t i z a t i o n the d e n s i t y of s t a t e s of a two-

d imens iona l e l e c t r o n gas i s independent of energy (= 8 n m * / h ^ ) , whereas 

i n the t h r e e d imens iona l case i t i s p r o p o r t i o n a l t o e^. Thus, i n the 

m a g n e t o - o s c i l l a t o r y conductance exper iments o f Fowler e t . a l ^ ' ^ ^ on 

S i l i c o n MOS s t r u c t u r e s , the two-d imens iona l e l e c t r o n t r a n s p o r t was 

conf i rmed s i n c e t h e p e r i o d of the conductance peaks w i t h ga te v o l t a g e 

was c o n s t a n t , because the d e n s i t y of s t a t e s i n each Landau l e v e l i s 

c o n s t a n t , w h i l e i n a t h r e e - d i m e n s i o n a l gas each successive Landau l e v e l 

would have an i n c r e a s i n g d e n s i t y of s t a t e s ^ T h e s e exper iments 

were c a r r i e d out i n v e r y h i g h magnet ic f i e l d s and a t l i q u i d He l ium 

t e m p e r a t u r e s . A l s o , the conductance o s c i l l a t i o n s were on ly observed w i t h 
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low s o u r c e - d r a i n v o l t a g e s , of the o r d e r o f tens of mV. Presumably, 

h i g h e r v o l t a g e s r e s u l t i n a decrease i n the r e l a x a t i o n t i m e , and 

t h e r e f o r e , broadening of the q u a n t i z e d l e v e l s . These exper iments could 

be u s e f u l l y a p p l i e d t o InAs , and o t h e r I I I — V compound semiconductor 

f i e l d e f f e c t s t r u c t u r e s , where q u a n t i z a t i o n should be even more 

pronounced because of t h e v e r y sma l l e l e c t r o n e f f e c t i v e mass, and may 

p e r m i t o b s e r v a t i o n of conductance o s c i l l a t i o n s a t h i g h e r t e m p e r a t u r e s . 

F u r t h e r , u n l i k e the m u l t i v a l l e y system i n S i l i c o n , most o f the I I I - V 

compounds have a conduct ion band which i s symmetr ica l about the c e n t r e 

o f t h e B r i l l o u i n zone, thus making the i n t e r p r e t a t i o n o f measurements 

l e s s c o m p l i c a t e d . Such exper iments have an impor tan t b e a r i n g on 

e l e c t r o n t r a n s p o r t a t semiconductor s u r f a c e s , and i n p a r t i c u l a r , can 

p r o v i d e a v a l u e f o r t h e e f f e c t i v e mass of e l e c t r o n s near the s u r f a c e . 

Kawa j i e t . a l ^ ' ^ ^ have measured e l e c t r o n m o b i l i t i e s i n InSb 

i n v e r s i o n l a y e r s i n s t r o n g magnet ic f i e l d s and a t low t e m p e r a t u r e s . 

T h e i r r e s u l t s i n d i c a t e a r e d u c t i o n i n m o b i l i t y w i t h an i n c r e a s e i n 

hcd^/kT, t h e r a t i o o f the Landau l e v e l s p l i t t i n g t o the t h e r m a l 

energy = qB/m* i s the c y c l o t r o n f r e q u e n c y ) . However, t h e y do 

not ment ion the o b s e r v a t i o n of conductance o s c i l l a t i o n s w i t h gate v o l t a g e . 

S i m i l a r l y , Kawa j i and Gatos^ '^^ measured v e r y smal l changes i n the 

conductance of i n v e r s i o n l a y e r s i n InAs , i n v e r y s t rong magnet ic f i e l d s , 

bu t d i d not observe any o s c i l l a t i o n s . Presumably , t h i s i s because 

the amount o f charge t h e y could induce was v e r y s m a l l . There appears 

t o be a v e r y l i m i t e d amount o f e x p e r i m e n t a l work done on s u r f a c e 

t r a n s p o r t i n I I I - V compounds so f a r . 



212 

At p r e s e n t t h e r e does not appear t o be a t h e o r y on s u r f a c e 

s c a t t e r i n g which assumes a q u a n t i z e d hand, and which can e x p l a i n 

t h e e x p e r i m e n t a l r e s u l t s . However, S t e r n and Howard have 

developed a t h e o r y f o r s c a t t e r i n g by s u r f a c e charges , which i s 

based on a quantum model , but i t i s l i m i t e d t o low tempera tures 

and s u r f a c e f i e l d s , so t h a t o n l y t h e ground s t a t e i s occup ied , which 

t h e y r e f e r t o as the e l e c t r i c quantum l i m i t . Duke^ '^^ , and A l f e r i e f f 

and Duke^ '^^ have a l s o developed a theory i n t h e e l e c t r i c quantum 

l i m i t , f o r s c a t t e r i n g by s u r f a c e i r r e g u l a r i t i e s and by i m p u r i t i e s . 

A l l t h e s e t h e o r i e s a r e r a t h e r c o m p l i c a t e d , and as y e t they do 

not e x p l a i n t h e e x p e r i m e n t a l r e s u l t s c o m p l e t e l y . 
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6 . 5 . S c a t t e r i n g By Sur face Charges 

I n s e c t i o n 6 . 3 . 3 . we i n d i c a t e d t h a t t h e Boltzmann s u r f a c e 

t r a n s p o r t t h e o r y i s not capable o f e x p l a i n i n g the i n c r e a s e i n e l e c t r o n 

m o b i l i t y w i t h t empera tu re observed w i t h f i l m s i n the r e g i o n of SOOS 

or l e s s . The e x p e r i m e n t a l r e s u l t s suggest t h a t t h e d e n s i t y o f i o n i z e d 

donors i s not s u f f i c i e n t l y h i g h t o cause such a l a r g e m o b i l i t y r e d u c t i o n . 

F u r t h e r , i f the dominant s c a t t e r i n g mechanism was due t o i o n i z e d 

i m p u r i t i e s w i t h i n t h e f i l m , t h e m o b i l i t y should have remained constant 

as t h e s u r f a c e p o t e n t i a l wds v a r i e d , but as shown i n F i g . 5 . 2 9 , t h e 

m o b i l i t y d i d v a r y c o n s i d e r a b l y . However, a h i g h d e n s i t y o f charged 

s u r f a c e s t a t e s could a f f e c t c o n s i d e r a b l y t h e c a r r i e r m o b i l i t y , through 

t h e coulomb i n t e r a c t i o n , i n f i l m s of t h e o r d e r of a few hundred angstroms 

t h i c k , and i n s u r f a c e space charge l a y e r s . Kawa j i and Kawaguchi^'^^ 

cons idered t h i s problem f o r t h e case of an n - t y p e i n v e r s i o n l a y e r , i n 

o rder t o e x p l a i n t h e i r measurements on InAs a t v e r y low t e m p e r a t u r e s . 

They assumed a two d imens iona l e l e c t r o n gas due t o s u r f a c e q u a n t i z a t i o n . 

A consequence of t h i s i s t h a t , s ince t h e momentum p e r p e n d i c u l a r t o 

t h e s u r f a c e must be conserved , one would expect t h a t d i f f u s e s u r f a c e 

s c a t t e r i n g does not o c c u r , p a r t i c u l a r l y a t low t e m p e r a t u r e s . T h e r e f o r e , 

t h e dominant s c a t t e r i n g mechanism i s assumed t o be due t o coulomb 

i n t e r a c t i o n w i t h the charged s u r f a c e s t a t e s . Below we a t tempt a s imple 

d e r i v a t i o n f o r t h e m o b i l i t y due t o t h i s mechanism. 

F o l l o w i n g K a w a j i and Kawaguchi^ '^^ , the d i f f e r e n t i a l ' c r o s s - s e c t i o n ' 

f o r s c a t t e r i n g i n two d imensions , s i m i l a r t o t h e t h r e e d imens iona l c a s e ^ ' ^ ^ , 

i s g i v e n by ; 
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2 

8tte e'm*v^ s i n ^ 0 / 2 . . . ( 6 . 6 1 ) 
s o 

where Zq i s t h e charge o f t h e s u r f a c e s t a t e , and v i s t h e v e l o c i t y o f 

t h e c a r r i e r s , w h i c h i s unchanged by t h e s c a t t e r i n g , s i n c e we assume 

i t i s e l a s t i c . a ( 9 ) has d imensions o f m e t r e s . 

The s c a t t e r i n g a n g l e , 0 , i s g i v e n b y ; 

t a n 0 / 2 = — 

4we e ' m * v ^ a . . . ( 6 . 6 2 ) 
s o o 

where a^ i s t h e impact p a r a m e t e r . 

a ( 0 ) d f i i s t h e d i f f e r e n t i a l a r e a o f t h e i n c i d e n t p a r t i c l e s wh ich a r e 

s c a t t e r e d t h r o u g h 9 , i n t o t h e s o l i d a n g l e d n . S i m i l a r t o t h e C o n w e l l -

W e i s s k o p f ^ ' ^ i m p u r i t y s c a t t e r i n g t h e o r y , t h e number o f c o l l i s i o n s 

p e r u n i t t i m e = N ^ g V o ( 9 ) d n , where i s t h e d e n s i t y o f charged s u r f a c e 

s t a t e s / u n i t a r e a . The e q u i v a l e n t number o f v e l o c i t y d e s t r o y i n g 

c o l l i s i o n s p e r u n i t t i m e i s : 

dn = d(l/T ( v ) ) = N v a ( 0 ) (l-cos6)df2 
3 S S S S S 

. . . ( 6 . 6 3 ) 

where i s t h e r e l a x a t i o n t i m e due t o s c a t t e r i n g by charged s u r f a c e s t a t e s . 

The t o t a l r e l a x a t i o n t i m e i s o b t a i n e d by i n t e g r a t i n g e q u a t i o n 6 . 6 3 

o v e r 9 , w i t h l i m i t s f rom 0 t o 0%, where 0̂  i s g i v e n by e q u a t i o n 6 . 6 2 

f o r a c a r r i e r a t a d i s t a n c e z f rom t h e s u r f a c e . 

Thus , s i n c e dO = 2 n s i n 0 d 0 , we h a v e : 
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= I sinGde 

2e e 'm*v J 
s o o 

215 

(1-cosG ) . . . ( 6 . 6 4 ) 
2e e^m*v 

s o 

S u b s t i t u t i n g f o r 6^ f rom e q u a t i o n 6 . 6 2 , g i v e s : 

T _ _ ( V ) ® ° 
£_e'in*v r^TTe e'ra^v^zl^ 

1 + s o 

Zq^ n 
. . . ( 6 . 6 5 ) 

We need t o average t h i s over v , as f o l l o w s : 

ss 2 r . . 2 
" ' --"expC d , 

2kT 
. . . ( 6 . 6 6 ) 

? /% OO 

• L •• 

Per fo rming t h i s i n t e g r a t i o n and averag ing over h a l f the f i l m t h i c k n e s s -

assuming the f i l m i s symmetr ica l about i t s midplane - and remembering 

W = q x / m * , we o b t a i n f i n a l l y : 

K U r Z k l J C ^ (IS.kTe^c d) I 

3N Zql rnn*' L Zq 

. . . ( 6 . 6 7 ) 

Th is e p x r e s s i o n i n d i c a t e s t h a t the m o b i l i t y tends t o a f i n i t e v a l u e 

as d tends t o z e r o , and i s i n v e r s e l y p r o p o r t i o n a l t o t h e d e n s i t y of charged 

s u r f a c e s t a t e s . F u r t h e r , t h e tempera ture dependence i s of the form 

T ^ d + A T ^ ) . 

S u b s t i t u t i n g t h e a p p r o p r i a t e constants f o r InAs i n e q u a t i o n 6 . 6 7 

we have : 
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13 i 
4x10 T Q 9 9 9 

y = 1 - ( l + 1 . 1 3 x l 0 ^ d V ) cm^/V-sec 
** N 

ss 
...(6.68) 

~2 
where i s i n era and d i n cm. 

Assuming a r a t h e r h i g h d e n s i t y o f charged s u r f a c e s t a t e s , lO^^cm"^, 

F i g . 6 . 1 4 , shows the v a r i a t i o n of w i t h tempera ture f o r s e v e r a l f i l m 

t h i c k n e s s e s , and t h e e x p e r i m e n t a l r e s u l t s f o r a 500X f i l m . The l a t t e r 

shows a s m a l l e r i n c r e a s e w i t h tempera ture t h a n t h e t h e o r e t i c a l r e s u l t . 

I f we assume t h a t q u a n t i z a t i o n i s impor tan t a t t h e lower t e m p e r a t u r e s , 

t h e n as the tempera tu re inc reases i t would tend t o be smeared out and 

d i f f u s e s u r f a c e s c a t t e r i n g should i n c r e a s e , thus reduc ing the s lope 

o f the measured m o b i l i t y v s . t e m p e r a t u r e . 

The assumption of such a h i g h s u r f a c e s t a t e d e n s i t y i s d i f f i c u l t 

t o b e l i e v e . However, i n c h a p t e r 2 we c a l c u l a t e d the d e n s i t y o f d a n g l i n g 

bonds a t a GaAs/lnAs i n t e r f a c e t o be i n the r e g i o n of lO^^cm"^, which 

could g i v e r i s e t o a h i g h d e n s i t y of charge a t the f i l m - s u b s t r a t e 

i n t e r f a c e . A l s o , a d i f f e r e n c e i n t h e s u r f a c e s t a t e d e n s i t y could e x p l a i n 

why the m o b i l i t y o f the 500S f i l m i n F i g . 5 . 1 6 i s lower than t h a t o f t h e 

38o8 f i l m . I n t h e f i e l d e f f e c t s t r u c t u r e s the s u r f a c e s t a t e d e n s i t y a t 

t h e s e m i c o n d u c t o r - i n s u l a t o r i n t e r f a c e was e s t i m a t e d t o be i n t h e r e g i o n 

12 -9 
of 1 - 5 x 1 0 cm . 

Obv ious ly t h e above d e r i v a t i o n i s r a t h e r crude and i t should not 

be pushed too f a r , but i t does i n d i c a t e the c o r r e c t dependence on t h e 

v a r i o u s parameters , p a r t i c u l a r l y t h e tempera tu re dependence. We have 

averaged over energy assuming a t h r e e d imens iona l gas , whereas. 
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i f q u a n t i z a t i o n i s impor tant a t low tempera tures t h i s should be done 

f o r a two d imens iona l gas . 

I n c o n c l u s i o n , i t appears t h a t more e x p e r i m e n t a l r e s u l t s a r e 

r e q u i r e d of v e r y t h i n f i l m s ( l e s s t h a n 300S) and of the f i e l d e f f e c t 

s t r u c t u r e s f a b r i c a t e d w i t h v a r i o u s f i l m t h i c k n e s s e s . The tempera ture 

dependence of the H a l l m o b i l i t y i n s t rong accumula t ion and d e p l e t i o n 

l a y e r s should p r o v i d e f u r t h e r i n f o r m a t i o n on the p o s s i b l e s c a t t e r i n g 

mechanisms t h a t a re o p e r a t i v e . 
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by charged s u r f a c e s t a t e s , as a f u n c t i o n of tempera ture 
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7 . CONCLUSION AND SUGGESTIONS FOR FUTURE WORK 

We have demonstrated t h a t t h e ' t h r e e t e m p e r a t u r e ' vacuum 

e v a p o r a t i o n method i s s u i t a b l e f o r d e p o s i t i n g good q u a l i t y e p i t a x i a l 

InAs on s e m i - i n s u l a t i n g GaAs. A l though i t has been found t h a t t h e 

p o l y c r y s t a l l i n e f i l m s a r e not s u i t a b l e f o r f i e l d e f f e c t t r a n s i s t o r 

a p p l i c a t i o n s , because of the sur face roughness and h i g h e r e l e c t r o n 

c o n c e n t r a t i o n , they a re w e l l s u i t e d t o v a r i o u s H a l l e f f e c t a p p l i c a t i o n s . 

R e p r o d u c i b i l i t y o f t h e e p i t a x i a l f i l m s i s good s i n c e p o s t -

d e p o s i t i o n a n n e a l i n g does not appear t o change the e l e c t r i c a l p r o p e r t i e s , 

whereas w i t h p o l y c r y s t a l l i n e f i l m s i t does. Except f o r a s m a l l r e d u c t i o n 

i n the e l e c t r o n c o n c e n t r a t i o n , o f t h e o rder o f 10-20% i n t h e f i r s t 

week a f t e r d e p o s i t i o n , t h e s t a b i l i t y of t h e e l e c t r i c a l p r o p e r t i e s i s 

v e r y good. M o b i l i t i e s upto 2 3 , 0 0 0 cm / V - s e c i n d i c a t e t h a t t h e e p i t a x i a l 

f i l m s a r e comparable to m e l t grown I n A s . The use o f 6N pure source 

m a t e r i a l s may r e s u l t i n a r e d u c t i o n of the i o n i z e d i m p u r i t y c o n c e n t r a t i o n 

15 - 1 
to t h e 10 cm r e g i o n . 

F u r t h e r s t u d i e s on the e f f e c t o f d e p o s i t i o n r a t e need t o be 

c a r r i e d o u t . Accord ing t o t h e heterogeneous n u c l e a t i o n theoiry as a p p l i e d 

t o e p i t a x y , i t appears t h a t lower s u b s t r a t e tempera tures could be used 

w i t h lower d e p o s i t i o n r a t e s . S ince t h i s should reduce f u r t h e r any a u t o -

doping t h a t i s o c c u r i n g , i t would he lp towards a b e t t e r unders tand ing 

o f t h e v e r y t h i n f i l m s . H igher d e p o s i t i o n r a t e s may be d e s i r a b l e when 

d e p o s i t i n g t h i c k f i l m s , and t h i s a g a i n may be p o s s i b l e us ing h i g h e r 

s u b s t r a t e t e m p e r a t u r e s . 
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Al though we have o b t a i n e d good e p i t a x i a l f i l m s w i t h a f i x e d 

Indium r a t e and A r s e n i c pressures between 5xlO~^ and 2 x l O ~ ^ t o r r , the 

I n / A s r a t i o c o u l d , perhaps, a f f e c t the c o n c e n t r a t i o n of d e f e c t s . 

Shaw e t . a l u s i n g an HCl t r a n s p o r t method, have observed a v a r i a t i o n 

i n e l e c t r i c a l p r o p e r t i e s o f e p i t a x i a l GaAs, w i t h d i f f e r e n t Ga/As r a t i o s , 

and have suggested t h a t i t could be due t o ( i ) a s t rong dependence of 

the v a p o u r - s o l i d s e g r e g a t i o n c o - e f f i c i e n t o f i m p u r i t i e s on vapour 

compos i t ion , ( i i ) t h e f o r m a t i o n of p h y s i c a l i m p e r f e c t i o n s , e . g . v a c a n c i e s , 

i n t e r s t i t i a l s , whose c o n c e n t r a t i o n s a re f u n c t i o n s of vapour compos i t ion . 

Hence, f u r t h e r work on t h e e f f e c t s o f I n / A s r a t i o i s d e s i r a b l e . 

We have d e p o s i t e d good e p i t a x i a l l a y e r s on { 1 0 0 } , { 1 1 0 } , and 

{ 1 1 1 } As faces o f GaAs. I t would be i n t e r e s t i n g t o extend t h i s t o 

the { 1 1 1 } Ga f a c e . A p p a r e n t l y , due t o o r i e n t a t i o n dependent c o n t a m i n a t i o n , 

e p i t a x y of GaAs on the {111} Ga f a c e i s more p e r f e c t than t h a t on 

t h e A r s e n i c f a c e . The d e p o s i t i o n of doped l a y e r s , p a r t i c u l a r l y 

p - t y p e InAs , w i t h a r e s e v o i r source would be v e r y u s e f u l . At tempts 

t o d e p o s i t p - t y p e InAs l a y e r s by chemical t r a n s p o r t have been 

7 . 2 
u n s u c c e s s f u l . ' 

P r e l i m i n a r y a t tempts t o d e p o s i t e p i t a x i a l InAs on S i l i c o n 

i n our l a b o r a t o r y , i n d i c a t e t h a t t h i s i s q u i t e f e a s i b l e . The 

d e p o s i t i o n of o t h e r I I I - V compounds and psuedo-b inary a l l o y s , 

us ing t h i s m u l t i s o u r c e method, would be i n t e r e s t i n g . Reoeht ly 

7 . 3 
Fawcet t e t . a l * have suggested t h a t a l l o y s o f the form ( I n Ga, )As 

X 1-x 

and In(As^P^ may prove t o be u s e f u l f o r microwave d e v i c e s , such 

as Schot tky b a r r i e r f i e l d e f f e c t t a n s i s t o r s ^ ' ^ ' ^ ' ^ , because of t h e 



221 

p r e d i c t e d h i g h s a t u r a t i o n v e l o c i t i e s i n such m a t e r i a l s . S ince t h e 

Schot tky b a r r i e r F . E . T . r e q u i r e s a t h i n semiconductor f i l m / ' G " , 

of the o rder o f a f r a c t i o n o f a m ic ron , t h e d e p o s i t i o n method we 

have employed could be u s e f u l f o r such a p p l i c a t i o n . 

Regarding the f i e l d e f f e c t t r a n s i s t o r s , i t appears t h a t 

f i l m s w i t h lower i m p u r i t y c o n c e n t r a t i o n a r e r e q u i r e d t o improve 

t h e i r s a t u r a t i o n c h a r a c t e r i s t i c s . Th is would a l s o permi t u s i n g 

t h i c k e r f i l m s , of the o r d e r o f a few thousand angstroms, hav ing 

h i g h e r m o b i l i t i e s . S t a b i l i t y o f d e v i c e c h a r a c t e r i s t i c s may be 

achieved by u s i n g a d i f f e r e n t ga te i n s u l a t o r , such as an RF s p u t t e r e d 

SiOg/SigN^ sandwich, used by Neugebauer e t . a l ^ ' ^ o r AlgOg by plasma 

a n o d i z a t i o n used by Z a i n i n g e r and Waxman^'^. These i n s u l a t o r s 

a r e , a p p a r e n t l y , v e r y s t a b l e and can be depos i ted a t tempera tures 

below 300°C. 

I t should be p o i n t e d out t h a t , w i t h the f a b r i c a t i o n procedures 

we have employed, r e s i s t o r networks u s i n g the t h i n semiconductor 

f i l m , and c a p a c i t o r s , can be i n c o r p o r a t e d i n i n t e g r a t e d form w i t h o u t 

any f u r t h e r p rocess ing s t e p s . A l s o , s i n c e t h e technology i s s imple 

and the tempera tures employed a re reasonab ly low, h i g h y i e l d s should 

be p o s s i b l e . 

Measurements o f t h e H a l l m o b i l i t y v a r i a t i o n w i t h g a t e v o l t a g e 

i n the f i e l d e f f e c t s t r u c t u r e s demonstrates t h a t t h e m o b i l i t y i s 

reduced w i t h h i g h g a t e f i e l d s . These measurements should be extended 
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to d i f f e r e n t f i l m th icknesses and t o t h e tempera ture dependence. 

Numer ica l computat ion of the t h e o r e t i c a l express ions g i v e n i n 

chap te r 6 i s r e q u i r e d , i n o r d e r to e x p l a i n these r e s u l t s . However, 

q u a n t i z a t i o n of the energy l e v e l s must be s e r i o u s l y examined, and 

cou ld i n v a l i d a t e the c l a s s i c a l Boltzmann e q u a t i o n t h e o r y . 
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A P P E N D I X A D e r i v a t i o n O f T h e F r e e E n e r g y O f F o r m a t i o n O f A C r i t i c a l 

N u c l e u s 

G i b b s f r e e e n e r g y o f f o r m a t i o n o f a g i v e n c l u s t e r c o m p o s e d o f 

i ^ a t o m s c a n b e e x p r e s s e d a s f o l l o w s : 

AG = V . A G + T o A 
V s s 

. . . ( A . l ) 

AG^ i s t h e G i b b s f r e e e n e r g y c h a n g e p e r u n i t v o l u m e a s s o c i a t e d 

w i t h t h e t r a n s f o r m a t i o n o f t h e a b s o r b e d a t o m s t o t h e c r y s t a l l i n e e m b r y o 

a n d V i s t h e v o l u m e o f t h e e m b r y o . / o A i s t h e s u m m a t i o n o f t h e 
s s s 

p r o d u c t o f t h e s u r f a c e a r e a s , o f t h e v a r i o u s i n t e r f a c e s c r e a t e d 

( o r d e s t r o y e d ) b y t h e f o r m a t i o n o f t h e e m b r y o , a n d t h e i n t e r f a c i a l 

f r e e e n e r g y p e r u n i t a r e a a s s o c i a t e d w i t h e a c h a r e a . 

F r o m t h e h e m i s p h e r i c a l c a p m o d e l i n F i g . A . l w e c a n w r i t e : 

AG = — •'̂ r'̂ f^ (6)AG + 4mr^fp (8 )a + nr^sin^G 
2 i V ^ c - v 

{cr - a } 
, , , . . c - s s - v _ 

v o l u m e o f c a p s u r f a c e a r e a 

o f c a p 

s u r f a c e a r e a 

o f s u b s t r a t e 

d e s t r o y e d 

w h e r e 8 i s t h e c o n t a c t a n g l e 

. . . ( A . 2 ) 

f (6) . {2-3COS8+COS 8) 

_ ( l - c o s 6 ) 

i s t h e c o n d e n s a t e - v a p o u r i n t e r f a c i a l e n e r g y 

. ( A . 3 ) 

. . . ( A . 4 ) 
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Og.g i s the condensate -subst ra te i n t e r f a c i a l energy 

i s the subst ra te -vapour i n t e r f a c i a l energy. 

I t can be shown t h a t : 

°8-T-°c-s = ...(A.5) 

S u b s t i t u t i n g equat ion A.5 i n A .2 and d i f f e r e n t i a t i n g w . r . t . x 

and equat ing to z e r o , we o b t a i n the rad ius of the c r i t i c a l nuc leus , r 

2a 
r* Sll 

AGy ...(A.6) 

and s u b s t i t u t i n g equat ion A.6 i n A .2 we have f o r the f r e e energy of 

fo rmat ion of the c r i t i c a l nuc leus: 

1 6 n o ^ 

AG* = ^ f , ( e ) . . . ( A . 7 ) 
SAG 

v 

Equations A .2 and A.3 are p l o t t e d i n F i g . A . 2 and A . 3 . 

I f the e q u i l i b r i u m contact angle 8 i s ze ro , i . e . i f t h e r e i s 

complete " w e t t i n g " of the s u b s t r a t e by the condensate, AG* i s zero 

and n u c l e a t i o n i s most r a p i d . However, i f 6 = 180° , t h e r e i s no 

w e t t i n g a t a l l and the s u b s t r a t e has n e g l i g i b l e potency as a n u c l e a t i o n 

c a t a l y s t . 
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spherical cap 
nucleus 

substrate 

Fig.A.1 
Hemispherical cap model for heterogeneous nucleation 

A 

AG 

AG 

Fig.A.2 
Free energy of formation of a critical nucleus 
as a function of its radius 
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APPENDIX B 

Flat Band Solution Of Boltzmanns Equation With Boundary Conditions 

Substituting the boundary conditions at z = 0 and 2d, equations 

6.29 and 6,30, in the general solution, equation 6.27, we have; 

= Yf^ijl+g (v)exp(-2d/v^T^)J- ...(B.l) 

(v ) j - l+g^(v)exp(-2d/v^T^) 

Substituting g*(v) from B.l in B.2 we have: 

...(B.2) 

g (v) = w-l+w Y-l+Yg (v)exp(-2d/v^T^)|exp(-2d/v^T^) 

...(B.3) 

re-arranging, we have: 

l-to+iuCl-y) exp (-2d/v^T|^) 
g (v) 

Similarly g*(v) is: 

l-ywexpC-Ad/v^ty) ...(B.4) 

l-Y+Y(l-u)exp(-2d/v T, ) 
g (v) 5_k_ 

l-YwexpC-Ad/VgTy) ...(B.5) 

Substituting B.4 and B.5 in equation 6.27 will give the expressions 

for f^ in equation 6.31. It must be remembered that in f^ all the 

terms with v^ must change sign because v^ is negative for carriers 

moving away from the surface z = 2d. 
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APPENDIX C 

Integration Of Flat Band Current I 
nx 

Integration of Equation 6.33 is performed with f* of equation 6.31 

with limits of from 0 to «. The other half of the integration from 

to 0 is identical, but with y and w interchanged. 

Substituting f^ from equation 6.31 and f a n d f^ from equations 

6.28 and 6.25 in equation 6.33, the and Vy integrals are: 

J v ^ ^ e x p ( - m * v ^ ^ / 2 k T ) d v ^ = ( w / 4 a ^ ) * ...(C.l) 

a = m*/2kT 

exp(-m*Vy^/2kT)dVy = (n/a)* ...(C.2) 

The product of these two integrals = 2nk^T^/m*^ 

Integrating over z from 0 to 2d gives: 

(1-Y)+Y(1-W) exp(-2d/v T, )" 
I * i 2d+v T, 
o / z b 

r (l-Y)+Y(l-w)exp(-2d/v T,) ] r ^ 
i - f ]exp(-2d/v T, ) - l ( 
^ l-u)Yexp(-Ad/v^Tj^V L j 

f r(Y-l) + (l-2Y+WY)exp(-2d/v T,)+y(l-w)exp(-4d/v T. )ll 

;_b.R 
l-wYexp(-4d/v T, ) J 

l-ti)Yexp(-4d/v^T^) 

...(C.3) 



229 

Integrating over from 0 to " gives for the first term in 

eqn.C.3: 

2d exp(-m*v^^/2kT)dv^ = d(n/a)* ...(C.4) 

2 
By a change of variable from v^ to v = /2kT, the other integrals 

are; 

x.kT r exp-vdv 

-(1-Y) / [T = - ( l - Y ) k T T r,(X /d) 

m* J l-wYexp(-2d/X (irv) ) 
o " m* 

where X = T, (kT/Zmn*)^ 
n D 

...(C.5) 

kTr, r exp(-v-d/X (nv)*)dv kTT, 
(1-2Y + W Y) / " (1-2Y+U)Y) R (X / d ) 

m* l-wYexp(-2d/X^(wv)*) m* 

...(C.6) 

kTx, r exp(-v-2d/X (irv)^)dv kTT. 

Yd-oj) / = Y(l-w) r_(X /d) 

m* l-ci)Yexp(-2d/X^(rvp) m* ** 

...(C.7) 

Using the results of equations C.l, C.2, and C.4 to C.7, the current 

^nx 

I = n./2(A/2wm*kT)3/22(m*/h)3 2*^2? . 

(v*;0) k? ..2 

C /2irkT kTT. 
1 - ( 1 - Y ) — ^ r,(x„/d) +(i-2Y+WY)--%- r,(x /d) 

][ \ m* / m* 1 * m* % n 

kTT. 
+ Y(l-w) r (X /d)L ...(C.8) 

m* ^ * 



S u b s t i t u t i n g we have: 

I . . z V ' " 

nx 
(v^>0) 

where $ = d/X 
n 
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26 2g ^ J 

. . . ( C . 9 ) 

The c u r r e n t f o r < 0 , i s i d e n t i c a l t o C . 9 , but w i t h y and w 

i n t e r c h a n g e d . T h i s must be added t o C .9 t o o b t a i n t h e t o t a l c u r r e n t . 
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APPENDIX D 

Boltzmanns Equat ion S o l u t i o n Wi th Boundary Condit ions-Band Bending 

S u b s t i t u t i n g the boundary c o n d i t i o n a t z = 0 , equat ion 6 . 4 8 , 

i n equa t ion 6 . 4 6 , we haves 

jl+H*(v)exp(-KCVgg.Vgg) 

Now KCv^g.v^g) = t h e r e f o r e , H * ( v ) » - 1 and the s o l u t i o n f o r 

° • ^11 

Vg > 0 i s : 

f , - < i - e x o i - K i v v i i v ) 0 . . . ( D . l ) ^1 " ^11 |l-exp(-K(v^,v^,))j 

Simi la r ly , s u b s t i t u t i n g equat ion 6 . 4 9 i n equat ion 6 . 4 6 , we have: 

0 - f^^ |^l+H"(v)exp-K(-v^^,-v^^)j 

and the s o l u t i o n f o r v^ $ 0 i s : 

\ " 'ii ...(D.2) 
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APPENDIX E 

I n t e g r a t i o n Of I ^ ^ With Sur face Band Bending 

S u b s t i t u t i n g f o r f ^ , f^^ and f ^ from equat ions 6 . 5 0 , 6 . 2 8 and 

6 . 4 3 i n equat ion 6 .33 and remembering t h a t the and i n t e g r a l s 

a re i d e n t i c a l to equat ions C . l and C.2 i n appendix C, we have: 

I 2d «» 

! 

i 2d «. 

- -\2,kT 
o —00 

A d ® i 2d 

n ^ I ^ " J h ^ d z J exp(-mv^/2kT-ij^)dv^ =• exp(-;&)dz 

. . . ( E . 2 ) 

2d 2d 

y " (n -n^ )dz = " 2dn^ . . . ( E . 3 ) 

Now 

T h e r e f o r e 

An 
s 

. . . ( E . 5 ) 

"b^3 " (2nkT/m*)4(Ang+2dny) . . . ( E . 4 ) 

Now s ince ^ f z ' from equa t ion 6 . 4 4 we have: 

IfT 
3z » — 

and frera equa t ion 6 . 4 7 

• — - mA/qTyE: . . . ( E . 6 ) 

z 

T h e r e f o r e 

kTT 

3z » 3v . . . ( E . 7 ) 
m* 3v 

z 
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Using e q u a t i o n E . 7 , can be w r i t t e n 

-CO 
klT, f 

h = 

m* 
exp-v dv 

3v 
. . . ( E . 8 ) 

The i n t e g r a t i o n of must be c a r r i e d out s e p a r a t e l y f o r d e p l e t i o n 

and accumula t ion ,us ing 6 from equat ion 6 . 5 1 . 

D e p l e t i o n Regime % 0 

The i n t e g r a t i o n of , w i t h 6 from equat ion 6 . 5 1 ( a ) i s : 

kTx, 

m* 

f * ' r ' " r n 

I exp-v dv exp 

•d -'zd 

3K 

3v 
9v 

^ r 
m* J ® •"dv [l-exp ] 

exp(-v-K(T2j-V2,)-K(,2j.Vzs^| 

. . . ( E . 9 ) 

The i n t e g r a t i o n of w i t h 5 from equa t ion 6 . 5 1 ( b ) and ( c ) i s : 

kTx, f r r z d 

B m* 
• s L ' z s 

f ss 
•J exp . 5", 

zd 2 J 

Note: K(v , , v ) = - K ( v , v , ) 
zd zs zs zd 
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2kTT, 
o 

m* 

\ 

2kTT ^ ' 
b 

m* 

r ^ P s 

1> 

- J e x p ( - v + K ( v ^ g , j ) ) d v . . . ( E . I O ) 

s 

S u b s t i t u t i n g and from equat ions E . 4 , E .9 and E . I O 

i n e q u a t i o n E . l , we have f o r the t o t a l c u r r e n t ; 

• '"'b\ Zdny+an^-X^n^Ce'^d j cxp^-v 

'*'s 

. . . ( E . l l ) 

We can express i n terms of the f i e l d f u n c t i o n 

F ( ^ , * j , A ) by s u b s t i t u t i n g f o r E^ from e q u a t i o n 6 . 5 i n equat ion 6 .47. 

By d i f f e r e n t i a t i n g e q u a t i o n 6 . 4 4 w i t h v c o n s t a n t , we can o b t a i n a 

change of v a r i a b l e from dv^ to dij;, i . e . : 

kT r VT 
dv^ dij) = - J 1 d * . . . ( E . 1 2 ) 

m*v^ l2m*(v-^)j 

V = (v-ilj)J^ ^rom e q u a t i o n 6 . 4 4 . 

^ L m* 

T h e r e f o r e , 
L. >-

B r 

2 / ; x J 7 ^ 
K ( v . . , v . O dt|> 

( v - * ) ' F ( * $ j , X ) . . . ( E . 1 3 ) 
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Under f l a t band c o n d i t i o n s , ('I';"* 0)^ i t can be shown t h a t 

K ( v ^ g , v ^ ^ ) -»• - d / X ^ ( i r v ) ^ , as f o l l o w s : 

^zd m*dv 

Jzd m*ctv / , 

E . - 5 - . . . ( E . 1 4 ) 
QT. E / T. V 

Since 

" V z Jo V z 

= y, E = V 
m* b z z . . . ( E . 1 5 ) 

and dv^ = d z / i ^ , and t h e l i m i t s o f i n t e g r a t i o n a r e : 

z = 0 V " V 
z zs 

z = 2d V " V . 
z zd 

- 'o ^b^z^zB "̂ o ^b^zB TyVz^zB 

. . . ( E . 1 6 ) 

now under f l a t band c o n d i t i o n s -»• v^g* hence t h e second te rm ->• 0 , and: 

K ( T z s ' T z d ) - - d A ^ ( t r v ) ^ . . . ( E . 1 7 ) 

s i n c e 
V = ®*^2b / 2 k T when $ = 0 
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Appendix F 

A summary of some r e l e v a n t p r o p e r t i e s o f Ind ium A r s e n i d e : 

C r y s t a l s t r u c t u r e 

Band s t r u c t u r e 

L a t t i c e cons tan t 

D e n s i t y 

Thermal expans ion c o e f f i c e i n t 

M e l t i n g p o i n t 

D i e l e c t r i c c o n s t a n t 

Index o f r e f r a c t i o n 

Energy gap 

E l e c t r o n e f f e c t i v e mass 

L i g h t h o l e mass 

Heavy h o l e mass 

I n t r i n s i c c a r r i e r c o n c e n t r a t i o n (300°K) 

E l e c t r o n c o n c e n t r a t i o n of t h e p u r e s t 
m e l t grown InAs produced 

E l e c t r o n m o b i l i t y o f s i n g l e c r y s t a l 
m e l t grown m a t e r i a l (300 K) 

s p h a l e r i t e ( z i n c - b l e n d ^ 

see F i g . 1 . 1 

6 . 0 5 8 3 8 ± 0 . 0 0 0 0 5 8 

5 . 6 6 gms/cc 

6 . 6 7 x 1 0 " ^ / ° C 

943°C 

1 4 . 5 

3 . 4 2 

0 . 4 4 - 2 . 8 X 1 0 ~ S ( ° K ) eV 

0 .025m 

0 .026m 

0 .41m 

14 - 3 
8 x 10^ cm 

16 - 3 
1 - 2 x 10 cm 

2 3 , 0 0 0 - 3 0 , 0 0 0 cm / V - s e c 

Ho le m o b i l i t y ( 300 K) 450 cm / V - s e c 



2 3 6 a . 

Appendix G.l 

Timetable of Work Progress 

January I967 

January-June I96J 

July 1967-June 1968 

July 1968-July 1969 

August 1969-December I969 

Project begun. 

Reading literature. Setting up deposition 

Apparatus, film monitors, etc. 

Investigation into deposition of 

stoichiometric compounds on glass 

substrates. Effect of vapour 

pressure, substrate temperature, etc., 

on film composition. Electrical 

evaluation of polycrystalline films 

deposited. Structural investigations. 

Field effect device fabrication using 

polycrystalline films. 

Deposition of epitaxial films on 

single crystal substrates. Electrical 

evaluation and electron diffraction 

studies. Epitaxial field effect 

device fabrication and measurements. 

Theoretical studies. 

Writing thesis. 
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Appendix G.2 

Cleaning Of Glass substrates 

3-3 

According to Holland ' vapour degreasing in iso-propyl alcohol 

produces a higher standard of surface cleanliness than can he achieved 

with, either detergents or ultrasonic cleaning. He indicates, however, 

that vapour degreasing is not effective in removing gross contamination, 

and,therefore,ultrasonic cleaning should also he employed. 

The glass we have used is Corning TO59 and the manufacturers 

suggsst that the cleaning of this material he kept to a minimum. 

Their experience indicates that vapour degreasing tends to leave 

deposits or residues, while acid cleaning methods leach the glass surfaces 

Presumably, vapour degreasing would be useful when the substrate surfaces 

are contaminated with oil or grease. Since we have had no problems 

with poor adhesion of the deposited films, it may be concluded that the 

cleaning procedures we have employed, (see section 3.1.3) are sufficient. 
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Appendix G.3 

Deposition of Silicon Oxide 

The electrical properties of evaporated silicon oxide depend on 

the deposition conditions, to a large extent. Holland^'^ has indicated 

that low deposition rates (less that 5 S/sec) result in a low loss angle 

and a low dielectric constant. This is aided by a high oxygen pressure 

during evaporation, of the order of 10~\orr. Presumably, the combination 

of a low deposition rate and a high oxygen pressure result in a deposited 

film which approaches silicon dioxide in composition. However, since a 

high dielectric constant was' required in our case in order to achieve 

good field effect modulation, we have used high deposition rates and low 

pressures (5x10 ^torr), which result in the monoxide being deposited. 

These conditions also give rise to a high loss angle, but this was not 

considered to be important. 

References 

3.3 L. Holland, The Properties of glass surfaces. Chapman and Hall, 

London, (196U) , p.308. 

3.4 Leaflet on Corning 7059 glass substrates. Corning Electronics, 

Division of Corning Glass Works, New York. 

3.5 L. Holland, Thin film microelectronics. Chapman and Hall, 

London, ( 1 9 6 5 ) , p.2k and I 5 5 . 
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