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The present need for ultra-high purity, high resistivity
gallium arsenide for use in such microwave devices 2s the Gunn
NN—
diode has stimulated the work for this report.
A review of the development of epitaxial processes to this
end is given with particular emphasis on quartz as a source of

impurity in the deposited layer, The design of a cold wall,

| resistance strip heated reactor)ls described and the difficulty

B L. i
e —

———— el

with which epitaxy was achieved is analysed,

I

The work described also includes an analysis of substrate
preparation meiiods and an appendix is given describing various
electrical evaluation techniques for an epitaxial layer including
a proposed varactor diode structure for identifying carrier

concentration,
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Chapter 1

Introduction

1.1 The general tendency in the electronics industry towards
higher frequency gowe(Jpgnﬂ}lggﬁgfpgg{}{ffg! of devices and
€quipment has been the main driving force behind the development
of semiconducting materials, The first theory based research
on such materials, (using Wilson's energy band model) was on
germanium; work on silicon soon followed. Research was extended
to compounds in the hope of obtaining even better electrical
properties, their semiconducting nature having been known since
Faraday's early work on the non-metallic conduction of silver
sulphide.,

The properties which at first were sought were those which
would give better transistor action. For high frequency operation
@ high charge carrier mobility resulting in fast electron or hole
transit within a device is n;cessary, as also is low dielectric
constant, A wide energy band gap allows greater operating temp-
eratures and hence higher power handling capabilities. A further
desirable property - consistent device operation down to low
temperatures - is desirable but information about impurity
activation energies is difficult to obtain and at first, though
recognised, little work was done on this aspect.

A wide range of materials was considered. Jenny' in 1958
gave an excellent comparison of the characteristics of many semi-
conductors including, for example, the elements silicon, germanium

and /
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and diamond, the binary compounds gallium arsenide, indium anti-
monide and silicon carbide, the ternary compounds silver thallium
telluride and the organic compound anthracene, with respect not
only to their semiconducting properties but to their thermal and
mechanical stabllities, and their technological difficulties in
preparation, purification and crystal growth. Though each class
of compound semiconductors contains a wide range of energy band
gaps, each has a characteristic mobility range.

It soon became clear that as well as the Group IV elements,
germanium and silicon, the III-V elements had desirable properties
and of these gallium arsenide stood out clearly as having the best
characteristics for transistor action. The III-V compounds
crystallize in the zinc-blende structure which is geometrically
identical to the diamond structure of germanium and silicon. The
atoms of each component element are contained in their own face-
centered cubic sub~lattices. This similarity in lattice structure
between gallium orsenide and germanium is significant when comparing
them as semiconductors.

One of the best such comparisons is given by Sze and
Irv1n2 who compare resistivity, mobility and impurity levels in

gallium arsenide at 300°K.



3.

f Mobility at 300°K Energy gap between
! zv-l -1 valence and conduction
] n—type EB:SIEE, band at 300°K (eV)
| 3 3 drift
LGe 4.,7x10 2x10 bility 0.67

si 2x10° 6x10° " 1,12
(GaAs |7x10° | s.ex10® | _ f?itl 1.43

Table 1

It should be noted, however, that the Hall mobility given
tends to be a ';tate of the art' figure for material purity. For
gallium arsenide the highest reported room temperature mobility of
9,700 en® V"' 5”' has Deen achieved by Conrad>® in epitaxially
grown films with a donor impurity concentration of less than
10'5 cm.s.

Since the initial comparative work on these semiconductors
the electronics industry has progressed considerably, with simple
oxide passivation and epitaxial growth of silicon achieving
remarkably good planar transistors. Various difficulties of
gallium arsenide bipolar transistors, especially doping problems
have hindered their development, but other devices are now being
made to use the high mobility, wide energy band gaps and low-
temperature conductivity of gallium arsenide. These include
varactors, Schottky-barrier diodes and high frequency field effect

devices.,
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Since work started on gallium arsenide a number of new and
important bulk effect phenomena have been discovered which have
given rise to a whole new and important range of devices, including
injection lasers, light emitting diodes, bulk effect microwave
power sources, negative resistance amplifiers and bulk effect
integrated circuits. Almost all of these devices have been in-
troduced with a view to obtaining higher frequency and higher power
equipment., The production of high purity gallium arsenide for use
in bulk effect microwave devices was the aim of the work for this
report.,

The bulk effect phenomena occurs due to the presence or(
Eggﬁgngrgy minima, separated by only 0.36 eV, in the conduction
band of gnilium arsenide. The application of a high external
electric field causes electrons in the lower minima, where they
have high mobility,to enter the higher minima where their effective
mass increases with a corresponding large reduction in mobility.
The material, therefore, exhibits the negative resistance proposed
by Ridley and thklns4 in 1961, The effect was first shown by
Gunns in 1964 who applied electric fields in excess of 3,000V@n-'
to achieve negative resistance resulting in microwave oscillations.

A high resistivity must be exhibited by the gallium arsenide
to obtain sufficiently high electric fields for this effect to occur.
Such material may be obtained by having a low impurity carrier con-
centration or by compensating shallow donors with deep trapping
levels. The latter would be unsuitable because of its low

mobility /
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mobility and thermal instability due to lonisation of the deep

levels at elevated temperatures.
Gallium arsenide epitaxy

12 Though purification occurs by impurity segregation when

bulk crystals of gallium arsenide are grown at the melting point
(1238°C), the considerably lower temperatures at which thin single
crystals may be formed are potentially capable of permitting higher
purity. A number of papers on the production of gallium arsenide
suitable for microwave devices has been written. WOlfe7 and
Tietjens described the material production for Gunn devices and
microwave diodes respectively. Semiconductor devices which
operate at microwave frequencies generally have small physical
dimensions and the best such devices are now being formed in these
thin films.

In this report such a film grown onto and orientated with a
single crystal gubstrate will be referred to as an 'epitaxial'
film following common aeﬁiconductor terminology although many
researchers such as Joyce9 prefer the word 'autoepitaxy' when
referring to a film on a substrate of the same material,

Electrical properties of the substrate should be such
that they either provide low contact resistance to the film or
take no part in the electrical operation of the device (depending
on its design). Fortunately gallium arsenide displays, as well
as a semiconducting nature, a semi-insulating nature, achieved by
producing deep acceptor levels near the centre of the band gap
which compensate shallow donor levels, Few of these acceptors

ionise (to give low mobility holes) at room temperature and thus

an /
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an excellent substrate material is obtained. The mechanism was
first proposed by Allen’o in 1960 and since then iron, oxygen,
chromium, copper and selenium have been found to produce deep trapping
levels and in particular chromium which forms a level 0,64 eV from
the conduction band, has been shown by Cronin and Raisty'4 to pro-
duce good stable semi-insulating gallium arsenide. Hoyt and
H.Lsty's have produced such material by means of iron doplng.
Resistivities at room temperature are at least IO8 ohms=cm with
mobilities between 200 and 2,000 cnzv-'s-'. King, Wasse and
Sandbankéhlve assessed such materials and Bailey'ha- reviewed
key developments in the preparation of group III-V semiconductors
with particular emphasis on epitaxial gallium arsenide grown on
semi-insulating gallium arsenide substrates.

One important benefit of experimental epitaxial growth
of p or n type material on semi-insulating substrates is that
many electrical measurements, designed to characterise the
epitaxial layer, are simply made and are virtually unaffected by
the substrate's presence, The use of these substrates for the
isolation of integrated circuits has been shown by Mehal, Haisty
and Shnw'z. Mannnav1£3has used other insulating substrates such
as spinel, sapphire, beryllia and thorium oxide though the gallium
arsenide grown on them exhibited poor crystalline quality due to
the considerable lattice mismatches involved. ¥his report
therefore will deal with epitaxial growth of high purity gallium
arsenide on a semi-insulating gallium arsenide substrate.

There /
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There are a number of important properties and features
required of an epitaxial film and of the process by which it is
made ,

A high degree of crystallinity is necessary since semi-
conductor crystal imperfections (defects) may act as shallow energy
levels or even as trapping centres for charge carriers. Joyce9
has suggested that the upper limit in gquality achieved by vapour
phase gallium arsenide growth is being Lﬁposed by defects such as
vacancies, di-vacancies and vacancy pairs, rather than by the
presence of impurity atoms. Poor crystal structure may also
cause fast and uneven diffusion of impurities or their precipitation
at the defect boundaries. The measurement of structural quality
is usually given as a number of defects per unit area of the
crystal surface.,

The number of impurity atoms should be as low as possible/
unless specific dopants are to be added to modify the electrical
properties of the material, Group II elements may replace gallium
atoms to formacceptorlevels in the energy gap and group VI elements
may replace arsenic atoms to form donor levels. 1In addition,
group IV elements such as silicon may substitute for either gallium
or arsenic. The presence of even small amounts of these impurity
atoms has a considerable effect on the electrical conduction of
the crystal. Measure of their number is given in parts per
million of the semiconductor's atoms or in terms of the electrical
effect as charge carrier concentration in number of carriers per

unit volume,

Largely /
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Largely related to this is the need for material with a

2 15"1) and o specific

specific Hall mobility (given in em“V™
resistivity (ohms-cm). Such control may be achieved by including
in the system a means of introducing dopant atoms.

Epitaxial film thickness must also be controllable in the
growth process especially for microwave devices in which performance
depends on their dimensional accuracy.

For bulk effect devices such as Gunn diodes a high Hall
mobility and high resistivity are both required and reproducible
control of these properties is an absolute necessity. Though the
production of microwave varactors and certain types of ohmic
contacts requires doping facilities it was decided to omit them
from the basic experimental system as non-essentiak,

1.3 rowth Metho r axial Gallium Arsen

The wide variety of techniques used in producing gallium
arsenide may be divided into two main groups.
Liguid phage method

The first of these is growth from the liquid state, In
this method gallium arsenide is dissolved in a molten metal at an
elevated temperature (600°C to 900°C) in an atmosphere of argon
or hydrogen. A gallium arsenide substrate is immersed in the
solution and the temperature slowly reduced. An epitaxial layer
forms covered by a tenacious layer of the original metal solvent
which must be removed while it is still molten.

For heavily doped abrupt p-n junctions this technique has

been /
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been used with success by Nelson'swho employed tin as the metal
solvent, Kang and Greene3 used gallium metal as the solvent and
by careful choice of reactor materials achieved very high purity

layers: 9,500 em2y 's™! being obtained for room temperature Hall

mobility. Bolger, Franks, Gordon and Whittaker'7 used the same
technique for doped layers, with the selenium dopant dissolved
in the solvent, The high purity is attributed to segregation
of impurities into the melt. ‘ ’

The principal disadvantage of the technique is that control
of the process, especially over the thickness of the layer, is poor.
For thick epitaxial layers the method is fast and shows definite
promise,

Vapou a m

The second technique, and the one which is the concern of
this report, is growth from the vapour phase.

Arsenic, either in its vapour phase or in the form of a
volatile compound, and a volatile galilun compound are transported
to the surface of the substrate. Chemical reactions, possibly
catalized by the substrate, cause the formation of gallium
arsenide at the substrate,

The main problem of the technique is that there are no
suitable compounds of qullium which are goseous af reom temperature andl
erSSUre and in practice either the oxide or halide is used.

(0] etho
Llwleyphal used the oxide transport method and has

tabulated the effects of a variety of growth control parameters.

The /
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The films produced showed good crystalline quality but required
substrate temperatures of about 1,050°C, These high temperatures
led to outdiffusion of the substrate impurities with harmful
results on the control of the film's electrical properties. In
an earlier paper Gottlieb and Cm‘l)oy'9 described the reactions
in their system based on the chemistry of gallium oxides investi-
gated by Cochran and Foaterzo. Purified hydrogen containing
water vapour is passed over a pure single crystal gallium arsenide
source. N-type dopants such as selenium and tellurium nay be
transferred from source to subctrite but silicon and the p-type
dopants such as zinc and cadmium are not. The reaction suggested
is -

2GaAs + Hzo-* Gazo + H2 + Al2
It occurs at the heated source and is reversed at the substrate
which has a slightly lower temperature, S0 far, this system
has not produced epitaxial material with sufficiently good
electrical quality, the minimum donor impurity achieved is between

s K 10'5 and § x 10‘5 cm-3 with a corresponding Hall mobility of

7,000 cmzv-'s-'. No phpers have shown the possibility of oxygen
doping of the grown film in this method but it should be remembered
that the presence of oxygen in gallium arsenide leads to deep
energy levels which cause a decrease in the mobility of the
material. Methods using halide transport have been shown to be
very sensitive to oxygen <Avsing Peor crystal structure,

Halide Vapour Transport Methods

The halide (usually chloride) vapour transport methods

have /
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have many variations. The gallium is transferred in the system
as a halide, obtained either externally by bubbling a transporting
gas through gallium trichloride liquid or by reacting a chloride
with a gallium source in the reactor. Zgggelz' hasgs established

~the gallium-chlorine and gallium-arsenide-chlorine system thermo-

dynamic eguglibria and the temperature dependence of the corres-—
pondlgé equilibria constants. >

Arsenic, which is volatile at atmospheric pressure at
temperatures above 604°C is obtained externally by bubbling a
transport gas through liquid arsenic trichloride, or by using
a solid source of elemental arsenic within the reactor. In
many practical systems more than one of these sources may be used
at the same time. Goldsmith and Osh.ln-ky22 and Rubenstein and Myers23
used purified hydrogen bubbled through heated gallium trichloride
which had been purified by the techniques developed by Kern?4
The hydrogen was passed over high purity gallium (prepared to
six nines purity by the techniques of Goldmith, Mayer and

Vielandzs) in an oven heated reactor containing five nines pure

elemental arsenic and the substrates. Undoped layers grown gave
carrier concentrations in the low 10'6 cm-3 range, Theyalso reports
the growth of 'hillocks' on the surface of the material and attributes
this to leakage of oxygen into the system, A leak of 10.4 standard
cm5 of air per second reduced the growth rate to zero,

A system using gallium trichloride was decided against in

this work for two main reasons. The vapour pressure of gallium

trichloride is much lower than that of arsenic trichloride. A

gas /
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gas saturator togeher with all the vapour supply lines to the
reactor would, therefore, have to be heated to a much greater
temperature., This would have added considerable complications.
Furthermore, the workers who the enployeh hydrogen chloride or
arsenic trichloride as the source of the available chlorine for
reaction with gallium in the reactor have achieved much better
results with regard to electrical properties, perhaps because
arsenic trichloride is availlable with higher purity than gallium
trichloride,

Tiet jen and Anlck‘s used hydrogen chloride in a hydrogen
carrier gas passed over heated gallium in the reactor. Arsine
gas was admitted to the system where it dissociated (to arsenic
and hydrogen) the arsenic reacting with the gallium chloride to
form epitaxial gallium arsenide on the substrate. Layers with
a room temperature Hall mobility of 5,100 cnzv-‘s-' were obtained
in this manner. Though the method has a number of advantages,
such as ease of doping and the production of good tertiary alloy
semiconductors, it appears to be limited by the purity of the
arsine gas available, the authors baving detected the presence of
nitrogen, argon, carbon dioxide and oxygen - additional argument
against the use of arsine is its extremely high toxity, toxic
level being given as 0,05 parts per nlllloﬁ by volune?7

What seems to be the most promising system was pioneered
in this country by Effer%s In this, hydrogen carrier gas is
bubbled through arsenic trichloride liquid at about room temperature.

These /
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These enter the reactor where the high temperature (more than
600°C) causes the reduction of the arsenic trichloride by hydrogen
to hydrogen chloride and arsenic. The arsenic vapour is completely
absorbed by the gallium source until saturation occurs at 2,25%
arsenic (u-xlz'). When the melt becomes saturated a skin of
gallium arsenide forms over the surface with the possibility eof
beneficial impurity segregation. At this stage free arsenic may
condense beyond the gallium source., The substrates are then

inserted inteo the furnace and epitaxial growth begins. Effer

2 =1 _~1

achieved pure gallium arsenide with a mobility of 8,000 cmsV 'S8 '.
Many other workers have used this technique with variations such as
further addition of hydrogen chloride from an external source and
the introduction of elemental arsenic in bulk form, Eddolls,

Knight and Wilson®®

used Effer's method to produce pure material

for bulk effect devices. Good control over layer thickness was
obtained but with inadequate control of electrical properties.

They also investigated sources of impurity within the system and
concluded that further attention should be paid to the purity of
reagents and substrates. They used five nines pure arsenic
trichloride, six nines pure gallium and palladium diffused hydrogen.

Sh"SI,SZ

extended considerably the knowledge of this system by in-
tensive investigation of the effect of different temperaures within
the furnace (especially the substrate temperature) and the effects
of different substrate orientations. He showed the effects of
outdiffusion of a doped (low resistivity) substrate on the impurity

profile /
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profile of the grown layer and showed that the electrical properties
appear to be a function of the gallium to arsenic ratio in the vapour
phase and not the absolute concentration values.

Comparison of Reported Growth Results

There is a wide variation of reported results from the

1.4
different workers. It was thought worthwhile to compare the

dif ferent experimental results with respect to the effects of sub-
strate orientations, flow rates and temperatures, on growth rates.

31,32 17 30

The work of Shaw - s Eddols , Goldsmith and OIhlnlkyaz

Bolger
and Rubenstein and uycrlzz is compared here in table 2 and Fig. 1.
Of particular note is that in Shaw's system there is a

great difference between the A and B 111 faces whereas Rubenstein

and Myers found both orientations to give about the same growth

rates.

similar results.

different systems and conditions used.

Bolger and Eddols use basically the same system with

The following table indicates some of the

Source | Temps | Source Flow rates| Concentrations
of _Ga in.
Shaw Ga metal | 875°C | As metal 0.383 PoGaCl _o |
7.9 ¢ 10 '
PoAs -
5.7 £ 1073
Eddols Ga metal | 800°C Anct3 0.05 POASCI3
10 x 10°
Goldsmith & | Ga metal | 750°C| As metal 0.550 Pooa(H%_
Oshinsky & GaCly 425°C 2 x 1079
Bolger et al Ga metal| 800°C AsCls 0,25 PoAsCl ¢
charged -3
with As 6.6 x 10
Rubenstein GacCi As metal 0.2 PoAs
& Myers $ ° * -3
ye 450°C 1.8 x 10
PoGlC‘3 .
L m
Mk =21 = O




fig, 1
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rates achieved v, substrate temp,
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Shaw also showed that different gallium to arsenic ratios
in the vapour phase had a considerable influence on the Hall mobility
of the grown layer as well as on the growth rate.,

Hoest33 also showed that substrate impurity concentration
affects the impurity profile of the epitaxial film, WL1111n534
investigated the effects of structural defects in epitaxial gallium
arsenide grown by halide transport, showing how they varied with
various substrate orientations and different growth conditions.

He found the surprising result that dislocation density of the
epitaxial layer was about half that of the substrate. Very high
purity layers were produced by Conradss using this method, He

achieved room temperature Hall mobilities of 9,700 cnzv-is".

1.5 Reactor Impurities

Since the most significant feature of any one epitaxial
reactor is its ability to produce pure epitaxial layers, it is
important to look for the possible sources of impurity, to
identify the impurities and if possible toeliminate them, Eddolsso
found evidence to suggest an acceptor impurity, perhaps copper, was
diffused from some substrates but did not agree that, as Edmond36
found, there was copper diffusion from the quartzware. Most of
the published work on epitaxial gallium arsenide does not identify
the impurity or impurities present in 'undoped' layers. Ekstrom
and Weisber337 showed the main contaminants in bulk single crystal
gallium arsenide to be silicon, copper and to a much lesser extent
magnesium, GCansauge and Hoffmeisterss made radiotracer measure-

ments of copper contamination in gallium arsenide originating from

quartz /



quartz. Silicon contamination originating from quartz was shown
by Stearns and McNeelysg. They examined the effects on gallium
arsenide of silica and boron nitride boats anqﬁuhaihthe impurity
electron concentrntlon.and actual silicon conéentration by emission
spectroscopy. The amphoteric nature of silicon in gallium arsenide
has bqen shown by Spitzer and Allerd4o who investigated its
distribution between the lattice sites.
'l‘aylor41 shows that it is possible to

use argon as the carrier gas instead of hydrogen in the arsenic
trichloride and gallium system and suggests that this may reduce
the likelihood of .silicon contamination of gallium arsenide caused
by possible hydrogen reduction of quartz. Other reasons for the
use of argon include the minimisation of density differential
between the carrier and the reacting species and the elimination
of at least one reaction in the system. He compares the argon
and hydrogen systems and shows that he obtained slmlla; electrical
properties in layers produced with both carrier gases. It was also
found that maximum growth rates occurred at temperatures some 50°C
lower than in the hydrogen carrier system.1§j°f concludes that, should
a very high purity reactor be built, the argon system may potentially
give better material, One importa-nt disadvantage is the difficulty
with which argon is prepared at high purities.
1.6 QOther Growth Methods

At this point it is worth briefly looking at the other forms
of epitaxial gallium arsenide growth which have been tried, A

hybrid /
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hybrid of the above mentioned techniques consists of depositing

a layer of metal on the substrate, This metal acts as a "solvent'
for galllum;the'arsenic is transported to the surface in a normal
vapour phase reactor. Crystal growth occurs by nucleation from
the substrate surface when the solvent has become saturated with
the constituents, Barns and Ellll42 used this technique to pro-
duce long 'whisker' crystals from the substrate by employing gold,
gallium, platinum and palladium as solvents. The resulting
needles had a very high degree of crystal perfection and, though
purity was not investigated, could have uses in some devices
where 'bulk material' of very small dimensions is required,

Light, Hall and Gareth43 have used a flash evaporation
technique for growing thick semi-insulating gallium arsenide films.
They produced a 40 micron thick chromium doped film by flash
evaporating a mixture of chromium doped gallium arsenide powder
together with excess arsenic. The degree of crystal perfection
and growth control was low with this technique and it was not
considered as suitable at this stage for microwave devices,

No sealed tube reactors have been reported in the available
literature, probably because of the difficulties of gallium transport.
1.7 Design of a Reactor

With all the above evidence in mind it was decided to
construct a vapour phase flow system using hydrogen gas saturated
with arsenlc‘trlchloride. An arsenic saturated gallium source

would be situated in the reactor and as far as possible all sources

of impurities would be reduced or eliminated.

109
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1.8 Epitaxial Film Evaluation

An essential part of the work on materjals preparation
is the assessment and evaluation of materials produced. As has
been shown already crystal perfection, film thickness, resistivity,
Hall mobility and carrier concentration all need careful control
and hence there must be a means of measuring these., |
1.9 Evaluation of crystallinity

X-ray diffraction and electron beam diffraction are both
widely used techniques in demonsirating crystalline perfection.

The necessary specimen thinning for these studies has beendemonstrared
by Biedermann and Brack?4 ‘In addition to these techniques there

are the methods which display crystal defects by means of special
selective chemical etches. These are often applied to assess the
substrate prior to growth with particular emphasis on the depth and
extent of damage caused by substrate preparation. wxlllam134
showed the use of different selective etch solutions on different
crystal orientations.

1.10 rmin [9)

The most commonly employed technique of film thickness
measurement is to bevel-lap and polish the substrate and then to
etch or 'decorate' the bevel, Usually there are widely differing
doping levels between film and substrate and the position of the
interface may be seen and measured by optical microscopy. Infra-
red spectrometry, as employed by Hilton and Jones45 makes use of
the difference in reflectance levels to give an indication of
thickness. Capacitance versus voltage measurements of reverse

biassed /



biassed Schottky barrier diodes may also indicate film thickness

by examination of the way in which the depletion region spreads.
Here tob the measurement depends on a discontinuity of doping levels
in the material.

All these methods show only the 'electrical' thickness of
the layer and, due to diffusion of doping impurities during the
growth process, this value may not indicate the actual physical
thickness of the layer. Neither would they show the depth if there
was a similar doping level in both the layer and the substrate, For
normal device production, however;rgte electrical film thickness

is important and there usually éxlnts a wide doping level
difference. In the case of materials study where the actual growth
rate is required there is only one reliable guide to actual film
thickness. This has so far been used only in silicon epitaxy but
may well have its parallel in gallium arsenide work.

Most stacking faults that appear on the surface of the
grown layer have their origin at the substrate/film interface.
Merely measurement of the surface dimensions of these faults,
whose geometry is predlctnble,givec the exact position of the
true interface. Other actual thickness measurement techniques
include mechanical weighing and the direct mechanical measurement
of the new thickness after prolonged runs.

1.11 istiv M u

Direct measurement of the resistivity of gallium arsenide
is usually carried out by the methods of Van der Pauw46 in which
a disc of arbitrary shape with four contacts alloyed (but not

necessarily /
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necessarily ohmic) to thqberimeter is used. It cannot be employed,
however, where substrates of the same conductivity type as the
epitaxial layer are utilised and in this case pilot substrates
must be used., The 'four point probe' technique is not normally
used because of very high reverse resistance of gallium arsenide
to point contact junctions. The reverse bias characteristics of
a point contact diode at breakdown are, however, employed in a three
point probe technique described by Norwoodf7 The analysis of the
point contact diode at reverse bias breakdown is not yet fully
understood and the resistivity given by this method must be
calibrated by some other means. It has a considerable advantage
over the Van der Pauw method in that it is virtually non-destructive
and the evaluation of the epitaxial layers is unaffected by the
substrate’s presence.
1.12 Hall Mobility Measurement

Hall mobility may also be obtained from Van der Pauw's
method, and this appears to be the technique most used by workers
on gallium arsenide. The more usual Hall bar method employed for
Hall mobility measurement in other semiconductors is unsuitable
due to poor contact found between gallium arsenide and 'mechanical'
contacts.
1.13 Carrie ncentra M urement
Carrier concentration measurement is usuvally achieved by measuring
the relationship between capacitance and applied voltage in a
reverse biasgsed Schottky diode. A typical apparatus has been
described by Schllckmanfs The limitations imposed by this system

on accuracy of carrier concentration determination in gallium
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arsenide Schottky diodes are indicated by Snithtg There are also

problems in the formation of suitable ohmic contacts when the
substrate is semi-insulating material, Fortunately the inter-
dependence of resistivity, carrier concentration and Hall mobility
permit non-direct measurement of at least one of these parameters.
1.14  Ohmic Contacts

Closely connected with some of the above measurements is
the need for good ohmic contacts, Microwave devices such as the
Gunn oscillator are also dependent on the ability to produce good
ohmic contacts. Though such contacts are achieved without great
difficulty on the lower resistivity samples of gallium arsenide
(such as the evaporated silver contact described by Schmldtso)
there are considerable problems when high resistivity material is
involved. Since Gunn diodes require such material there has been
extensive recent research into this problem. Salow and Grobes'
have shown that although pure tin contacts are free from mechanical
stress they have low thermal stability. Gold/germanium eutectic
contacts give non-uniform interfaces and so ﬁhese workers used a
1:1 alloy of tin and gold/germanium eutectic to give good ohmic
contacts for their Gunn oscillators,

An increasing amount of interest is being centred on the
system where an epitaxial layer of low resistivity gallium arsenide
is deposited onto the high resistivity material in thé’?:?tact
area before applying the metal contact.

1.15 Substrate Prepara n

Another very important feature of epitaxial growth work
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is in the preparation of the substrate prior to growth., Epitaxial
growth requires a substrate surface of high crystalline perfection.
The normal sawing and lapping of crystal ingots leaves considerable
depth or~dan!‘5hand this must be removed to achieve ordered growth,
Jones and Hiltons2 have used infra-<red techniques to demonstrate
that mechanical polishing leaves damage below the surface of
gallium arsenide to a depth of at least that of the polishing
particle size.

Chemical polishing etch techniques are therefore employed
to remove this damage, Thee has been a variety of chemical
polishing étchnntn used on ga;lium arsenide., Reisman and Rohrs8
have achieveda polish on all crystalline orientations of gallium arsenide

with a solution of sodium hypochlorite as a source of available
chlorine, They used an apparatus where the etchant was fed onto
a rotating polishing cloth against which was held the substrate.
Sullivan and Kolb54 used & similar polishing machine with dissolved
bromine in methanol as the etchant. They obtained high quality ‘
polishes on all faces especially when high pressures were applied
between the substrate and the cloth,

Other etch solutions for polllhlng have been tried.
Lowen55 vsed sulphuric acid, hydrogen fluoride, hydrogen
peroxide and water which gave polishing on all but thelllA faces.
Packards6 described the features required of a polishing etech
solution for gallium arsenide; oxidative properties, high solubility

and high viscosity. On this basis he suggested a mixture of

hydrochloric /
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hydrochloric acid, nitric acid, glycerol and glycol, but did not
make clear the effects on the 111A face, generally considered as
the most difficult to polish, Both Lowen and Packard's etches

were used without polishing pads.
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Chapter 2

As stated in the introduction, the aim of this work was

to produce high purity epitaxial gallium arsenide by the vapour
phase transport of arsenic and gallium chloride. Bearing in mind
the evidence showing contamination of gallium arsenide from quartz
boats, especially contamination by the inherent silicon, it was
reasoned that further purity could be gained in the reactor by the
omission of heated quartz walls. Any possibility of the hydrogen
reduction of quartz, such as suggested by Taylor‘,’I would thus be \
eliminated. As a transparent, thermally stable and easily workable

material quartz is very useful in reactor construction, It was,

|

{1
|

therefore, decided to use quartz, but to keep its temperature down
to a few tens of degrees centigrade.

A number of ways of achieving the required high temperatures,
for transport and deposition reactions to take place, was considered.
These included the use of an r.f. furnace and graphite susceptor,
infra=red radiation heating using the materials themselves as
susceptors, and resistance strip heating.

The r.f. generator technique looked very attractive;
temperature can be controlled accurately and there is great
gimplicity within the reactor. It was decided against, however,
since two independently controllable heaters would be required
which would invelve considerable expense.

The /
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The infre-red technique has been used in epitaxy by
Gottlieb and Corbo}gand is marked by simplicity, cheapness and
the possibility of purity. Unfortunately gallium arsenide is
fairly transparent to infra-red radiation and gallium is highly
reflecting so neither would act as good susceptors. There are
considerable problems in the arrangement of optical systems to
transmit power to any appreciably sized body, especially through
cooled quartz walls.,

The resistance strip heating method has been used in
the simpler silicon epitaxy growth reactor with some success,
In this system a strip of material such as graphite is clamped
between two cooled conductors and a large electrical current is
passed through it. The power source for this is several orders
of magnitude cheaper than an r.f, furnace, is easily controlled
and brings no additional high temperature contaminants into the
system, For these reasons the strip heating system was chosen.

To reduce the possibility of even the smallest gas leaks
into the system it was decided to make all possible gas line joints
by fusing glass to glass. For necessary wall cooling a water
Jacket was provided with two small optical windows, at some distance
from the centre of the tube, to enable temperature measurement and
unrestricted observation of the high temperature regions. Two
inlet and two outlet pipes for the cooling water were added to the
water jacket, Access to the inside of the tube for the materials
and the electrical conductors was provided by leaving both ends

opens /
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open., Water cooled end-pieces and heater supports (Fig.l3) were
constructed with provision for clamping to the standard 2 inch B.S.
buttress ends of the reactor. An inlet and an exhaust pipe were
added, the inlet pipe being directed with its orifice pointing
towards the end of the reactor. It was hoped that this would give
a more turbulent flow down the reactor tube thus ailding an even
distribution of the reactants in the vapour phase. The entire
reactor tube, together with optical windows, water jacket, buttress
ends and access tubing was made of quartz by Wesley Coe Ltd. of
Cambridge.
2,2 Heate e n

Careful consideration was given to the choice of the
heater material, It would be of no advantage if, in removing
the possible contaminating presence of high temperature quartz, a
worse source of impurity in the form of poor strip heater material
was added. Fortunately, high density graphite, with an ash content
less than 5§ parts per million (le Carbone (Great Britain) Ltd.,
type PT 586F8) was available., This material may be further
purified for use in tho\reactqr by baking in bromine vapour so
that all impurities with volatile halides are removed, Heaters
capable of dissipating up to about 4 kilowatts had been found to
achiieve temperatures of more than 1,000°C in the similar silicon
reactor.

Four /
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Four hundred amp, ten volt output transformers were
avajlable at short notice from Messrs., Savage, Transformers Ltd,
with control being supplied by Variacs. This system was designed
with the possibility of adding electronic control by thyristors
snould the need arise. Two heaters were required since individual
control of the gallium source temperature and the substrate tempera-
ture was needed. Temperatures up to 1,000°C have been reported
for the gallium source with temperatures up to 850°C for the
substrate heater (during etching). Inch wide strip heaters,

0,06 inch thick and of convenient length were designed to give a
resistance of about 0,03 ohms,

The substrate heater was given a slope since there was
some evidence of uneven layer growth (that is,tapering from the
source end) in the silicon system, The amount of tilt was
dictated by the mechanical limitations imposed by a practical layout.
To ensure that the substrate would remain in position on the heater
0.005 inch deep recesses were milled into the surface. Since the
end blocks of the heater could achieve high temperatures they too
were constructed of the high density graphite as were the clamping
SCrews. Molybdenum rods were chosen as the conductors since they
provide very good conduction at high temperatures, they are
relatively unaffected by the hydrogen chloride gas even at elevated
temperatures, and molybdenum atoms do not readily act as electrically
active impurities in the gallium arsenide crystal lattice. The se
conductors were water cooled at their ends to prevent their reaching
very high temperatures whilst conducting heat energy away from the

graphite heaters,

The /
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The water cooled reactor ends were constructed of brass
since their temperature was to be kept down to room temperature
or below. For ease of construction both ends were made identically.

A ceramic insulated copper 'lead through' (Ferranti Ltd,)
was welded to a stainless steel flange and the flange clamped to
the brass end-piece. To ensure that this joint was gas tight a
piece of 0,020 inch diameter gold wire was welded into an '0' ring
and compressed between flange and end=-piece until it provided only
0,005 inch separation. This provided the conductor for each
heater with the brass end-piece forming the other conductor. The
molybdenum rods were screw cut at the ends and tapped into the
brass and copper of the lead through. To the external end of the
lead through was clamped a water cooled copper block.,. Double
sided p.t.f.e, gaskets with compressible composition separators
acted as gaskets between the ground quartz buttresses and the brass
end-pieces. 'Quickfit' cast metal clamps with graphitised com=
position seatings between clamp and quartz held the reactor tube
to the brass ends under considerable pressure.
2,3 Framewo rk

The whole tube was mounted non=-rigidly in 'Sindanio'
supports on a brass base plate. The end=-piece supporting the
substrate heater was mounted on a small wheeled trojtey to allow
smooth movement to and from the reactor tube, This was decided
as necessary to ensure that the position of the substrates did
not change during their introduction into the reactor. The other
endfplece supporting the gallium heater was bolted to a brass

bleck screwed to the base plate since acCcess to this was thought
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to be infrequently needed. A frame for the whole apparatus was
made from half-inch aluminjum rod and clamps sold as 'Kemiframe',
The reactor assembly was mounted on a '"Sindanio' top and the heavy
transformers and Varliacs were screwed to a thick plywood hase on
which the whole apparatus was mounted. Extensions to the Variac
control handles allowed heater control with direct observation of
the heaters, To one side of the assembly was attached a 'Sindanio'
panel to which the gas flow meters were attached.
2.4 Flow System

To provide concentration controlled transport by the
hydrogen gas stream with the volatile liquid arsenic trichloride
it was decided to bubble a small portion of the gas stream through
the liquid so as to achieve complete saturation. This would then
be diluted with a controlled amount of the main stream of hydrogen.
Based on the work of previous researchers a dilution of about 1
part of arsenic trichloride vapour in 100 parts of hydrogen vapour
(by volume) would be a suitable 'mean' around which to design the
flow system, To achieve a constant degree of saturation of the
gas stream it was decided to slightly elevate the temperature
(above room temperature) of a gas saturatorcontaining liquid
arsenic trichloride. For this purpose a temperature controlled
bath was employed consisting of a wide mouthed Dewar flask, a
small immersion heater controlled by a 'Grirfin' thermostat, a
thermometer and a small electrically powered stirrer. The

liquid chosen for the bath was glycerol which is not very volatile
at /
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at moderate temperatures, To achieve an overall concentration
of arsenic trichloride of 1 part in 100 of hydrogen it was decided
to saturate 1/10 of the hydrogen with arsenic trichloride such
that there was | part of the chlorine in 10 parts of hydrogen. At
atmospheric pressure (760 Torr) the temperature at which arsenic
trichloride has a vapour pressure of 76 Torr is 65.0°C. This,
therefore, was the temperature chosen for the glycerol bath., To
prevent condensation of the chloride in the flow lines up to the
point where mixing with the mainstream of hydrogen was to occur

an "Electrothermal' heating tape (designed to give temperatures

in excess of 65°C) was wound round them. The heating tape and
the stirring motor were powered by means of mains driven trans-
formers. No heating was necessary in points beyond this since
condensation of the arsenic trichloride would not occur at 1 part
per hundred unless the temperature fell below the vapour pressure
at 7.6 Torr (18°C).

Two flow meters were, therefore, needed and so graduated
but uncalibrated 'Rotameter' meters were employed. These were
accurately calibrated for hydrogen in the laboratory by timing
the passage of a soap film (made with dilute Teepol) along a
horizontal tube of known volume for a variety of flow rates.
'Springham' greaseless stopcocks were used to control the flow
of gases through the system, An inlet, to allow the introduction
of argon gas for flushing the reactor when cool, was fncluded and
a wide bore tube was also added to the flow system near the
reactor to provide a means of evacuation so that leak testing

could /
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could be carried out, For this a vacuum pump and vacuum gauge were
attached, the reactor vessel pumped down (exhaust and flow meters
being sealed off) and acetone sprayed over all joints. Any sudden
rise of pressure would have indicated a leakage point,

To connect the flow system, which was formed with pyrex
glass, to the quartz inlet tube of the reactor a graded glass seal
was used. The hydrogen purification consisted of a 'catalytic
Deoxo Purifier' which converts any oxygen present to water, This
was followed by a copper cylinder containing 13x molecular sieve.

A second copper cylinder followed this. It contained a series of
nested copper tubes acting as a labyrinth which could be immersed
in liquid air to condense any remaining water vapour, Both these
copper cylinders were constructed with removable brass covers which
were clamped to matching brass ends brazed to the copperworke. As
with the reactor end-pleces, a compressed gold wire '0' ring
provided a gas tight seal, For connection from hydrogen cylinder
to Deoxo ﬁnit to copper vessels, copper tubing was employed. A
'Pyrex' to 'Kovar' glass /metal seal joined the purification system
to the gas flow and metering system, No argon purification was
thought necessary since fairly high purity argon was available and
argon flushing would not be used at high temperature except in
cases of emergency.

Exhaust gases from the reactor were passed through two
Dreschel bottles and expelled by plastic tubing to a position
external to the laboratory and aboul ten feet above the ground

level. 7
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level, The first Dreschel bottle was connected by its short tube
to the exhaust stub on the reactor by a plastic pipe. Its long
tube was connected to the long tube of the second bottle which
contained concentrated sodium hydroxide solution. This arrange=-
ment caused the chemical stripping of any possible arsenous com=
pounds which otherwise could have proved dangerous when discharged
to the atmosphere. Any 'sucking back' of the sodium hydroxide solu-
tion into the reactor by sudden cooling was prevented by the
reversed position of the first bottle.
2,5 Gallium source

Though it was to be a subject of experimentation the initial
choice of gallium source crucible material was made between quartz,
vitreous carbon, high density graphite and alumina, Quartz was
ruled out for the same reasons as were the hot walled reactor
systems, that is, the possibility of inherent quartz impurity.
Vitreous carbon is very pure and has a high quality surface which
could be useful but was at first decided against since no boats
were avallable with suitable dimensions and a flat bottom. This
material has high conductivity along the directions of its smooth
faces and thus it would allow the molten gallium to '"short out'
the heater, High purity graphite was ruled out for the same
reason, that is, to get good thermal contact there would be good
electrical contact. Alumina of high purity was available in very
thin sheets, It would not seem to be an unstable material at high
temperatures in the atmosphere likely to exist in the reactor so it
was chosen to support the gallium, To prevent the molten gallium

from /



from running off the heater a thin wall of high density graphite
was laid on the alumina,
2.6 Temperature control

Most reports indicate that very accurate temperature
control and measurement are necessary. Such temperatures as
would be encountered in the reactor are often measured by
platinum/platinum rhodium thermocouples. Unfortunately the
hydrogen chloride atmosphere readily attacks platinum and its
alloys. Such a thermocouple has been seen to volatilise in a
few seconds in a similar environment, The problems of imbedding
thermocouples in the heaters include the difficulty of iselating
them electrically in such a limited space. Even then, this
would only give a measure of heater temperature and not of the
actual substrate or gallium source.

For these reasons optical pyrometry was decided on, Two
systems were tried and in fact used in conjunction. The most
sensitive measure was by means of a Land pyrometer which consists
of a semiconductor p n junction where an image of the region
whose temperature %s to be measured is focused. A digital
voltmeter measures the current output of the junction which is
connected across a 500 ohm resistor for the purpose, The
optical windows on the reactor tube permitted optical access to
the heaters. This system was calibrated in a hydrogen atmosphere
by means of a platinum/platinum rhodium thermocouple imbedded in
a retaining wall of the gallium source 'boat'.

The /
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The same calibration system was employed for the second
optical measurement device, This consisted of a hot filament
pyrometer in which the colour of a heated filament of wire is
visually matched with that of the heated body. The current to
pral uce this colour in the filament is monitored by an ammeter
calibrated in degrees of temperature. Since this calibration is
intended for black body radiators it was necessary to use thc\ﬁ“wmoleu
method. This second pyrometer was used in experiments for approxi=
mate temperature settings. For fine adjustments, however, the more
rapidly responding and accurate Land pyrometer was used.

Calibrations for surface of heater, gal lium surface,
crucible surface and surface of substrate were compared. Unfor-
tunately the only measurement of repeatable accuracy was that of
the heater surface. The gallium surface changed its reflectivity
considerably as it was 'charged' with arsenic prior to growth.
Calibration of crucible surface temperature is of some use but its
visible area is very restricted by the area of the gallium, The
temperature measurement of the gallium source is usually reported
as being less critical than that of the substrate. The main
problem of measuring the gallium arsenide surface temperature is
caused by the use of very small substrate areas, This may be
overcome by reducing the viewing area of the pyrometer, but at the
expense of sensitivity. It is also important to take into con=
sideration the frequency at which the radiation is received by the
cell. Jona and Wendt57 reported the effects of dlrrerent surface

finishes /
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finishes (on both sides) and angles of view of a gallium arsenide
wafer measured at infra-red frequencies where gallium arsenlide
may become transparent. In both cases (source and substrate) it
appears that temperature measurement ls best made by looking at
the surface of the heaters with calibration to predict the tempera=
ture drop between the heater and the heated body.
2.7 Safety Precautions

A large 'Ferspex' glove box was conntfucted to fit over
the access end of the reactor and also to enclose the heating
bath, and arsenic trichloride bubbler. This served two purposes,
Ssince volatile arsenic compounds are extremely toxic the loading
of the arsenic trichloride bubbler could be performed without
hazard.,. The box also served as a clean area when the reactor end
was removed, Four arm—length rubber gloves allowed complete
freedom of work inside the box and an inlet'pipe was attached so
that, during substrate loading and unloading, an argon atmosphere
could be provided. An airlock for introducing substrates to the
box was not added, one glove being partially removed for a very
brief period to permit this facility.

A further hazard introduced by such epitaxial reactors
is presented by possible explosion during operation. If a tube
in part of the flow system had broken whilst the heaters were ‘
running in a hydrogen atmosphere there could have been a dangerous
hydrogen/air mixture formed. For this reason a face mask was
always worn whilst operating the reactor. An additional precaution

applied /
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applied from time to time was the detection of arsenic or its
compounds around the reactor end joints and on surfaces near the
equipment., This was done by wiping the surface with a filter
paper and detecting any arsenic by the 'Gutzeit' test. In this
test arsenic—free zinc was dissolved in dilute sulphuric acid to
produce nascent hydrogen, The contaminated filter paper was
added to the acid and another filter paper, soaked in silver
nitrate was held at the mouth of the test tube. The presence of
arsenic was indicated by a yellow to black precipitate of silver
on this filter paper. The test is very sensitive qualitatively
but it was necessary to carry it out in a fume hood because of the
formation of arsine gas during the reaction.
2.8 Reactant Materials

The materials necessary for the growth of high purity
gallium arsenide must themselves be extremely pure. Hydrogen,
obtained from the British Oxygen Co., Ltd, was purified as described
above. The laboratory purification of arsenic trichloride is
complex, involving fractional distillation technique, so an external
source was sought, Koch-Light Laboratories Ltd. supply 99.999%
pure arsenic trichloride and 99,999% pure gallium and their materials
were therefore used, Semi-insulating substrates with (111)
orientation were originally chosen for their availability. These

and subsequent substrates were obtained from M.C.P. Electronics Ltd,
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Chapter 3
u a € a n
3.1 Mechanical shin

Initial substrate preparation included progressive
mechanical lapping and polishing until a mirror finish was achleved.
Substrates were attached with dental wax to a stainless steel or
alumina block, excess wax being removed with chloroform, and lapped
using Centriforce Abrasive BM304, A good surface for working_pn
was found to be a photographicglass plate with the gelatine removed.
De—ionised water was employed as the lubricant. Some care was
necessary in removing all the waste material produced during lapping
since it could prove toxic. Mechanical polishing was effected by
using the abrasive as for lapping but supported against a soft
surface. Lens tigsue was found preferable for this purpose to
Selvyt cloth or the emulsion side of photographic paper since it
appeared to suffer léss from the mechanical action of the very hard
substrate edges,

A series of water soluble oil-based diamond polishing
compounds was then tried. The coarsest of these, with a grit size
of 1 micron, gave a rapid polishing on all the above polishing pads,
the o0il base acting as a lubricant. Fresh lens tissue, which is
supplied in an extremely 'clean' state (that is there are no
appreciably abrasive particles present), was found to be the most
successful polishing pad when used with the diamond polish, The
0il base in the polish acted as an adhesive between the double
thickness tissue and a sheet of flat glass and prevented the tissue
moving under the polishing action. This operation was repeated

using /
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using % micron diamond polish on a fresh lens tissue followed by a
final polish with 1/4 micron diamond on yet another tissue. The
surface produced looked quite smooth under the optical microscope
with a 5460 R interferometer., It was subsequently found that, for
optical smoothness, the 1 micron diamond polish gave as good a
surface as did the progressive polish, Absolute cleanliness had
to be maintained with all traces of abrasive being removed by washing.

The mechanical lapping and polishing stages must be carried
out with great care since gallium arsenide is a very friable and
brittle material, There is a constant danger of the edges crumbling
due to uneven pressure and fragments may cause extensive damage to
the polished surface. For this reason a simple polishing jig was
made of stainless steel in which the specimen was waxed to the central
plunger and was held square to the polishing surface by the cylindrical
assembly. Though it was superseded by a polishing machine it was found
very useful for bringing the surfaces of a number of very small
specimens into a common plane,
3.2 LA hi

At first a series of immersion polishing etcheq were
attempted on 111 orientated substrates. As expected from the litera=-
ture the gallium rich face (111 or A face) rapidly formed etch pits
but even the arsenic rich face (T11 or B face) attained only an
unsatisfactory pelish,

It was therefore decided that if any useful polishing

technique ' was to be achieved a polishing machine should be constructed.
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A simple machine was made as shown in Fig. 5. A "Parvalux' f.h.p.
electric motor with a built in reduction gear drove directly a gold
plated brass polishing wheel. A sheet of glass plate was bonded to
the top of this wheel. A pulley drive was taken from the motor shaft
to a shaft bearing an eccentric pin. This pin moved in a slot on the
polishing arm and caused it to oscillate, By making the pulleys a
slightly different diameter it was ensured that the polishing head
and the wheel made a large number of individual cycles before repeating
their joint cycle of motion. This allowed even wear of the polishing
pad and even distribution of the etch solution, The pads obtained
were the 'Hyprocel Pellon' type from Messre., Engis Ltd. All shafts
were made of stainless steel, pulleys and bearings of brass. The
polishing top was made of formica topped plywood and an aluminium
cover encased the apparatus. A clamp was made to hold a short
burette for the etch solutions. The polishing table rotated about
60 r.po.imne.

Both sodium hypochlorite and bromine methanol polishes
were tried on the polishing machine, Initial tests showed that both
achieved reasonable polishes on the 777 face but caused some shallow
pitting on the 111 face, Sodium hypeochlorite was much faster than
the bromine when both were in concentrations recommended by the
relevant papt:x'sﬁ.!"f4 Because of the volatile nature of the bromine
etch_a much faster flow onto the surface was necessary. The recommended
pressure on the specimen, in excess of 200 gm_'cm-2 tended to cause
very rapid wear of the polishing disc.
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It was therefore decided to concentrate on polishing with
the sodium hypochlorite, To find if there was any optimum concen-
tration for polishing (below the concentration of the avajilable
solution) polishing rate was plotted against concentration as
shown in Fig. 6, In this experiment the sample face was 111 B
orientated semi-insulating gallium arsenide., A 50 gm weight was
added giving a load of 39.7 gm cn-z. The polishing solution was
applied at the rate of locmgmln-' by allowing a continuous stream
of drops to flow over the pad. The thinning of the specimen was
measured by micrometer. As the concentration decreased there was
an increased tendency for the typical arsenic black stain to appear
on the surface, Since there was no significant maximum etech rate
the highest concentration was used in subsequent work. The sodium
hypochlorite solution available was of nominally 15% available
chlorine eontent. This was,however, analysed by liberating iodine
from a potassium iodide solution and then determining the iodide
content by a standard thiosulphate titration technique, This showed
that the available chlorine content had dropped to about 1% presumably
due to long term storage.

Further work on improving the polishing technique showed
that it was not necessary to give the substrates anc initial mechanical
lapping or polishing stage. Theé specimens arrived as sawn from the

boat-grown crystal and it was sufficient to mo@int these at once on the
chemical polisher. Polishing was continued until all exposed scratch
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Fig. 6A
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marks had disappeared. It was found helpful to filter the polishing
solution immediately before use to prevent small crystals from causing
occasional fine scratching of the polished surface.

In attempts to polish the 111 A face without further pitting
the different concentrations above were tried. Pressore Increaseés

were algo tmead , up to 100 gm cm-z. These did not greatly

reduce the pitting formation, Pnckardﬂzuxgests that the increase
in polishing solution viscosity limits the etch rate in the surface
'valleys' by slowing the in-diffusion of reactant molecules and the
out-diffusion of etch products whilst the high points react quickly
with the etch, For this reason a variety of concentrations of
glycerol with the sodium hypochlorite solution were tried but none
of these improved the quality of the 111 A surface. Gallium arsenide
surface orientation of 100 later became available and gave results
similar to those for the 111 B face.
5.3 Su rat anin

The complete gallium arsenide substrate preparation prior
to insertion in the reactor was as follows. The sawn substrate
was fixed to a ceramic disc by bonding with 'dental' wax. Excess
wax was removed by washing in chloroform. The substrate was
chemically polished as described above until a smooth, highly
reflecting surface was achieved, It was then washed in de-ionised
water., The ceramic disc waswarmed to remove the specimen which was
again washed in chlorof orm, It was then rinsed in acetone and
washed thproughly in a stream of de-ionised water., Excess water

adhering to the surfaces was blown off with a jet of argon.
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Chloroform was used in preference to trichloroethylene because it

appeared to have

less non-volatile residue, In later experiments

the acetone and water stages were replaced by a simple refluxing

apparatus. In this apparatus substrates were washed in a stream

of fresily condensed isopropyl alcohol (Fig. 7). Ultrasonic cleaning

was not usually employed since it was found that thin specimens of

gallium arsenide would occasionally fracture, even when contained in

a soft polythene

beaker.,
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Chapter 4
tempted W r n

4.1 n al Experimen

Initial experiments were carried out as follows. Ten grammes
of gallium metal were placed on the alumina plate with the graphite
ring in position. This was loaded into the reactor, so that it
could be viewed through the optical window whilst also allowing a
line of sight to the graphite heater. In this way the nature of
the gallium surface, the temperature of the heater and of the crucible
could all be observed. The vial of arsenic trichloride was placed in
the glove box. It was opened and the contents transferred to the
dismantled gas saturating bottle with a micro-pipette, A p.tefse,
sleeve was fitted over the cone joint of the bottle which was then
assembled and held closed with spring clips. The empty vial and
micro-pipette were then sealed in a polythene jar which was trans—
ferred to a fume cupboard for future disposal,

The reactor was closed and flushed with high purity argon

38"l for several minutes. The argon was

gas (99,95% pure) at 10 cm
shut off and flow of hydrogen started and run for some minutes with

the heaters cold to allow complete flusing of the argon. The gallium
heater was then slowly raised in temperature with the cooling water
running. Surface tension was seen to form the gallium to an almost
spherical mass. When the heater surface reached an optically measured
temperature of 900°C the main hydrogen flow rate was adjusted to

10 en°8”'. . The heating tape on the gas saturator was taken to a
temperature of about 70°C, the glycerol bath with stirring motor to

56°C and a hydrogen flow through the arsenic trichloride was set at

3 l. /

1 em”s”
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1 cmss“'. After a few minutes a black deposit appeared on the

reactor walls around the gallium heater, This tended to obscure
vision of the gallium metal except through the optical window which
remained clesr. The system was left running like this for 50
minutes until an arsenic contamination test indicated a slight leak
at the gallium heater end of the reactor. It was immediately closed
down by bypassing the gas saturator and shutting down the heater
supply. The hydrogen gas was left flowing through the reactor

to aid the cooling process. The leak was traced to the slackening
of the reactor end bolts, It appeared that, as the end of the
reactor became warm, the graphitised clamp liner had 'bedded down'.
The nuts were further tightened and the reactor end carefully swabbed
with a dilute sodium hydroxide solution until the dutzeit test
indicated that all the arsenic had been removed.

The reactor was then run up again as before and left for
2% hours. At this point the cone joint of the empty Dreschel bottle
was forced apart by a build up of gas pressure. Again the reactor
was shut down and the trouble traced to the clogging of the sintered
glass frit on the inlet tube to the filled Dreschel bottle by a
gelatinous precipitate, presumably gallium hydroxide., The glass
frit end was therefore removed and further experiments were carried
out with the end of the down tube acting as the orifice which intro=-
duced the exhaust gas to the sodium hydroxide solution.

By this time the black deposit on the reactor walls had
built up into an opaque layer, A view of the gallium metal could
only be obtained through the still clear optical window. When at
900°C the surface of the metal appeared to have different temperature

regions./
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regions. This was thought to be due to the lowering of reflectivity
caused by the formation of the sought after 'skin' of gallium arsenic
alloy on the surface. Examination showed that a skin had in fact
partially covered the surface of the metal,

The system was once again run for one hour as before after
which the skin appeared to cover the whole surface. Slight
vibrations of the apparatus no longer caused movement of the gallium
surface indicating the formation of a solid skin. The reactor was
shut down, allowed to cool and then flushed out with argon. The
system was then considered ready for the first epitaxial run.

Two small pieces of 111 orientated 1 ohm-cm material (semi-
insulating material was not at that time available) were polished
on their B faces and cleaned as described in the section on substrate
preparation. They were inserted in the reactor, B faces uppermost,
one piece lying nearer the gallium/arsenic alloy source than the
other. The reactor system was then flushed with argon, the heating
tape stirrer and bath immersion heater energised. The hydrogen flow
was started, the main flow at 10 cnss" and the saturator at 1 cmss-'.
With the intention of producing a surface etch (to remove oxygen atoms
and other contaminants) the substrate heater was taken to 850°C and
the arsenic trichloride run at 1 per cent (glycerol bath at 65°C)
for 5 minutes., The arsenic trichloride was stopped and the heater
temperature reduced to 790°C. The gallium heater was then taken up
to 890°C and the arsenic trichloride started as before. The reactor
was allowed to run like this for 60 minutes before shutting it down,

The black deposit had by this time spread around the substrate heater
as /
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ag well but still left the optical windows uncontaminated. After
argon flushing the substrates were withdrawn from the reactor and
examined under the microscope. The piece which had been nearer
the gallium source showed a considerable number of triangular etch
pits, and obvious thinning in the neighbourhood of its edges. The
other piece showed much less etching, but had a large number of flat
bottomed triangular pits toaethor with a series of etched steps agross
the surface. (Fig. 8)., On both pieces there were a number of
rounded pits on the A face, especially near the edges, probably
indicating the diffusion of vapour phase reactants between substrate
and heater.

To find out if the initial intentional etch had caused the
heavy etching in this run a small piece of 1 ohm~-cm material was

chemically polished, weighed and inserted in the reactor. It was
given a 5§ minute vapour etch with the conditions of the first run

and welighed again, There again appeared slight etching on the back
surface (111A) and thinning at the edges and an etch rate of 13 micron
per minute was measured,

Another epltaxlai run was then attempted with conditions as
before but with no initial etching and only a 30 minute 'growth' period.
Subsequent examination of the substrate by weighing and microscopy
showed heavyetching at a rate of 7.8 microns per minute under

*growth' conditions,

4,2 Examination of etching rate to detect
the approach of growth conditions

Clearly the heavy etching which had taken place was a result
of the reversible deposition reaction proceeding in the 'wrong'

direction /
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direction due to incorrect conditions. In order that the correct
conditions be achieved it was thought useful to measure the etch
rate so that conditions could be brought about which would decrease

%egativé value thereby achieving growth conditions.

the etch rate to a
4,3 t G h _run

It was decided to carry out a series of runs in a systematic
manner, in an attempt at correlating beneficlial control parameters with
growth conditions (or the reduction in etching rate).

In all the following attempted growth experiments the above
techniques for flushing the system were used., Etch rates, where
indicated, were measured from weight loss assumed to come evenly
from the exposed surface only. The reactor walls and windows were
cleaned when any deposit appeared on the windows. Since growth was

obvlousl&?ﬁeing achieved a quartz boat coated with a thin layer
of graphite was used tohold the gallium, (The graphite coating was
formed by burnishing a dried layer of 'Aquadag' which had been painted
on the surface, The intention was to prevent the gallium from wetting
the quartz). It was intended to replace this if growth conditions
were achieved and purity was being sought. The following were the

principal variablesduring experiments @

5ty Varied from
Substrate temperature 650°C to 850°C
Source temperature 800 to 1,050°C
Substrate position All positions of the heater
Substrate orientation 111 A and 111 B sapphire
Flow rate 12cm35-' to 2cmss-‘
A.Cl3 partial pressure 15 Torr to O Torr
Time of run § minutes to 1 hour

In /
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In no case, however, was obvious growth achieved and in every
case some Torm of etch pit was found on the gallium arsenide substrate.
Sapphire substrates were also used and altough no highly crystalline
deposit was expected, they would have readily shown any form of
gallium arsenide which remained on their surfaces, They also had
the considerable advantage of not being etched under any of the reactor
conditions, thereby saving expensive and valuable semiconductor material.
(Crystalline growth of gallium arsenide on sapphire has been achieved

by Manasevit'3

and several others). In all but the earliest experi=-
ments the initial etching stage (where the gallium source is not
initially heated) was omitted.

After tﬁe reactor had been in use for some time two runs were
carried out in which a 111B polished gallium arsenide face was heated
in a stream of hydrogen only, positioreion the substrate heater, The
intention was to see if thermal etching was responsible for any of
the weight loss during runs, The temperature was 750°C and both
experiments were carried out for 15 minutes. In both cases there
appeared a few shallow flat bottomed triangular etch pits though no
weight loss could be detected.

Table 3 indicates the principle growth experiments with the
original system, During these the graphite heater for the gallium
source broke once and was replaced by a similar bromine purified
high density graphite heater. An additional 5 gm gallium metal was
added and 're-charged' with arsenic for 2 hours. The arsenic tri-

chloride was replenished once to maintain a sufficient depth within

the saturator to allow full saturation.,

In /
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In the indicated cases 'before and after' weight measurements
were carried out indicating the approximate etch rate. These,
together with the already noted second run and the vapour etch rate
experiment were plotted as a function of substrate temperature
(Fig. 9). This remarkably smooth curve indicates the close relation-
ship between etch conditions and substrate temperature, Attempts
at reducing the temperature below 700°C to see if the curve would
'cross the axis' into growth conditions, proved unsuccessful.

Light etching still occurred, though in an unpredictable
manner .

4.4 Modified Runs

To determine iIf there was any reduction in etch rate caused
by better positioning of the substrates in the neighbourhood of the
gallium source a piece 6f alumina plate was laid at one end of the
quartz boat in an area which had been previously shown to remain
out of contact with the gallium/arsenic source. Two plieces of
pﬁllshed 111 B gallium arsenic were laid on this plate, one some
5§ mm nearer the source. The heater was taken to 900°C to allow the
substrates to reach about 780°C, A flow rate of 11 cmss-' with
arsenic trichloride p.pe. 7.6 mm lig was maintained for 16 minutes,
Etch rates were 4.2 microns/minute and 8,0 microns/minute, the plece

having
nearer the galliun/ the slower etch rate.

It was considered at this stage that the arsenic and gallium
chloride components of the vapour phase were being '"stripped out'
leaving a high percentage of hydrogen chloride. The rapid convection

currents /
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currents inherent in the system were believed to be causing cooling
of vapour by prolonged contact with the cold reactor walls. For
this reason a thin sheet of mica was formed into a tunnel (largely
out of contact with the reactor walls) covering the gallium source
and a polished substrate in a similar arrangement of the system in
the previous experiment. This was run for 18 minutes under the above
conditions and the resultant substrate displayed an etch rate of
4.6 micron/minute. It was not possible to measure temperatures
accurately because the mica sheet rapidly became opaque with the dark
deposit. On subseguent examination of the gallium arsenide "skin"
there were found a large number of crystalline needles similar to
those reported by Barns and 3111342 suggesting a V.L.S, type growth.
In an attempt to locally simulate the usual furnace type of
epitaxial reactor a quartz tunnel, made from a 1 cm deep upturned
quartz boat with the ends removed, was placed over the source and
substrate. The substra;e was supported on a piece of graphite 3 mm
thick which tended to short circuil the heater and
thus locally reduce the temperature. Again it was not possible to
measure temperatures accurately but optical pyrometry showed the strip
heater to be about 900°C and the substrate support about 150°C lower.
The results of this run again showed that some etching was occurring.
The surface of the quartz tunnel bore a dark deposit on whose surface
there were a large number of shiny metallic droplets.
4.5 Analysis of reactor deposits

In order that a determination of deposited material could be

made, it was decided to carry out some microanalytical chemistry on

described /
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described above, The samples were analysed for their arsenic and
gallium content by colorimetric determinations of traces of metals
described by Sandellss.

To carry out these determinations it was necessary to com-
pletely dissolve the specimens. They were boiled in concentrated
nitric acid and the solution evaporated to dryness., To this was
added some 1M ammonia solution causing all gallium to be precipitated
as the hydroxide which was extracted by means of a centrifuge, the
arsenic remaining in solution. The gallium hydroxide precipitate
was dissolved in dilute nitric acid and made up to a noted final
volume. Some of this solution was then processed by a modification
to Sandell's method in which the gallium hydroxyquinolate, formed by
reacting the sample with oxine solution, was extracted with amylacetate
instead of chloroform, This produced a yellow colour whose intensity
was measured by means of a Perkin Elmer spectrophotometer at 395 milli-
miérons by comparison with a series of known concentration gallium
solutions including a 'blank'.

The arsenic solution was evaporated to dryness and the residue
dissolved in a known volume of dilute hydrochloric acid. To determine
the amount of arsenic a colorimetric technique was agailn used., An
arsenomolybdate complex, formed by reacting the arsenic solution with
ammonium molybdate, was reduced with hydrazine sulphate to form a
characteristic blue molybdenum colour, This was compared with a
number of known arsenic samples in the Perkin Elmer spectrophotometer,
Sandell gives the absorbency measurement wavelength for this test as
as 830 millimicrons. Unfortunately, the available spectrophotometer
measures only to a maximum wavelength of 750 millimicrons resulting in

a /
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a loss of sensitivity. The blue colour which is characteristic of
this test is not very stable, and when fresh specimens were made their
absorbency was plotted immediately. One volume of the wall sample
collected contained almost equal quantities of arsenic and gallium,
whereas one volume of the sample taken from the quartz tunnel con-
tained more than ten times as much gallium as arsenic.

4,6 G h ru - ti

With the intention of achieving at least some epitaxial gallium
arsenide the reactor tube was extensively modified as shown in Fig, 10,
As can be seen the substrate heater is held inverted over the gallium
source heater, Both graphite heaters were sawn along most of their
length and the current supplied from the split end. The gallium metal
was held in a small vitreous carbon crucible whose fairly high electrical
resistance (due to its thin base and the nature of the material) did
not appear to cause an important drop in temperature between heater
and gallium, This arrangement allowed the crucible to sit on just
one side of the heater (the hottest side), The substrate was held
in contact with the inverted heater by means of a graphite screw and
small pyrolitic graphite clip. In this way a very small area of the
substrate was masked thus allowing rapid, though not conclusive,
diagnosis of the presence of deposited material,

Though both heaters could be seen through one of the optical
windows (the lower heater through the slot in the upper) it was found
in practice that the window rapidly became obscured with deposited
material, For this reason a graph of thermocouple e.m,f. was plotted
against measured substrate heater current and this was found quite
reproducible, The sheathed thermocouple was clamped by means of the

pyrolitic /
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pyrolitic graphite clip, the junction in contact with the surface of
the heater. The leads emerged from the reactor through two small
holes in a 'Sindanio' spacer clamped between the brass end-piece and
the reactor buttress joint,. Hydrogen gas flowed through the reactor
and curves were plotted for different positions of the gallium source
Variac (80%, 90% and 100% of full voltage), This was found to have
very significant effect on the substrate temperature, especially at
low temperatures, Current was measured by means of a 20:1 current
transformer connected to an AVO meter and looped over one of the
conductors, The laboratory ambient temperature was measured with
another thermocouple in series with the first (both were of platinum/
13% platinum rhodium). Thermocouples e.m.f.'s (opposed) were
measured with a Solatron digital voltmeter,

Because of the high cost, gallium arsenide was not used as a
substrate whilst growth conditions were being sought. Small sapphire
substrates, chemically polished in boiling orthophosphoric acid, were
chosen at first because any non-transparent deposit could readily be
seen, The procedure during each run was as follows : the system was
flushed with hydrogen for 10 minutes and then the substrate heater run
up to the required temperature; the gallium heater was then taken up
to its maximum temperature and the arsenic trichloride flow started,

A series of ten runs was done in this manner in which the temperature
of the substrate was decreased from 740°C to 450°C, In most cases
there was very little or no deposit. The concentration was kept as
1 part arsenic trichloride in 100 parts of hydrogen with a total flow
of l!-cmss-'. At temperatures around 600°C there appeared a few

metallic /
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metallic droplets on the sapphire substrate, These were partially
covered with a faceted '"skin' suggesting a type of v.l.s8. growth.
At slightly lower temperatures than this, and also in areas of the
heater known to be cooler than the substrate area, there appeared
extensive needle growth. Many of these needles were more than 10 mm
long after a 30 minute run and most appeared to nucleate from a
gallium droplet (either on the heater or trapped within the dense
needle lattice). The temperatures at which very thin deposits over
the substrate were occasionally seen were noted and germanium was then
employed as the substrate,

Germanium was chosen here because epitaxial growth of gallium

arsenide has been reported on this substrate, Amick59 has described

the single crystal growth of gallium arsenide opgermanium and Melraneo
has analysed the degree of crystallinity obtained by means of reflection
x-ray topography. It seems more probable that initial nucleation
will take place on the diamond lattice structure of germanium than
on the hexagonal lattice of sapphire. Germanium has been seen to
etch much less quickly in hydrogen chloride gas than gallium arsenide
and so was useful for these exploratory runs.

A slice of 111 orientated germanium was divided into a number
of small pieces and chemically polished in CPF=-4 etch solution =
nitric acid, hydrofluoric acid, glacial acetic acid and bromine.
Again runs were made starting at a substrate temperature of 670°C
and decreasing in small steps to 460°C and then back to the 'heaviest'
growth conditions at around 560°C, Several runs were carried out

with small temperature differences, time variations and flow changes.

Some runs were carried out at higher substrate temperature of 760°C,
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Film thicknesses were measured by 5° angle lapping (using successive
diamond polishing grit down to 1/4 micron) in conjunction with micro-
scope interferometry or by geometrical bevel length measurement,
The gallium temperature was the maximum achievable of 900°C, Several
layers of gallium arsenide were deposited, the thickest being 40
microns. Other were seen as small faceted plateaus around deposited
gallium droplets,

No electron diffraction work was done on the deposited layers,
It was expected that epitaxy, had it occurred, would have been
detected by noting any aligned defects, such as stacking faults. For

34

this purpose a selective etch, 1:HF, S:HNOS, 4:H,0, 1%AgN03 (Williams )

was used,

A few unreproducible layers were deposited in which there
were areas of orientated defects indicating aligned single crystal
layers, though of poor quality. These occurred at temperatures just
below those at which growth decreased to zero. The germanium sub-
strates were then replaced by gallium arsenide and again, on a few
occasions, small regions of epitaxy were observed.,

Despite this limited success it was decided to terminate the
experiments since the reactor design was considered to be too
restricting for good growth control. That growth had been achieved in a
cold-walled system promised that a future reactor working on the same
principal but with a more flexible design, may yet obtain ultra high

purity epitaxial gallium arsenide films,



Isolated deposits of GaAs on.Ge

%450

Faceted grawths of GaAs originating
from Ga droplets on Ge, x 100

|
|Light chemical
Istain,

Ge substrate GaAs bevel GeAs surface

Tgick layer of GaAs on Ge
5 bevel lapped surface x100




57.

Chapter §
Chemical a ns
5.1 Reported Reactions

The chemical reactions which occur in the formation of gallium
arsenide are of great significance to the crystalline and electrical
properties of the material produced. In particular, as Sha\?"ﬁis
shown, the gallium to arsenic ratio of the reactants arriving at the
substrate have considerable effect on the electrical properties of
the film.

The initial reaction is the reduction of the arsenic tri-

chloride which all authors agree is: Alﬁ. °x = 46.8 k cal/mole

@)

» 12 HC1 + As = - 46,2 k cal/mole

4AaCls * 6112 4 AF

1000° K
Eddolsso and others allow saturation of the gallium metal with arsenic
to occur before growth runs are started,. This saturation occurs at

2.25% atomic weight of arsenic after which the skin of gallium arsenide

29).

appears on the surface (Hall This reaction may be represented by

4Ga + xAs4

Before this occurs no arsenic appears at the exhaust end of the

> 4GaAsx (x<1)

reactor but gallium is transported as a lower chloride. The actual
transport of gallium during growth therefore begins with a reaction
between gallium arsenide and the incoming gases.
w1111am334 gives the reaction with the gallium arsenide

skin as :

4GaAs + 4HC1 = 4GaCl + As, + 2H, eee (2)
The deposition of the gallium arsenide at the substrate is given by
w1111am334£dd01;c§nd others, as @

6GaCl + As, == 4GaAs + 2GaCil, eee (3)

with /
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with the gallium trichloride condensing (below 201°C) or crystallising
(below 78°C) in the exhaust system beyond the furnace. luegelz‘ in
his analysis of the gallium arsenide/chlorine system shows this reaction
takes place reveislhly between 640“0 and 980°C,

Taylo#‘. however, sees the reactions dirferontly; He does not
attempt to form a gallium skin before growth but claims that rate of
formation and transport of cﬂldride ie constant throughout the runs,

both during and after saturat1on of the gallium with arsenic. Vapour

transport is by gallium monochloride as before @

2Asct3 + 8i, > 6HC1 + ’5As4 vi s 14)
6HC1 + 5Ca. > Ga012 + 4GaCt + 3H2 ase (8)
GaCt, + 14H2 » GaCl + HCi s 8

At the substrate, héwever, a disproportionation reaction takes place 3
5GaCi > 230&012 + 2%Ga iy LT}
5Ga + As, > 4GaAs + Ga o |t

An analysis of the exhaust products from his reactor showed
that the condensed liquid formed was gallium dichloride and that
metallic gallium also formed (in amounts dependent on the growth rate
of gallium arsenide on the substrate). Joyce and Mullig' show that
droplets of gallium on the gallium arsenide surface (causing small
growth pyramids) may result if a gallium source is used which is only
partially covered with the gallium arsenide skin,

Since the vapour pressure of gallium metal at 800°C is very
low (less than 0,001 Torr) it may be assumed that there will be no
significiant transfer of gallium in its elemental form. Any gallium
which appears in elemental form at the exhaust end of the reactor must
therefore result from a reaction at the surface where it appears,

presumably reaction (7).
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Taylor also shows that hydrogen is not necessary as a carrier
gas; he has also used argon for this purpose. It produced epitaxial
layers at similar growth rates but at substrate temperatures some 50°C
lower than in the hydrogen transport system and only gallium dichloride
condensed at the exhaust region, Zuegel's conclusions that gallium
trichloride is the only gallium compounoformed when gallium arsenide is
deposited is proved only for his system of chlorine, gallium and gallium
arsenide, It does seem probable, however, that Taylor's argon trans-
port system has similar conditions to those which Zuegel suggests and
does not involve disproportionation of gallium monochloride inteo
gallium dichloride and gallium. The gallium dichloride found at
the exhaust end of Taylor's argon system may, therefore, be due to
other reactions taking place at low temperatures. It is therefore
also possible that these reactions (producing the dichloride and
gallium) take place in his hydrogen transport system in the cooler
regions and not at the substrate, Any exce5s gallium appearing on
the substrate may be due to a relative deficiency of arsenic
$.2 Probable deposition reactions

From the above conflicting results and conclusions there
appear two possibilities as to the nature of the deposition reaction,
The first is that, if it is believed that gallium monochloride is the
only vapour phase gallium compound existing at deposition temperature,
then the deposition reaction will most likely be the etching reaction
(2) in reverse:

4CacCl + 2H, + A8, 4CaAs + 4HC1

2 B
The direction in which this reaction proceeds is therefore dependent

on temperature and relative proportions of reactants. The second

possibility would occur if, due to the presence of hydrogen chloride,
other /
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other gallium chlorides did exist in the vapour phase at the
deposition temperatures, Until a thorough study of the hydrogen
chloride, gallium, hydrogen and gallium arsenide system is made,
no conclusive proof of this yet exists, The presence of droplets
of gallium on the substrate could, however, suggest some sort of
disproportionation reaction, The most likely possibility is that
all the reactions suggested by the various authors do occur at
some combinations of conditions and perhaps as intermediate steps
in an overall reaction,
5.3 The effect t substrate on th

Most reported reactors seem to suffer from an accumulation
of material on the hot reactor walls (Joyce and Mulllgl, Eddol‘;’0
et al) thus causing a depletion of materials in the vapour phase
and hence uncertainty regarding concentrations within the reactor.
Shawez, who does not allow arsenic to come in contact with the
gallium source, uses precise adjustment of his reactor system to
grow gallium arsenide selectivély in holes in a silica mask, At
optimum conditions he reports no deposit on the mask or on the
reactor walls, This indicates that the gallium arsenide substrate
itself has some catalytic effect on the chemistry of the deposition
reaction,

The different growth rates which result from the use of
different substrate orientations indicates that not only the
surface but the surface polarity must significantly affect the
deposition reaction rate, - Barber and Heaseli3 have described a

model of a general III-V compound single crystal and shown how this

model /
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model applies to the different growth (and etch) rates observed
between thel111A and B faces, The A faces (group III atoms) are
shown to be more 'noble' or less chemically reactive than the B
faces (group V atoms). In addition the A faces are more disordered
than the B faces due to a higher degree of bonding strain. Shaé'
relates the relative polarity of different planes to his experi-
mentally observed growth rates and shows a good degree of agreement
between them,
5.4 Vapour etching

Vapour etching in the system is also an important reaction.
As has been seen it probably occurs at the gallium arsenide skin
according to reaction (2) in most systems. It may also occur
however, with arsenic trichloride only, as has been shown by Taylo?'
in his argon transport system., The arsenic trichloride is dis-
sociated at the etching temperatures and it is assumed that the
chlorine constituent is responsible for the etching reaction.
Taylor reports that the arsenic trichloride vapour tends to pit
the 111 A surface but produces smooth 111 B surfaces. The experi-
mental work in this report shows that in vapour phase etching,
where hydrogen chloride is the principal or only etchant, both
surfaces may well ve attacked rapidly in a manner which produces
pitting. Careful control of the initial substrate etching stage
is thus very necessary since the quality of the final film will
depend on the quality of the substrate surface.

The vapour phase etching reported in the experimental

section which occurred when the substrate was heated in the reactor

in /
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in a hydrogen atmosphere was at first considered to be due to the
evaporation of residual chloride from the surface of the heaters.
There is, however, a possibility of thermal etching of gallium
arsenide at high temperatures in which arsenic dissociates from
the surface and volatilises, Thurnonds4 gives the equilibrium
vapour pressure of arsenic over gallium arsenide at 750°C to be

about 10™° atmosphere. Using the Langmuir equations @

=1 .~1
M gm cm S P = vapour pressure. Torr
W & Beeeh Do M = molecular weight
T = absolute temperature °K
W = rate ogzev?poration
gms cm S
W

RSch rage density of GaAs

o Oe8 micron per hour.
This is the thermal etch rate of gallium arsenide at 750°C assuming
that atomic arsenic leaves the surface. It also assumes that no
arsenic returns to the surface, a fact that is only valid in high
vacuum conditions, The actual etch rate will be therefore somewhat
less than this over the whole surface, In small areas, however,
especially if etch pits form, arsenic atoms may not readily return
to the area from which they came, and this rate may be approached,
Although it is extremely difficult to measure such slow etch rates
it is considered that the small flat etch pits observed in this

experiment: were due to this thermal etching.
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Chapter 6

Growth and hing in the rea
6.1 Convection oblem

The experimental section has shown that there was only poor
growth of gallium arsenide in the reactor. The specialised excep-
tion, the needle crystals formed at law temperatures, will be
considered later. : 5F chagter P

Bearing in mind the chemical conslderatlons/l;-is
necessary to examine growth difficulty b_\j]nvesl"sex\'.\lj the cavse of efchina
condtkmsmhe extremely rapid etching which usually occurred was
found to vary mainly with substrate temperature, AS was mentioned
in the experimental section it was considered that arsenic and
gallium compounds were being 'stripped out' of the vapour phase due
to condensation caused by prolonged contact with the cooled reactor
walls, This was clearly visible as a run was started with a clean
reactor tube. After some ten minutes the whole tube became opaque
with deposited material. The only vapour phase reactants in the
system at low temperatures were hydrogen and hydrogen chloride,

Thus a very high proportion of hydrogen chloride was present at the
heated substrate where it could cause the etching reaction
(equation 2),

An accurate picture of the flow conditions within the reactor
was considered to be unobtainable since convection was obviously
responsible for the predominant flow patterns. See Fig. 10A. In
order that some idea of relative gas velocities within the reactor
could be obtained a simple arithmetdcal model was conceived as

follows : /
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follows :

To find the maximum velocity of a convection produced gas flow in

the
a)
b)

c)

d)
e)

reactor assume
that purely buoyancy forces act on small volume V cc of the gas,

! is achieved after

that the maximum velocity of the gas V ecm S
it has uniformly accel_erated through a distance of 2 cm from
the heater surface to the cold reactor walls,

that the initial gas velocity, 1.e. the gas velocity at the
heater surface is O cm S ',

that the temperature of the gas at the heater surface is 1073°K
that the temperature of the cooled gas is 373°K

that the vapour density is inversely proportional to its

temperature
v = veloecity of gas, cm S-' V = volume of gas under
consideration, cm
Tc = temperature of cooled TB = temperature of hot gas, °K
gas, °K '

g = gravitational constant 981 cm S"2

= densltg of cooled gas, = density of hot gas, gm cm-s
¢ gm cm- H

v2 = 2 X accel, x distance

upthrust on gas
i mass of volumeV X distance

(weight of gas displaced at T =wt. of gas)g
(displaced at T J
weight of hot gas

=2 x 2V(/? =0 )s
c el \l
I8 v T
/ \ FI6 10R
{@m@;\ esere,

- 4 8 o g \\\DJG//U,/ AT TERNS,

= 2 x distance x

z

CROSs SECT
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. ey 1

. » V-’_’-Se cm o

The velocity along the axis of the tube is, at a flow rate of

i1 ono8
11

cross sectional area of the tube

1

= _ 0.,55cm 8

Though this calculation is based on a very loose model it
does tend to indicate that convection velocities produced by the
very steep thermal gradients present in the reactor were consider-
ably greater than the axial reactor flow velocities. The vapour
phase reactants were, therefore, in prolonged contact with the
cooled walls before they reached the substrate., All the pmsible
gallium compounds and the arsenic were no longer in the vapour
phase at the temperature of the reactor walls, it is, therefore,
clear that the predominant vapour phase reactant at the substrate
surfacewas hydrogen chloride.

The chemical microanalysis on the cold wall samples indi-
cated that approximately even amounts of arsenic and gallium were
being condensed there., In the quartz tunnel experiment the much
higher proportion of gallium to arsenic found on the tunnel was
not necessarily an indication of the constituents in the vapour
phase at that region, It is believed that the surface temperature
at this point would have been above the temperature at which arsenic
sublimes and hence, unless combination to gallium arsenide had
taken place, most of the arsenic would not have remained on this

surface.,

In /



In an attempt to prevent etching conditions occurring the
re—arrangement of electrodes in the second series of runs was made,
Though this system was less flexible (making temperature measure-
ment and substrate positioning more difficult) it appeared that it
might reduce some of the reactant loss from the vapour phase, The
etching rate in this system was clearly less than in the previous
one, to the extent that at low tempenturés deposition took place,
Unfortunately at these temperatures there is too low a surface
mobility of the nucleation centres to allow good epitaxy. Waltog7
shows that the threshold temperature for epitaxy is, for a
particular substrate surface and deposition material, proportional
to the reciprocal of the logarithm of the rate at which material
arrives at the surface. Hence low rates of material arrival at
the surface give rise to high epitaxial threshold temperatures.

It is believed that the even greater temperature gradients caused
by re-positioning of the heaters caused considerable convection
currentswhich affected the narrow region between substrate and
heater, A high proportion of the reactants must again have been
rapidly condensed on the reactor walls., In fact, the build wup of
compounds on the walls was seen to be very rapid, although of

cour se moie localised than with the original heater arramement,
6.2 Va Ligu Solid Growth

The small growth pyramids observed on the germanium sub=
strates are believed to be formed when a droplet of gallium is
present on the surface. When the gallium solution becomes super-
saturated with arsenic from the vapour phase, crystal growth

occurs. /
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occurs., The resulting growths usually had a triangular cross
section such as observed by Barns and Elllgz who suggest that
this represents growth in the 111 direction. An important
feature of this type of growth is that it occurs very rapidly
since the vapour etching at the growth interface is prohibited,
thus allowing growth in conditions where there is clearly a great
excess of hydrogen chloride, The exposed gallium arsenide plateau
produced is presumably etched by the hydrogen chloride vapour and
so does not extend appreciably. The actual formation of such
pyramids is therefore complex in analysis since it depends on
growth orientation, relative surface areasg of facets and growth
faces and relative proportions of reactants.

From the point of view of this report, however, an equally
significant consideration is to determine how the gallium droplet
arrived at the surface., Clearly the germanium substrate cannot
supply ‘the gallium in the manner Joyce and Mullig& suggest is
possible for gallium rich gallium arsenide, There are two
distinct possibilities. The first is that the gallium arsenide
skin on the gallium source may rupture at high temperatures and
cause small droplets of the liquid gallium to be thrown upwards
from the surface. At room temperatures the gallium arsenide skin
is clearly under some stress some minutes after removal from the
reactor. That this happens at high temperatures, and with
sufficient violence to cause droplets to be ejected from the surface
seems very unlikely. A possible explanation is that at these
relatively low temperatures some form of disproportionation reaction

is /



is occurring, either

36aC1 & 262 + GacCig Joyce & Mullin®!

or 2GacCl = Ga012 + Ga 'l'aylor“
Most probably, the reduction of the monochloride with hydrogen

occurs 2Ga cl + H,== 2Ga + 2HC1

2
With this arrangement of heaters a relative arsenic deficiency in
the vapour phase was quite probable since arsenic trichloride may
have reacted with the hydrogen at all the heater surfaces and by
convection and cooling the arsenic vapour condensed on the walls.
The gallium monochloride is, on the other hand, confined at first
to the space betiwesn source and substrate before meeting the cooled
walls, Thus a deficiency of arsenic would occur allowing the
gallium disproportionation and v.l.8. growth to take place at the
substrate,

3 Needle Growth

The extensive needle growth which occurred on large regions
of the substrate and on the substrate heater were not thought to
have resulted from a similar mechanism, The conditions which
give rise to the lengths of these needles and the low temperatures
at which they must have formed are not so readily explained. In
such a cooled wall reactor it seems probable that therewere very
steep thermal gradients in the vapour around the heaters, The
needles always grew from the substrate heater and always downwards
towards the gallium source and seeméd to grow over a very limited
heater temperature range. From this it is deduced that either the
growth of these needles is not very temperature sensitive = in which

case /



case the effect of substrate heater temperature on growth must have
been on the production of growth controlling vapour flow patterns;
or iso-thermals, due to the thermal conduction of the needles or an
isothermal reglon between the heaters, were maintaining the necessary
growth temperatures,

High power optical microscopy showed these needles to have
an almost round cross section with no metallic droplet at thelir tips
and chemieal microanalysis showed them to be gallium arsenide. The
growti of such whisker crystals is not yet fully understood but
Cabrera and Colemag5 suggest a migration of arriving atoms from the
sides of the whisker to the tip. The whiskersobserved in the quartz
tunnel experiment, growing from the gallium surface, were quite
different. In this case they appeared exactly like those photographed
by Barns and 8111;?'that is, flat blades with triangular ends
tipped by small metallic droplets. The difference here, however,
is that Barns and 311132 produced short crystals of varying cross
section and random shape with gallium and only achieved the flat

ribbon whiskers when gold or some other metals were used as solvents,



70.

Conclusion Chapter 7

The most important unanswered question in the technology of
epitaxial gallium arsenide is whether electrically active impurities
or crystalline structural defects are imposing the upper limit on
thé electrical quality. Unless the actual impurity atoms or @erects
can be identified and related to the electrical properties of the

material this question will remain ynanswered.

Analysis and correlation of the published literature
indicates that there exists at the present time an insufficient
amount of knowledge concerning the chemistry of the vapour phase
deposition of epitaxial gallium arsenide, The fact that the
proportions of the constituents arriving at the substrate havean
effect on the electrical properties of the layers produced in
that a more intensive study of the deposition reactions is
necessary.

There is evidence to show that the presence of quartz in the
epitagial reactor may be ‘a source of impurities and it is singled
out by many authu & as the most probable cause of contamination.

The reactor described in this report was designed with the intention
of eliminating all heated quartz surfaces, with the hope of achiev=-
ing an epitaxial layer of gallium arsenide whose electrical
properties would surpass those obtained in the more conventional
epitaxial reactors.

No high quality layer waa-obtained; condensation of the
reactants on the cold reactor walls causing reactant depletion in

the /
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the vapour phase and consequent etching by the remaining hydrogen
chloride is blamed for this lack of success. The case against
the use of quartz therefore remains unproved., A reactor which
makes use of high temperature materials other than quartz, such
as high purity graphite and perhaps alumlna; and has independent
control of the reactants arriving at the substrate, may still
achieve better performance than those obtained by the epitaxial
reactors used at present. Certain features of such a reactor
are worth consideration, The replacement of the gallium/gallium
arsenide source by the use of gallium trichloride may be of some
advantage in maintaining constant gallium partial pressures
during a growth run, The probleys of diminishing surface areas
and possible gallium arsenide skin rupture would be reduced.

The use of a gallium source which is not permitted to come into
contact with arsenic vapour, or the use of bulk crystalline gallium
arsenide source is also worth consideration. Since elemental
arsenic is available with high purity it may be an improvement

if sublimed arsenic in a hydrogen carrier gas were employed
thereby reducing the amount of hydrogen chloride present in the
reactor.,

If a cold wall system were to be employed again some
study of the flow patterns and their modification would require
study by techniques such as those of Schlieren. Convection
induced vapour transport might be put to advantage in permitting
an efficient and fast growth. The considerable lack of control
of vacuum system and 're-growth from the melt' techniques suggest
that these will not be useful for microwave gallium arsenide

devices.
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AFPPENDIX

A number of experiments was set up in order to analyse
the electrical properties of the abticipated epitaxial layers,
A.1  Ohmic contacts

Ohmic contacts, whilst not difficult to produce with low
resistivity material, present considerable problems when the
material has a resistivity of about 0.5 ohm cm: and upwards.
Since it was intended to produce high resistivity layers some
different types of ohmic contacts were tried, A number of con=-
tacts were bonded to the periphery of a 3 ohm- e¢m substrate.,
The nature of the contacts was ascertained by measuring the
voltage/resistance characteristics between a pair of the contacts
and by measuring the photovoltage produced when one contact was
illuminated strongiy by a microscope lamp with the other shielded
from the light. A simple apparatus was constructed for the
'Vén der Pau%ﬁdtype meaéurement and was also used for this purpose
(Fig. 13). Ohmic contacts to semiconducting materials are usually
formed by heating deposited metallic contacts on the surface of
the semiconductor such that they alloy with the semiconductor.
After deposition the contacts were heated until the photovoltage
was reduced to zero. The samples were nominally 3 ohm cm 111
orientated substrates with contacts applied to the chemically
polished B face, Substrates were washed in isopropyl alcohol in
the re-fluxing apparatus prior to deposition. Evaporated contacts
were applied by evaporation at ‘0-6 Torr in an o0il diffusion pumped
vacuum system with the substrate held at a temperature of 100°C,

The /
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The evaporated layer was then masked with photo-resist and exposed
to give a pattern of contacts round the periphery of the subhstrate.
The resist was developed and the exposed layer was etched with
dilute nitric acid leaving the contacts. After deposition thé
contacts were heated in high purity argon gas for ten minutes at a
gseries of temperatures starting from 200°C and increasing by 20°C
increments until the photovoltage had dropped to zero (<0.05mV).
Tin and indium spheres, approximately % mm in diameter were laid

on the cleaned surface prior to heating.

Material Leposition Temperature Resistance
Techinigue for zero between
photo voltage  contacts
Tin Laid on surface 320°C Very high
spheres resistance
Tin Laid on the surface with 340°C Very high
spheres stannous chloride in resistance

acetone flux

Indium z 4 E oo Approx. 2000

spheres go dadie ohms between
contacts

Silver Evaporated 450°C 30K (see

curve, Fig.
12) .

Tin ~ Evaporated Did not
wet surface
properly.

Though all but the evaporated tin contacts bonded well mechanically
they gave very high resistance values. This is thoﬁght to be due
to surface contamination prior to deposition. The argon gas was
not dried when used and the tin and indium may have had thin

oxide coatings. The substrate preparation may also have been at
fault. None of these contacts would have been suitable for

devices /
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devices. For the Van der Pauw resistivity and Hall mobility
measurements. however, the high resistance and even any rectifying
effects of the contacts are of no importance. The indium con=-
tacts therefore, because of their low resistance, and especially
their low bonding temperature appear the most useful for electrical
evaluation of the layers produced.
A2, v ] a b

To make a determination of impurity levels a series of
resistivity measurements is usually made at a wide range of
temperatures, Though very low temperatures were not available
in the laboratory a variety of melting organic solvents provided
low temperature baths. These frozen solvents were prepared by

freezing in liquid air, The measurement temperatures were as

follows :
293°K Room temperature
250.1°K Melting carbon tetrachloride
209,.5°% Melting chlofoform
186 .6°K Melting trichlorethylene
178.,0°K Melting acetone
156 .0°K Melting diethyl ether

Liquid air itself was not used as a temperature bath since its
boiling point drops in temperature as the nitrogen component
boils off more rapidly than the oxygen component.

Resistivity measurements by the Van der Pauw technique
were carried out successfully at all these temperatures, the
substrate speimen being attached to an 'S.R.B.F.' rod which was

immersed /
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FIG, 12 FIG 12y

RESITIVITY 4 MOoBILITY
MEASUREMENT

For ohmic contact resistance measurement one contact is connected
to terminals B and C and the other to terminals A and D with sw‘

at position X (Fig. 12a), For different settings of R, (which

2

varies the current flow) the resistance substitution box R‘ is

ad justed such that V measured by a digital voltmeter is the same

for both positions of SW The resistance between the ohmic

2.

contacts is the value of Rl and the voltage across the contacts

is given by V. sws is changed over and the readings repeated,

For Van der Fauw measurement terminals A, B, C, D are connected

to four peripheral contacts on the specimen, (Fig. 12b), With
v
(i.e, the value =B s

SW, in position X, the value for R I
AB

1
measured, /

AB ,CD



measured, as above, for both directions of SW3 and similarly the

value of RBC,AD with sw‘ in position Z.)

Hall measurements are made by switching sw‘ to position Y.
RBD AC is measured with and without a magnetic field applied across
ER i

the specimen,

Fls. 13 Cﬁﬂt,



75.

immersed in the melting solvent. The temperature range was not,
however, sufficiently extended into the low temperature regions

to make any useful assessment of impurity levels but mechanical

strength of the contacts appeared to be stable throughout the
temperature range.

Hall mobility measurements were carried out at room
temperature with a los Gauss magnetic field using the Van der Pauw
technique. The magnitude of the mobility and the conductivity
type were both found to be as stated by the crystal suppliers.

The three point probe method for measuring resistivity
was found to be satisfactory. The circuit employed was as

follows :

g%+

n
12 .5K0 Gonilpr o

A.,C.,Mains ohes necilloscope

Variac H,V.,Diode

3 Point Probe Resistivity Measurement

Fiﬂ. I3A
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The outside probes were made of springy brass strips and
the central probe was made from a sharpened tungsten wire. The
system was calibrated for known samples of gallium arsenide by
increasing the voltage from the variac until the oscilloscope
trace just started to 'turn over', The variac setting ng}zﬂpg’
was then noted and related to the semiconductor's resistivity.

Though this method is basically non-destructive it was
found that, if breakdown occurred, a sufficient current passed to
damige a small area around the probe. It would be quite practical
to make a pulsed circuit in which voltage is applied for only a
very short duty cycle thereby allowing sufficient time for

destructive heat to dissipate.
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A3. Carrier concentration

In order to measure carrier concentration an evaporated
layer of tin was deposited in a vacuum system onto a substrate

already bearing ohmic contacts. The new tin layer was etched

into a number of small areas as for the ohmic contacts. A graph
of voltage versus capacitance for this reverse biassed Schottky
junction was made by measuring the capacitance change for voltages
up to 5 Vs For this purpose a 10 KHz signal at a few mV was
passed through the diode, amplified by means of a tuned amplifier,
detected by means of a diode bridge and capacitor and measured
with a digital voltmeter. The biassing voltage was applied with
a 10=turn potentiometer. This system was calibrated with a
number of capacitors of known value.,

i‘ From the results of this experiment it was clear that
surface contamination in some form must have been present presumably
due to inadequate cleaning or vacuum deposition techniques. In
order to obtain a different system for carrier concentration
measurement which does not rely so much on extremely careful sub-
strate preparation a 'space charge varactor' diode was investi-
gated, This is a metal=insulator-semiconductor device in which

a change of capacitance can be caused, as in the Schottky diode,

by increasing the size of the junction depletion region by means

of an applied electric field. (Fig. 14)
A/
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A simplified mathematical analysis of this device for

carrier concentration measurement is as follows.

app

O 06 O < | =<

. F'L‘A METAL CONTACT =_L. -

0. INSULATOR —

S =

® 1 ; SDEPLETION REGION =15
x X .1 ety

D, SEMICONDUC TOR

z

=

e U S
——T— OMMIC CONTACT

CARRIER COMNCENTRA TION MEASUREME NT

FIG 4

units in m.,kes.a. units.

Thickness of semiconductor

Thickness of dielectric

Depletion width

Area of diode = area of '"plates'

Relative permittivity of semiconductor

Relative permittivity of dielectric
Fermittivity of free space
carrier concentration (assuming carriers are all
ionised at measurement temperature and one type
predominates)

Applied voltage

Voltage across depletion region

Voltage across dielectric

Charge on plates

Capacitance of capacitor 1
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C, = Capacitance of capacitor 2

e = Electron charge

x = Distance from semiconductor surface to a point in the
depletion region.

V‘ = Voltage at X.

e € _Ae e A

¢.C
c‘ + cz e cIA + & ciA
w 02
e €6, A
s i C» e D_+ e W

12 2 eee (1)

providing 0 SW € n'. and assuming no fringing fields

Now V = %
4 e g,e8, AW
Y. = Q sndlicm wolinie 012

=V C s V
1 Ac‘co app Ac‘EO app (c'D2 + ezw)Ac‘co

(substituting (1) for C where V, = voltage at x)

eb
Vapp = V'(‘ + :l‘ﬁg') ess (2)

Now assuming a potential gradient in the depletion region only in

the direction x we have, by Poisson's equation :

2
d V= -chapge carrier concentration
dxz permittivity
. dzv - —20 (negative signs of electron charge and
dxi €0%1 Poisson's equation cancelling)
o’ %! = 2% , constant
X EOC‘

when x = W, %¥ = 0

e/
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o1
o w2
-tgt—l-!ix = x} 9—-—;—
W 1
2
en (2) vy, - SR, LG gar
app €, €y e,%,
e € €A
from (1) C =
.IDZ+¢2W

e e A - Ce D

o Bl Ve Jeh SRS b )

szc
O
when depletion layer W = O let C = Co s'e A= :2:2
o 2
e & € CQDZ - Ce b
°©1 2% % 172 D, (C = C)
.WI 92 - = ]LL 0.0(3)
. o c(: ‘c
2 2
2.3 ol 2 .
ey - enc‘Dz (LD c) i sl%& ‘3?
app Ze‘c 32 02 ‘2 cID2 (co . )
o 2
eD2 € C C =1
kg | 1 230 82 c c
2

Thus charge carrier concentration n is a function of V‘pp, C, Co’
the thickness of the dielectric layer, relative permittivity of
the semiconductor and of the dielectric,

If VC is plotted on a Y-axis and C-‘ on an x-axis the carrier

concentration is given by @

2
- 2g €&- (Y=-axis intercept)
— .
ech C
s 3

To /
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To find the sensitivity of such a measurement in a particular
sample of 1 ohm cm uncompensated n-type gallium arsenide
(n = 10'5 carriers per cm.s) using K.T.F+R« photoresist as the
dielectric (see following section) the calculation is as follows &
Assume a resist layer thickness of 0,2 microns and a metal contact
area of 0.5 mn2. The breakdown voltage of the resist is given as
72 volts per micron, The 0.2 micron layer will therefore breakdown
at about 14 volts so a maximum applied voltage of Va ; 10V will

pp
be considered.

Ag_¢e
—_—t0
For Vapp = OV C = Co = 02
Now for vapp = 10V
1 +4YV -1
C =¢C et Where K = ——2—}—
o 2V 2g &
—2Pp 2
K
-K-s 13.3

C = 13,3 pF
There is therefore a quite useable capacitance change (approx.
400%) for an increase in applied voltag%j@% 10 volts.
In order that this theory might be of some practical use

it was decided to form a metal/dielectric/semiconductor diode.

| It is possible to deposit a layer of silica on gallium
arsenide by the decomposition of various volatile silicon
compounds (Shawsz). These methods, heever, usually involve
high temperatures and this was considered as unsuitable for

measurements on high purity materials because of the possibility

of /
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of contamination. The technology of photo-resist has now
reached an advanced state of development and very thin layers
may be evenly deposited having (for Kodak Thin Film Resist) a
dielectric constant of approximately 2.5 and a breakdown voltage
of some 5 Xx IO4 cmfl.

Thus such a film was deposited on a piece of gallium
arsenide bearing an ohmic contact on the back. Photo-resist
deposition was as follows. The substrate was heated at 100°C
for a half hour to dry it. K.T.F.R. was chosen as it is a
negative resist, that is, it becomes polymerised and passive on
exposure to U.V.Light. A mixture of 1 part resist plus 1.5
part thinners was applied to the substrate which was spun at
1,800 r.p.m, for 60 seconds. It was then dried for § minutes
and baked at 80°C for 20 minutes. After exposure to a U,V, lamp
for 60 seconds it was post=baked for 30 minutes at 350°C, This
producedjVery stable and even resist layer of 0.2 microns thickness.

A metal contact was made by inserting a fine piece of gold
wire into a hypodermic needle,: the tapered point of which had been
removed. The needle end was then ground flat and dipped in clean
mMErcurys. A small droplet of mercury adhered to the gold and, with
the whole needle clamped in s micropositioning device, formed a
non=rigid contact which could be lowered onto the photo-resist
surface. The oscillator, amplifier and detector used for the
Schottky voltage/capacitance measurements were again employed but

only unstable signals could be detected, A gold coated glass

substrate was then tried in place of the gallium arsenide, the

photo-resist /
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photo-resist applied as before and the mercury probe brought

into contact with the resist, By viewing this operation through
a low power binocular microscope it was seen that each contact
made resulted in immediate and extensive reaction with the gold
underneath the resist. It was, therefore, clear that the photo-
resist was allowing the penetration of mercury to the gold. Thus
the photo-resist is blamed for the lack of results achieved by
this method,. A number of different post-baking treatments on
the photo~resist was tried, such as baking to 400°C for one hour
but no success was achieved.

Low teumperature vacuum deposition of dielectrics, such as
silicon monoxide, may prove suitable instead of photo-resist.
Vacuum deposition of a metallic contact on top of the insulator
may also have advantages since if the area of the contact is
accurately defined the thickness of the insulator need not be
Known,

For ohmic contacts to the epitaxial layer it would be
necessary to use a semiconducting, rather than semi-insulating,
substrate of the same conductivity type as the epitaxial layer.
This could be achieved by using a pilot substrate during growth.
A bettermethod however would be to deposit the contacts on the
epitaxial surface, with the semi-insulating substrate remaining
electrically inactive. Provided that the depletion region
spreads (for maximum applied voltage) only a small fraction of the
epitaxial layer thickness the approximation to a parallel plate

capacitor will still hold.
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