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MBE GROWTH AND INVESTIGATION OF (001) GaAs SURFACES USING SIMS

W F CROYDON MAY 1985

Abstract

An MBE system has been designed and constructed. After
identification and elimination of various problems, high mobility,
Si-doped, n-type GaAs has been grown with electron concentration from
~ 5 x 10'% em™® (w77 v 30,000 cm® /Vs) to a solubility limit at
v 7 x 108 em P, Unintentionally doped material is high mobility
p-type Vv 10'° cm (477 ~ 8000 cm?/Vs), with carbon acceptors identi-
fied as the major impurity. Differently reconstructed surfaces have
been grown and transferred under UHV conditions to a separate chamber
for SIMS analysis.
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The low-dose SIMS measurements also identified various defi-
ciencies in the system and enabled improvements to be made throughout
the project. Sampling of selected mass peaks enabled SIMS spectra
to be obtained with an ion dose of only 5 x 10'? cm™?. The sensiti-
vity of various secondary ion species to the primary ion dose was
also measured. Clean surfaces showed reproducible differences only
in higher secondary ion yields from the (2 x 4) As stabilised surface,
which correlates with the higher work function of this reconstruction,
and a higher relative GaAs* ion yield from the same surface,
associated with a more 'bulk-like' reconstruction. The Ga," signal
sometimes showed a large increase with primary ion dose. This may
be due to variable quantities of randomly adsorbed arsenic or to ion
induced damage, but also dependent on the incident direction of the
primary ion beam. Negative SIMS spectra showed only contaminant
species.

No great differences were apparent in oxygen uptake on the
differently reconstructed surfaces. There are indications that
details of the exposure regime may be important, and of a higher
initial sticking coefficient on the (4 x 6) Ga stabilised surface,
but the results are not easily interpretable. A tentative deduction
is that after initial adsorption, possibly at defect sites, the oxide
is formed by a process of nucleation and growth, involving oxidation
of both gallium and arsenic atoms, followed by the development of a
more highly oxidised surface layer at higher oxygen exposures.
Several interesting effects such as mass fractionation, ion-bombard-
ment induced species and primary ion current density effects have
also been observed and merit further attention.

Various experiments have been suggested as a continuation of
this project, but directed as much towards understanding the basic
processes of secondary ion emission as in applying the results to
determining the GaAs surface structure.




CHAPTER 1

Introduction

The (001) gallium arsenide surface is of interest because of
its technological importance in the construction of microwave and
other high frequency electronic devices as well as its intrinsic
complexity which has, as yet, prevented an adequate understanding of
its physical and chemical properties. The structure and properties
of the various gallium arsenide surfaces had been reviewed [Croydon
(1979) ] shortly before commencing this project, with particular
reference to oxidation properties and the growth of dielectrics
suitable for fabrication of MOS devices. However, the oxidation
properties are also of importance in passivation of surfaces and
as a source of unwanted contamination during manufacture of
eg Schottky barriers. Most previous investigations had centred on
the (110) surface, which may be prepared by cleavage in vacuum,
rather than on the more technologically important (001) surface, and
many fundamental aspects of these surfaces were, and still are, not
fully understood.

The Polytechnic had been active for several years in the field
of compound semiconductor growth by molecular beam epitaxy [Grange
& Parker (1979)] which was claimed to produce near-perfect surfaces
suitable for the study of intrinsic surface properties. Secondary
ion mass spectrometry, which can be very sensitive to contaminant
species and changes in the local chemistry of surfaces, and may be
able to provide direct information on surface bonding configurations
through molecular secondary ions [Benninghoven (1973) (1975), Dowsett
(1977) ] had also been in use for several years. It was, therefore,
proposed to combine the two techniques in an investigation of com-
pound semiconductor surfaces and interfaces. Other techniques such
as PES and ELS can only provide indirect information on bonding con-
figuration through chemical shifts of energy levels, and their
interpretation may be both complex and controversial [see eg Croydon
(1979) , Croydon & Parker (1981)].

A combined SIMS-MBE system had been designed and the SIMS
portion was nearing completion when I commenced work on the project

in 1980. The MBE portion was designed only in outline, with the

main chamber and vacuum pumps, which were constrained by the




requirements of the combined system, being the only large compo-
nents already available. The intention was that I should design
and construct the remainder of the MBE system which would then be
used to produce surfaces for SIMS analysis. The design and con-
struction of this MBE system is described in Chapter 2 of this
thesis.

MBE growth was commenced with gallium arsenide, since this
is the most extensively studied of the III-V semiconductors, and
electrical transport measurements were used to evaluate material
quality, as described in Chapter 3. It had been intended to con-
struct some active devices for evaluation at GEC Hirst Research
Centre as a further test of material quality but this was not
carried out, although photoluminescence measurements were obtained,
allowing identification of some of the electrically active
residual impurities. However, the investigation and modification
of the MBE system found necessary to produce high quality epitaxial
gallium arsenide took considerably longer than anticipated, becoming
an important part of the work, sc that it was not possible to
extend the investigation to indium phosphide or other III-V com-
pounds. Further work with gallium arsenide is still, in fact,
required to characterise, or eliminate, those defects remaining in
the epilayers.

An extensive programme of both static and dynamic SIMS in-
vestigations had been proposed for the MBE grown surfaces, together
with comparative results from surfaces prepared by UHV cleavage.
However, subsequent commitment of the SIMS system to other work
meant that the static SIMS results presented in Chapters4 and 5
comprise the first such results obtained from this system. Various
improvements were implemented throughout the course of these
measurements to overcome deficiencies in the initial configuration
of the system, as they became apparent, but the collection of
comparative results from the more extensively studied cleaved sur-
faces and additional AES, XPS and EID measurements originally
proposed did not prove possible. Initial work on the effects of
oxygen adsorption on (001) GaAs was carried out and is reported
in Chapter 5, but there was insufficient time available to extend
this work to hydrogen adsorption or the formation of thicker oxides
or Schottky barriers as initially proposed.

y




The work presented in this thesis forms the initial portion
of a more extensive programme involving SIMS and other techniques
in the investigation of III-V compounds and their surface reactions.
This work is, in that sense, a preliminary investigation, but the
demonstration of an ability to optimise a complex analysis and growth
system and obtain consistent results must be an essential pre-
cursor to more extensive studies on the surface composition and
chemistry of the (001) GaAs surface, and is equally important with
any novel deductions which may be made from these initial results.

A report on the work carried out was presented at the Third
International MBE Conference and has been accepted for publication

in the Journal of Vacuum Science and Technology. A copy is

included as Appendix II of this thesis.




CHAPTER 2

EVA2000 Combined SIMS-MBE System

2.1 Combined System Components

A photograph of the completed EVA2000 combined SIMS-MBE system
together with a schematic diagram of the major features of the com-
bined system is given in Figure 2.1. The SIMS and MBE chambers are
normally operated as separate systems and the connecting valve only
opened to transfer MBE grown surfaces into the SIMS chamber for
surface analysis whilst maintaining UHV conditions. Items specific
to the separate chambers are therefore discussed in the separate
sections below whilst those items relevant to the combined system
are discussed here.

The basic configuration of the combined system had already been
decided, and construction of the SIMS section was well advanced when
I commenced work on the project. The main MBE chamber was already
constructed (although it was soon to be modified) and the main frame
of the combined system designed to mount this using an Edwards High
Vacuum EO4 oil diffusion pump and Vacuum Generators CCT100 anti-
creep liquid nitrogen trap as integral parts of the system.

Component parts for the backing line were also available and this was
constructed as indicated using an Edwards ED50 oil sealed rotary pump,
and suitable brackets made to hold the pipework in place without un-
due stress on the vacuum connections. When the transfer valve was
fitted between the two chambers it was found necessary to swing the
MBE system by up to one inch to correctly align it with the SIMS
system port, and several minor modifications were made in order to
accommodate this movement.

2.1.1 Nitrogen Admittance System

A filtered dry nitrogen supply was connected into the roughing
line for filling the system before opening it to atmosphere, and for
maintaining a slight overpressure of nitrogen to minimise
contamination from the laboratory atmosphere. Since the same dry
nitrogen supply is used on both the SIMS and MBE chambers and their

associated load locks it is necessary to check before letting either

system up to atmospheric pressure that the admittance valve of the










other system is closed to prevent inadvertant admission of laboratory
air via the second system. The dry nitrogen is obtained from a high
pressure cylinder and a persistent leak in the line was traced to the
use of an incorrect pipe fitting in its original construction. Re-
making the connection with a new fitting cured the problem. On the
occasions when the nitrogen cylinder was empty the system was

brought up to atmospheric pressure using nitrogen gas drawn off from
a tube immersed in liquid nitrogen, thus minimising initial adsorp-
tion of contaminants but not providing any flow of nitrogen to reduce

subsequent atmospheric contamination.

2.1.2 Liquid Nitrogen Supply

The use of liquid nitrogen trapped oil diffusion pumps as the
major pumps for both sctions of the system entailed a regular
replenishment of the liquid nitrogen in these traps. This was
accomplished by means of standard BOC electrically powered centri-
fugal pumps connected to the traps with silicone rubber tubing and
operated on a timed basis. An existing timer, already in use on the
SIMS system, was modified and fitted with a second timing channel
to enable both pumps to be operated independently either manually or
by the preset timer. In the latter case, to prevent overloading of
the power supply and inefficient operation of the pumps, it was
arranged that the pumps did not operate simultaneously but sequentially
for their independently set periods. Some difficulties in operation
were experienced initially due to the low pressure head capabilities
of the centrifugal pumps exacerbated by partial blockage of the
silicone rubber tubing with ice. Use of 3/8" bore x 1/8" wall
tubing and maintenance of the pumps cured these problems and

subsequent operation was generally satisfactory.

2.1.3 System Vibration

The use of rotary pumps to back the oil diffusion pumps
transmitted some vibration to the system despite the use of flexible
pipe connections and trial of various different configurations to
minimise the vibration. Whilst this is not believed to be important
for the operation of the MBE system it produced a noticeable vibration
of the SIMS sample holder with consequent degradation of crater
shapes and resolution in dynamic SIMS depth profiles. The systems

were, therefore, often operated for extended periods with the

diffusion pumps pumping into their backing volumes. Although the
b e
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backing pressure remained < 10_1 Torr the MBE system residual

pressure was occasionally observed to rise from < 1 to v 3 x 10_9 Torr,
with no system cryopanelling in use, and this may have caused
increased residual impurity levels in some epilayers grown in the
system. It is apparent that the EO4 diffusion pump is operating

very close to the limit of its differential pressure capability and,
to minimise the possibility of backstreaming of contaminants in any
future diffusion pumped MBE system, a pump with improved characteris-

tics should be used.

2.1.4 Bakeout Ovens

Bakeout ovens for the SIMS system had already been constructed
in the form of insulated flat panels with an aluminium frame and
skin as shown in figure 2.2 (a) and (b). It was apparent that this
system was much more convenient than the standard box arrangement and
material was ordered to construct a similar enclosure for the MBE
system. However, by the time construction was started it had
become apparent that the insulation provided by the 3/4" thick
panels was inadequate and where possible the panels were made
thicker as shown in figure 2.2 (c).

The oven was designed to fit the system whether or not the
SIMS system was being simultaneously baked; one panel, in the centre
of the combined system, being used as a part of both ovens. Whilst
the major part of the oven was constructed so that this was the
case, the fixing of the lowest panels, to which the bakeout heaters
were attached, was not correctly altered with the result that these
panels alone could not be simultaneously fixed to their respective
ovens. In practice it was not required to bake both systems
simultaneously and heating of the laboratory would probably have
been excessive had this been done.

Chromel-Alumel thermocouples fixed to the vacuum chamber were
used in conjunction with existing temperature controllers to main-
tain the required bakeout temperature. A total of 6 kW of electrical
heating was available in each oven but the MBE system was routinely
used with only 4 kW connected, and easily maintained the usual
bakeout temperature of 200 °C. On one occasion when the temperature

controller failed to operate the temperature rose to 250 °C with no

adverse effects. The SIMS system, on the otherhand, required the
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full 6 kW to reach "~ 180 °C in an overnight bakeout due to the poorer

thermal insulation of this oven.

The design of the MBE system is such that almost all components

are enclosed within the cuboid box of the oven, the exceptions being:

(a)

(d)

the load lock drive tube. This was baked using a 200 W
glass fibre insulated heating tape wound around the tube,
and being part of the load lock, it is not as important
as the main chamber to maintain a uniformly high bakeout

temperature.

the transfer drive tube. This was initially baked using a
reclaimed, 400 W, silicone rubber insulated heating tape
wound around the tube,and which maintained a fairly uniform
200 °C. However, after a period of use the rubber insulation
became brittle and started to break up. A separate heating
jacket was therefore constructed for this drive based on a
thermally insulated tube with a heating element running its
full length, and a small box structure to fit around the
mechanical support for the transfer drive. The heater was
tested using a mains powered variac, found to reach a
temperature of 200 °C at v 130 V and therefore connected
using a standard mains plug fitted with a single diode
rectifier to provide half-wave rectified mains, which

produced a temperature of v 190 °C.

the transfer valve. Only the short tube between the valve
seat and the MBE chamber is within the MBE system. This
was maintained at the baking temperature by wrapping
several layers of aluminium foil between the base of the
valve and a fixing ring secured to the main oven around

the hole cut for the connecting tube.

the substrate manipulator. The inner skin of the top panel
had to be 'cut-in' to accommodate this but it did not

protrude beyond the outer skin of the panel.

The bakeout oven and heaters for the MBE system are shown in figure

2,.3.




From the experience gained in making these bakeout ovens it
was concluded that the use of flat insulated panels was beneficial
but that they needed wider frames to provide adequate insulation
without excessive difficulty in construction. The section shown
in figure 2.2 (d) has since been satisfactorily used for the bake-

out oven of a new MBE system constructed by the research group.
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2.2 MBE System Components

General views of the MBE system are shown in figures 2.4 - 2.6.

2.2.1 Main Chamber and Pumping

A drawing of the main chamber is given in figure 2.7. This
chamber was already fabricated when I commenced work on the project
but six small additional ports were welded onto the chamber as shown
in order to fit various items. When the system was operational three
of the ports were in continuous use, one was allocated for an
additional cryopanel not fitted but still considered a desirable
improvement, and the fifth was used occasionally. Cleaning of the
chamber before use proved difficult due to its large overall size
and awkward shape. Making one end of the actual chamber a remov-
able flange would have greatly eased matters. A further complication
when constructing the system was the absence of any fixing brackets
inside the main chamber. This would have simplified the mounting
of various baffles and other small items not easily held from their
mounting flanges alone.

The major system pumping by a liquid nitrogen trapped oil
diffusion pump has already been discussed and a schematic diagram of
the complete MBE pumping system is shown in figure 2.8. The viton
sealed system isolation valve was constructed as indicated in the
diagram to provide the minimum obstruction when fully open. However
an additional baffle was necessary where the side arm enters the
main chamber to prevent line of sight from both the MBE growth
region and the titanium sublimation pump onto the sealing surfaces.

Several all metal UHV compatible valves are incorporated in
the pumping arrangement to permit independent evacuation of the main
chamber and load lock by the same pumps with a minimum of contam-
ination of the main chamber. All valves fitted required reseating,
and knife edges were remachined where possible to attain helium leak
free seals. The side port on one non-demountable valve was enlarged
to permit replacement of the copper pad, and a Ferranti valve was
so well-used that a circlip groove on the operating spindle required
remachining to prevent the circlip springing out, in addition to
remachining of the knife edge seal.

Due to the relatively high mounting position of the diffusion
pump it is actually within the system baking oven, although open to

the laboratory on the underside. When the system was first baked the
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Figure 2.

Figure 2.
EVA 2000 MBE system showing (2.4) main chamber with source cell cluster, main

RED screen, mass spectrometer, transfer drive and electronics rack; and (2.5)

viewport and

Two views of
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pressurised LN, supply.
<




|

-

o
n

Figure 2.5

nain chamber with source cell cluster,
en ass spectrometer, transfer drive and electronics rack; and (2.5)
un I 1 1 lock and associated components Sut
urised L supply.

ponents mounting flange

main

T hatre
S, Substrate




flgure

viewpor
3ub
shutter

for moving substrate

Internal view of

window and RED

with
heater with s

flux monitor,

trate

alld

paf'f'les,

MDBL
cre

chamber
substrate in place,

electron

taken througt
removed, and showing

substrate

17 t pa Y
Jun, tuLransie
er crvo
oer, Cryor







System isolation

| valve FC 38 FCI50 FC 150
LNl trap and Substrate holder

oil diffusion pump j

FC38 =
Crgnpanzl
FC38 Vie wport
FC 100

Transfer Fc3s Roughlr.g line

drive

r ) B FCé64
;C 150 FC38 Load lock and
u‘wPor[ Quad. 7 electron gun
C
. lon

Y FC 64
it I 1 Ti sub. pump

71

Additional cryopane|

(hot conctructed)

4

[_ - ' F ) == —l Figure 2.7 ‘
\ } -
| 0 100 200 T S ey
.

==y FC 200

Hf\M 7007) BE

SCALE mm

vrce cell loater




M.B.E. To SIMS
cf'\amber :®:c'um: er

Pirani To SIMS
system

L - To Fi Itered

N2 supply
Back- o Sulenoid
st i ALY L alve
by ~_xm]
Rotar\j I
PumP

Backing
Volume

Egure 2.8 MBE system pumping schematic.

Panel Meter To Eriple Fil.
0-50A scale Ti sub. pump

Mains A %
Power ? - ===
2
| p .

Egure 2.9 Titanivm sublimation pump

power sup;l(j.




the pump did in fact switch off due to overheating of the thermal
cutout mounted on the body of the diffusion pump. However this was
due to radiant and convective heating of the cutout mechanism from
the baking oven rather than actual overheating of the pump body
itself, and mounting the cutout in better thermal contact to the
pump body prevented reoccurrence of this problem.

On another occasion at an early stage in construction of the
system, the motor for the rotary lacking pump overheated and cut out.
However the power to the isolating solenoid valve was not cut,
with the result that the system pressure rose to a few Torr due to
leakage of air through the anti suck-back valve in the rotary pump.
It was ensured that, on the replacement pump, the solenoid valve was
connected after the motor cut-out to prevent a further occurrence.

A circuit was also designed, using a non-contacting Hall effect
switch, to monitor rotation of the pump spindle and operate the
solenoid valve from this, to allow for possible failure of the drive
belt. However no further problems were encountered with the rotary

pump and this circuit was not constructed.

2.2.2 Titanium Sublimation Pump

The titanium sublimation pump is mounted so that it deposits
onto the system cryopanel and a large area of the main chamber wall.
Suitable shielding is used to protect nearby components from the
titanium flux. Several existing sublimation pumps were tried, but
all found to be defective in some way, before constructing a similar
triple filament unit using an existing three way 100 Amp electrical
feedthrough with common earth return. A power supply was built from
existing components and the circuit diagram is shown in figure 2.9.
60 Amp mains cable was used to connect to the terminal block beneath
the baked volume and PTFE insulated solid copper wire to connect

from here to the vacuum feedthrough.

2.2.3 Cryopanels and Pressurised Liquid Nitrogen Supply

Two major cryopanels were mounted in the system and supplied
with a flow of liquid nitrogen from a pressurised dewar. The
simplest consists of a coil of copper tube mounted on the substrate

flange (see figures 2.12 and 2.13). Initially the copper tube was

taken directly through the system wall but this did not provide a




rigid mounting for the Swagelok pipe fittings and built up a dark
oxide scale during bakeout. When the knife edge seal on this flange
was re-machined the opportunity was taken to replace the copper tube
with stainless steel externally and for the vacuum feedthrough, whilst
retaining the copper coil as the cryopanel.

The second cryopanel was formed from a copper plate with
copper tube silver soldered to one face. This panel is designed to
divide the vacuum chamber into two portions - the growth region and
a small service region - and has to be inserted through the source
cell port with connections to the liquid nitrogen feedthrough made
inside the chamber. These connections were made using standard
silver plated stainless steel Swagelok pipe fittings, since the
specified helium leak rates of less than 5 x 10_9 atm cc/sec are
similar to those quoted for other UHV pipe fittings and I was
advised that Swagelok fittings were used for this purpose by
Philips Research Laboratories. However, considerable difficulty was
experienced in obtaining a helium leak tight seal and suitable
Cajon UHV pipe fittings were purchased in case the seals had to be
broken and remade at any stage. It later transpired that the
Swagelok fittings used by Philips Research Laboratories were
modified to use a small copper gasket with a seal similar in
principle to UHV Conflat seals, in place of the standard olive
compression seal. A drawing of the liquid nitrogen feedthrough is
provided in figure 2.10. The cryopanel is held in place solely by
the liquid nitrogen feed pipes and a nominal half inch clearance
was allowed between the cryopanel and system wall to enable it to
be correctly positioned without touching the chamber. A 1%1" diameter
hole was provided in the panel to pass the transfer drive mechanism
and a 1%" length of copper tube was fitted in this hole to prevent
any direct line of sight from the titanium sublimation pump into the
MBE growth region. Six 4BA holes were tapped near the edges of the
cryopanel for additional fixings if found necessary, but they were
not used.

All silver soldering on both of these cryopanels was carried
out with Argo-braze 56. This alloy is free of Zinc, Cadmium and
other volatile components which might generate impurities in the

MBE epilayers, having a nominal composition of 56% Ag, 27% Cu,

14.5% In, 2.5% Ni (Johnson Matthey Metals Ltd). As a further
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precaution silver soldering was carried out such that there was no
direct line of sight to the epilayer.

It was intended to fit a third helically wound copper cryo-
panel between the source cell cluster and the growth plane as
indicated in figure 2.16 but this involved further pipe fittings
inside the vacuum system and in view of the problems encountered
with the second cryopanel described above it was decided not to
attempt to fit this initially, and the liquid nitrogen feedthrough
constructed for this was used on another vacuum system. However,

I now consider that fitting this cryopanel would give a significant
improvement to the system both by reducing the residual background
pressure, and changes occurring on shuttering the arsenic cell,

which would enable more accurate measurement of molecular beam

fluxes with the ion gauge fluxmonitor and faster return to UHV
conditions after growth of an epilayer, and, perhaps more importantly,
by preventing a direct line of sight between the epilayer and the
annulus surrounding the source cell cluster, thus minimising exposure
of the epilayer to those volatile gases generated by the source cell
heaters and which must be pumped through the main growth chamber.

Finally a series of small cooling panels was fitted to the
mounting flange of the source cell cluster (see figures 2.16 and
2.17) . This was primarily intended to prevent excessive temperature
rise due to radiant heating from the source cells and was generally
water cooled. However it was designed with the option of liquid
nitrogen cooling to provide some pumping behind the source cell
cluster and the few occasions when this was done gave some indication
of lower impurity levels within the epilayers.

Liquid nitrogen for these cryopanels was provided initially from
a simple 25 litre liquid nitrogen dewar. A large rubber bung was
bored to take a liquid draw-off fitting which was extended to reach
the base of the dewar whenthe assembly was fitted into the dewar
mouth. Pressure was raised and maintained in the dewar by boiling
off liquid nitrogen using a small electrical heating element wound
around the lower part of the draw-off tube. The nitrogen was
piped to the cryopanels, connected in series, using 1/4" diameter
copper tube insulated with standard foam rubber pipe insulation.

Larger diameter and/or thinner wall tubing would probably be

advantageous for both the cryopanels themselves and the connecting




tube to reduce the pressure required to maintain a sufficient flow
of nitrogen.

Initially the nitrogen was vented directly from the feedthrough
to the second cryopanel as is apparent in the general photographs
figure 2.1, 2.4 and 2.5,and the heater power was adjusted to give
a minimal outflow of liquid nitrogen. Under these conditions the
25 litre dewar was barely sufficient for 5 hours growth. It then
became apparent that residual CO pressure would vary considerably
with small changes in cryopanel temperature caused by inadequate
liquid nitrogen supply and that the residual gas might also be
affected by changes in the chamber wall temperature near the outlet,
caused by changes in the excess liquid nitrogen vented. A length
of tube was therefore used to direct the excess nitrogen into an
insulated container and the dewar pressure increased to give a small,
but definite, flow of liquid nitrogen at the outflow to ensure that
all cryopanels were maintained at liquid nitrogen temperature.

This increased flow of liquid nitrogen meant that the 25 litre
dewar was no longer adequate for many growth runs. A 35 litre dewar
was obtained and a suitable adapter made to enable the existing
draw-off mechanism to be used on this dewar. However, when it was
tested, continuous venting of the dewar was required, rather than
power input, due to an excessive thermal leak. The boil-off rate
was found to be approximately 1% litres/hour giving an effective
capacity comparable with the original 25 litre dewar. All other
35 litre dewars available were in a similar condition and therefore
a 75 litre dewar previously used for long-term storage was obtained.
This dewar was fitted with a self pressurising mechanism and pressure
gauge, and was a more than adequate supply for a full day's work,
however the pressure gauge froze up after a couple of hours continuous
use. Use of this large dewar enabled the fourth cryopanel, on the
source cell flange, to be liquid nitrogen cooled using the 25 litre
dewar and draw off unit.

Although the main source cell cluster was only water cooled
throughout this project, as originally intended, I now believe that
it would be worthwhile to attempt liquid nitrogen cooling of this
tank. Such cooling should reduce considerably any flux of volatile

gases generated by the source cell heaters and effusing around the

source cell cluster into the growth region of the chamber. Provided




the tank can be adequately dried before filling with liquid nitrogen
and maintained full when in use, possibly by continually circulating
liquid nitrogen with a pump, it should be a straightforward
experiment to see whether the level of background impurities in

epilayers is reduced.

2.2.4 Viewport Shutters

Unshuttered viewports in a III-V MBE system are gradually
obscured by a deposit of the group V element even if they are not in
direct line of sight to any of the source cells. The two viewports
used in this system were therefore provided with magnetically
operated shutters. The shutter is mounted as a flag at one end of
a stainless steel shaft, the other end being fixed to a soft iron
plate, enabling the shaft to be rotated by a small magnet to open
and close the shutter. That for the main viewport is shown in
figure 2.11 before fitting the RED screen. Since this port is
inclined at 45° it was necessary to lighten the shutter and fit a
counterbalance weight as shown so that the shutter would remain in
either the open or closed position as required when the operating

magnet was removed.

2.2.5 Substrate Holder

A drawing of the substrate mounting flange and other associated
components is provided in figure 2.12. Figure 2.13 shows photo-
graphic views of the flange in both initial and final states. The
copper cryopanel has already been mentioned and, in addition to this
and the substrate holder itself, the flange also carries a rotatable
substrate shutter and the ion gauge flux monitor discussed in section
2.2.8 below.

The substrate heater itself is shown diagramatically in figure
2.14 and consists of a tantalum wire heating element wound on a boron
nitride former and suspended by its connecting leads inside a molyb-
denum box constant temperature enclosure. Several layers of crinkled
molybdenum foil are fitted inside the box to act as heat reflectors
and minimise radiant heat losses whilst the molybdenum substrate
mounting plate forms one side of the enclosure. Gaps between the
heater enclosure and the substrate mounting plate are kept as small
as possible, consistent with reliable loading and removal of substrates,

to minimise stray light from the heater which may obscure electron

diffraction patterns formed on the fluorescent screen. Initially
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substrates were mounted on a plate bent from 0.5 mm thick molyb-
denum sheet held in place by a molybdenum foil spring within the
heating enclosure. However, this did not prove satisfactory and was
replaced by the design shown in the figure using 1/4" thick molyb-
denum plate, which leaves smaller gaps for stray light from the
heater, should give better uniformity of temperature across the
substrate, and permits more positive location by means of the thermo-
couple rod locating in the substrate plate. Temperature of the
substrate is monitored by means of this chromel/alumel thermocouple
which is held in place in the recess by a stainless steel spring,
except when withdrawn to permit removal of the substrate. Connecting
wires to the heater and thermocouple are insulated with short lengths

of quartz tube to permit the necessary translation and rotation of

the substrate holder without shorting together, and the electrical
vacuum feedthroughs are shielded from the source cells by a stainless
steel plate to prevent any build up of conducting material. Small
deposits of gallium arsenide on the substrate plate could be scraped
off when spreading the indium solder, but larger deposits were
removed by etching with hot concentrated hydrochloric acid to remove
free indium, followed by sulphuric-peroxide to remove the gallium
arsenide. Plates were then washed in deionised water and isopro-
panol, and degassed before reuse. The substrate heater is powered
by a two term (proportional and differential) temperature controller
and details of this will be discussed in section 2.2.7.

The major weakness of the substrate heater proved to be the
measurement of substrate temperature. Because of the proximity of
the thermocouple to the heating element and major heat losses from
the substrate there is a heat flow along the thermocouple wires
into the substrate. Due to thermal resistence between the thermo-
couple junction and the substrate (see figure 2.15 (a)) this means
that the thermocouple will always indicate a higher temperature than
the substrate block under steady state conditions (by " 100 °C at
normal operating temperatures form calibrations given in Chapter 3).
However this temperature difference does not remain constant but
changes abruptly by up to 50 °C when the substrate holder is rotated
and the thermocouple moves within the recess, and also tends to
decrease when the substrate holder is left stationary for a long

period producing a better thermal contact. Various ways to reduce

these effects were attempted. Shielding the thermocouple with

i
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molybdenum foils inside the heater enclosure had little effect.
Placing a small bead of indium (molten at normal operating
temperatures) in the thermocouple recess greatly reduced the changes
in indicated temperature observed when the holder was rotated but
this dissolved the thermocouple tip. Bending the thermocouple wires
outwards to give a 'two-junction' thermocouple did not produce
reliable electrical contact.

I believe that the most promising modification to this sub-
strate heater in order to improve the accuracy and repeatability of
temperature measurement will be to replace the single spring loaded
thermocouple with two independently sprung thermocouple wires each
locating in their own recess as shown in figure 2.15 (b) to give a
'two junction' thermocouple. A further improvement should be
possible by fixing a piece of the relevant thermocouple material

at the base of each recess as shown in figure 2.15 (c). If this is

soldered in place with aluminium or a high melting point alloy it
should give a good thermal contact tc the block at the thermocouple

junction and hence a good temperature measurement.

2.2.6 Source Cell Cluster

A drawing of the source cell cluster and associated components
is provided in figure 2.16 and photographic view in figure 2.17. The
flange is designed to accommodate five effusion cells, each of up
to 35 mm overall diameter and 110 mm long, within the watercooled
tank. Dimensional constraints imposed by the existing main chamber
limited the minimum possible source - substrate distance to 160 mm
and necessitated tilting the cells on their individual mounting
flanges. This meant that it was not possible to remove individual
cells without removing the whole cluster from the vacuum system, but
the unit was still designed to use source cells mounted on
individual flanges to enable quick replacement of broken or damaged
cells or vacuum feedthroughs, although the ideal of spare, fully
assembled, source cells was not achieved during this project. The
necessary cell shutters were designed as a concentric pair operated
by a single rotary drive which could be engaged with either shutter,
that not engaged being held stationary by sprung carbon brake blocks.
The shutters were not entirely satisfactory, there being an occasional
tendency for them to bind together and rotate as a pair, and some

cross-contamination due to build-up of gallium on the shutters

which would flow to the lowest point and could then fall off.
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Figure 2.17 Source cell cluster.

The two concentric shutters may be positioned to shutter
any one, two, three or four of the five source cells.
The four source cells visible are, reading clockwise,
the silicon dopant cell, gallium cell, tapered gallium

{ cell with 8mm dia. orifice, and finally the arsenic cell.




However, cross contamination was not critically important in this
project and, given the restricted space and money available, any
other feasible design would probably have entailed equivalent
disadvantages. The position of both shutters could be set on a small
indicator dial made for this purpose and visible in figure 2.4 whilst
the operating knob showed directly the position of the shutter
currently engaged. A series of notches in the knob and a spring
locating wire enabled the shutter to be operated whilst observing
electron diffraction patterns. A series of stainless steel plates,
welded to a stainless steel tube, were positioned in the otherwise
unused spaces of the flange to provide cooling of the flange and
possibly additional pumping of condensible species produced by the

source cell heaters.

The design of the source cells themselves is shown in figure 2.18.

The arsenic cell is the largest volume since films are grown under

excess arsenic conditions and it is also supplied in large crystalline
lumps which do not pack efficiently within the cell. Since this is
a low temperature cell fewer precautions were taken in shielding the
heating element, although direct line of sight to the substrate was
avoided. All other cells are variations on the basic design of
Kubiak et al (1982) with the annular heater enclosure an integral part
of the source cell, ensuring that all volatile species generated at
the heater are directed away from the growing epilayer. The
essentially non-inductive winding minimises distortion of electron
diffraction patterns due to stray fields from the heaters. All cell
temperatures were monitored using chromel/alumel thermocouples.
Initially 0.1 mm dia wires were used, spot welded to a tantalum foil
heat collector, and inserted in the recess provided in the base of the
cell. However this thin wire deteriorated fairly rapidly in the
higher temperature cells and subsequently 0.3 mm dia wires were used
instead. This is expected to give somewhat low readings for the cell
temperatures due to the heat losses down these wires but attainment
of a stable, reproducible reading is of greater importance than its
absolute accuracy.

Initially the high temperature source cells were outgassed at
1200 °C prior to use and after filling with source material (800 °C
and 350 °C respectively were used for the arsenic cell) and this gave
few problems with the thermocouples (1000 - 1200 °C is generally

considered a working maximum for chromel/alumel thermocouples) .
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However, reports of improved layer properties after longer, higher
temperature outgassing eventually lead to the use of higher out-
gassing temperatures of 1300 and even 1400 °C. Under these conditions
the thermocouples were found to fail rapidly and the silicon source
cell cracked badly (figure 2.19) as previously found by Grange (1980)
and had to be replaced. Construction of a 5/25% tungsten-rhenium
thermocouple was attempted but the junction became brittle after

spot welding and always went open circuit before the cell was finally
assembled and mounted in the cluster. Additional mechanical support
of the thermocouple junction was obviously required and because of
this, together with the absence of the correct compensating leads, it
was decided to retain chromel/alumel thermocouples throughout, and

limit the maximum indicated outgassing temperatures to 1200 °C. Some

problems were also experienced with the gallium cell thermocouples
due to attack by gallium. The gallium metal was also, in these cases,
found on the substrate heater and it is believed that the most likely
explanation is that small cracks developed in the graphite cell,
possibly due to thermal stresses on heating or to stresses generated
by expansion of the gallium source material on solidification and the
tapered cell was made to test this latter possibility. However, this
cell has been little used and, unlike the broken silicon cell, no
cracks or other damage were visible in any of the three failed gallium
cells found with gallium around the heater, so that the cause of

this particular mode of failure has not been positively identified.
One further possibility, particularly in view of the extremely dusty
nature of some of the machined graphite, was that we had in error
obtained a sample of a porous grade of graphite, but this possibi-
lity was strenuously denied by the manufacturer and at this stage

of the project we had neither the time nor the money available to
purchase and machine additional cells from new material.

The decision to make the cluster to accept source cells of up
to 35 mm diameter in all five positions was the major factor in
determining the long source-substrate dimension and consequent high
operating temperatures required for the source cells. In view of the
problems encountered, and the fact that the standard cell was of only
27 mm overall diameter and located within the cluster using spacing

rings, it would have been better to have designed for the use of

these smaller cells, permitting a shorter source-substrate distance.




A problem then arises with the arsenic cell which was of 33 mm overall
diameter and reduces to only half the capacity for a similar design
of 27 mm overall diameter, but simultaneous reduction in source-
substrate distance should result in a reduction of only ~30% in
growth capability. Various design options are possible which all
involve trade-off between different aspects of system design and
subsequent requirements in use, particularly the quantity of
material to be grown between system bake-outs, the number of dif-
ferent dopants required, the size of substrates and uniformity
required across a substrate, and the number of matrix species
required for growing heterostructures and ternary or quaternary

compounds. A few possibilities are:

(a) Accept the reduced growth capability.

(b) Duplicate the arsenic cell.

(c) Position the large arsenic cell at a larger distance from
the cluster axis, directing the molecular beam using an
inclined hole in the end cap.

(d) More effective use of the arsenic charge by using an end
cap with several small diameter long holes to reduce the
peripheral flux in the molecular beam whilst retaining the
same on-axis flux.

(e) Construct smaller dopant cells and mount these adjacent
to the arsenic cell, thus obtaining space for a larger
arsenic cell.

(£) If individual cell shutters are used then rotational
symmetry is not required and the cells need not be
equiangular around a cluster axis, thus permitting a

larger cell within the cluster.

For the intended use of this system - surface studies on a limited
number of MBE grown layers - option (a) is the most appropriate.
However, if a high temperature 'cracker' is to be used to produce A52
then the cluster need only accommodate the cracking section. The
main body of the cell must be adequately thermally isolated from

the high temperature cracking section which will probably necessitate

it being placed behind the immediate cluster of source cells.




The conflicting requirements briefly outlined above illustrate
the necessity for a good overall understanding of the various techni-
ques and equipment available, together with the project requirements,
in order to design the optimum apparatus for the projected use.
Construction of an arsenic cracker was considered near the end of

this project since the use of A52 in place of As, is generally found

to produce gallium arsenide of higher quality (N:ave et al (1980),
(1983) ; Kunzel et al (1980), (1982); Krusor & Bachrach (1983). A
simple high temperature chimney with a central baffle was designed

to fit onto the arsenic cell in place of the existing end cap without
obstructing the rotating shutters. However, approximate calculations
indicated that the heat radiated from the cracker into the source
cell would be larger than that required to maintain the cell at its
operating temperature, thus a practical design would require a larger

distance between the cell and the cracker to reduce the heat transfer.

This would be a more complicated modification requiring alteration

of the arsenic cell and its mounting, in addition to construction of
the cracker, and was not pursued further due to the lack of time

available.

2.2.7 Temperature Controllers

The temperature of each source cell and the substrate heater
was controlled by a two term (proportional and differential) temperature
controller, built in this laboratory to an existing design but fairly
extensively modified during the course of the project. The source
cells were powered by two dual controllers, which will be described
first, whilst the substrate heater used an earlier version differing
in several details but of the same basic design. The temperature
controllers were connected to the source cells by a cable taken under
the system frame to a terminal block mounted beneath a removable
plate in the lower panel of the baked volume. From here PTFE
insulated bakeable wires were used to connect to the electrical vacuum
feedthroughs for each source cell and the substrate heater. Chromel/
alumel compensated thermocouple leads were used throughout in order
to obtain reliable temperature measurements during system bakeout.
A simplified block diagram of the controller is shown in figure 2.20.
A linear thermocouple amplifier was used, and it was not until after
writing the majority of this thesis that it was realised that the

non-linearity of the thermoelectric emf generated over the range of

temperatures used was of importance. With the amplifiers set
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correctly to 1000 °C then they are reading ~20 °C low at 1200 °C
but only 6° high at 800 °C. This explains some discrepancies
between measured and calculated variations with temperature and,
although all temperatures quoted in this thesis are the indicated
temperature assuming a linear relationship, any future work should
include correction for this effect. Automatic cold junction
compensation was not provided for the thermocouple amplifier, it
being thought that room temperature would be a sufficiently stable
reference. However, due to inadequacies of the air conditioning
system, room temperature was not particularly stable, varying by

a few degrees during the course of the day. The associated change
of cell temperature was apparent for the low temperature arsenic cell

where changes of ~3% per °C in effusion flux are expected but is

probably not important in this project. With the gallium cells the
expected change of ~1% per °C was not noticable, but with the silicon

cell an expected flux change of ~5% per °C may explain some of the

apparent flux variation at nominally constant temperature. The
common mode rejection of the thermocouple amplifier had to be carefully
set to prevent leakage currents into the thermocouple from affecting
the indicated temperature - a 27 ohm resistor was necessary in the
lower resistivity alumel lead to balance the lead resistances and
various circuit modifications were necessary to prevent unwanted
feedback and crosstalk between controllers, mainly through common
power supplies.

Ideally, for any future work, the thermocouple amplifier in
these controllers should be rebuilt to provide better electrical isolation,
cold junction compensation and corrections for the non-linear
temperature response of the thermocouple. The outputs from the
proportional and differential amplifiers were summed in the soft-
start circuit, which also provided a gradually increasing output, with
a time constant of ~1 minute from initial switch on, to prevent sud-
den application of maximum output voltage to a cold (low resistance)
filament. The power output was from an isolated, unsmoothed, switched
DC supply. The maximum power was set by switching to different tap-
pings on the transformer, whilst the minimum current control set the

minimum ON period and could be used to provide a constant (average)

current supply, useful in the event of thermocouple failure.
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The most significant difference in the substrate temperature
controller was the use of a smoothed DC power output. This meant
that, although a slight deflection of the electron beam occurred due
to stray magnetic fields, diffraction patterns were still sharp and
easily visible. If the switched mode power supply was used the
100 Hz ripple present on the heater caused considerable blurring of
any diffraction patterns. In addition a sample and hold circuit was
fitted after the thermocouple amplifier which could be 'switched in'
before rotating the sample holder so that the output current remained
constant over a period of several minutes despite the changes in
indicated temperature occurring due to deficiencies in the thermo-

couple mounting already discussed.

2.2.8 Flux Monitor and Other Ion Gauges

The miniature ion gauge flux monitor used in this system was
manufactured by KH Instrumentation (Type IGO1) and mounted below the
substrate shutter as shown in figures 2.6 and 2.13, all connecting
wires being insulated with quartz tube and tied to the shutter
operating rod. The initial design (not specifically intended for
flux monitoring) suffered from a build-up of semiconducting gallium
arsenide on the insulating base, leading to significant leakage
currents. However this was etched off and the area around the
collector pin shielded by means of a tantalum foil box, spot welded
to existing shield pins in the base as visible in figure 2.22. No
further problems with leakage currents were encountered.

The substrate shutter was designed so that it could be
positioned within the area of the copper cryopanel for removal of
the substrate flange assembly from the vacuum chamber, but rotated
to screen the flux monitor behind a tantalum foil baffle within the
main chamber except when in use to measure molecular beam fluxes.
The flux-monitor was powered by a slightly modified Vacuum Generators
TCS5 ion gauge power supply also used to power the load lock ion
gauge and set for a gauge sensitivity of 25 per Torr. The flux-
monitor sensitivity was, however, only 5 per Torr and therefore the
overall system sensitivity is low by a factor of 5 and, except where
stated otherwise, all quoted 'beam equivalent pressures' should be
increased by this factor before comparison with results from any
other system. Operation of the flux-monitor is not as straightforward
as might at first appear due to the effect of a molecular beam on

local residual gas and will therefore be described. The substrate
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figure 2,22

Ion gauge flux monitor.

Figure 2.23 Electron gun mounted on double sided #Col
. flange to permit operation of the load lock through the
I 41

7" dia. port immediately above the electron gun.







must be shielded from the molecular beams during flux measurement,and
it is the variable sticking coefficient of the arsenic species on this
shutter that causes most complications. A typical output recorded
during measurement of gallium and arsenic molecular beams is shown in
figure 2.21 commencing with all beams shuttered and measuring the
residual arsenic pressure in the system. On opening the gallium
shutter the indicated pressure drops, due to creation of a fresh
gallium surface on the substrate shutter with a consequent increased
sticking coefficient for residual arsenic. After the output has
stabilised the gallium shutter is closed and the sharp drop in signal
is a measure of the gallium flux. However the signal immediately starts
to increase due to increasing arsenic coverage on the shutter and

consequently reduced sticking coefficient. On reopening the gallium

shutter there is a sharp increase in signal due to the gallium beam,
followed by a decay to the original level. Opening the arsenic
shutter gives a rapid rise - the measure of the arsenic flux - followed
by a brief period of constant signal, whilst the sticking coefficient
on the substrate shutter is still unity, and then a further rise as
the arsenic coverage increases and sticking coefficient is reduced.
Accurate measurement of the gallium beam flux is obviously limited by
the residual arsenic present, and measurement of the arsenic flux is
limited by changes in the residual arsenic pressure occurring when the
arsenic cell shutter is operated. This latter effect is apparent at
the main chamber ion gauge and also on the flux monitor at lower
arsenic to gallium ratios when the short constant signal after opening
the arsenic shutter actually becomes a decrease due to the reduced
background signal. Additional cryopanelling would enable more
accurate measurements if this is required. It should be possible to
convert from the measured 'beam equivalent pressure' to a flux of
particles if the ionisation cross section and velocity distribution of
the molecules in the beam is known, but this has not been attempted

in the present study.

As mentioned above the ion gauge was powered by a slightly
modified Vacuum Generators TCS5 ion gauge controller. Two such
controllers were used, one for the main system ion gauge (VIG 17)
and the second both for the load lock ion gauge (VIG 22) and the flux-
monitor. Both controllers were fitted with additional switches to
allow independent selection of alternative ion gauge filaments and

o

to switch in the series resistor necessary for operation of a

- 38 -




thoriated iridium filament. A further modification was the fitting
of a switched smoothing capacitor on the filament power supply, to
obtain increased output voltage necessary for correct outgassing of
the gauges with the long connecting cables used. The collector
input socket was changed to a BNC compatible with current equipment
and the input amplifiers of the ion gauge controllers were checked
with a Keithley high impedence digital meter and found to be correct

within + 10%.

2.2.9 Electron Gun and Power Supply
The electron gun is a commercially available type SE 3K/5u and
is mounted on the same FC64 port as is used for the load lock, with

connections made by radial feedthroughs in a double sided flange as

shown in figure 2.23. The flange was made with eight radial feed-
throughs - one between each pair of bolt holes - for the standard
four high tension (2 filament, grid and focus) and four low
tension (electrostatic deflection) connections required. Feed-
throughs rated at 15 kV were used in case it was found necessary to
fit a higher energy RHEED system, although a maximum of only 3 kV
was used during this project, and they were protected from accidental
damage by circular plates tacked to the outside of the flange and
flush with its two faces. The internal diameter of the flange was
70 mm - larger than the gasket internal diameter - to give extra
space in which to make connections without obstructing the loading
arm.

The power supply was constructed utilising a commercially
available high tension module, and a circuit diagram is shown in
figure 2.24. It was envisaged that this supply would not need
adjustment, after initial setting up,and could be conveniently
mounted in the 19" rack. However, in practice, many minor adjust-
ments of the electron beam were often required, and it was fortunate
that the unit had been made as a removable box, which could be
positioned on the main system frame within easy reach when viewing
the fluorescent screen. If this had not been the case then it would
have been necessary to mount the deflection potentiometerson a
remote, hand held, box.

Initially all eight connections to the electron gun were used,
with a single positive-going power supply used for both positive
and negative deflections. However considerable problems were

experienced due to conductive flakes sliding down the port and
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shorting out the two lowest feedthroughs on the flange, even after
fitting some obstructing foils in an attempt to cure the problem.
The simple, high impedence, negative supply shown on the circuit
diagram was therefore added to enable both positive and negative
deflections whilst only requiring connections to one of each pair

of deflector plates. When the electron gun was removed from the
system it was replaced with two of the deflector plates permanently

earthed and only the upper six feedthroughs in the flange utilised,
and no further problems have been encountered.

Other initial problems involved distortion and mains frequency
deflection of the spot. Distortions were considered as probably
due to misalignments within the electron gun and, when available,

a different gun was fitted, although in one case spot distortion
was cured by machining and fitting a cap with a smaller diameter
(0.015") aperture to the electron source, but at the expense of
reduced electron current. Deflection of the spot due to mains pick-
up was reduced by rectifying the filament current, but no other
major reductions were achieved,although it was apparent,by sweeping
the beam rapidly, that part of the approximately 1 mm spot size was
due to mains frequency beam deflection. Screening relevant parts
of the chamber with a soft magnetic sheeting may be effective but
was not tried.

The fluorescent screen was a standard 100 mm diameter 'large
semi-circle' kindly supplied by Philips Research Laboratories and
mounted inside the main FC 150 viewport protected by the viewport
shutter, and is just visible in the general views of the system
(figures 2.1 and 2.4). A conical shield was constructed from heavy
black paper to enable viewing of the diffraction patterns without

having to extinguish all the laboratory lights.

2.2.10 Load Lock
The original conception of the combined SIMS-MBE system required

movement of samples between the two chambers under vacuum but did not
extend to their movement into and out of either chamber. However, in
view of the improvement in epilayer quality possible with a load
locked system it was considered that this would be a worthwhile

addition, and since movement of the sample was already essential, that

it would involve few additional complications. The main difficulty




was that the only system port available for the load lock, compatible
with requirements for transfer to the SIMS chamber, was that also
necessary for the electron gun. The solution of this problem by
mounting the electron gun on a double sided flange has already been
discussed and an external view of the final arrangement is shown in
figure 2.5. Various other, similar, arrangements were used during
the development of the system. 1In particular a 14" diameter tubular
cross was used instead of the final 3" diameter loading chamber.
This proved awkward for loading the 32 mm square substrate plates
due to the small clearances inside the cross piece, and proximity of
the SIMS liquid nitrogen trap further restricted access. The
loading chamber was built at the maximum possible diameter (3")
compatible with an FC64 flange. The additional space made loading
much easier and enabled additional prepared substrates to be stored
under vacuum before use. A 35 mm clear bore VAT valve is used to
isolate the load lock from the main chamber. The original plastic
operating handle was removed and a shorter metal handle fitted to
enable operation with the adjacent baking panel in place and also
enable baking without removal of the handle. Before the VAT valve
became available a 28 mm bore VG gate valve, which had given persis-
tent problems through jamming when partially closed, was modified
by replacing overstressed leaf springs in the expanding gate with
stainless steel coil springs and guide pins, and a zero length
FC64 - FC38 adaptor made with the intention of using this for the
load lock. This would have entailed remaking the substrate heater
to accept smaller substrates, and fortunately the larger VAT valve
became available. The VG valve was subsequently used on the SIMS
system with no further problems.

A drawing of the magnetically operated drive mechanism is
shown in figure 2.25, with photographs of the two ends in figure 2.26.
The magnet used is cylindrical, with an axial magnetic field, and
mild steel pole pieces were made to concentrate the field within the
lé " diameter outer tube, with sufficient non-uniformity to enable
rotation of the drive. Use of an axial magnetic field gives
sufficient axial force to support the weight of the loading drive
within the inclined tube. However, the central position of the soft

iron slug within the cylindrical magnet is one of unstable equili-

brium and it is pulled sideways against the inside of the tube.
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Initially a single carbon bearing was used at the end of the rod but
this wore on the relatively rough bore of the tube allowing the slug
to bind against the tube wall. Finally the two PTFE bearings shown
were fitted, giving a much smoother operation of the drive. No
noticeable wear in the other carbon bearings running on the ground
rod was apparent. A PTFE buffer was also fitted to the end of the
rod to give some cushioning on the occasions when the drive was
accidentally released and fell to the end of the tube.

Pumping of the load lock is effected by the rotary and diffusion
pumps used for the main system as shown in figure 2.8. Use of the
main UHV pump for the load lock means that the main chamber must be
left unpumped and restricts the pressure obtained in the load lock

before opening it to the main chamber. Use of a separate UHV pump

to attain better vacuum conditions within the load lock should
reduce residual contamination of the main chamber.

In operation the new substrate is positioned in the lower
position of the loading tray as shown in figure 2.26 (a) and, after
evacuation of the load lock, passed through the gate valve. The
previous substrate, currently held on the substrate heater, is located
in the upper position of the loading tray and the thermocouple
locating pin withdrawn from the locating hole. The loading arm is
then moved forward, removing the previous substrate from the heater
and at the sare time sliding the new substrate into place. The
thermocouple locating pin is then lowered into the locating hole
and the substrate disengaged from the loading tray. Finally the
loading tray, complete with the previous substrate, is withdrawn
through the gate valve. Correct positioning of the various items
at all times is observed through both the main viewport and the
small loading viewport. The field of view from this latter view-
port is very restricted and, since there is no direct line of sight
to any source cell, it may prove advantageous to replace the
existing window with an unshuttered zero-length window to obtain
a larger field of view, but this will depend on how badly obscured
it becomes in operation. This viewport is essential for observing
the loading process whilst actually operating the loading drive so

that any misalignment or jamming may be rectified before causing

serious damage.




Initial alignment of the loading drive is difficult involving
careful compression, due to the large mechanical advantage present,
of the various copper gasket sealed flanges to obtain the correct
position for the transfer drive, maintaining adequate clearance
between it and other parts of the system throughout its travel.

The axis of the loading drive is deliberately inclined at 14° to
the main 45° tilt of the system, by means of the FC64 - FC38
adaptor flange, in order to clear the substrate flange mounted
cryopanel, and this brings the drive close to the edge of the

FC64 port where it enters the main chamber. The lack of clearance
between the 32 mm wide substrate and the 35 mm bore valve and
connecting tubing means that careful alignment is necessary here
also. After correctly aligning and tightening all flanges the
drive is held to the main system frame by the small bracket visible

in figure 2.5 a few inches above the lower graphite bearing.

2.2.11 Transfer Drive

The transfer drive is of similar design to the load lock drive
described above and shown in figures 2.25 and 2.26. The major
difference is that the movement is longer, and the transfer tray
visible in figure 2.6 is designed both to retain the substrate when
rotated through 180° or more and to push on and pull off the sub-
strate from the SIMS manipulator. 1Initially the substrate was held
on the centre line of the drive similar to the load lock but had to
be offset since movement of the SIMS manipulator was insufficient to
give correct alignment in the original position. This offset also
entailed moving the tray forward, away from the drive rod, to give
clearance for the substrate heater when removing the substrate, which
in turn meant that the tray no longer withdrew into the aperture in
the main cryopanel, protruding past the edge of the substrate cryo-
coil and hindering removal of the substrate flange.

As with the load lock,graphite bearings were initially used
at the soft iron slug, but as these wore the slug began to bind on
the inside of the tube, producing a jerky movement of the transfer
drive. This resulted in the substrate sliding forward on the tray
to a position where it could not be safely inverted for mounting on
the SIMS manipulator, and the stops visible in figure 2.6 were filed
to stop this movement before the jerky motion was cured by fitting

PTFE bearings. The transfer drive was aligned similarly to the load

lock by careful compression of the copper gaskets and adjustment of




the support positioned near the farthest carbon bearing. The same
cylindrical magnet was used as for the load lock, fitted with a
long handle, visible in figure 2.4,to enable direct observation of

the transfer tray during its movement.

2.2.12 Mass Spectrometer

A Vacuum Generators Q7B quadrupole mass spectrometer was
fitted to the system for residual gas analysis. When first used
the output was so eratic as to be meaningless and the mass spectro-
meter was stripped down and reassembled ensuring that all connections
were properly made and adequately insulated. The opportunity was
also taken to reconnect the vacuum feedthroughs in accordance with
the manufacturers original specification. A channel electron multi-
plier was fitted in place of the original 'venetian blind' type.
'Noisy' potentiometers on the control unit were replaced. However
two intermittent faults became apparent during the project and were
not rectified. First was a tendency for the tuned mass to change
abruptly both whilst sweeping or when tuned to a supposedly fixed
mass. The sensitivity did not appear to change at these times and
since the spectrometer was only used for residual gas measurements
this fault was readily apparent and the measurement repeated. Changes
in sensitivity to the residual arsenic pressure of up to a factor of
two compared with the ion gauge were, however, observed at times
during the project although the quadrupole settings remained
unaltered. Secondly, after some hours of use, an of fset appeared on
the input to the main output amplifier resulting in saturation of
the output. This condition cured itself when the HT supply to
the electron multiplier was switched off, probably indicating that
it was due to leakage currents, but long term monitoring of any
particular residual gas species was difficult.

The mass spectrometer was initially used for helium leak
testing of the source cell flange. Use of an ion gauge had shown
the presence of a leak in the water tank mounted on this flange
but precise location of the leak required 'reverse pumping' of the
tank through comparatively long, small bore pipes and proved

impossible using the ion gauge. The flange was kindly leak tested

by SIRA who located a small leak. This leak was rewelded but on

retesting it was apparent that a similar sized leak was still

present and that we did not have the equipment to locate it. The




mass spectrometer was therefore repaired as indicated above and,
after considerable difficulty, the leak was located and cured.

A similar problem was encountered with the SIMS system liquid nit-
rogen trap which developed a leak in the liquid nitrogen reservoir.
This assembly was 'reverse pumped' to allow location of the leak

by inverting it on the body of the liquid nitrogen trap and sealing
the join with RTV silicone rubber. The leak was eventually located,
and subsequently cured, but was only apparent under these pumping
conditions when the assembly was heated to > 100 °C using electrical
heating tape. Throughout the project the mass spectrometer was
used for checking leak tightness of the system after replacing

flanges or fitting new components.

2.2.13 System Electronics

The various electrical and electronic units required to power
and control the MBE system were mounted in a single 19" rack unit
visible in figure 2.4. Power was supplied to the rack through a
20 amp mains relay energised via the ion gauge controller trip relay,
with suitable switches for by-passing the trip mechanism on start-
up and if overranging of the ion gauge controller is anticipated for
some reason.

Operation of the trip circuit due to a system pressure in
excess of the range set at the ion gauge controller removes mains
power from all equipment supplied from the rack, protecting, in
particular, hot filaments from accidental operation in high back-
ground pressures. The diffusion and rotary pumps, and bakeout
heaters, are not powered through this supply but directly from the
main combined system supply, and are protected by a mechanical
pressure switch in the backing volume in case of a major loss of
vacuum. Various, more complicated protection schemes were considered
but in the absence of an automatic system isolation valve and more
sophisticated fault detection it was considered that the system
implemented was quite adequate. Power was distributed to units
mounted in the rack by 6 amp IEC mains sockets fitted to the
instrument runners, and two independently switched and fused banks

of standard 13 amp sockets were used to supply other equipment not

permanently mounted in the rack.




2.3 SIMS System Components

Components of the SIMS system will be described in sufficient
detail to enable adequate understanding of its operation and

limitations to the SIMS data.

2.3.1 Main Chamber and Pumping

A schematic diagram of the SIMS chamber and associated
components is shown in figure 2.27. As already discussed the major
pump is a liquid nitrogen trapped diffusion pump, but a titanium
sublimation pump is also used. Rough pumping of the system is by
means of an oil-free carbon vane rotary pump and sorption pumps,
both pumping through the load lock. The load lock was designed for
use with samples for dynamic SIMS analysis and is not compatible with
the mounting of static SIMS samples. A Spectramass 1000 quadrupole

mass spectrometer is fitted to the system for residual gas analysis.

2.3.2 sSample Holder

A sketch of the SIMS sample holder is given in figure 2.28.
The horizontal portion of the holder was designed to locate MBE
grown epilayers, transferred from the MBE system, in the correct
position for static SIMS analysis and was mounted onto the existing
sample holder designed for dynamic SIMS use. A small fluorescent
screen was made by painting saturated potassium bromide solution onto
a copper plate mounted as shown, flush with the top surface of the
epilayer, for location of the primary ion beam. However, movement
of the sample holder was inadequate to bring the screen into the ion
beam, which was itself of too low an intensity, at normal static
SIMS conditions, to give visible fluorescence on such a screen. The
primary ion beam was, therefore, set up using the TEM sample grid,
as for dynamic SIMS operation and described in the next section,
before moving onto the static SIMS sample.

The MBE grown sample is slid onto the SIMS sample holder in
the direction indicated, with the edges of the molybdenum plate
locating against the roller bearings, the flanges on these bearings
preventing the sample lifting off the holder. The two fixed bearings
maintain the alignment of the sample whilst the third, mounted on a
sprung arm, locates in a notch on the molybdenum plate, holding it
in position and enabling the transfer tray to be removed. Removal

of the sample from the SIMS system is effected by locating the
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sample in the front position of the transfer tray and simply pulling
it off the SIMS sample holder. A tapped hole, compatible with an
adaptor made for the SIMS loading arm, was made in one substrate
plate with the intention of being able to remove samples directly
from the SIMS chamber. However, movement of the SIMS manipulator
was inadequate to give correct alignment with the load lock and all
static SIMS samples had to be loaded and removed through the MBE
system.

The final series of static SIMS results were obtained after
the SIMS manipulator had been stripped down and reassembled with
various bearings replaced, due to seizure of some types of bearing.
It was only after the SIMS system had been baked out and set up
ready for static SIMS measurements that the transfer of the MBE
grown epilayer proved very difficult. It was finally realised that
this was caused by a rotation of the sample holder, due to a fault
in reassembly, such that the molybdenum sample block was jamming
inside the transfer tray when located on the sample holder.
Fortunately it was possible to load the samples by disengaging them
from the transfer tray when only partially located on the sample
holder, and only one sample was lost in the process. Loading of
samples for dynamic SIMS analysis was not possible until the

manipulator was correctly realigned.

2.3.3 Ion Source and Primary Ion Column

The ion source is a Penning-type discharge, fitted with a
hot cathode for production of argon ions used for static SIMS
analyses. Under the conditions required to generate the fairly
low primary ion currents used for static SIMS (0.5 - 3 nA) the
hot cathode filament would last for a few days, whereas for the
several microamps required for dynamic SIMS profiles its lifetime
could be as little as a few hours. Various materials were used
for the filaments - Tantalum, Tungsten, Thiorated Tungsten - but
with little apparent difference between cleaned filaments of
different composition wires of the same diameter. The most important
factor in extending filament lifetime appeared to be in adequately
outgassing the source by running the filament at increasing powers
for an extended period before starting the discharge. Filaments did

not fail at the high temperature, coiled tip but along the uncoiled

side wires of the filament, suggesting that sputtering of the wire




by the discharge may be the cause of failure of the filament. However
the previous use of a twisted pair of wires leading to the coiled
filament tip had not apparently given any improvement in filament
lifetime. The ion source was pumped, through the aperture in the
anticathode by a 1000 1/s cryopump, with the carbon vane pump and
sorption pump for roughing. The argon supply for the discharge was
99.995% Ar, BOC research grade, admitted through a Vacuum Generators
MD6 leak valve which had been cleaned and fitted with a replacement
knife edge and copper sealing pad. Argon pressure in the ion column
was maintained at 1 x 10_6 Torr corresponding to NIO_3 Torr in the
discharge.

The major components of the primary ion column, shown in
figure 2.27 are, in order, the extraction lens used for beam current
control by defocussing on the pressure step aperture, Wien filter
incorporating alignment plates, pressure step aperture, alignment
plates, 4° bend for elimination of neutral species, final lens for
focussing on the sample, and deflection rods for scanning the beam.
The beam is set up by optimising the various alignment and focus
controls for maximum current on the target, and ten reducing the
target current by defocussing the extraction lens whilst simulta-
neously adjusting the various alignments to maximise the target
current, thus maintaining the best alignment and least aberration
of the ion beam. Previous calibration with a Faraday cup has shown
that the primary ion current is equal to the target current measured
with the ion beam incident perpendicularly onto the stainless steel
target, biassed at +5 V to collect secondary electrons.

Focussing of the beam is achieved by means of a TEM specimen
mounting grid. When the focussed beam is swept across the grid a
slight modulation of the target current is observed, as the centre
of the beam passes over the grid wires, and the focus is adjusted
to maximise this modulation. The grid is formed of 30 um 'wires'
at 100 um pitch and for the usual static SIMS operating conditions
of 500 eV ion energy and 0.5 - 3 nA beam current a target current
modulation of 10 - 15% was obtained, indicating a spot size of
~100 um. Beam deflection potentiometers were calibrated by

deflecting the beam the known diameter of the grid.

2.3.4 Secondary Ion Column

Secondary ions from the sample are extracted by a 100 Volt

extraction potential into the electrostatic energy filter fully




described by Wittmaack et al (1982). Briefly the purpose of the
energy filter is to limit the energies of the transmitted ions to

the range effectively mass filtered by the mass spectrometer, and
provide some focussing of the ions into the geometrical entrance
aperture of thequadrupole. Plate potentials on the energy filter
were set to maximise the mass spectrometer signal for a selected

ion species at the standard target potential (69Ga+, +5 V; 35Cl—,

-5 V for positive and negative ions respectively). The mass spectro-
meter is an Extranuclear ELFS quadrupole fitted with 9.6 mm diameter
rods and detection of transmitted ions is by an off axis channel
electron multiplier. A soft iron pole piece is fitted near the exit
aperture of the quadrupole to enable the use of an external magnet

to deflect electrons, which may cause a high background signal, away
from the multiplier when set for negative ion detection. Mass tuning
of the quadrupole is controlled by the 380Z microcomputer. The
output from the electron multiplier is taken through a head amplifier
floating at the multiplier potential to a 5CI Brookdeal photon counter
also controlled by the 380Z microcomputer. The output from the
photon counter was stored by the microcomputer for display and

subsequent processing.

2.3.5 Gas Inlet System

The gas inlet system was constructed for controlled oxygen
exposures of the MBE grown surfaces and is visible in figure 2.1.
A two litre glass flask of 99.995% 02, BOC research grade, is
connected to the system by a Vacuum Generators MD6 leak valve. The
worn knife edge and deformed copper pad were remachined and the cop-

per pad etched in H SO4/H202/H20 mixture to remove obvious surface

contamination beforz reusing the valve. 1Initially, whilst the glass
flask was mounted where it was partly protected by the system frame,
no special protective screen was made and on one occasion when
reattaching cables after baking the system this was hit and broken
by a swinging connector. The leak'valve had to be stripped down to
remove fragments of glass and the knife edge and copper pad replaced
with a second remachined pair. A protective screen was subsequently
made for the glass flask from expanded metal sheet. Use of a

medium pressure gas supply from a steel cylinder was considered but
the additional expense and testing of such a system, necessarily

incorporating a high purity gas regulator, was not considered feasible

for this project alone.




CHAPTER 3

Growth and Characterisation of Epilayers

3.1 Surface Preparation

Substrate surface preparation can be conveniently divided into
two sections. Firstly any chemical and/or light mechanical treat-
ment, outside the vacuum chamber, of the commercially purchased
GaAs wafers "polished for epitaxial growth". This is designed to
give a reproducible flat surface, free from dust and other
contaminants, and generally passivated with a thin, reproducible
oxide layer. Secondly there are further treatments within the
vacuum system to remove the passivating surface layer, together with

residual contaminants, and generate a flat, ordered surface suitable

for epitaxial growth.

3.1.1 Ex-Situ Substrate Preparation

Commercially available GaAs wafers "polished for epitaxial
growth" have generally been sawn from a bulk ingot with the required
crystallographic orientation, possibly lapped with a purely mecha-
nical abrasive and finally subjected to a chemo-mechanical polishing
process. The basic principles and procedures are well described by
Fynn & Powell (1979), Tuck (1975) and Jensen (1973) . Commercial
manufacturers are understandably reluctant to divulge their exact
processes but the majority of wafers used in this project were
supplied by Cambridge Instruments and of these the first batch was
finished with a bromine-methanol etch, whilst the second used a
combined sodium hypochlorite and syton [Colloidal Silica, Walsh &
Herzog (1965)] chemo-mechanical polish. It is generally considered
that most manufacturers now use a hypochlorite based chemo-
mechanical polish as the final stage of wafer preparation. Briefly,
the chemical oxidant in the etch produces a thin oxidised layer on
the wafer surface, which is then either directly abraded, or
preferentially dissolved, at the high-spots giving a long-range
flatness not attained with a free etch, and freedom from localised
damage caused by direct mechanical abrasion of the substrate.

A final free etch of the wafers was performed with a sulphuric
acid-peroxide etch, composition 7:1:1 H“SOJZHZOZZHZO as previously

Z

[Meggitt (1979), Grange (1980) , Kubiak (1983)]

used in this laboratory




to remove residual damage and contaminants from the wafer surface
leaving a reproducible, thin oxide layer. Such an etch is commonly
used elsewhere for preparation of gallium arsenide wafers [Cho et al
(1977) , Neave & Joyce (1978), Laurence et al (1979), Chai (1980),
Chang et al (1981), Koschel et al (1981), Ballingall & Wood (1982),
Akimoto et al (1983), Metze & Calawa (1983)] and has been extensively
studied for selective etching of gallium arsenide [Iida & Ito (1971),
Shaw (1981), MacFadyen (1983), Adachi & Oe (1983)] although several
other etches, and series of etches, have been proposed for optimising
the thickness and composition of the surface oxide, and minimising
residual contaminants [see eg Aspnes & Studna (1981), Cho et al (1980),
Zilko & Williams (1982), Kern & White (1970), Oda & Sugano (1976) ,
Shiota et al (1977)]. It is of interest to note that Aspnes & Studna
(1981) observed rapid film growth on prepared surfaces subsequently

exposed to air, and suggest that reported differences attributed to

different surface treatment may be due to sample handling prior to
analysis.

The bromine methanol polished wafers initially used in this
project were contaminated with dust particles on removal from the
manufacturer's packaging (see figure 3.1) and cleaning proved to
be somewhat difficult, partly because of the comparatively rough
surface left by the bromine methanol etch. Lightly wiping the wafer
surface with a filter paper whilst washing with isopropanol proved
to be the most effective way of removing the dust particles but
random scratches appeared on the substrate after the sulphuric acid
peroxide etch. It was shown that these scratches were due to the
wipe with filter paper by wiping in one direction only, when all the
scratches appeared in this direction, and their absence from un-
wiped surfaces. Since no damage is apparent before etching, this
must be due to latent, subsurface damage inflicted during the wiping
operation and revealed by the etch in spite of the diffusion limited,
polishing properties of the sulphuric acid peroxide etch.

Surprisingly, the scratches were still visible even after removal

of over 10 um of material, and using an abrasive free lens tissue

for wiping reduced, but did not eliminate, the scratching apparent.
Dust particles were much less adherent on smoother wafers, polished

by the hypochlorite process and could be removed without resorting

At this stage it was also realised that the

to wiping the surface.




(e) © 250 pm (£)

Figure 3.1 Nomarski micrographs showing contamination

and scratching of bromine-methanol polished wafers.

a) Particulate contamination on typical wafer, as removed
from manufacturer’s packageing,

b) Same wafer after wiping with filter paper and isopropanol,

c&d) Typical cleaned wafer before and after sulphuric
acid-peroxide etch,

e&f) As (c&d) but higher magnification.




figure 3.1 Nomarski micrographs showing contamination

and scratching of bromine-methanol polished wafers.

a) Particulate contamination on typical wafer, as removed

from manufacturer’'s packageing,
b) Same wafer after wiping with filter paper

c&d) Typical cleaned wafer before and after su

acid-peroxide etch,

‘ication.

d isopropanol,

phuric




reflux apparatus used for cleaning the wafers provided minimal
cooling to the wafer, with the result that there was a minimal flow
of solvent across the wafer, but rather a continual cycle of
condensation and re-evaporation in the changing convection currents.
The initial refluxing stage of the cleaning procedure was therefore
changed to a short boil in isopropanol, but no marked improvement
in removal of dust particles was found. This cleaning problem was
finally solved by ultrasonically cleaning the wafers in a variation
of the cleaning process used at Philips Research Laboratories which
was provided by Dr J J Harris. This process is outlined below and
Nomarski phase contrast micrographs [Nomarski & Weill (1955)] of
typical wafers before and after etching are shown in figure 3.2.

The first cleaning stage commences with boiling in isopropanol

followed by ultrasonic cleans in, successively, trichloroethane,
acetone and methanol. The wafer is then washed with super-Q water,
blown dry with filtered dry nitrogen and examined using the Nomarski
microscope. If excessive dust is still visible then the cleaning
process is repeated, otherwise the 7:1:1 HZSO4:H202:H20 etchant is
mixed and allowed to cool to~40 °C before sliding in the wafer and
etching for 2 minutes with a gentle rotary stirring action. The
majority of the etchant is decanted off, the wafer thoroughly rinsed
with super-Q water and then left to stand under water for a few
minutes before blowing dry with nitrogen. "Aristar" grade sulphuric
acid and hydrogen peroxide were used for the etchant, "analar" grade
solvents were used elsewhere and "super-Q" deionised distilled water
with a resistivity 2 1018 ohm cm was used throughout. Quartz beakers
were also made for each stage of the process but the wafers were
found to shatter when ultrasonically cleaned in a quartz beaker
and polymethylpropylene (PMP) beakers were used instead. However the
PMP beaker used for the ultrasonic clean in trichloroethane was
slowly attacked by the solvent and a PTFE beaker substituted. All
beakers were labelled and used for a single, specific stage of the
cleaning process to minimise cross contamination, and all operations
except the ultrasonic cleaning and Nomarski examination were carried
out in a nominal class 100 fume cupboard.

Some other defects were also observed after the sulphuric acid-

peroxide etch despite its supposed diffusion limited polishing action,

and are shown in figure 3.3. The formation of shallow pits or mounds
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Figure 3.2 Nomarski micrographs showing cleaned and

| etched surfaces without wiping. Note the difference
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urfaces.
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c&kd) After sulphuric acid-peroxide etch.

ekf) As (ckd) but higher magnification.
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gure 3.3 Nomarski microgra

sulphuric acid-peroxide etch.

of' defects ovuserved after

a) Mounds due to collection of debris on wafer surface
during etching, with two pieces remaining.

b) Mounds or saucers due to imperfect cleaning prior to
etching.

¢) Random line defects, probably due to contamination
from nylon tweezers.

d) Patch of associated fine defects of unknown origin.




(a) 1 mm (b) 500 um

-

-

(¢) 1 mm (a) 50 um
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Figure 3.3 Nomarski micrographs of defects observed after
sulphuric acid-peroxide etch.
a) lounds due to collection of debris on wafer surface

during etching, with two pieces remaining.

b) Mounds or saucers due to imperfect cleaning prior to
etching.

¢) Random line defects, probably due to contamination
from nylon tweezers.

d) Patch of associated fine defects of unknown origin.




is probably associated with contamination of the surfaces, since it
did not occur when wafers had been correctly cleaned by the
procedure just described. Irregular mounds occurred on some large
substrates due to the collection of small pieces of material (inc-
luding gallium arsenide chips from the corners of the substrate) at
the centre of the beaker on the substrate surface. Groups of short
line features were occasionally apparent with similar lengths but
random orientation but their origin is not known, although contami-
nation of the surface from nylon tweezers is suspected. The etched
wafer was finally soldered to a molybdenum substrate mounting plate
with indium and positioned in the MBE system loading chamber, after
removal of any airborn dust by blowing over with helium-nitrogen

mixture.

3.1.2 1In-Situ Substrate Preparation

After loading in the MBE system the residual oxide film left
by the ex-situ substrate preparation must be removed to give a
clean surface suitable for epitaxial growth. This is achieved by
heating the wafer to a temperature of approximately 600 °C in an
arsenic overpressure, when the reflection electron diffraction
pattern changes from diffuse scattering, characteristic of the
amorphous oxide layer, to distinct spots or streaks characteristic
of the smooth crystal surface.

This heat cleaning process has been extensively covered by
various workers [eg Uebbing (1970), Gonda et al (1975), Cho & Arthur
(1975) , Covington & Meeks (1979), Laurence et al (1979), Chai (1980) ,
Koschel et al (1981), Munoz-Yague et al (1981), Ballingall & Wood
(1982) , Metze & Calawa (1983), Heiblum et al (1983), Hwang et al
(1983), Akimoto et al (1983), Buonaquisti et al (1983), Vasquez et
al (1983)] and surface composition has been monitored with AES and
ESCA. The basic results are that the chemically prepared surface
is covered by a thin oxide layer with some carbon contamination.
Other minor contaminants such as Cl, S, F, K, Na have occasionally
been observed also, and Stirland & Straughan (1976) report that
sulphur contamination has been shown to originate from the sulphuric
acid-peroxide etch. On heating the wafer there is a change in the

oxide structure at a temperature of ~350 °C, however it is uncertain

whether this is due to loss of volatile arsenic oxides or their




reaction with the substrate to produce additional gallium oxides
and free arsenic. Similar results have been obtained by Su et

al (1982) with oxidised cleaved surfaces, where oxygen either
transferred from arsenic to gallium bonding or desorbed together
with arsenic depending on the heating rate. Further heating leads
to loss of the remaining oxide at temperatures variously reported
in the range 500 - 650 °C. Most results show desorption occurring
fairly abruptly at a temperature of between 550 and 600 °C. The
larger ranges quoted may be due to different heating rates, measure-
ment of commencement or completion of desorption, effect of oxide
layer thickness or composition - thicker layers are reported to
require higher desorption temperatures [Laurence et al (1979)] as

O OoxXldes

[oh)

grown by different methods [Buona

simple inaccuracies in temperature measurement, or, more probably,
a combination of these effects. 1In this project some variation in
the indicated substrate temperature required toobtaina streaked
electron diffraction pattern was observed but, due to deficiencies
in the temperature measurement it is not possible to state
categorically whether these were real variations between substrates,
or simply due to inaccuracy of the temperature measurement. Oxygen
and all other contaminants except carbon are reported to be reduced
to below the detection limits of AES by this heat cleaning
procedure, but the effect on carbon depends on exposure to the
electron beam. Chang (1982) has shown that for efficient removal
of surface carbon the wafer must not be subjected to AES analysis
at temperatures below 350 °C; if this is not ensured then carbon
removal becomes progressively less effective with duration of the
electron beam exposure. Most previous investigations had simply
reported that heat cleaning was ineffective in removing carbon
contamination and the ex-situ substrate preparation optimised for
minimum initial carbon contimation. The standard method for in-
situ removal of carbon contamination is by low energy ion bombard-
ment followed by annealing in an arsenic overpressure to restore
surface crystallinity. It is also reported that epilayers grown on
ion bombarded and annealed substrates are somewhat smoother in
appearance than those on heat cleaned substrates [Cho et al (1977)1],
although a high resistance interfacial layer on sputter cleaned

substrates [Chang et al (1981)] shows that not all residual damage

is removed by the annealing process.




SIMS results obtained in this laboratory by Boyle (1984)
showed various oxide, sulphate and hydrocarbon related signals,
together with Na, K, Al, Cr, Fe, In and Cl contamination on etched
surfaces. Sulphate related signals were of variable intensity from
different surfaces and remained a major signal after heat cleaning,
along with hydrocarbon species. These signals were significantly
reduced by low energy argon sputter cleaning, and a cyclic treat-
ment of heat cleaning, sputtering and annealing was recommended for
preparation of substrates with minimal surface contamination.

The MBE chamber used in this project was not designed to
permit sputter cleaning of substrates, there being no suitable
port for mounting a standard ion gun fitted with an external magnet
and directed at the substrate. In-situ preparation of all substrates
was, therefore, limited to heat cleaning. Substrates were heated
to ~600 °C and maintained at this temperature for ~10 minutes.
Electron diffraction patterns usually showed some streaking of
diffraction spots and inclined relrods consistent with (114) and
(114) facets reported by Laurence et al (1979) visible in the [110]
azimuth. Typical diffraction patterns are shown in figure 3.4. If
a streaked diffraction pattern did not occur at the initial heat
cleaning temperature then increasing the temperature by 20 - 30 °C
was usually sufficient to do so. It is not clear whether this is
due to additional contamination of the surface, or simply to poor
thermal contact with the thermocouple. Occasionally a weak (2 x 4)
reconstruction would be apparent with no indications of faceting
after simple heat cleaning, probably indicative of lower than usual
contamination. Although the occurance of faceting is indicative of
surface contamination, epilayer growth of a few hundred Angstroms
was usually sufficient to produce an evenly streaked, reconstructed
diffraction pattern, as shown in figure 3.4, indicative of a flat
surface. Inclined relrods were also apparent after heat cleaning
epilayers which had been exposed to air and then replaced in the
system, indicating that the relevant contamination may not be from
the etching process but could be either airborn, or generated within
the vacuum system. This latter possibility is also indicated by two
separate substrates which were heat cleaned and then left overnight
whilst the system cryopanels warmed up and degassed, in an attempt
to minimise the background of residual gas in the system during

subsequent growth of epilayers. However both epilayers were highly
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(e)

(d)

Figure 3.4 3keV RED patterns during initial growth of

epilayer 43.

a) After heat cleaning at 600°C. A weak (2x1) reconstruction
with slight arrowing of points on [T101 azimuth. A
stronger reconstruction with longer streaks is usually
apparent.

b&c) After 30A & 60A growth respectively. Note increased
streaking of the diffraction pattern in [110] azimuth
and development of 'relrods' in [110] azimuth.

d) After 200A growth - % order streaks much more uniform,

% order streaks just apparent beneath 'relrods'.
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{1101 (7101

Figure 3.4

e)

£)

g)

h}

After 200A growth - uniform 3 and % order streaks.

sxposed to arsenic flux only. DNote increased sharpness
of % order streaks.

During growth at 550°C and 30A/min.

Same layer af'ter exposure to atmosphere and heat cleaning.
Note the presence of both zorder streaks and 'relrods' =

many chemically cleaned substrates show similar diffraction

patterns.
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defective, as shown in figure 3.5, strongly indicating that additional
contamination had occurred and had not been desorbed by an additional
heat clean immediately prior to commencement of epilayer growth. The
most likely source of such contamination is from species previously
adsorbed on the cryopanels, but no comparable effects were found

when growth of an epilayer was stopped and recommenced at a later
date after the system cryopanels had warmed up and been recooled.

This indicates further that the heat cleaned surface is more reac-
tive than the MBE grown surface, presumably due to defects or other
active sites created or revealed during desorption of the oxide.

Other suggested methods of surface preparation include UV-
ozone cleaning [McClintock et al (1983)] immediately prior to loading
in the vacuum chamber to remove carbon contamination from the oxide,
laser cleaning [Rodway et al (1980)], and in-situ oxidation [Wood
(1976)] in low pressure oxygen or water vapour, to remove carbon
contamination.

One problem encountered at the final blowing dry of etched
wafers was an occasional tendency for the water film to break up
into droplets, or for droplets to be blown-up from the edge onto
the surface of the wafer, and for these droplets then to be blown
across the etched surface. No contamination was visible at this
stage but streaks, very reminiscent of conventional drying stains,
would appear on the deposited epilayer. On close examination, see
figure 3.5, these marks proved to be highly faceted regions possibly
ending in a region of polycrystalline or 'whisker' growth. It seems
apparent that this is caused by a trail of contamination left by the
evaporating droplets as they are blown across the surface, with
additional contamination if a droplet finally stops and evaporates
on the surface. It may be possible to reduce this form of contami-
nation by holding the wafers on a vacuum chuck to minimise solvent
collecting at the edge, or spinning dry under a reduced dry nitrogen
flow.

General faceting of epilayers occurred during initial use of
the system whilst correct operating parameters were being established
and typical Nomarski micrographs of such layers are shown in
figure 3.6 (a) - (c), together with RED patterns obtained from the

most highly faceted layer. The included angle of A~50° between the

relrods shows that these facets are (113) planes and not the (114)
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Figure 3.5 Nomarski micrographs showing :-
a&b) Highly defective epilayers produced after heat-cleaned

surface was exposed to outgassing products from cryopanels.

¢) Defective area of epilayer with 'drying stain'.

d) Enlarged portion of 'drying stain' showing localised
faceting and possibly gallium droplets.

e) Head of drying stain showing faceting and area of whisker
growth.

f) As (e) but with focal plane raised by ~1um to give
better definition of whiskers.
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Figure 3.5

a&b) Highly defective epilayers produced after heat-cleaned
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Figure 3.6 Nomarski micrographs of various faceted

epilayers as described in the text.
exf) 3keV RED patterns obtained from the epilayer

shown in (a),







facets often observed for a short time after commencement of growth
on a fresh substrate. The RED pattern obtained from this epilayer
in the [100] direction showed spots moving along lines at 45° to

the main streaks, indicative of (011) facets being present also.
Faceting of this layer occurred when the system cryopanels warmed up,
releasing previously adsorbed material, during the growth, and is
believed to be due to adsorption of these contaminant species from
the residual gas onto the growing surface.

Overall faceting of epilayers also occurred, as shown in
figure 3.6 (d), when an additional ion gauge, placed in the growth
region of the chamber with direct line of sight to the substrate,
had been used extensively to compare residual pressures in this
region with those indicated by the main chamber ion gauge. This is
probably due to stray electrons from the ion gauge bombarding the
surface and converting the residual carbon contamination into the
strongly bound form not desorbed by heating. The pressure measure-
ments showed that, with the cryopanels liquid nitrogen cooled, the
arsenic background in the growth region was approximately twice that
indicated by the main chamber ion gauge, and the increase observed
on shuttering the arsenic cell was only 10% compared with 50% at
the main chamber ion gauge, but this may have been due to partial
shuttering of a direct line of sight from the arsenic cell to the

ion gauge.




3.2 Substrate Temperature Calibration

As already mentioned in Chapter 2 the substrate thermocouple is
not in good thermal contact with the substrate mounting plate and
requires calibration. This was effected by drilling one plate to fit
a second thermocouple in good thermal contact. The thermocouple was
formed from 0.1 mm diameter wire spot welded to tantalum foil and
positioned at the base of the blind hole, with a small quantity of
indium solder to ensure good thermal contact. The deep hole and fine
thermocouple wires minimise heat losses along the wires. Simple
heat flow calculations indicate that any temperature difference
across the plate should be less than 5 °C, so this second thermo-
couple should be within a few degrees of the actual substrate tempe-
rature. The indicated substrate temperatures were measured at
various settings of the heater current and are shown in figure 3.7 (a)
Note the increase in temperature when the substrate shutter is
closed due to reduced radiant heat loss. The results are replotted
in figure 3.7 (b) to compare the two temperature indications, and
bars show the range of readings obtained from the first thermocouple
when the substrate holder was rotated. This is caused by changes
in thermal contact between the thermocouple and substrate plate.

The plot shows that a convenient calibration over the temperature
range relevant for epitaxial growth (400 - 600 °C) is that actual
temperature = nominal temperature - 100 °C + 20 °C. Figure 3.8
shows the response of the thermocouples when the substrate is
heated to a controlled temperature. In normal operation only the
first thermocouple signal is available, whilst the actual tempe-
rature will more nearly follow that indicated by the second thermo-
couple. It is apparent that temperature measurements made other
than under reasonably stable conditions will be highly inaccurate
and that it is difficult to measure durations of short heat treat-
ments at a specified temperature. Furthermore the use of a PD
controller to minimise the time for TC1 to reach the set temperature
is not the optimum control, and experiments showed that quickest
stabilisation of the actual substrate temperature occurred without
use of the differential stage of the controller, the nominal sub-
strate temperature, TCl1, overshooting and then reducing whilst the

actual temperature, TC2, continued to increase to a steady value.

The precise form of the temperature rise varied both with the
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temperature set and maximum output power setting in use. The usual
procedure when growing an epilayer was to heat clean in an arsenic
flux at a nominal temperature of 700 °C (actual temperature

600 £+ 20 °C) for ~15 minutes, increasing the temperature to a
nominal 720 or possibly 750 °C if the electron diffraction pattern
had not become streaked, and then to reduce the substrate temperature
to a nominal 650 °C (actual temperature 550 + 20 °C) before commenc-
ing growth of the epilayer. The calibration of substrate temperature
against heater current was useful on occasions when the thermocouple
was open circuit, enabling continued use of the system. Similar
calibrations of source cell temperature against heater current were
made and are shown in figure 3.9. These calibrations are less

convenient both to use and obtain due to the long time constants

of the source cells, and when the ion gauge flux monitor was later
fitted this could,of course,be used to monitor the matrix species
and set a suitable cell current in the event of thermocouple
failure. As graphically indicated for the substrate heater in
figure 3.8, the available thermocouple temperature measurement may
not track the actual temperature of importance. This is most
apparent for the arsenic source cell where the arsenic flux and
residual background pressure in the chamber lags behind the indi-
cated source cell temperature due to poor thermal contact between the
source cell and its granular arsenic contents. A similar, but much
reduced, effect is expected for the silicon dopant cell with a
much smaller charge of silicon granules. The gallium cell, on

the other hand, with its liquid gallium charge shows much better
uniformity of temperature, and when the temperature controller

was adjusted so that it gave a large oscillating power output,
synchronous variation in the gallium flux was observed, consistent
with the indicated one degree temperature variation, and shown in
figure 3.10. The gain of the proportional and differential stages
of the source cell controllers were set to give reasonably steady

outputs at normal operating conditions and rapid stabilisation of

the cell temperature.
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3.3 Surface Reconstructions

A variety of surface reconstructions have been observed on
growing (001) GaAs epitaxial films since the initial development of
the MBE technique [see eg Cho & Arthur (1975), Ploog (1980), Neave
& Joyce (1978)] dependent on growth conditions, and more recent re-
sults have confirmed different surface compositions of the various
reconstructions [Drathen et al (1978), Bachrach et al (1981) , Larsen
et al (1982), (1983)] as shown in Table 3.1. The growth of surfaces
with different reconstructions and compositions was an essential
part of the project and was monitored using reflection electron
diffraction. As already mentioned the diffraction pattern became
evenly streaked after growth of a few hundred Angstroms of material
on the heat cleaned substrate, generally considered to be indicative
of a substrate flat on an atomic scale.

Several different reconstructions could be established for
various incident fluxes and substrate temperatures. Some, which
gave distinct diffraction patterns are shown in figure 3.11, but
several other less distinct patterns were also observed. The majority
of reconstructions were not particularly stable or reproducible and
were not easily retained when the substrate was cooled to room tempe-
rature. The commonly reported C(4 x 4) As rich, (2 x 4) As
stabilised and (4 x 2) Ga stabilised reconstructions were all attained
with little difficulty and close examination of the (4 x 2) Ga
stabilised diffraction pattern, see figure 3.11 (a) & (b), showed that
it was in fact a C(8 x 2) reconstruction since the second order re-
construction fringe was visible not with the electron beam incident
along the [110) azimuth but at 14° to this along [530] and ([350].
This is contrary to the generally held view stated by Neave & Joyce
(1978) that it is impossible to distinguish these reconstructions
using RHEED, since the necessary fractional order fringes are not
separable. Such a distinction was not, however, possible with
(2 x 4) or C(2 x 8) reconstruction due to the much longer and stron-
ger half order fringes in the [110] direction as is apparent in
figure 3.4 (e) - (q).

Maintaining the surface reconstructions whilst the substrate
cooled to room temperature was not straightforward. The (4 x 2) Ga
stabilised reconstruction consistently changed to a (4 x 6) re-
construction on cooling below ~500 °C and back again on heating to

~550 °C. It has been suggested by Dobson (1984) that this is

probably due to a high background CO level in the chamber. The




Table 3.1 Composition of different GaAs(001)
surface reconstructions

Reconstruction Approximate surface composition (%As)
Ref 1 Ref 2 Ref 3 Ref 4 Ref 5
c(4xl4) As rich - 86 100 |120-175 87
(2x4) As stab. 50-60 61 89 100 62
(4x6) Ga stab. - 27 31 - 18
(4x2) Ga stab. <10 22 52 - -

References:

1s Arthur (1974)
2. Drathen et al. (1978)
3. Bachrach et al. (1981)
L. Larsen et al. (1983)
5. Ludeke et al. (1983b)
Other investigations (Neave & Joyce (1978), Chiang (1983),
lassies et al.(1980)), whilst not giving absolute coverages,
generally agree with the ordering of Drathen et al (1578)
finding the (4x2) reconstruction to be the most gallium rich

composition for the different reconstructions.

surface. They also find overlapping ranges of surface
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Ref 1 Ref 2 Ref 3 Ref 4 | Ref 5
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(4x2) Ga stab. <10 22 52 - -

References:

1. Arthur (1974)
2 Drathen et al. (1978)
3. Bachrach et al. (1981)
L. Larsen et al. (1983)

5. Ludeke et al. (1983b)
Other investigations (Neave & Joyce (1978), Chiang (1983),

Massies et al. (1980)), whilst not giving absolute coverages,

composition for the different reconstructions.

generally agree with the ordering of Drathen et al (1978)
finding the (4x2) reconstruction to be the most gallium rich

surface. They also find overlapping ranges of surface
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Figure 3.11 RED patterns and reciprocal lattice cell

of various surface reconstructions on (001 )GaAs.

a) c¢(4x4)As rich surface.

b) c(8x2)/(4x2)/ (4x1)Ga stabilised surface. The 1/2 order
reconstruction is weak and only just visible.

Diffraction patterns characteristic of the (2x4)As stabilised
surface are shown in Figure 3.4, and the reciprocal lattice
cell is identical to the (4x2)Ga stabilised,but rotated by &Oo.
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Figure 3.11

¢) (4x6) surface reconstruction.
d) Mixed (2x6) & (3x6) surface reconstruction.

e) (4x8) surface reconstruction.
£)

e)

£)

(3x6) surface reconstruction.







(2 x 4) As stabilised reconstruction could be retained to room

temperature if the residual arsenic background was sufficiently low,
but at pressures p 10_7Torr it would change to the C(4 x 4) As rich
reconstruction due to adsorption of the residual arsenic, although
shuttered from the direct beam. On some occasions when the (2 x 4)
reconstruction had been maintained to room temperature and was then
heated it would transform to the C(4 x 4) As rich reconstruction.
This can only mean that arsenic was adsorbed randomly on the cool
surface and on heating became mobile, allowing the surface to
transform to the stable reconstruction with higher arsenic composi-
tion. The adsorption of arsenic was also tentatively inferred from
static SIMS results obtained from C(4 x 4) As rich surfaces prepared
with and without heating to desorb the arsenic, and fully described
in Chapter 4.

To overcome these difficulties in the production of differently
reconstructed surfaces for SIMS analysis the grown epilayer was
allowed to cool in the residual arsenic background until this was
below 10_8Torr. The resulting C(4 x 4) As rich surface was then
heated to 400 °C for ~10 minutes to desorb excess arsenic but retain
the C(4 x 4) As rich reconstruction, or to 500 °C for ~10 minutes to
produce the (2 x 4) As stabilised reconstruction. Both of these
reconstructions were retained on cooling to room temperature. The
(4 x 2) Ga stabilised reconstruction was prepared by further heating
the (2 x 4) As stabilised surface to 550 °C and then depositing half
a monolayer of gallium. On cooling this surface it transformed at
~500 °C to the (4 x 6) reconstruction which was then retained to
room temperature.

Measurement of the separation of the diffraction streaks gave
a lattice parameter of 5.6 + 0.3 A compared with the accepted value
of 5.65 A.

Other interesting effects observed in the electron diffraction
patterns included splitting of the primary spot by vicinally
oriented surfaces and fluctuations in intensity on commencement of
epilayer growth. Splitting by vicinally oriented surfaces has been
investigated by Pukite et al (1984) and attributed to destructive
interference between diffracted beams from adjacent terraces on the

vicinal surface. Calculation of the angle of misorientation requires

knowledge of the precise angle of incidence of the electron beam,




which is not easily measured in this simple diffraction system and
the effect was not investigated further. Fluctuations in intensity
of diffracted beams have been investigated by van Hove et al (1983)
and Neave et al (1983) and shown to be caused by essentially mono-
layer growth on an atomically flat surface; the periodof the flictuations
corresponds to one monolayer growth and the amplitude reduces with
growth due to random nucleation of additional monolayers on only
partially completed layers. During this project such fluctuations
were only observed at recommencement of growth onto epilayers which
had been used for SIMS analysis. These are presumably the least
contaminated surfaces available, since they have not been exposed

to outgassing products from the MBE system cryopanels, and the
epilayers are being grown with minimum impurities in the residual

gas due to the extended pumping period without exposure of the main
chamber to the load lock or to outgassing of a freshly loaded sub-
strate. This is a further indication of the desirability of reducing

system impurities to lower levels.




3.4 Growth Rate Calibration

The ion gauge flux monitor was not obtained until a relatively
late stage in the project, and before this the only indication of
epilayer growth rate was the temperature of the gallium cell. A
calibration of growth rate against gallium cell temperature was,
therefore, essential, and remained useful, even with the flux
monitor fitted, since cell temperature is the parameter used to
maintain the growth rate and is more precise than the flux monitor
signal in this system.

The first few epilayers were grown with a 5 mm diameter orifice
to the gallium cell but this was soon removed to obtain the maxi-
mum flux from the cell. The first attempt at growth rate calibra-
tion was to measure the gallium flux by depositing onto weighed
pieces of aluminium foil mounted on the substrate holder. However,
the mass of deposited gallium was too small to provide sufficiently
accurate measurements and subsequently a small piece of tantalum
foil was bent to clip onto the substrate plate and cover a small
portion of the substrate. The resulting step, after growth of the
epilayer, was then measured using a Tallystep stylus-based surface
profiler. This procedure was most convenient in use, the tantalum
clip interfering much less than anticipated with electron diffraction
patterns, and was used routinely for measurement of final epilayer
thickness rather than relying totally on previous calibration of
the growth rate.

Standard kinetic theory of gases [see eg Tabor (1969), Ramsey
(1963) , Holland (1956)] shows that the flux of molecules, effusing

from a small, sharp edged aperture (an ideal Knudsen source) is given

by
o No¥ By cos 6 3.1)
6Q = an © cos 0 Ag Sw = fom MRT m Sw (3.

using standard symbols as indicated in figure 3.12. Integrating
over the 'half-space' above the aperture gives the total flux as
N°P As

1 -
= — = (3.2)
Q’I‘ a e By V21 MRT

1f the aperture is not sharp edged but is a cylindrical tube then,
although the on-axis flux is unchanged, the total flux is reduced
by a factor 1/K due to diffuse scattering of molecules from the

tube walls, where in the limit of a long tube 1/K = 8r/3L. In the
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Figure 3.12 Effusion from Knudsen source cell.




case of Langmuir evaporation from a flat surface it is found that

aNPA
— S

2r = Var MRT (3.3)

where P is now the saturated vapour pressure of the material and a
is the so-called accommodation coefficient. The source cells used
in this investigation, and generally in other MBE systems, are
intermediate between the ideal Knudsen source with a small, sharp-
edged aperture and vapour in equilibrium with the source material,
and the freely evaporating Langmuir source. However the functional
relationship between on-axis effusion flux per unit area at distance

. and source temperature is in all cases given by

A
P(T) s
= 3.4
Q K W ol Z ( )

where for a Knudsen source

No

o= mv2m R

and P(T) is the saturated vapour pressure of the source material
at temperature T. Vapour pressure may be obtained from published
tables eg Honig & Kramer (1969), Kaye & Laby (1975) but an
analytical expression is obtained by standard approximation and

integration of the Clausius-Clapeyron equation as
P = Po exp (-L/RT) (3..5)

where L is the latent heat of evaporation (assumed constant).

Combining this with equation 3.4 we find

= == -L/RT (3.6)
Q 2 T exp (-L/RT)

The exponential variation with temperature is much stronger
than that due to the square root, as is apparent from figure 3.13 (a)
where experimental growth rates are plotted logarithmically as a
function of reciprocal temperature, together with that calculated
assuming ideal Knudsen effusion from the source cell. Two major

effects are believed responsible for the differences between

predicted and measured growth rates, in addition to the departure




from ideal Knudsen effusion conditions. Firstly there is the problem
of accurate source temperature measurement which, since the measured
temperature is likely to be low, will produce higher growth rates
than would otherwise be expected, and poorer thermal contact is
believed to be responsible for the higher growth rates observed for
epilayers 58 - 74. In addition, non-linearities in the chromel-
alumel thermocouple over the full range 0 - 1200 °C will reduce the
discrepancy in slope of the two lines, since the linear amplifier,
when correctly set at 1000 °C will be reading 20 °C low at 1200 °C.
Secondly, a skin of gallium arsenide builds up on the surface of
the gallium charge due to reaction with the residual arsenic back-
ground and this reduces the flux below that for a clean surface
[Bachrach & Krusor (1981)]. This effect is shown directly in the
measurements with the ion gauge flux monitor described <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>