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LE.E. PROCEEDINGS, PART B—SUPPLEMENT

ADVERTISEMENTS (i)

Smiths 100.000 ft Altimeter

Small Signal Range —28002-5, 28014, 38002, 38004
Alpha cut-off frequency up to 150 Mc/s - Collector voltage up to 45V
Power gain up t0 20dB at 70 Mc/s +  Total dissipation up to 156 mW

Smiths Aircraft Instruments Limited, and many other leading manufacturers, choose Texas transistors.
If you would like further details of these or other Texas semiconductors Please telephone or write.

STO P i P RESS ! Afi:::..: S)I(- :ﬁxnﬁ l;'sl:lA:ool':v

TEXAS INSTRUMENTS LIMITED

TELEPHONE: BEDFORD 68051 DALLAS ROAD, BEDFORD CABLES: TEXINLIM, BEDFORD

TN

09733



LE.E. PROCEEDINGS, PART B—SUPPLEMENT (ii) : ADVERTISEMENTS

HIGH EFFICIENCY
SILICON RECTIFIERS

250TA

.

N\
N
MEAN FORWARD CURRENT \\

Forward Current Ratings
from 250 mA to 35A.

Low reverse currents.

Low forward voltage.

Suitable for high perature operati
P.LV. up to 400 v.

A akl, mr' s "

Joseph Lucas Ltd

BIRMINGHAM

Telephone
Northern 5252

ELECTRAL HOUSE, NEASDEN LANE, LONDON - N.W.10

A Subsidiary Company ' of Joseph Lucas (Industries) Ltd.
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AEl ‘ZENER’ |
voltage reference
Diodes

For precise control of voltage
through specified slope resistance

and temperature co-efficient

SOME OF THE APPLICATIONS

Stabilised power supply, Accurate voltage ref-
erence source, Voltage surge suppression, Over-
voltage protection, and numerous other applica-
tions in the fields of instrumentation and control.

Ratings
Reference Voltage at 20 mA Dynamic slope resistance at 20 mA. Max. Reference current at 25°C

TYPE Min. Typical Max. Min. Typical Max. Stud-mounted | Wire-ended

volts volts volts ohms ohms ohms amp. amp.
VR3S 2-9 3.5 4-1 15 17-2 20 1-26 0-520
VR425 3-9 4:25 4-6 4 16:0 9 1-15 0-470 -
VR475 4-4 475 5-1 12 14-4 18 1-04 0:430
VR525A 4.9 5-25 5-6 i2 12-8 17 0-97 0-400
VR5258 49 525 56 6 10-0 12 0-97 0-400
VR575A 5-4 575 6-1 5 5-8 10 0-90 0-370
VRS575B 54 5:75 61 0 3:0 5 0-90 0-370
VR625 59 625 66 (] s 4 0-84 0-350
VR7 64 7-0 7-6 0 -5 4 0:69 0-280
VR8 7-4 80 8-6 0 -5 4 0-57 0240
VR9 8-4 9-0 96 0 -6 4 0-52 0-220
VRIO 94 10-0 10-6 0 2:5 5 0-42 0-200

Write for full details to:

Assoclated Electrical Industries Limited
Electronic Apparatus Division

VALVE AND SEMI-CONDUCTOR SALES
LINCOLN, ENGLAND
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e ' minn 10, 15, 20V,

. : times down to .1p8 (V10/18),
t T h e Wll‘ Vl% V10/18C A&m 125mW ; Peak current 500mA.
Vi vi 2
: 2 Kxow,A:lDa standard cylindrical style can
ratings 25V,
v, ¥ :m . ’W‘}f"s 16 Meh
Vllll.‘.' V6/8RC !
Kioo7/A1/D2 )2 standard cylindrical style can
Scadis Vols nd:ga xo.;ss. 30V,
range . M| AR | M S
- "Ki007 1/D3 standard cylindrical style can
y I.P. v Volug ratings 15, 30, 60V. ;
,t h e m y :m ndngns.;ov
N.P. VIS/15NP SNP 2 so Y
<3 o - (Noodle m.) Vi5/30NP | %’ !mnd‘-“r? imonjgﬁDBC Ez—-a)ﬂue
Visit us at l I Cold welded
stand number G307
at the a P. n .. vﬁg. Eﬂ. m nﬂn'p 15,30, 60V.
L.E.A. Exhibition {(Power) ﬂ ' V30/30P, VI mW Max. current 3JAmp.
VHF rating 15V. Mels.
V15/20R !E;’ﬂ cut-off
| - Drift = %nc o -mnw’or Max, current 13mA.
* If you Rave not received a copy of our booklet “Semi-conductor Device Data”, ukummdmeue.
Newmarket Transistors Ltd
Exning Road, Newmarket, Suffolk Telephone: Newmarket 3381/4 Cables: Semicon Newmarket

TAYR
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keep

up to date
with | o~
VISIRW:N:0M DESIGNERS' GUIDE

A
- -

The Mullz;rd policy of constant research and develobment
means that new and improved semiconductor devices are

. always becoming available. You ;’ca‘n make sure that you are
up-to-date with this progress by asking to be put on the
Mullard inall!ng list for ‘DESIGNERS’ GUIDE'. This leaflet,
published evéw four months, gives the latest abridged data
for every Mullard transistor, diode and rectifier that is
recommended for new equipment designs.

Mullard

MULLARD LIMITED « SEMICONDUCTOR DIVISION
Mullard House * Torrington Place * London WC1 s Langham 6633
@ s
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% Resistant to shock and vibration

* Completely reliable
% Fully ‘tropicalised’
SOME OF THE APPLICATIONS:
e Rectification e Control
e Magnetic amplifiers
@ Brushless alternators

® Power packs @ Blocking duties.

’

AEI
Silicon Junction

Rectifiers

(vi)

ADVERTISEMENTS

Ratings
TYPE P.LV. TYPE P.LV. TYPE P.LV. TYPE P.LV. TYPE P.LV.
volts volts volts voits volts
MAXIMUM CURRENT T 28°C
0.7 amp. 1.0 amp. 1.5 amp. * 2.3 amp. * 10 amp. *
§Jo5IB 50 §j0528 50 SJOSIA 50 SJOS2A 50 SLIOIA 100
sjloiB 100 sjiozs 00 SJI0IA 100 ° SJ102A 100 SL201A 200
$j201B 200 Sj202B 200 SJ201A 200 SJ202A 200 SL30IA 300
SJ301B 300 $j3028 300 - SJ301A 300 Sj302A 300 SL401A 400
Sj401B 400 §j4028 400 SMOIA 400 SJ402A 400
S)5018 500 SJ501A 500
SjeoiB 600 SJ601A 600
MAXIMUM JUNCTION TEMPERATURE
120°C I 200°C I 120°C l 200°C 150°C

* When mounted on suitable cooling fins. Write fm, fldl details to:

Associated Electrical Industries Limited

Electronic Apparatus Division
VALVE AND SEMICONDUCTOR SALES
LINCOLN, ENGLAND

AS513



ADVERTISEMENTS ( vii ) LE.E. PROCEEDINGS, PART B—SUPPLEMENT

"FERRANTI
offer

a wide range

of

r (J g‘ ' : :
7 A IN PRODUCTION
. - Small Signal Alloy and Diffused Junction Diodes
Low, Medium and High Power Diffused
SEMICONDUCTOR Joncion Rectifers
- Zener Reference Diodes
Voltage Variable Capacitors

High Speed Alloy Junction Diodes
2 Terminal Tetra Layer Switching Diodes

DEVICES s

Photovoltaic Cells
Zener Power Regulators

TO BE INTRODUCED SOON
High Frequency Diffused Junction Transistors
Alloy Junction Transistors -
High Power Diffused Junction Transistors

3 Terminal Tetra Layer Diodes

orrantl

FERRANTI LTD

GEM MILL + CHADDERTON - OLDHAM - LANCS - Tel: MAiIn 6661
London Office: Telephone TEMple Bar 6666

FE 200
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done with

Microwaves

RADAR: Fire Control - Navigation of Aircraft and Small Ships - Automatic Landing Missile Guidance
and Transponders ¢ COMMUNICATIONS: Multichannel Radio Links for Telemetering Data and Speech
VALVES: Klystrons and Magnetrons for 35/GCS and 75/GCS bands + Monitor Diodes for 1/GCS to 35/GCS
INSTRUMENTS : Comprehensive Waveguide measuring circuits covering 6 t0 75/GCS « RESEARCH Qutstanding

R h and Develop of the latest techniques,

COMMUNICATIONS DIVISION - RADAR DIVISION + VALVE DIVISION
MICROWAVE & ELECTRONIC INSTRUMENTS DIVISION  RADAR RESEARCH LABORATORY

'ELLIOTT BROTHERS (LONDON) LTD

Elstree Way, Borehamwood, Hertfordshire . Eistree 2040
Airport Works, Rochester, Kent - Chatham 4/4400

m A MEMBER OF THE ELLIOTT-AUTOMATION GROUP



ADVERTISEMENTS (ix)

drronucTiONt

G.E.C. original processes
now achieve
QUALITY QUANTITY QUICKLY

3Q production—Quality, Quantity
—Quickly! That’s the ideal pro-

duction combination for semicon-

G.E.C. has heen first with
all these achievements!
Microwave detectors and

mizers
ductors we’ve now achieved with

Point contact diodes
.E.C.-origi f.

G.E.C.-originated manufacturing S Sy
processes. And it’s because these copper sealing
new processes have so revolu- Copper sealing glass
tionised our prodiuction that you 85°C. junction temperature

for germanium
can be sure of getting the G.E.C. i —

‘12 amp. power transistor

devices you want—when you want

“Wa
them! We ‘offer you the widest toh for future

; advertisements describing
range in -the country—at really these and other new 6.E.C.
competitive prices toc! developments

| m.('l:llyA,ll‘.IT"\'r : ‘QUANTITY - lﬂU")l{lJY‘ -

SEMICONDUCTORS
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AEI

Silicon Controlled
Rectifiers
NOW IN QUANTITY PRODUCTION

Some of the applications:

* Motor Control

% D.C.-A.C. conversion

* Frequency conversion

* Phase-controlled D.C. power supply

* Static switching

* Ignitron firing and numerous other
applications in the aircraft,
instrumentationandprocesscontrol fields

Ratings
‘ Peak inverse | Mean D.C. Average Peak inverse | Mean D.C. Average
R{-‘“f," voltage forward Trl(r::r R.f-“m?r voltage forward Trigger
ype: current power 20%= cyrrent power
volts amp. watts volts amp. watts
CX10/25 25 0 0-1 CX5/25 25 5 01
CX10/50 50 10 0-1 CX5/50 50 5 0-1
CX10/75 75 10 0-1 CX5/75 75 > 0-1
CX10/100 100 10 0-1 CX5/100 100 5 0-1
CX10/150 150 10 - 0: 1 CX5/150 150 5 0-1
CX10/200 200 10 0-1 CX5/200 200 5 0-1
CX10/250 . 250 10 0-1 CX5/250 250 5 0-I
CX10/300 300 ¢ 10 0-1 CX5/300 ° 300 5 01
Write for full details to:

Associated Electrical Industries Limited

Electronic Apparatus Division

VALVE AND SEMICONDUCTOR SALES
LINCOLN, ENGLAND
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It is particularly fitting that the first lecture in this session
should be devoted to germanium and silicon. Without these
two elements and in the absence of the vast amount of basic
research and technological development which have been 2pplied
to them there would be no transistor, no talk of a revolution in
electronics and no convention such as this. Naturally such
basic materials attract a lot of attention both technically and
financially. 1 therefore propose to simplify my talk to the
proposition that there are few, if any, problems relating to
germanium and silicon the solutions to which do not lie in our
own hands. ' :

When in the decade 1915-1925 the thermionic valve was taking
the place of the earliest type of semiconductor diode (cat’s
whisker), there was no basic semiconductor theory and no appre-
ciation of the importance of crystal imperfections and impurities.
Germanium and silicon did not play any significant part.
Silicon first came substantially into the picture with the advent
of radar and the birth of modern microwave techniques. Torrey
and Whitmer! have given an almost classical account of the
early stages of this work. With the discovery of the transistor
in 1948 reinforcements reached the semiconductor field in the
shape of money and brain-power. In particular one might stress
the importance of the change-over about this time to mono-
crystals. 1t looked for a while as if the reduction of the problem
to regular crystals of the diamond structure with four valencies
per atom so simplified theory that technological problems must be
solved rapidly. The zone-refining and zone-levelling techniques
of Pfann promised to provide casy methods of removing
unwanted impurities and distributing desirable ones. We began
to talk in terms of the ideal crystal.

About this time we began to become too obsessed with
‘cylindrical objects’—rods, etc.—and apt to forget that we were
really interested in the crystal characteristics of thin wafers.
Between the rod and the wafer much may happen. According

Mr. Scott is with Standard Tel jon Lab, es Ltd.
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to some very recent reports from the United States we may
eventually produce monocrystalline wafers without recourse to
rods as intermediate products.

Occasionally there were rumours that germanium might
become scarce, that silicon was proving to be difficult to control
and that it might be desirable to investigate certain compound
materials whose ingredients were plentiful and cheap. Many
people, however, pointed out that we should suffer from inferior
mobilities, lower energy gaps, etc., and that the problem of
coping with stoichiometric balance would greatly add to our
difficulties. In the main, however, we preferred to search for
additional germanium -in flue dust and to tackle seriously the
problem of purifying and controlling silicon.

At that time many people imagined that we were going to
obtain ideal germanium and silicon by taking out all sign\iﬁcant
impurities, and obtaining intrinsic crystals, which we would
modify by inserting the desired significant impurities to adjust
conductivity, and so on. We explained certain anomalies in this
idealistic picture as being due to ‘thermium’ and ‘deathniugy’.
We had still to examine the complications of further types of
impurities, insoluble as well as soluble, compounds (carbides,
nitrides) as well as elements and gases as well as solids, with
their powerful effects on crystal structure, lifetime and con-
ductivity. Dislocations and etch-pit counts were still mysteries
to the technologist. The effects of plastic deformation were still
relatively unknown. We had still to experience practically the
problem of surface effect and the ability of silicon to pick up
undesirable impurities.

In the lecture I shall consider these complications with perhaps
as a text the suggestion that the complications become more
complex because we are not able so far to agree on a quantitative
description or specification of the material we need for transistors
and diodes.

Germanium may be used in many cases in preference to
silicon because, despite its inferior energy gap, inferior thermal

[843] 28
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parameters, more critical surface, etc., it is easier to control and
process. Statistically at the moment it would appear that
germanium controls the bulk of the transistor field and silicon
the bulk of the diode or rectifier field. There are rscent signs,
however, that silicon may wrest a considerable portion of the
transistor field from germanium.

Tt must be remembered that every time undesirable impurities
such as oxygen, copper or iron are encountered they are found
in concentrations from say 10!7 atoms per cubic centimetre down
to whatever is the limit of the method of test. The term ‘pure
germanium’ or ‘pure silicon” is therefore relative in the context
of the limitations of the measurement.

In considering the quantitative specification aspect it must
first be accepted that not much assistance will be given by non-
electrical methods of trace analysis. Even if expensive radio-
activation techniques are employed, giving an accuracy level of
§ foreign atom per 10! or 10'! atoms of silicon, there still
remain at this level concentrations of impurity atoms of the
order of 10'2 or 10! atoms per cubic centimetre. These can
be quite potent concentrations and one could dexire even more
sensitive means of tests which are not dependent on electrical
tests. .

Several of the papers presented at the Convention refer to the
need to control the oxygen content of silicon. By infra-red
methods the oxygen content of silicon cannot be measured much
below 106 atoms per cubic centimetre. This is sensitive enough
to detect oxygen in crystals pulled from crucibles where values
in excess of 10!7 atoms per cubic centimetre are normal, but if
non-crucible-growing methods are used and precautions are taken
to keep the partial pressure of oxygen in the ambient atmosphere
low (<<1mm), control cannot be checked accurately. Other
methods of measuring oxygen, e.g. that based on the kinetics
of precipitation of lithium in silicon, give perhaps one order of

improvement. Yet (as can be seen in Fig. 1) the removal of an
REVERSE VOLTAGE, VOLTS
1960 730 Q0 _...m._r.

SILICON A - J i
(OXYGEN REMOVED) 28 %
W
4 : §

1L I 80

7 /
i3 §
L) R
hi 75
1
100
Fig. 1.—Effect of removal _of oxygen on behaviour of silicon as a

material.

indeterminate amount of oxygen may .profoundly affect the
important reverse-current/voltage characteristics of silicon diodes.

It would be useful again to have more sensitive tests and to
be able to determine precisely the level of oxygen concentration,
especially in the presence of other impurities, e.g. aluminium,?
which are dangercus from the points of view of causing thermal
conversion (i.e. growth of donor population density), reduced
turnover voltage, etc.

The problem is present also in the case of germanium,? where
concentrations of 10'6 atoms per cubic centimetre can be
detected, with a strong probability of active dxygen atoms acting
as double donors.*

Turning from such brief examples of .relative impotency in
the analytical field, many users of silicon are trying to evaluate

SCOTT: GERMANIUM AND SILICON

the material in terms of the reverse-voltage distribution in
sufficiently large production batches of diodes. Fig. 1 has
indicated that a good silicon if grown into a crystal in a way
which permits adsorption of oxygen may appear to be inferior.
In addition, there are other possible errors associated with the
processing of the device. In particular one must note that in
large batches the uniformity of the crystal must be considered
and also that it is extremely difficult to standardize surfaces. If
there i3 considerable variation of surface from device to device
the spread of the breakdown voltage will also vary greatly. 1t
must be remembered also that reverse-voltage testing is
not necessarily a criterion of silicon quality for transistor
manufacture.

Intermediate between trace analysis and evaluation of the end-
product comes the more classical method of evaluation by tests
covering resistivity, lifetime, dislocation density, etc.

Two important points emerge at the outset. - First, although
there have been local attempts, e.g. in Great Britain, to stan-
dardize methods of test, there is as yet no international standard,
and comparison of results is often made doubtful by known or ~
unknown variation of test apparatus and procedures. Secondly,
such tests can only be taken on monocrystals, and therefore the
quality of the basic material may be masked by the shortcomings
of the crystal-growing method. Reference has already been
made to the introcuction of oxygen by growing silicon crystals
in crucible or by failing to reduce the partial pressure of oxygen
to a sufficiently low value in the ambient ‘inert’ atmosphere of a
non-crucible grower, or by growing in leaky vacuum.

The crystal-growing procedure also plays a prominent part in
producing non-uniformity, longitudinally and radially, in the
crystal. In (pulled) germanium crystals there is often a tenfold
increase in etch-pit density from the top to the bottom and a
variation across a diameter of between § and 10 to 1.

Similarly there is normally an excessive variation of resistivity
longitudinally and radially. This is undesirable but particularly
so if the object of the test is to check impurity content. Non-
uniformity of resistivity indicates non-uniformity of distribution
of impurities.

Measurement of resistivity alone is no guide to impurity con-
centration, compensation, etc. Much more elaborate tests, e.g.
Hall effect at low temperatures, are necessary. This leads to a
dilemma for the supplier of material who may have to supply
polycrystalline rods; wishes to check his purification process con-
tinuously and rapidly; and is aware that the transformation from
polycrystal to monocrystal is fraught with danger of changes
which lead to impairment of quality.

Fig. 2-xshows an attempt to meet this problem, in so far as
boron level in silicon is concerned and as an indication of the
efficient working of a silane plant, by measuring the resistivity
of polycrystalline or monocrystalline silicon over a range of
temperatures and comparing the results against the theoretical
curves for pure silicon with various concentrations of boron.
In one case (10° ohm-cm) the agreement is such that conclusions
on the absence of substantial compensation can be legitimately
drawn. Inother cases (higher resistivity) the situation is obscure.

- Lifetime measurements present an even more difficult problem.
Although the photoconductive-decay method is that most com-
monly used for both silicon and germanium, other methods are
also employed and again there is no standardization. There are
special difficulties in connection with short and long lifetimes,
materials of low. resistivity, etc. The measurements must be
taken on slices from a monocrystal, and the preparation of the
surface (controlling the surface recombination velocity) can be
quite critical. }

1t is now known that apart from high values of dislocation
density, lifetime is controlled largely by group 15 elements present
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Fig. 2. —Temperaturelmnstm}y characteristics of polycrystalline
silicon.

as impurities. Unfortunately these impurities are easily picked
up in processes which may occur after the silicon is purified but
before it is converted intv monocrystal. For example, gold
contamination can easily arise froni the use of etchants. Badly
desigred doating-zone equipment can also pump copper inte
silicon and so reduce the lifetime value, )

Modemn high-grade gennanium and silicon are produced in
polycrystaliine form and idzally should noi reqire any further
purification. However, it is almost impossible, as we have seen,
to measure their parameters until they have been converted into
monocrystals. Thers is fairly conclusive evidence that the mono-
crystal parameters do not reflect accurately the purity of the
polycrystaliine material prior to crystal growth.

Assuming for the moment that it is possible by modern
methods to purify to near the intrinsic state, the outstanding
problem would appear to be the conversion of the volycrystalline
material to monocrystal with compl«te control of any further
impurities and of the ciystal imperfections introduced.

Is this a reasonablc target? There are already a multiplicity
of crystal-growing methods in production and under study in
laboratories and there is already considerable information regard-
ing their performance.

In the case of germanium, since the melting-point is lower than
that of silicon and the reaction with crucible and boat materials
is very much less, it is customary to use the crucible pulling
method (Fig. 3) or the zone method (Fig. 4). With the excep-
tion of recent suggestions®:4 about oxygen, not much comment
has been made in the case of germanium regarding the pxck-up
of undesirable lmpurmes

When comparison is made between the two methods the
arguments usually revolve round uniformity of resistivity (in

which the crucible is alleged to be inferior) and reduction of

etch-pit counts. Either method appears to be capable of pro-
ducing low etch-pit counts (approaching zero).

GERMANIUM AND SILICON
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Fig. 3.—Crystal pulling from crucible.

| bwecrion OF TONE TRAVEL

MONOCRYSTAL

} POLYCRYSTAL
Fig. 4.—Zone crystal growing.
In the case of silicon the situation is quite different. Molten

silicon vigbrously attacks crucibles and oxygen, and possibiy other
impurities are incorporated in the crystal. For this reason there

_has been a decided move away. from this technique in recent

times. The zone method capnot be used harizontally in boats
for the same reason. Since 19532 there has been a decided niove
in the direction of the so-cdlled ﬂoahng-zone technique with
several variants, Here the rod of silicon is maintained vertical
and the process of Fig. 4 apphed By suitable arrangement of
the r.f. field the molten zone can be maintained without ‘breaking’
of the rod—at least up to certain diameters (3 in or so).

One variation is shown in Fig. 5. Here the tip of the rod is
melted and the crystal is pulled by adjusting the relative velocities
of the top ard bottom of the arrangement.

1t has been found possible to zone-refine silicon horizontally
(but not to produce good crystals) by a device known as the
silver boat,” in which cooling of the boat and a special arrange-
ment of the r.f. field causes the molten zone tc ‘Lft’ from the
silver surface.

This is mentioned because therc is a growing tendency to use
the floating-zone crystal grower as a zone refiner -during the
crystal-growing process. This meets, partially at least, the
requirement postulated earlier for ‘cleaning up’ the polycrystal-
line rod before (or during) conversion into monocrystal. It is
perhaps a somewhat uneconomic use of a crystal grower.

Criticism about: the floating-zone technique has centred to a
large extent on the following points:

(@) Limitation of diameter.
(b) Atmosphere—very pure argon or vacuum.

(¢) Small volume of molten-zone Ieading to imperfect crystals.

(d) Effects of r.f. field in possibly causing turbulence in the molten
zone.

f(e) l(l:are necessary to avoid introducing impurities, e.g. from the
r.f. coils

(b) is of course associated largely with the reduction of oxygen



Fig. 5.—Molten zone and related details in equipment for pulling
crystals without crucible.

content. (c) and (d) are associated with dislocations and etch-
pit counts.

Although it has been possible to produce silicon crystals with
no dislocations® by using a very small seed (1 mm or less) con-
taining very few dislocations, this in fact refers only to those
dislocations which show up as large etch pits. There may still
exist small dislocation loops and other imperfections such as
chemical precipitates, lattice vacancies and vacancy clusters.

It can be established there there is a one-to-one correspondence
between etch pits and at least edge-type dislocations. Dash® has
shown that copper diffused into silicon precipitates out along
the dislocations, which can be observed optically using an infra-
red image tube. There are complications in that etch-pit counts
depend upon the impurities associated with the dislocations.
Further, the presence of oxygen tends to inhibit the development
of etch pits. Crucible-pulled silicon crystals usually show a
much higher density of etch pits round the circumference com-
pared with the centre. ~ This may be attributed to the evaporation
of the oxygen from the outer layer. :

SCOTT: GERMANIUM AND SILICON

It is clear, therefore, that in assessing the performance of a
given crystal-growing equipment we must carefully examine every
detail of the equipment and check carefully, sometimes by a
variety of test methods, the characteristics of the crystals
produced.

There is some evidence that identical polycrystalline bars used
in a variety of crystal growers can produce a variety of crystals.
Unless great care is exercised in operation this can also occur
for any given grower. This is not to the liking of silicon
suppliers who supply polycrystailine bars to users. Most of
them have perforce acquired crystal growers of their own.
However, if their choice is not of the best and if their operation
is not perfect they may come to wrong conclusions regarding
the quality of their polycrystalline material.

A fair presumption can be made that at some point in some
of the purification processes the purity of the silicon is well
above the 1000 ohm-cm value which at the moment is the
required specification. Some suppliers of silicon and some of
the large laboratories in this field have evolved chemical and
chemical-physical process which -must, if carefully handled, raise
the value to 10000-20000 ohm-cm or higher. :

In the last few years the main suppliers of silicon and several
important laboratories have throughly studied the problem of
purification of silicon. There is general agreement that silicon
tetrachloride should be the starting material, and much work
has been done on means of purifying this material. There is at
at least a majority agreement that the main and final purifica-
tion should be in the gas phase. Some prefer silane,.some
trichlorsilane. Much work again has been done on purification
of such gases. In my opinion silane offers the greater

Next comes the cracking process from which elemental silicon
is obtained. Here we reach the point where purity begins to
diminish. However, we have by no means exhausted our
ingenuity and we may expect that further improvements in this
process will result. From this point onwards the improvements
are conjectural but they are by no means improbable. So
intuitively I see higher and higher values of uncompensated
resistivity and of lifetime accruing.

It is thought by some that this is useless since doping will
reintroduce unwanted impurities, but that problem has already
been foreseen and will in due course be dealt with satisfactorily.

It seems clear that we are learning rapidly how to control both
germanium and silicon and thereby to diminish, at least, the
problems of manufacturing transistors and diodes.
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AUXILIARY MATERIALS IN TRANSISTOR TECHNOLOGY
By W. C. DUNLAP.

(Lecture delivered at the INTERNATIONAL CONVENTION ON TRANSISTORS AND ASSOCIATED SEMICONDUCTOR DEVICES, 21st May, 1959.)

There are many problems in transistors, and those which seem
to be the most critical lie in the control of some of the auxiliary
materials which enter into the manufacture of the transistor.

There are two classes of auxiliary materials. The first, and
that which is stressed here, is the group of materials which are
designed to affect the properties of the primary semiconductor,
such as the doping agents in control of conductivity and forma-
tion of junctions. The second includes those materials that are
required in the manufacturing processing for on¢ reason or
another, but which are not intended to have, and which it is
hoped will not have, any direct influence on the primary
semiconductor.

Among the processes used in the manufacture of the transistor
are crystal growth and purification, doping agents, sample and
wafer preparation, alloying diffusion, ohmic contacts, etching
and rinsing, mounting of base-plates, surface treatment and
storage, packaging and encapsulation. Each of these topics
involves auxiliary materials within the scope of the present
discussion. : ’

The properties of the auxiliary materials are:

Purity.
Physical: thermal expansi and mel
ysical: expansion, 8 ting-point.
Metallurgical: phase properties and diffusion.
Clmnicmonosion and the effect of etching.
Electrical.
Optical.
Interaction with other materials.

Purity is important, particularly for such materials as alloying
agents and doping agents. Physical form is a problem in many
cases, although few general statements can be made on this topic.
Metallurgical and mechanical properties, such as thermal expan-
sion, strength, melting-point and diffusion coefficient, are of great
importance for many of the leading auxiliary materials and for
transistor fabrication. Sometimes chemical properties must be
considered in deciding whether certain materials can be used.

A most important problem is the interaction of one material
with others used in manufacture; in other words, we must
examine the compatibility of the material, such as an alloying
or soldering agent, with the other materials to be used, in the
light of the processing contemplated. A simple example is the
case of the ability of an alloying or soldering agent, or the
proposed header material, to stand the chemical etching proposed
to clean the'junctions on the primary semiconductor.

Theﬁrstamiligrymatethlatobeeonsideredmthedoping
agents. Thesearethemateriabbywhichconu'oloftypeand
conductivity of the primary semiconductor is achieved. The
doping agents for germanium and silicon fall into the following
classes:

(@) Group I1I acceptors, including boron, aluminium, gallium,
indium and thalljum. '

(b) Group V donors, including phosphorus, arsenic, antimony
and bismuth.
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(c) Group I donors, of which lithium is at present the only
known example.

(d) Group II and Group I acceptors, including silver,
copper, gold, platinum, cobalt, nickel, iron, and probably many
others.

There are now known to be a large number of impurity cle-
ments which affect the electrical properties of, say, gcrmanium,
The simplest to understand and use are the III-V elements.
These produced n- and p-type conductivity without affecting
lifetime specifically. On the other hand, many of the other
clements, because of the deep states they produce scattered
through the forbidden energy band, have considerable effect not
only on conductivity, but even more so on lifetime and recom-
bination processes. Mainy of these impurities are important
because they also diffuse rapidly and because they can easily be
present as contaminants, whether in rinse water, in mounting
plates or in furnace gases.
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Fig. 1.—Energy levels for various mpunueo in germanium.

Levels in upper half measured from conduction band.
Levels in lower half measured from valency band.

Fig. 1 indicates the energy levels of some of the known active
impurities in germanium. The conclusion can safely be drawn
that the main features of the behaviour of the elements in
silicon and germanium are now known, although some new
propertics are probably yet to be discovered.  Greater sensitivity
in methods of detecting electrical effects of some of the elements
in germanium or silicon may be required because of their low
solubility,

Among the requirements for a good doping agent are high
solubility, so that a wide range of resistivity can be produced,
and an intermediate value of segregation coefficient, i.e. the
relative amount of the element entering the solid during crystal
growth compared with that remaining in the melt. This inter-
mediate value is useful in that it. permits reasonable valves of
doping agent to be used, so that weighing by micromethods is
not required, and again in that purity of the doping agent itself
is not so critical.

Table 1 shows some segregation coefficients for germanium.
These have now been studied extensively, but there still remain
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Table 1
SEGREGATION COEFFICIENTS OF VARIOUS IMPURITIES IN
GERMANTUM
Germanium Silicon

Boron .. RS ¥ 0-9
Aluminium . . .. 0-10
Gallium 0-10 0-01
Indium 0-001 0-0005
Thallium 0-0004
Phosphorus 0-12 0-35
Arsenic 0-04 03
Antimony 0-003 0-04
Bismuth 0:0004
Tin .. 0-02 0-02
Copper 0-000015 0-0004
Silver 0-0001
Gold 0-00003 0-00003
Nickel 2 x 108
Iron 106
Cobalt 106

gaps in the Table and opportunity remains for good research
in the field.

Other characteristics sometimes needed in doping agents are
low vapour pressure, freedom from toxicity and low chemical
reactivity, so that wetting and solubility are not limited by oxide
layers. These desired properties are sometimes difficult to
achieve with pure elements, and consequently -master alloys of
the doping element are sometimes made up so that the amount
going into the crystal-growth operation is minimized. - Purity
can be iinportant if the segregation coefficient is very small.

Of considerable importance as auxiliary materials are the
alloying agents. These agents are also required to modify the
conductivity, so that the group I1I-V elements again come into
the discussion. Because of the different mechanical, physical
and electrical processing required, however, forms and composi-
tions different from those for doping are required for alloying.

Among the important problems in the use of alloying agents
are the wetting of the surface, mechanical strength of the junc-
tion, correct ‘thermal expansion, proper penetration into the
junction region, ability to withstand the etches used to clean
the surface of the semiconductor itself and suitability for the
addition of soldered or other contacis. For the satisfaction of
these sometimes mutually contradictory requirements, many
practical investigations on complex alloying agents are being
made. This is an area of the semiconductor art as distinct from
science in which practical advances are expected to be quite rapid
during the next few years. In addition, for diffused systems a
scientific basis for these studies is being established by the
investigation of phase diagrams for binary, ternary and even
more complicated systems of the alloying and other elements of
importance. o )

Table 2 shows some of the alloying combinations used for
germanium. Indium, the element used in the very beginning

Table 2

ALLOYING AGENTS FOR GERMANIUM

Type le:\lp':ry:nnfn Carrier

o]
Indium P ?50
Gallium 2 550 In
Aluminium Y4 550 In
Arsenic n 750 Pb
Antimony . . n 750 Pb
Gold-gallium - ¥ 450 Au
Gold-antimony n 450 Au
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of alloyed junctions, remains one of the most widely used in
spite of its relatively low solubility in germanivm. For the
doping of emitter contacts, small additions of aluminium and
gallivm are now commonly made. Indium doped with arsenic
or antimony can be used to produce n-type contacts on ger-
manium, although nowadays it is more common to usc lead as
the carrie~ of the active impurity, which is usually arsenic for
n-type and indium for p-type contacts. Gold-gallium and gold-
antimony are also widely used, particularly in the form of wire
for small bonded contacts.

As a typical problem in the use of allpying agents; we mention
only that problem associated with the emitter efficiency indicated
in Fig. 2. The curve showing current gain as a function of
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Fig. 2.—Current gain versus collector current for two types
- ’ of emitter.

emitter current when indium is used possesses a pronounced
maximum at small emitter current and a rather pronounced
decrease for large emitter current. When gallium-indium
emitters are used, the peak is removed and there is a much smaller
variation of current gairi with emitter current than in the
previous case. . ’

‘We now proceed to the study of diffusion. Diffusion has
turned out to-be an extremely important and useful technique.
The materials used, of course, requir¢ the same elements with
which we have been dealing in connection with doping and
alloying. Again practical requirements dictate the use of fofms
of elements for diffusion different from those used for doping
or alloying. Other more specialized problems occur where
diffusion and alloying are used simultaneously in the fabrication
of the devices. Because of the high temperatures required for
most diffusion operations (typically 850°C for germanium and
1250°C for silicon) and because of the difficulty of producing
reproducible junctions with volatile elements such as phosphorus
and arsenic, it has become common to use compounds for the
source of diffusion impurities. For boron diffusions, a typical
ccmpound is boron-glass containing 30% ‘boric oxide, 10%
aluminium oxide, 10% barium oxide and 50% silica. This
glassy material is spread over the surface of the silicon or
germanium and produces a better junction under many condi-



