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hed methd:d byl\vmrch it 1s to be per-
formed to be particularly described in.and
by the followmg statement: —

This invention relates to transistors.

Semiconductor materials have come into
prominence recently because of their useful-
ness in making such devices as transistors,
and certain elements of Group IVa of the
periodic table of elements, i, carbon,
silicon, germanium and tin, have in common
the characteristics requisite for semiconduc-
tor materials. (As used herein, the periodic
table of elements shall mean that table
according t0o Mendelejeff as now generally
portrayed.) However, because of the diffi-
culty of synthetic production of the diamond
form of carbon and the instability of the
diamond lattice in tin, the semiconductor
‘materials first used and now most commonly
used in the aforesa1d devices are germanium
and ‘silicon.

- Nevertheless, because of certain inherent

. limitations of germanium and silicon as

35

semiconductor materials and because of the
difficulties of producing and maintaining the
diamond ‘lattice structure in tin and carbon,
experimenters have been diligently searching
for other and Dbetter -semiconductor
materials. The so-called semiconductor com-
pound materials which are comprised of an
element from Group Illa and an. element
from Group Va of the periodic table appear

[Price 4s. 6d.]

The electrons forming the bonds of saturable
valence force acting between the im-
mediately adjacent atoms of the cubic lattice
structure do not contribute to electrical con-
ductivity, and are said to exist in the valence
band or energy level The electrons
possessing a higher energy level are said to

reside in the conduction band. No electrons

can possess energy at a level intermediate
these two energy levels and, therefore, the
gap between the valence band and the con-
duction band is known as the. forbidden
enérgy band or gap. This forbidden energy
band varies substantially among the various
semiconductor materials. For example, in

germanium the forbidden energy band is
about 0.75 electron volts in width. Silicon
has a forbidden energy band approximately
1.1 electron volts wide. The width of the
forbidden energy band of a semiconductor
material is one of the factors affecting the
range of temperatures over which devices
made from that material are operative. Heat-
ing the semiconductor material produces
thermal excitation of the electrons and will
cause electrons in the valance band to obtain
sufficient energy to come into the conduction
band. Thus, each material ionizes suf-
ficiently at some temperature that its semi-
conducting properties are destroyed and it
becomes essentially a- conductor. - For this
reason, germanium is useful only up to about

-

§5
§0
65
‘?0

75

80
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transi SU38' carriers in the form of either electron asAaEk@ﬁl a anErIWUbSt an-
A gal | i um aegewicareieBhhakds] 2 yositivatstias, 01TVa tsembdnyucnﬁ rﬁlsl’bf Gilicamr d with
reference tWh energl@amogvah%g@n%ugn baaogu inm; ang eel: &isy ¢o caargl in3 of t he
acconpanvi ﬁg‘fgrﬁﬁ e Ssemiconduct the various growmg, allowing and- diffdsion
nmp y r''the fabrication of workable processés used in the fabrication of ‘transis-

40 dev1ces These additional carriers are pro- ‘tors. Although the P-type significant im- 105
vided by minute amounts of impurities in purities (acceptors) of Group Ila of the
the material. The type and number of. periodic table for the Illa-Va compound

. carriers provided is determined by the par- semiconductor - materials have  proved

" ticular lmpunty and the amount added. In manageable, the N-type impurities (d!:)nors)

45 germaniumand silicon, N-type or donor im- of Group Vla of the periodic table have 110
purities—those producing excess electron proved qu:te difficult to handle because of
carriers—are selected from the élements of their high ‘vapour pressures. “This has been
Group Va of the periodic table, usually especially true in connection with gallium
phosphorus, arsenic and * antimony, and P- arsenide wherem one of the elements of the

50 type or acceptor impurities—those producirig compound is much more volatile than the 115
hole carriers—are selected from the elements other and the compound tends to dissociate
of Group Illa of the periodic table, usually at the temperatures required for diffusion or

. boron, aluminium, galliom and indium. alloying of Group VIa elements. For this
' When an.atom of a Group Va impurity, reason, there have been intensive investiga-

55 which has five electrons in its outer shell, is tions directed toward finding other materials 120
substituted for an atom of germanium oOr suitable at’ N-t)trge dopes for gallium arsen-
silicon, which have four electrons in their ide.  Because e properties of elements of

.- outer shells, four of the electrons in the im- Group IV make them more manageable, in-

" purity atoms enter into the bonds with ad- vestigations were launched in hopes  that
60 jacent germanium or silicon atoms, leaving these elements ‘might prove suitable as 125
an extra ‘carrier electron. In the same dopes,, either N- or P-type, depending on
manner, substitution of an atom of a Group which element of the IIla-Va compound

.- Ila impurity (three valence electrons) for a had some of its atoms replaced by atoms
" germanmum or silicon atom leaves an elec- of the Group IVa element in the crystal.
65 tron deficiency or hole.. - = However, reports from these mvestxgatxons 130



60 sides of a P-type gallium arsenide wafer. Such a transistor
(before the attachnent of H D. FITZPATRI CK & CO , | eads) is shown
in Eig 3 wherein the tin Chartered Patent Agents, emtter dot
Is designated as 41 and the tin 3 Gay's Inn Square, London, WC. 1,

coll ector dot is designated as 42. Contact to and 65 the base
regi on-bul k of the P-type gallium 94 Hepe Street, dasgow, C 2.
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-1he present invention 1s a transistor com-
prising a body of gallium arsenide having
therein a region of P-type conductivity, and
having alloyed to at least a portion of said
region of P-type conductivity a body com-
prised of tin or. principally of tin.
.. The present invention will now be des-
cribed by way of example, with reference to
the accompanying drawing, in which: —-
Figs. la to le are schematic' representa-
tions: of the crystal lattice structure of gal-
linm arsenide, showing the action of donor
and . acceptor impurities;
. Figs. 2a to 2c¢ illustrate the steps in the
fabrication of a gallium -arsenide diffused
base transistor according to the present in-
vention; and o :
Fig. 3 illustrates a gallium arsenide alloy
transistor element made according to the
present invention.

: . Turning now to Fig; 1a, there is illustrated

schematically the crystal lattice structure of
the IIla-Va semiconductor compound, gal-
lium arsenide. It is to be remembered that
this is only a two dimensional expression of
a three-dimensional structure, . The crystal
lattice. or a semiconductor compound is
quite similar to the diamond crystal lattice
of a Group IVa semiconductor wherein
double bonds are formed between each atom
of the material with each atom contributing
four electrons with each adjacent atom. In
the semiconductor compound crystal, which
is of the zinc blende structure, double bonds
are also formed between each atom. .. How-
ever, this crystal lattice differs in that each
atom of the Group Illa element, gallinm in
the Figure, contributes only three electrons
as indicated by fhe light lines 10 and each
atom of the Group Va element contributes
five electrons as indicated by the heavier
lines 11. ‘As illustrated in Fig. 15, the com-
pound may be caused to have P-type
conductivity (excess holes) by substituting
atoms of some Group Ila elements 12, such
zinc, for some gallium atoms. Since zinc has

atom—five valence -electrons. . Indeed, this
type of doping was investigated.. - Prior
art reports, however, state that the Group
IVa elements of iin, germanium, and sili-
con act neither as donors nor acceptors in
Illa-Va compounds. and explain that these
Group IVa atoms substitute in the lattice for
nearest neighbour pairs as schematically
illustrated in Figure 1d. One atoms 16 of
tin—a Group IVa element—has substituted
for one atom of arsenic and one atom-17 of
tin has substituted. for an adjacent gallium
atom. Thus, two atoms, each with four
valence electrons, have been substituted for
two atoms, one :having three valence elec-
trons and the other having five valence elec-
trons, a total of -eight valence electrons.
Therefore, no holes or excess electrons are
produced. This was apparently proven in
the ‘prior art by resistivity measurements.on
undoped gallium arsenide ' and tin-doped 105.
gallium arsenide. .= These . measurements
showed almost -identical resistivities in the
doped and undoped -gallium arsenide. Prior
resistivity measurements ' in IIle-Va - com-
pounds doped with silicon  and germanium 110-
also indicate nearest neighbour pair substi-
tution and thus no action of these elements
as donors or acceptors.: . L

In applicant’s - experiments, - however, it
was discovered that P-type-gallium arsenide, 115
to: which a tin dot had been alloyed, exhi-
bited current rectifying characteristics indi-
cating the presence: of -a PN junction pro-
duced by the -conversion. of a region of the
gallium arsenide from P-type to N-type con-
ductivity. From this, it was deduced that
tin must enter the gallium arsenide ciystals
substituting for a gaiium'atom, as illustrated
in Fig. le; to produce an excess electron 18.
Silicon and germanium, which are also ele- 125
ments of Group IVa, act as donor impurities
in Tilg-Va compounds, but ‘not nearly so
strongly as does tin. - The explanation seems
to be that both single atom and nearest
neighbour pair substitutions occur when the 130
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Er, transistor according to Claim 1 or
poi nt g@ag,{ad?:ﬁ undmg the two 2 wherem there is included a - body of zinc 105
alloyed contacts and the unnrasked P-type

and gold alloyed to said tegion of P-type

reglon removed by etchmg to produce a conductivity at'a pomt spaced from the body
“mesa” structure (see Fig. 2¢) in the con- comprised of tin.

ventional way. After removal of the mask-

4. A transistor according to Claim 1,
. ing material, leads 35 and 36 are attached mcludmg an additional body compnsed Of 110
as by thermal compression bonding to the

tin alloyed to said region of P-type conduc-
two alloyed regions, and a tab 37 is soldered tivity at a point spaced from the first body
to the N region of the wafer. 'The N-type of tin
region 3la of the wafer comprises the col- 5.
lector of the transistor and the P-type dif-
fused region 32a of the mesa, the base. The

45

‘A transistor according to Claim 4,
wherein there is included a silver-zinc ring 115
alloyed to sald region of P-type .conduc-

50

55

65

zinc-gold alloy contact 34, forming an ohmic
contact to the P-type region, acts as the base
contact to the transistor and the tin-alloyed
contact 33, forming a rectifying contact with
the P-type region, acts as the emitter con-
tact of the transistor.

A gallium arsenide NPN -alloy tran51stor
can be made by alloying tin into' opposite
sides of a P:type gallium arsenide wafer.
Such a transistor (before the attachment of
leads) is' shown in Fig. 3 wherein the tin
emitter dot is designated as 41 and the tin
collector dot is designated as 42. Contact to
the base region—bulk of the P-type gallium

tivity.

6. A galhum arsenide " transistor sub-
stantially as herein described with reference
to Figs. 2a to 2c of the aocompanymg draw-
ing.

7. A gallium arsenide transistor substan-
tially ‘as herein described ‘with reference to
F1g 3 of the aocompanymg drawmg

- H. D. FITZPATRICK & CO.,
"~ Chartered Patent Agents,
3 Gray’s Inn Squarg, London, WCl

94 Hope Street, Glasgow, C.2.

Abingdon : Printed for Her Majesty’s Stationery Office, by Burgess & Son (Abingdon), Ltd.—1964,
Published at The Patent Office, 25 Southampton Buildings, London, Ww.C.2,
from which oopxes may be obtained.,
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50+ lector of the transistor and the P-type dif-

;ylfe gallium arsenide is then removed from
but one surface of the wafer, as by etch-
ing, leaving only the P-type region 32 be-
neath the one surface. Tin is then evapor-
ated onto a small region 33 of the P-type
surface, and a zinc-gold alloy is evaporated
onto another small region 34 adjacent the
tin. The wafer is then heated to from about
600° C. to about 800° C. for a time suffici-
ent to alloy the tin and the zinc-gold alloy to
the wafer. The wafer is then masked in
an.area immediately surrounding the two
alloyed contacts and the unmasked P-type
region removed by etching to produce a
“mesa” structure (see Fig. 2¢) in the con-
ventional way. After removal of the mask-

" ing material, leads 35 and 36 are attached

as by thermal compression bonding to the
two alloyed regions, and a tab 37 is soldered
to the N region of the wafer. The N-type
region 3la of the wafer comprises the col-

fused region 324 of the mesa, the base. The
zinc-gold alloy contact 34, forming an ohmic

_._contact to the P-type region, acts as the base

55°

65

“contact to the transistor and the tin-alloyed

contact 33, forming a rectifying contact with
the P-type region, acts as the emitter con-
tact of the transistor. -

' A gallium arsenide NPN alloy transistor
can be made by alloying tin into opposite

: sides of a P-type gallium arsenide wafer.
"Such a transistor (before the attachment of

leads) is shown in Fig. 3 wherein the tin
emitter dot is designated as 41 and the tin
collector dot is designated as 42. Contact to
the base region—bulk of the P-type gallium
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the inventive concept of the present inven-
tion.

WHAT WE CLAIM IS: —

. L. A transistor comprising a body of
gallium arsenide having therein a region of
P-type conductivity, and having alloyed to
at least a portion of said region of P-type
conductivity a body comprised of tin or
principally of tin.

2, A transistor according to Claim 1, in
which said region of P-type conductivity is
diffused.

3. A transistor according to Claim 1 or
2, wherein there is included a body of zinc
and gold alloyed to said region of P-type
conductivity at a point spaced from the body
comprised of tin, . '

4. A transistor according to Claim 1,
including an additional body comprised of
tin alloyed to said region of P-type conduc-

‘tivity at a point spaced from the first body

of tin.

5. A ftransistor according to Claim 4,
wherein there is included a silver-zinc ring
alloyed to said region of P-type conduc-
tivity. .

- 6. A gallium arsenide transistor sub-
stantially as hérein described with reference
to Figs. 2a to 2¢ of the accompanying draw-
ing.

. 7. A gallium arsenide transistor substan-
tially as herein described ‘with reference to
Fig. 3 of the accompanying drawing.
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