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@ Plasma discharge lon source.

. @ It has been found that the proportions of the various ions
‘produced by a plasma discharge source depends on the
temperature of the plasma. In this invention means are pro-
vided increasing the temperature of the plasma. This is

" achieved by an arrangement (18, 34) which provides a con-
taining field 32 which restrains the passage of electrons from
the plasma to the anode {12), both radially outwards and
:axially to the end walis (30). :
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Plasma Discharge Ion Source

This invention relates to ici sours:is, ond
particularly to the type of ion source in which a
compound of the material of a desired ion is dissoclated
in a plasma discharge process to provide a besam of charged
particles. The beam includes the desired ions, which are
generally subsequently separated from the beam by mass-
charge separation techniques.

Plasma ion sources are well known, see, fcr
example, FIG. 2 of U.S. Patent 2,373,151, issued Apr:l 13,
1945. One problem with prior art plasma dissocietion ion
sources is that it has not been known hcw to cortiol fully
the dissociation process, whereby the pronorticn of the
desired ion in the output current is generally signific-
antly less than what, at least, would aprear tc be pcssidle.
For example, if singly charged boron icné are deaired
from a source gas of a compound of boron, the total
quantity of boron in the desired ionic form has, heretofore
been significantly less than the total guentity of boron
present in the gas. That is, because it hes not been
known how to control fully the extent and completeness
of the dissociatior process, most of the heron pressnat in
the gas remains tied-up in non-useful mo:ecular and
electrically neutrsl foius.

Thus, for the purpose of incr.ising the
usefulness and efficiency of :uch ion ¢ :re8, & need
exists for controlling the dissociatior =:~ocess for

28 selecting and opiimising the proportvions ¢i selected ions
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in the ion source output current.

The present inventor has discovered that the
proportions of the various ions in the ionic output
current depends on the ion source plasma temperature
and that the lack of control 6ver the dissociation process
in known ion sources is due to the limited maximum
plasma temperature which could be obtained. Accordingly
the present invention provides means for increasing the
plasma temperature. It has also been found that a
significant mechanism whereby the plasma loses energj and
which therefore limits the maximum temperature is axial
drift of electrons to the anode of the ion source. Thus
the plasﬁa temperature can be increased by restraining
the axial drift of electrons to the anode.

Some embodiments of the invention will now
be described by way of example with reference to the
accompanying drawings of which:-

FIG. 1 is a schematic illustration of a
prior art ion source; o _

FIGS. 2 and 3 are graphs showing the
proportion of the various ions in the output current from
an ion source of the type shown in FIG. 1 plotted against
plasma temperature; FIG. 2 being for a source gas of boron
trifluoride, and FIG. 3 being for a source gas of boron
trichloride; ’

FIG. 4 is a cross-sectional view of the
anode of the ion source shown in FIG. 1 end illustrating
a magnetic field cdnfiguration used in accordance with one
embodiment of the invention;

FIG. 5 is a view similar to that of FIG. 1
but showing a modification of the prior art ion source for
providing the magnetic field configuration illustrated in
FIG. 4; and

FIG. 6 is a view similar to that of FIG. 4
but showing a modification of the interior of the anode in
accordance with a different embodiment of this invention.

Ion sources which rely upon the plasma
dissociation of a gaseous source material are well known.
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With reference to FIG. 1, an exemple of & known source 10
is shown as comprising a generally closed cylindrical
anode 12 of, for example, graphite or tantalum, having
disposed therein (see also FIG. 4) an éxially extending
electrical resistance heated filamentary cathode 14. The
source 10 is contained in an eva.uated chamber (not shown),
and a gaseous compound of the desired ionic mzaierizi iu
passed through the anode between an input tulizs 15 g2l an
exit slit-like opening 16. A steady voltage carley._.fic:
is established between the anode and the catrc:g, o
voltage being of sufficient amplitude te¢ caue: an €ictiiie
discharge through the gas between the cathode &anc +irs sncae.
The electric discharge causes a dissociation of the gas
into various neutral and charged particles. The neutral
particles exit as part of the gas flow through the slit 16,
and the charged particles, both positive and negative, fill
the space within the anode 12. Positively charged particles
which drift close to the slit 16 are extracted from the
anode 12 and are accelerated by an elecur.c fieid external
to the source 10 to provide the beam of charged particles.
The desired particles are separated froa this beam using
known mass-charge separation techniques.

For increasing the number of charged particies,
that is, the density of the plasma within the anode 12, a
magnet 18 is used to provide an axial magnetic field
(represented by the dashed lines 19) about and within the
anode 12. Such axial field tends to increase the path
length of the plasma electrons, and thus the plasma density,
by inducing the electrons 'to circle about the cathode
rather than proceeding relatively directiy from the
cathode towards the anode. Also, because of the flow of
current along the cathode 14, an additiornsl magnetic field
is present which causes the electrons to «rift axially
along the length of the anode towards the znode axial ends
30 where the electrons are collected. i~ importance of
this electron axial drift is discussed hereinafter.

As previcusly noted, a shorticwiag of such lon
sources as used in the past is thst re yYroportion oi uix
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desired ions in the ion beam is not significantly
controllable, with the general result that only a
relatively small quantity of the desired ions is available.

For example, a common source material for
the production of singly charged boron ions (B+) is boron
trifluoride (BF ), a gaseous material at room temperature.
(Elemental boron is not used as a source material owing to
its high vaporization temperature.) Mass spectrographic
analysis of the ionic beam produced using this source
material reveals the presence of the desired boron ions,
but also such ions as BF' and BF2+, with the proportion of
the desired singly charged boron ions to the total beam
current (depending upon the particular ion source used)
being generally less than 15 percent. That is, although the
ion current contains much boron, much of it is tied up with
fluorine atoms in non-useful forms. -

The present inventor has discovered that the
proportion of the various ions in the ion beam is a
function of the'temperature of the ion source plasma, and
that the proportion of a selected ion of the beam current
can be optimised to an extent not -heretofore possible by
control and selec¢tion of the plasma temperature. This is
explained as follows.

In the plasma dissociation process, various
collisions occur among the gas molecules and fragments
thereof, and between the plasma electrons and the gas
particles.. While both types of collisions cause
fragmentation of the gas molecules, it is believed that
only electron collisions cause ionisation of the particles.

The output beam from the ion source contains
all the different positive ions produced in the dissociation
process. The present inventor has demonstrated, however,
that the proportion of these different ions in the beam
depends upon the statistical probability or rate of
occurrence of the different types of possible collisions,
that is, upon the probability that certain fragments will be
produced in the dissociation process, and upon the probabil-
ity that these fragments will collide with electrons of
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sufficient energy to cause ionisation thereof. Such
probabilities, in turn, are a function of the dissociation
and ionisation energies of the impacted particles and a
function of the energy of the impacting electrons. Thus,
for a given source material, the probability of the
occurrence of various collisions, and thus the degree of
dissociation and ionisation of the source gas, 1s a
function of the energy distribution of the plasma electrons,
that is, of the plasma temperature (kT, where k =
Boltzmann's constant and T = temperature in degrees kelvin).

This is illustrated in FIGS. 2 and 3 which
show the proportional composition of the ion beam from an
ions source of the type shown in FIG. 1 plotted against the
plasma temperature in electron volts. FIG. 2 is for a
source material of boron trifluoride, and FIG. 3 is for
boron trichloride. The data for these graphs were derived
mathematically, and owing to certain assumptions made to
simply the calculations, it is expected that certain
inaccuracies exist. Experimental data do exist, however,
which support the general validity of the relationships
shown. Thus, based upon these graphs, a desired
proportion of any ion in the ion beam can be obtained,
within the possible range of proportions of the ion, by
adjusting the temperature of the plasma to the corresponding
plasma temperature indicated on the graph. Thus, for example,
from the graph of FIG. 3, it is determined that the maximum
proportion of singly charged chlorine ions (C1%) in an ion
beam produced from a source gas of boron trichloride is
obtained at a plasma temperature of about 1.0 eV.
Similarly, the curves representing the proportions of singly
charged boron ions (B®) begin peaking at a plasma
temperature of about 1.5 eV for both source gases (FIGS. 2
and 3).

At relatively low plasma temperatures, such
as below about 1.0 eV, the plasma temperature can be
adjusted by varying the axial magnetic field strength and/or
the anode to cathode discharge voltage. Because the plasma
temperature is not strictly an independent variable, being a
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function of the plasme density and the particular source
gas material used, a trial and error plasmas temperature
varying process can be used.

It is noted that adjustments of the axial
magnetic field strength and discharge voltage amplitude
have been made in the past for maximising the quantity of
the desired ion in the output current of the prior art ion
sources of the type shown in FIG. 1. It has apparently
not, however, been heretofore recognised that these
adjustments cause variations in the plasma temperature, or
that any particular proportion of ions can be selected by
proper adjustment of the plasme tempsrature. Also, the
present inventor has determined tnat the mexim .o plasla
temperature obtainable solely by virtue of adjustments of
these parameters is relatively low, whereby the degres of
control over the output current proportions has hzretofore
been quite limited. One technique for increas:nr thsa
plasns temperature is a&s follows.

As previously noiled, tae pliasis elacltidns
tend to darift axially along the leugth of the ancde 12.
Those electrons which reach the anwds zriel ends 30 are
collected by the anode and ars thue removad from the plasms,
Becauas the electrons of highest snergy and thus of
highest velocity drift the fastest, the higher ensrgy
electrons are removed more quickly from the plasm: than the
lower energy electrons. The result of this is that &
disproportionately large number of higher energy slsctrons
is removed from the plasma by collection at the ainods exvigl
ende. This tends to reduce the energy distribution of the

-electrons of the plasma and thus reduce the plasma

teaperature. Accordingly, one means for increazsiny th:
plasma temperature is to reduce the# collection of electrons
at the anode axial ends.

In accordance with on¢ embodiment of Ghis
invention, this is accomplished by modifying the shape =If
the magnetic field to improve thne msugnetic "bottle®
characteristics of the field. fThis is illustre¢.d I 73
4 which shows a magnetic field {(indicated by the desr:c
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lines 32) which is more concentrated or constricted at the
axial ends 30 of the anode 12 than at the centre thereof.
The effect of such a magnetic field shape, as is generally
known, is to turn back or "reflect" electrons which are
drifting from the central, lower strength regions of the
field towards the higher strength axial ends of the field.
Thus, as used in the embodiment of the invention shown in
FIG. 4, the end constricted magnetic field tends to reducs
the drift of electrons towards the axial ends of the snode
12 and to thus reduce the collection of electronz therea<.
As aforenoted, such reduction of electron collection causss
an increase in the temperature of the plasma.

The greater the ratio of magnetic field strength
at the axial ends of the anode to the strength at the
centre thereof, the more efficlient is the magnetic
field "bottle" with respect to increasing the plésma
temperature. This ratio is known as the "mirror® ratio.

One means for providing the desired
constricted magnetic field of the shape shown in FIG. 4 is
by the use of two discs 34 (FIG. 5) of magnetic material,
such as steel, disposed closely adjacent to each axial end
30 of the anode 12. The constricting effect of the discs
34 on the magnetic field produced by the magnet 18 is
evident by comparison of the arrangement shown in FIG. 5
with the prior art arrangement shown in FIG. 1. The
mirror ratio of the magnetic field in the arrangement shown
in FIG. 5 is 1.35, whereas the mirror ratio of the prior
art arrangement shown in FIG. 1 is 1.17.

The actual increase in plasma temperature
caused by the increased mirror ratio is a function of the
particular source material usel, hence no generalised
figures can be given. An example of such increase,
however, is as follows.

In use of the prior art ion source 10 shown
in FIG. 1, the maximum content of the singly charged boron
ion in the output beam heretofore obtainable is about 15
percent with a source gas of boron trifluoride, and about
6 percent with a source gas of boron !‘—ichloride. Thess
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boron contents correspond to a plasma temperature of about
1.0 eV with the boron trifluoride source gas (FIG. 2), and
about 0.85 eV (FIG. 3) with the boron trichloride source
gas. In use of the ion source shown in FIGS. 4 and 5,
however, the proportion of singly charged boron ions in
the output beam is increased to about 25 percent for the
boron trifluoride source gas and to about 10 percent for
the boron trichloride source gas. These increases in the
proportion of the boron ions in the two output currents
correspond to an increase of plasma temperature of about
0.1 ev,

A means for further improving the mirror
ratio of magnetic fields for increasing the plasma
temperature in ion sources of the type herein described is
the substitution of two disc-like permanent magnets (not
illustrated) for the steel discs 34 shown in FIG. 5. By
proper spacing of such permanent magnets (which would also
replace the external magnet 18), a mirror ratio of about
15 is considered possible. An example of such proper
spacing is provided hereinafter.

A difficulty with the disc permanent magnet
arrangement, however, is that by disposing the permanent
magnets close to the anode 12, in order to obtain the
necessary magnetic field shaping, the magnets are subject
to being heated by radiation from the anode which operates
at a quite high temperature. Thus, unless special pre-
cautions are taken, such as water cooling of the
permanent magnets, overheating of the magnets and destruc-
tion of the magnetic properties thereof can occur.

Another means believed effective for
increasing the plasma temperature is, as shown in FIG. 6,
the mounting of refractory metal shields 36, for example,
of tantalum, directly on the filament 14 inside of amd
closely adjacent to the axial ends 30 of the anode 12.

In use, the shields 36, at filament
potential, electrostatically shield the anode axial ends
30 from the plasma and thus reduce the collection of
electrons by these portions of the anode. Accordingly, for
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the same reasons previously described in connection with
the description of the embodiment of the invention shown
in FIG. 4, the plasma temperature is increased.

Each of the aforedescribed embodiments of
the invention is effective to increase the maximum
attainable plasma temperature. Such maximum plasma
temperatures are obtained at an optimum setting, determined
by a trial and error process, of the magnetic field
strength and the anode to cathode discharge voltage.
AdJjustment of the plasma temperature to less than the
maximum possible temperature is possible by adjustments
away from the optimum settings of the magnetic field
strength and/or the discharge voltage.

With reference again to the embodiment of
the invention shown in FIG. 5, it is noted that, with the
exception of the inclusion of the magnetic material discs
34, the ion source is identical to the prior art ion source
10 shown in FIG. 1. By way of specific example, in one
embodiment of the ion source shown in FIG. 5, the anode
12 has a length of about 7.5 cm. and a diameter of about
2.54 cm. The magnets 18 have a diameter of about four
inches (10 cm), and are spaced about 7.5 cm. from the axial
ends 30 of the anode 12, The discs 34 have a thickness of
about 0.62 cm. a diameter of about 3.75 cm., and are spaced
about 1.8 cm. from the anode.

In the aforedescribed embodiment in which
permanent magnet discs are substituted for the steel discs
34, the permanent magnets can be of identical dimensions
and spacings from the anode 12 as aforedescribed for the
discs 34.

As previously noted, in use of the ion
source 10 shown in FIG. 1 according to the prior art, the
maximum plasma temperature heretofore obtainable is about
1.0 eV with a source gas of boron trifluoride and about
0.85 eV with a source gas of boron trichloride. An
examination of FIGS. 2 and 3, however, reveals that
substantial increases in the proportion of singly charged
boron ions in the output current are obtainable if higher
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plasma temperatures are used. Accordingly, one important
use of this invention is the attainment of higher
proportions of singly charged boron ions from ion sources
of the type described by providing means for increasing
the plasma temperature of the ion source beyond that which
was previously possible. In particular, increases in the
plasma temperature, and corresponding increases of the
boroen ion content of the output beam are obtained,
according to one aspect of this invention, by the use of
megnaetic fields having a mirror ratio in excess of 1.2,
Stated on a different basis, increases in the boron ion
proportions are obtained by the use of plasma temperatures
in excess of 1.0 eV with a source gas of boron trifluoride
and in excess of 0.85 eV with a source gas of boron
trichloride. The invention thus finds an application in
ths production of singly charged boron ions for ion
inplsntation processes such as are employed in the

manafe care of semiconductor devices.
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CLAIMS

1. A plasma discharge ion source comprising
an anode (12), a cathode (14), means {(i5) Jor introducing
a gaseous compound between the anode and the cothodz,

-5 means for establishing between the ancic and the cathode
an electric discharge of sufficiznt intensity to
dissociate the gaseous compound into a plasma, meens {15)
for applying a magnetic field to the plases, ¢nd mians (75)
for discharging ions from the vicinity or *he vaooie o0

10 cathode, characterised in that the appaiws .8 (.ol .
pair of members (34), each member being Girpee .. =il esy
to a different end (30) of the anode (12) For oruta=io.
the temperature of the plasma.

2. An ion source as cliaimed in claim 1 wherein

15 +the members are of a magnetic material.

3. An ion source as claimsd in claim 2 wherein
the magnetic field applying means comprises a pair of
magnetic pole pieces (18) disposed along an axis of the
anode, and the members (34) are disposed ulony tha anod:

20 axis between the anode and the pole pieces for cowsi.lct.ng

g the magnetic field at the ends for incrcacing the airrce

- ratio of the field.

4. An ion source as claimea o cizmue 3
wherein the mirror ratio is in excess of 7.2.

25 5. An ion source as claimed in clszis
wherein the members are disposed within e enode for
electrostatically shielding the ends of trne anode from the
plasma therewithin.

6. A plasma discharge ion scusse including an

30 anode (12) forming an elongate chamber, a cathode (14)
extending axially through the chamber ard plasma contain=-
ment means (18) to restrain the radlally «uiward passage

, of electronsfrom plasma formed within the chamber to the

f anode characterised in tzat tnez plasaoa <oatuinment means 1s
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35 arranged (34, 36) also to r»~ctmain axiul o -.f6 32 slecorcws
from the plasma to tne ancds. ,
7. An ion source as claimes . sledz & whereln

38 the plasma containment means (18, 34) is arranﬂvf T nwﬁvfns
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a magnetic containing field within the chamber having a
mirror ratio of at least 1.2. '

8. An ion source as claimed in claim 6
wherein the plasma containing means includes
electrostatic screening means (36) arranged within the
chamber to provide the sald restraint of axial drift.
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