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[57] ABSTRACT

A method of transporting substances in plasma
streams to and depositing them on a target in which
the vapors of two or more selected materials are
turned into separate ionized plasmas in separate
plasma generating chambers, the plasmas are effused
from their respective chambers due to the difference
in plasma density between the inside and outside of
the chamber to form separate plasma streams and the
plasma streams are joined to form a single stream
which is conducted to the surface of a substrate by
means of axial magnetic fields which also serve to con-
verge the plasma streams. In another embodiment, a
single stream is branched by a magnetic field to form
plural streams which are conducted to different sub-
strates or different points on the same substrate.

54 Claims, 17 Drawing Figures
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1
METHOD OF TRANSPORTING SUBSTANCES IN A
PLASMA STREAM TO AND DEPOSITING IT ON A
TARGET

BACKGROUND OF THE INVENTION

Field of the Invention

1. The present invention relates to a method and a
device for transporting a desired material to a desired
object by turning the material into plasma, and more
particularly to the improvement of the invention made
by the present inventors, disclosed in the specification
of Japanese Pat. Publication No. 38801/70 (hereinafter
referred to as the “Prior Art”’).

Description of the Prior Art

The prior art invention is based in the principle that
the stream of plasma composed of ionized gas can be
directed to the objective point due to the diffusing ef-
fect of the plasma itself and by the control of the
plasma stream with axial magnetic fields. The brief ex-
planation of the prior art invention will be described by
reference to the attached drawings. In FIG. 1, refer-
ence numeral 1 designates a plasma generating section
or plasma generator for turning the vapor of a selected
material into plasma through electric discharge; 2 a
plasma outlet opening of the plasma generator 15 3 a
voltage source for maintaining the plasma generator at
a suitable potential; 4 a plasma receiver or collector; 5
an ammeter for measuring electric current carried by
a plasma stream 8; 6 the wall of a container to hermeti-
cally enclosing the plasma generator 1 and the plasma
collector 4, and 7 coils for generating axial magnetic
field along the container. The plasma generated in the
generator 1 is effused out of the outlet opening 2 due
to the difference in density between the plasma inside
the generator 1 and that outside the generator 1. The
effused plasma is converged by the magnetic field gen-
erated by the coils 7 to form a plasma beam 8, which
is conducted to the plasma receiver 4 so that the ion-
ized material conveyed in the plasma beam is deposited
on the collector 4. The degree of converging the
plasma stream and the density of plasma in the stream
is changed depending upon the intensity of the axial
magnetic field. If the axial field is too weak, the beam
of plasma is diverged so that the quality of plasma re-
ceived by the unit area of the plasma collector 4 is de-
creased. If the intensity of the axial field is set higher
than a certain level (for example, above 200 gauss), the
degree of convergence and the density can be kept con-
stant while the plasma is traveling from the generator
1 to the collector 4. Thus, the axial field can be consid-
ered to serve as a magnetic pipe for the plasma stream
8. FIG. 2 shows an empirical curve illustrating the rela-
tion between the potential V of the plasma applied
through the generator 1 by means of the voltage source
3 and the plasma current I measured by the ammeter
5,i.e. current flowing from the plasma stream 8 into the
collector 4. If the plasma potential V is lower than the
value Ve, the plasma current I is zero or negative since
in this case the plasma stream 8 at the collector 4 the
electrons excell in number the positive ions, as seen in
FIG. 2. If, on the other hand, the potential V is larger
than Ve, the positive ions excel in number the electrons
so that the current I turns positive. As the potential V
is increased the current I is increased, and when the po-
tential V reaches the value V, the current I saturates at
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the value I;. Under this condition, no electron reaches
the collector 4 due to repelling action and the collector
4 gathers only positive ions.

Therefore, if the plasma current I takes the value I,
under the application of the plasma potential higher
than Vj, it is considered that the atoms of the material
corresponding in amount to the current I; by the posi-
tive ions are being transported from the generator 1 to
the collector 4 in the plasma stream 8. Now, provided
that the material to be transported in plasma stream has
a valence of 1 when it is turned into plasma in the gen-
erator 1, then the weight of the material transported in
the plasma stream 8 per unit time: W (gram/sec.) is ex-
pressed by the formula

_ Is(ampere) M(gram)
- e No ’

where M is the atomic weight of the material, e the
electric charge of an electron, i.e. 1.61 X 10*'® cou-
lomb, and No Avogardro’s number 6.012 X 10%,

Now, if I, is 1 ampere, which is a practical value, and
the area of cross section of the plasma stream is 1 cm?,
the weight W of the material received by the collector
4 is about 0.29 mg/sec. for silicon and 0.27 mg/sec. for
aluminum. In each case, the speed of deposition of the
material Si or Al is very high, i.e. about 1u/sec.

As described above, according to the prior art inven-
tion, a selected material can be deposited on a selected
object at a great speed, and a predetermined amount of
the material can be very accurately transported to a
predetermined area of the object. Thus, the accuracy
and speed of treatment to the prior art invention is
much improved as compared with any conventional
method of transporting substances in gas, liquid or solid
phase which is used to convey a desired material to a
desired place as in vapor-deposition, sputtering, chemi-
cal synthesis, semiconductor doping, film formation
and crystal growing. Moreover, the method according
to the prior art invention is quite different from the sub-
stance transporting method using implantation by ac-
celerated ion beam, which came to find its use in a vari-
ety of fields. The differences are as follows.

First, the upper limit to the amount of material trans-
ported by an ordinary accelerator is 100pA in terms of
ion beam, and even with an isotope separator such a
limit is 10 to several 10’s of milliamperes. On the other
hand, according to the prior art method, it is possible to
draw a current of 100 mA to 1A.

Secondly, the conventional implantation method
cannot transport the amount of material that is practi-
cally needed without immensely increasing the capac-
ity of the overall apparatus to be used. It is, therefore,
expensive and far from each operation so that its appli-
cation to processes is limited. On the other hand, ac-
cording to the prior art system, there is no need for a
high voltage source for acceleration of ionized particles
and therefore the apparatus to be used will be small in
size and easy of manipulation. ’

Thirdly, with the conventional implantation method,
the energy of, for example, Al ions is about 100 KeV
and it is very difficult to obtain an ion beam having a
low energy of about 10 to several 10’s of eV. In the
field of vapor-deposition or simiconductor technology
a high energy ion beam cannot be utilized but as ion
beam having an energy of about several electron volts
is most preferably used. For this reason, the ion beam
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is decelerated when the conventional method is used
for vapor-deposition or semiconductor technology. In
this case, however, the ion beam is diverged in the de-
celerating process so that the quantity of ions reaching
the target is much decreased. Accordingly, it will be
hard to obtain a beam having sufficient ions per unit
volume. On the other hand, according to the prior art
method, the energy necessary to conduct the plasma
stream 8 ‘'up to the collector is a few volts to several
"hundred volts in terms of the potential V of the plasma,
and in some cases the material can be transported to
the collector 4 only due to the diffusion effect, i.e. ther-
mal energy, of the plasma even if the plasma potential
V is reduced to zero.

As described above, the method of the prior art in-
vention, i.e. Japanese Pat. Publication No. 38801/70 by
the present inventors, is quite different in principle
from any conventional method of transporting sub-
stance and takes a particular effect when applied for
the treatment of semiconductors-and the like.

SUMMARY OF THE INVENTION

One object of the present invention is to provide an
improved method of transporting substance in plasma.

Another object of the present invention is to provide
an improved method which makes the best use of the
merits of transporting substance in plasma stream, in
which the kinds and the mixing proportions of the ma-
terials transported to a substrate can freely be varied,
and in which the shape, area and location of a film
made of the transported material can be accurately de-
termined.

An additional object of the present invention is to
provide an improved method in which material is
turned into plasma and transported to a substrate to
form or to grow a single crystal of the material on the
substrate.

A further object of the present invention is to provide
an improved method in which impurities or semicon-
ductors are transported in plasma stream to semicon-
ductor substrate to fabricate a semiconductor device
having p-n’ junctions or heterojunctions in or on the
semiconductor substrate.

Yet another object of the present invention is to pro-
vide an improved method of transporting substance in
plasma stream.

Briefly state, the subject matter of the present inven-
tion will be concentrated as follows. Namely, the vapor
of a desired material is turned into plasma by means of
a plasma generator, the plasma is effused out of the
plasma generator, and the plasma stream is guided by
means of axial magnetic field to the surface of a sub-
strate while being converged by the same field. In par-
ticular, a plurality of plasma generators are provided to
produce plasma -streams having different materials,
these streams are deflected and mixed together with
means for applying magnetic fields which are provided
along the streams, and the mixed stream is guided to
the substrate to form thereon a layer of compound con-
stituted of the materials. ‘

Accordingly, the device for embodying the method
just described comprises a plurality of means for turn-
ing a material into plasma and for ejecting the plasma
in a fixed direction, means for deflecting the ejected
plasma streams; and means for combining the plasma
streams, if necessary.
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According to the present invention, different materi-
als in plasma state are blended together and the stream
of the blended plasma is guided to the substrate to de-
posit thereon a layer of compound consisting of the dif-
ferent constituents. Moreover, if a crystal which can
serve as a seed of single crystal is used as a substrate,
the compound deposited on the substrate can be grown
as single crystal.

According to the present invention, the simultaneocus
deposition of different materials on different areas of a
substrate is possible.

According to the present invention, a swift transpor-
tation of substance to the objective point is possible
due to blending a plurality of plasma streams having the
same composition.

According to the present invention, a semiconductor
is used as substrate, impurities are turned into plasma,
the plasma is guided to a predetermined portion of the
substrate to deposit thereon the impurities, and the
substrate is heated upon or after the deposition of the

impurities so as to diffuse the impurities into the semi-

conductor substrate and to fabricate a semiconductor
device.

According to the present invention, a semiconductor
in a plasma is deposited on a substrate of a different
kind of semiconductor to fabricate a semiconductor
device having a heterojunction.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 schematically shows a conventional device for
transporting substance in a plasma stream.

FIG. 2 shows an empirical curve representing the po-
tential-current characteristic of plasma.

FIG. 3 is a systematic block diagram of the constitu-
tion of a device used to embody the method according
to the present invention.

FIG. 4 is a block diagram of a modified equivalent of
the main part of the device shown in FIG. 3.

FIGS. 5 to 7 are cross sections of different plasma
generators applicable in the device according to the
present invention.

FIG. 8 shows in cross section a plasma mixer and it
bifurcated portions as an embodiment of the present
invention.

FIGS. 9 and 10 are perspective views of different
scanners according to the present invention.

FIG. 11 pictorially shows the method of diverging
plasma stream, as an embodiment of the present inven-
tion.

FIG. 12 is a partially cross-sectional view of a device
used to embody the method according to the present
invention.

FIG. 13 is a block diagram of a device as another em-
bodiment of the present invention.

FIG. 14 is an illustrative view of a further embodi-
ment of the present invention.

FIG. 15 is a block diagram illustrative of an addi-
tional embodiment of the present invention.

Flg. 16 is an illustrative view of a still further embodi-
ment of the present invention.

FIG. 17 is a block diagram illustrative of yet another
embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

EMBODIMENT 1

FIG. 3 shows schematically the constituents of a de-
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vice for transporting substance in a plasma stream ac-
cording to the present invention. In FIG. 3, as in FIG.
1, numerals 1, 4, 7 and 8 designate plasma generating
sections, plasma receiving sections, coils to generate
axial magnetic flux for converging plasma stream, and
the courses of the plasma streams, respectively. How-
ever, in this case, a plurality of plasma generating sec-
tions 1, i.e. source of plasma streams, and/or plasma re-
ceiving sections 4, i.e. terminals of plasma streams, are
provided. There are also shown in FIG. 3 a plasma
mixer section S for mixing the plasma streams, a plasma
branching section T for splitting a plasma stream into
several ones, a neutral particle remover section U, a
plasma deflecting means V, indicators E for measuring
the density of plasma, and plasma component indica-
tors F. In acutal embodiments, only one plasma gener-
ating section 1 may be provided to generate a single
plasma stream 8 to be conducted to the plasma branch-
ing section T while the plasma mixer section S is elimi-
nated, or only one plasma receiving section 4 may be
provided to receive the single plasma stream leaving
the plasma mixer section S while the plasma branching
section. T is eliminated. Moreover, according to the
present invention, it is possible to propose a constitu-
tion, in which, as seen in FIG. 4, a plurality of plasma
stream mixers S,, S;, Sg . . . are provided for groups of
plasma streams each of which groups consists of some
plasma streams and in which a plurality of plasma
streams branchers T, T;, T, . . . each of which receives
a single plasma stream and splits it into several streams
are provided. Further, in order to provide a more com-
plicated network for plasma transportation, plasma
stream mixers S,, S;, . . . to join plasma streams and
plasma stream branchers T,; Ty, T;, . . . to branch
plasma streams may be inserted in the plasma channels
between the plasma stream mixers and branchers S,, S,,
Sg,...and Ty, Ts, Tg, Ty, .. ..

The neutral particle remover U may be eliminated
depending upon application.

Of the above described constituents of the device for
transporting substance in plasma stream, the embodi-

ments of plasma generating section 1 will first be de--

scribed. FIG. § shows an embodiment of a low-voltage
arc type plasma generator, in which a plasma source
container 9 serving also as an anode for arc discharge
is made of heat resistive electric conductor such as
stainless steel or carbon. A substance 14 to be trans-
ported, contained in the vessel 9 is thermally evapo-
rated by means of a heating section 10 consisting of a
heater 12 insulated with non-conductive materials 11
and 13 and the vapor pressure within the container 9
is kept at about 1072 Torr or less at which discharge can
take place properly. A filament 16 serving as a cathode
electrode for discharge is made of tungsten or tantalum
wire having a diameter of, for example, 1 mm, and
mounted on a pair of supporting rods 15 made of con-
ductive metal, piercing the wall of the container 9
maintaining hermetical seal with the wall and insulated
from the wall. The filament in operation is' made to
glow by the supply of a current of 100 A with a voltage
of 3 V supplied across it. If under this condition a d.c.
‘voltage of about 200 — 300 V is applied between the
cathode filament 16 and the wall of the container 9 as
the anode, low-voltage arc discharge takes place at a
vapor pressure of about 1072 Torr to allow arc current
of 1 — 3 A to flow. Since, in this case, the container 9
is placed in the axial magnetic field, indicated by arrow
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B, produced by means of the coil 7 and since the fila-
ment 16 as cathode is provided near a plasma outlet
opening 17 cut in the wall of the container 9 which
serves as anode, the established low-voltage are dis-
charge is concentrated near the space between the fila-
ment 16 and the plasma outlet opening 17 to turn the
vapor of material to be transported into high density
plasma. The high density plasma is then effused out
from the container 9 through the opening 17 into the
outer atmosphere due to the difference in density be-
tween inside and outside of the opening 17. And the
axial field is present in a predetermined direction due
to the coil 7 so that the plasma stream 19 flowing out
of the outlet opening 17 through diffusion effect is con-
verged into a small-diameter beam and continues to
diffuse along the direction of the axial magnetic field.
The axial magnetic field can be considered to serve as
a sort of pipe for conducting plasma stream there-
through because it enables plasma stream to flow
through space while preventing the diameter of the
stream from increasing. Hence, the course of plasma
stream guided by the axial field may hereafter be re-
ferred to as a ““magnetic pipe” or “‘magnetic channel”.

If a material to be transported is a gas or a liquid hav-
ing a high vapor pressure at room temperatures, it can
be introduced into the container 9 through a pipe 18 as
shown in FIG. 5. The quantity of the fluid flow is con-
trolled by an appropriate needle valve so that the vapor
pressure of the material may stand appropriate to arc
discharge. In case where a material to be transported
has too high a melting point to obtain a vapor pressure
appropriate to arc discharge due to an ordinary glow
heating, it is necessary to introduce inert gas such as
helium or argon as discharge carrier through the pipe
18. As a result, the obtained plasma consists of a mix-
ture of a large part of ions of the carrier gas and a small
port of ions of the material to be transported.

FIG. 6 shows another embodiment of the invention,
i.e. a plasma generating section of duoplasmatron type.
In FIG. 6, numeral 20 indicates an anode and numeral
21 designates a double cylinder having an inner cylin-
der whose free end serves as an intermediate electrode
21’ and an outer cylinder which serves as a plasma con-
tainer, and accomodating a coil 27 to generate an axial
magnetic field in the space between the inner and outer
cylinder. The anode 20 and the double cylinder body
21 are both made of electrically conductive ferromag-
netic material such as iron or the like. The magnetic
flux induced by the coil 27 is closed through a circuit
comprising the anode 20, an insulating piece 22, the in-
termediate electrode 21’ and the air gap between the
electrode 21’ and the anode. A pair of lead wires 24
and a pipe 26 are inserted into the inner cylinder of the
double cylinder body 21 is insulated and hermetical
condition-by means of an insulating pad 25. A filament
23 is mounted on the pair of lead wires 24, and is pow-
ered through the wires 24. The pipe 26 serves to intro-
duce the gas or vapor of material to be transported or
carrier gas such as helium, argon or the like, if neces-
sary. Numeral 28 designates a plasma outlet opening
cut in the anode 20. Now, the material in gaseous or
vapor state to be transported is conducted through the
pipe 26 into the inner cylinder and the gas pressure in
the inner cylinder is controlled so as to be kept at about
1072 Torr, the filament 23 is energized, and voltages of
about 200 V and about 80 V are applied respectively
between the filament 23 and the anode 20 and between
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the filament 23 and the intermediate electrode 21’.
Then, a low-voltage arc discharge takes place so that a
discharge current of about 3A flows, the major portion
of the current flowing between the filament 23 and the
anode 20 and the minor portion between the filament
23 and the electrode 21’. The arc established due to the
discharge has its diameter limited by the inner diameter
of the free end of the inner cylinder, i.e. intermediate
electrode 21’, and moreover is focussed by the axial
magnetic field having a high flux density as a result of
being concentrated in a narrow gap between the free
end of the inner cylinder and the anode so that high
density plasma is produced in the discharge path be-
tween the intermediate electrode 21’ and the anode 20.
The thus produced plasma effuses out from the outlet
opening 28, as described with FIG. 5. In this way, a high
density plasma stream can be obtained, but the plasma
generator of this type has a rather complicated consti-
tution so that the utility factor of the vapor turned into
plasma is largely lowered since part of the vapor of ma-
terials to be transported deposits on the wall of the con-
tainer. Further, in case where chemically active gas
such as oxygen or chlorine is introduced into the con-
tainer, the cathode filament 23 will be rapidly eroded
so that its operative life is shortened. In order to elimi-
nate such drawbacks as mentioned above, inert gas
such as helium or argon is introduced into the con-
tainer through the pipe 26 to cause low-voltage dis-
charge to take place, while a pipe 29 having a diameter
larger than that of the outlet opening 28 is connected
to the outer surface of the anode 20, as seen in FIG. 6,
into which gas or vapor of the material to be trans-
ported is conducted through a smaller pipe 30. The
plasma generated near and inside the outlet 28 is jetted
into the pipe 29 due to the difference in density. Since
there are in the jetted plasma a vast number of ions of
inert gas such as helium, for example, and of electrons
given discharge energy, the gas or vapor introduced
through the pipe 30 into the pipe 29 is ionized partially
by the ions of the inert gas due to charge exchange
therebetween and mostly by the electrons in the
plasma. Thus, a high density plasma 31 of the material
to be transported is produced in the pipe 29. The mech-
anism of the high density plasma being conveyed along
the axial magentic field while being focussed by the
field is the same as that described with FIG. 1 and FIG.
s.

Flg. 7 shows a plasma generator of high frequency
discharge type in which dischaage is established under
the influence of high frequency electric field. For ex-
ample, the gas or vapor of material to be transported
is fed through a pipe 33 into a discharge tube 32 which
is made of insulating material such as glass or quartz
and the gas pressure inside the tube 32 is maintained at
about 1072 Torr. And if a high frequency voltage of 20
to 100 MHz is applied between a pair of ring electrodes
34 provided on the tube 32 in appropriately spaced re-
lation to each other, the gas of the material to be trans-
ported is turned into plasma due to the electrodeless
discharge taking place in the discharge tube 32, so that
plasma 36 streams out of the outlet opening 35. If it is
desired to maintain the potential of the plasma stream
36 at a predetermined level, it is only necessary to con-
nect with an appropriate voltage source a probe elec-
trode 37 inserted in the tube 32. It should also be noted
that the condenser coupling method of application of
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a high frequency voltage may be replaced by an induc-
tion coupling method.

The conventional ion source used for, for example,
the conventional accelerator or mass analyser has in
principle the same constitution as that used for the
plasma generators described above and therefore it can
be used as a plasma source in the present invention if
it is slightly modified according to its purpose.

Reference should now be made to FIG. 8 in which is
shown a plasma mixer section S, or S, to Sg, as shown
in FIGS. 3 and 4, which mixes a plurality of plasma
streams with one another. In this figure, reference nu-
merals 38a and 38b respectively designate evacuated
pipes leaving plasma generators 1a and 1b; 394 and 395
flexed portions of the evacuated pipes 38a and 38b, re-
spectively; 40 a confluence pipe at which the pipes 38a
and 38bjoin together; 41a and 41 coils for generating
axial magnetic field respectively, in the pipes 38a and
38b; 42a and 42b deflecting coils for generating axial
magnetic field along the flexed portions 39a and 395b;
and 43a and 43b coils for generating axial magnetic
field in the confluent pipe 40. The coils 43a and 43b are
shown in FIG. 8 as separately provided, however, they
may be formed in a single unit.

The coils 41a, 42a and 43a generate continuous axial
magnetic field along the flexed channel from the pipe
38a to the confluence pipe 40 and thereby conduct the
plasma stream 44a leaving the generator 1a to the con-
fluence pipe 40 while focussing the plasma stream 44a
in the center of the flexed channel. Similarly, the coils
41b, 42b and 43b generate continuous axial magnetic
field along the flexed channel from the pipe 38b to the
confluence pipe 40 and thereby conduct the plasma
stream 44b leaving the generator 15 to the confluence
pipe 40 while focussing the plasma stream 44b in the
center of the flexed channel. The plasma streams 44a
and 44b join together in the confluence pipe 40. In this
way, the differnnt materials to be transported, included
in the separate plasma streams are mixed together at
the point S of confluence and thereafter the mixed
plasma, i.e. mixed materials to be transported, is fur-
ther conveyed. The just described constitution of the
plasma mixer section is for the case where only two
plasma generators are employed. And also in case
where three plasma streams join together, as in FIG. 4,
or where a plurality of plasma streams are mixed to-
gether, as in FIG. 3, the plasma mixer section to be
used for this purpose is not different from that used to
two plasma streams except that the number of evacu-
ated pipes having flexed portions together with the
number of associated coils for generating axial mag-
netic flux therein is increased. It should be noted that
when the mixer section shown in FIG. 8 is used as the
mixer section S, or Ss shown in FIG. 4, the generators
la and 15 shown in FIG. 8 are to be substituted by the
devices T, and T, or T, and T,. Further, one of the plu-
rality of plasma streams may be left non-deflected
while the other plasma streams are deflected. Switches
(not shown) may be used in the exciting circuit of the
coils so as to conduct any desired plasma stream to ad-
vanced stages or to block only a desired one of several
plasma streams so that it may not join the other.

The merits of deflecting a plurality of plasma streams
to make them join one another, which considerably add
to the utility of the method of transporting substance in
the plasma streams, are counted as follows.
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1. A great quantity of plasma can be transported by
the use of a plurality of plasma generators each hav-
ing a small capacity, without employing any plasma
generator having a large capacitor which cannot be
easily fabricated or incorporated.

2. A plurality of materials which cannot coexist in a
single plasma generator can be separately turned into
the corresponding plasmas and thereafter be joined to-
gether.

3. Any desired material can be rapidly transported to
its objective points by switching over the axial magnetic
field. And a variety of materials can in turn be trans-
ported to one and the same objective point. This is very
important when a plurality of materials have to be
transported which cannot be mixed during transporta-
tion in plasma stream because of their chemical reac-
tivity to one another.

4. The ratio of the material transported by the plasma
stream 44a to the object to the material transported by
the plasma stream 445 to the same object can be arbi-
trarily controlled by controlling the ratio of the repeti-
tion period of excitation of the coils 41a to that of the
coils 415.

Now, in order to give descriptions of plasma branch-
ing section T or T, to T, as shown in FIGS. 3 and 4,
some modifications and alteration should be made to
FIG. 8. Namely, let the reference character S be substi-
tuted by T; let the direction of the arrow indicating the
flow of plasma 44 be inverted; and let the plasma gen-
erators la and 1b be substituted by plasma receiving
sections 4 as shown in FIG. 3. And the function of the
plasma branching section T is explained by reference
to the thus modified FIG. 8. (The plasma stream 44
now transported from the right through the confluence
pipe 40 by means of the combined effect of axial mag-
netic fields generated by coils 43a and 43b is branched
at the diverging point into two plasma streams 44a and
44b due to the branching components of the axial fields
generated by deflecting coils 42a and 42b). Moreover,
it is clear that more than two plasma streams can be de-
rived on the principle of branching and that the control
of the plasma streams 442 and 44b can be effected by
controlling the exciting currents for the coils 41a, 424
and 41b, 42b since the plasma branching section has a
function inverse to that of the plasma mixer section.
The merits of branching a single plasma stream into
several ones with such a plasma branching section as
described above, are as follows.

1. The simultaneous transportation of material from
a single plasma source to a plurality of tiny objects or
objective points is possible.

2. The switching-over of material transportation to
different objects or objective points can be done by
switching over the axial fields. For example, with a
structure as shown in FIG. 9, the main plasma stream
46 is branched out into a plurality of plasma streams
46a, 46b, 46c, . . . directed to the different points on the
object 45, and by sequentially switching gver the axial
magnetic fields generated by means of coils 47a, 47b,
. .. etc. for the plasma streams 46a 465, . . ., etc. the
object is reached by the plasma streams 46a, 46b, . . .,
etc. sequentially in this order so that the object 45 can
be scanned by the plasma streams. Further, if a flexed
pipe 49 is connected with the pipe 48 for main plasma
stream in rotatable and hermetical condition, as seen in
FIG. 10, with a coil 50 generating axial magnetic field
wound about the flexed pipe 49, then the surface of the
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object can be continuously scanned by the plasma
stream when the rotatably connected flexed pipe 49 is
rotated about the axis 51 perpendicular to the surface
of the object 45, In this case, the scanning follows a
fixed locus. This way of canning is not one under con-
sideration, but the combination of the branching struc-
ture as shown in FIG. 9 and the rotating structure as
shown in FIG. 10 may simplify to a certain extent the
overall constitution.

According to these scanning methods, a rapid and
exact transportation of material to a plurality of objec-
tive points and to a specific region on the object having
a predetermined pattern can be performed. In addition,
these methods are meritorious also in that a single
plasma stream having a predetermined density can be
diverged or converged to obtain a plasma stream hav-
ing a larger or smaller diameter but the same density.

The practical artifice to diverge the plasma stream is
shown in FIG. 11. Namely, the distance between the
adjacent turns of the coil 55 is changed at a point and
the changed distance is maintained until another
change or restoration is needed. The coil 55 is wound
thicker before the point and more spaced after the
point so that the plasma stream 53 is diverged at that
point to be a thinner one 54, i.e. the density of the latter
being smaller than that of the former. This is not a tech-
nique of branching a plasma stream, which the present
invention intends to provide, but is a means to be effec-
tively used in the method according to the present in-
vention. This means can also be used to converge
plasma stream if the direction of the stream is reversed.
In this case, the density of the plasma stream after con-
vergence is the same as that of the plasma stream be-
fore convergence since these plasma streams are both
diffused ones.

3. By constituting the device as shown in FIG. 4 with
the branching and combined structures described
above, a great number of plasma streams having differ-
ent components and compositions can be obtained
from rather less plasma sources each having a single
substance.

As described above, the utility of the prior art device
for transporting substance in plasma stream as shown
in FIG. 1 will be improved if the mixing of plasma
streams and/or the branching of a plasma stream is per-
formed by providing magnetic deflecting means in the
conducting pipes for plasma streams and/or the
branching of a plasma stream is performed by provid-
ing magnetic deflecting means in the conducting pipes
for plasma streams of the device.

Now, the explanation will be made of an improved
method of transporting substance in plasma streams, as
one embodiment of the present invention, used to form
thin films. Reference should be had to FIG. 12 for the
help of understanding. In the figure, reference charac-
ters 1a, 1b and 1m designate different plasma generat-
ing chambers; 56a, 56b and 56m pipes for conducting
the flows of the generated plasma therethrough; 57 a
confluence plasma pipe for joined plasma streams; 58a,
58b and 58m pipes for branched plasma streams; 59a,
59b and 59m axial coils for the pipes §6a 56b and 56m;
60 axial coils for the confluence pipe 57; 61a, 61b and
61m axial coils for the pipes 58a, 58b and 58m; and 62a
and 62b, 63a and 63b, and 64a and 64B axial coils for
defecting plasma streams, each of the coils 62a to 64a
and 62b to 64b being partially shown. Numeral 65 indi-
cates a substrate on the surface of which thin film 66a,
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66h and 66m is to be formed, and 67 a supporting plat-
form on which the substrate 685 is rested. All the articles
on the supporting platform 67 are kept in vacuum by
means of an enclosing wall of a container 6.

In case of forming blended film of Zn and Mg on the
substrate 65 of iron, Zn vapor and Mg vapor are turned
into plasma in the plasma generating chamber 1a and
1b, respectively. The thus obtained Zn plasma stream
in the pipe 564 and Mg plasma stream in the pipe 56b
join together by means of the deflecting coils 62a and
62b to form a blended plasma stream consisting of Mg
and Zn plasma in the confluence pipe 57. Then, the
blended plasma stream is branched out into two plasma
streams to be conducted through the pipes 58a and 585
or three ‘plasma streams to be conducted through the
pipes 58a, 58b and 58m by means of the deflecting coils
63a, 63b and 63m. The branched blended plasma
streams are directed to the substrate 65 through deflec-
tion by means of the deflecting coils 64a and 645 so
that Zn and Mg ions transported in the blended plasma
streams are deposited on the the surface of the sub-
strate 65 to form thin films 66a 66b or 66a, 66b and
66m. If, for example, it is desired to form only a thin
film 66m, it is only necessary to deenergize the coils
61a and 61b for the branched pipe 58a 58b and the de-
flecting coils 63a, 63b and 64a, 64b but to energize the
coils 61m alone. It is clear that in order to form thin
films 66a 66b only the coils associated with the
branched pipe 58a 58b have to be energized. Also, in
case where a plurality of thin films of a single sub-
stance, for example, of Zn are formed on the substrate
65, only the plasma generator 1m is used to generate
Zn plasma stream, and after the Zn plasma stream has
been led into the confluence pipe 57, it is branched out
in the same manner as described above.

Further, in order to have thin films 664, 665 and 66m
respectively of Zn alone, Mg alone and the blend of Zn
and Mg, only the 594, 624, 60, 63a, 61a and 644 associ-
ated with the pipes 56a, 57, and 58a conducting the Zn
plasma stream from the plasma generator 1a to the film
664 are energized to form the film 66a of Zn, then in
like manner only the coils associated with the pipes
conducting the Mg plasma stream from the plasma gen-
erator 15 to the objective point 66b are energized to
form the film 665 of Zn, and finally the coils 59a, 62a
and 59b, 62b respectively for the Zn plasma stream and
the Mg plasma stream and the coils 60 and 61m respec-
tively for the confluence pipe 57 and the pipe 58m are
energized to form the blended film 66m of Zn and Mg.
With this device shown in FIG. 12, however, it is impos-
sible to simultaneously form the thin film 664, 66b and
66m. If it is required to form the three film at a time,
another structure has to be employed which is shown
in FIG. 13 as a block diagram resembling that shown in
FIG. 4. Namely, Zn plasma stream from a plasma gen-
erator la is brached into two Zn plasma streams by
means of a plasma stream brancher Ta, while Mg
plasma stream from a plasma generator 15 is branched
into two Mg plasma streams by means of a plasma
stream brancher Tb. One of the two Zn plasma streams
is directed to the substrate to form thereon a Zn film
664, and similarly one of the two Mg plasma streams is
directed to the substrate to form thereon a Mg film 66b.
The remaining one of the Zn plasma streams and the
remaining one of the Mg plasma streams join together
by means of a plasma stream mixer S and the blended
plasma of Zn and Mg is directed to the substrate to
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form thereon a blended film of Zn and Mg. Thus, the
three thin films can be formed simultaneously.

The method according to the present invention is es-
pecially useful for the formation of thin films in semi-
conductor devices. As one of preferred embodiments
of the method, the formation of SiO, film on Si sub-
strate is explained. Plasmas of Si, O, and Al are gener-
ated by the plasma generators la, 1b and 1m. The Si
plasma stream through the pipe 56a and the O plasma
stream through the pipe 565 join together in the conflu-
ence pipe 60 to form a blended plasma stream, which
reaches the surface of the Si substrate 65 through at
least one of the branched pipes 58a, 58b and 58m to
form thereon SiO; film. Then, the generation and trans-
portation of the Si and O plasmas is ceased and, in turn,
Al plasma is generated by the plasma generator 1m.
The Al plasma stream is conducted through the pipe
56m and the confluence pipe 60 up to the point of
branching and it is diverted to the pipe through which
the blended plasma stream was guided. The Al plasma
stream, passing through the selected pipe, reaches the
previously formed SiO, film and formed thereon an Al
film. Thus, the formation of the SiO, insulating film and
the Al conducting film for wiring can be easily and
quickly perfomed on the Si substrate by merely switch-
ing over the energization of axial coils for plasma
stream conducting pipes. Also, multi-layer circuit or
wiring structure can easily be fabricated by repeating
the above described processes. If boron B or phospho-
rus P is added to the SiO, through simultaneous trans-
portation of plasma, the so called doped oxide film can
be resulted in.

in addition to the application to the semiconductor
devices, the method according to the present invention
finds its use in the formation of metal multiple layer
such as Au-Mo multiple layer constituted of alternate
Au and Mo layers. It will be needless to say that in this
case the coils for the Au and Mo plasma streams should
be alternately energized. Moreover, if a blended
plasma stream consisting of two or more kinds of met-
als is directed to the substrate 65 which is heated, as
seen in FIG. 12, up to temperatures above 300°C by
means of an appropriate heating means 68, then a thin
alloy film is formed in the surface of the substrate 65.

Further, a thin film of chemical product such as oxide
or halogenide can be formed on the substrate by com-
bining or switching over the magnetic fields for the
paths of plasmas of metal or other inorganic substances
and those for the paths of plasmas of halogenides or ox-
ides. Examples of such compound films are, besides
SiO, film from Si and O,, Al,O; from Al and O, and
MoClz; From Mo and Cl. If the substrate 65 is heated
above 300°C, as described above, the chemical reac-
tion during the formation of such compound films will
be promoted.

Still further, the superposed formation of different
layers having different compositions such as Al,O; and
Si,Ozor SiO, and SizN, can be performed according to
the present invention.

According to the method of present invention, the
diameter of the plasma beam is as small as 3 to 4 mm
due to the convergence effect of the axial magnetic
field, the substrate it is sometimes preferable to in-
crease the diameter of the plasma beam by diverging
the plasma beam according to the technique described
with FIG. 11. A mask having perforations in a predeter-
mined shape or a slit is placed in front of the target sub-



3,916,034

13

strate so that a thin film having the predetermined
shape is formed on the substrate, as in the masking
method used in the conventional semiconductor tech-
nology.

As has hitherto been described, the method accord-
ing to the present invention is characterized in that a
great number of different thin films can easily be pro-
duced and that the compositions of the different thin
films can freely be varied. And this feature will be
added to the merit of forming a thin film according to
the method of transporting substance in plasma stream.
Each of particles constituting plasma stream is an ion
having a certain electric charge. Therefore, there ap-
pears the concentration center of an infinite number of
the ionized particles on the surface of deposit of the
substrate so that uniform and firm deposit becomes
possible.

This advantageous feature is now combined with that
according to the present invention.

Provided that, as described with FIG. 1, a power
source 3 is connected with the plasma generator 1 to
maintain the plasma stream at a potential of, for exam-
ple, Vo and that the receiver 4 or the substrate 65 in
FIG. 12 is grounded, each particle of the plasma stream
is implanted in the substrate 65 at an energy of eVo
(i.e. 100 eV when Vo is 100 V) to adhere very firmly
to the same. If, on the other hand, Ar plasma is trans-
ported to an Si substrate at an energy of 300 eV, sput-
tering onto the surface of the Si substrate takes place
due to the energized argon atoms. So, if this sputtering
is performed on the substrate before the formation of
any desired film, the surface of the substrate on which
a thin film is formed is cleaned. And this will assure the
firm adhesion of the resultant thin film to the substrate.
In addition to the effect of cleaning the surface of the
substrate, this sputtering method can also be used to
perforate the SiO, layer. For this sputtering method,
different from sputtering by ion beam, can effectively
applied to such an insulating material as SiO;. For ex-
ample, by depositing a film of conducting material such
as Al on the SiO, film after the perforating operation
is formed a wiring layer.

EMBODIMENT 2

Another embodiment of the present invention will be
described which is applied to a case where the crystal
of a material is grown. For better understanding the
embodiment reference should be had to FIG. 9. In FIG.
14, the same reference numerals as in FIG. 12 have
been applied to like constituents and the explanation of
the parts mentioned with FIG. 12 is omitted here. Nu-
meral 70 indicates a substrate crystal and crystals are
grown at the portions 71a, 715 and 71m of the sub-
strate crystal 70.

As a first example, crystal of GaAs is epitaxially
grown on the substrate 70 made of a single crystal of
GaAs. First, the vapors of Ga and As are turned into
plasmas respectively in the plasma generator 1z and 15
and the thus obtained Ga and As plasma streams con-
ducted respectively through the pipes 56a and 56b are
made to join together by means of the deflecting coils
624 and 62) to produce a blended plasma stream of Ga
and As in the confluence pipe 57. The blended plasma
stream is then branched into two or three streams con-
ducted through the pipes 58a and 58b or the pipes 58a,
58b and 58m by means of the deflecting coils 63a and
63b, and therafter the branched plasma streams
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through deflection by the coils 64a and 645 and the
plasma stream not deflected are directed perpendicu-
larly to the surface of the substrate 70 so that Ga and
As ions present mixed in the plasma streams coheres to
the surface of the substrate 70 made of a single crystal
of GaAs to grow crystals of GaAs at the positions 71a,
71b and 71m. Now, if only the crystal 71m is desired
to be grown, it is only necessary to energize the axial
coils 61m alone, but not to energize the axial coils 61a
and 615 for the pipes 58a and 58b and the deflecting
coils 63a, and 64a and 635 64 b. It will therefore be
clear that if only the crystals 71a and 71b are desired
to be grown it is only necessary to energize the coils as-
sociated with the pipes 582 and 58b. As a second exam-
ple, a single substance such as, for example Si is grown
at a plurality of portions of the surface of an Si single
crystal 70. In this case, only the plasma generator 1m
is used to produce an Si plasma stream in the pipe 56m.
The Si plasma stream, after passing though the conflu-
ence pipe 57, is branched out as described above. With
the coils 61m energized, the Si plasma stream makes its
straight way toward the substrate 70 to grow Si crystal
thereon. As a third example, an Si intrinsic semicon-
ductor crystal, a P-type silicon semiconductor crystal
and an N-type silicon semiconductor crystal are grown
respectively at the positions 71m, 71a and 71b on an
intrinsic semiconductor substrate 70 of silicon single
crystal. In this case, Si plasma is generated in the cham-
ber 1m and diffused into the pipe 56m to form a stream
of Si plasma while the plasmas of a P-type impurity
such as I, and an N-type impurity such as Sb are gener-
ated respectively in the plasma generating chambers la
and 1b and diffused into the pipes 56a and 56b to form
streams of plasmas of I, and Sb. First, the Si plasma
stream is guided to the place 71m on the substrate 70
by means of the axial coils §9m, 60 and 61m so as to
form in the place 71m an epitaxially grown crystal of
intrinsic silicon semiconductor. Then, only the I,
plasma stream is guided to the confluence pipe 57 by
blocking the Sb plasma stream by deenergizing the
axial coils 59b for the pipe 565 but advancing the I,
plasma stream by energizing the axial coils 59afor the
pipe 56b. The I, plasma streams and the Si plasma
stream join together in the confluence pipe 57. The
blended plasma stream is further advanced through the
pipe 57 by the energization of the axial coils 60 until it
reaches the branching point. If the coils 61m, 63b, 61b
and 64b are deenergized and if the coils 63a, 61a and
64a are energized, the blended plasma of Si and I,
reaches the place 6a on the substrate 65 to form theron
an epitaxially grown P-type layer. In like manner, if
only the I, plasma stream is blocked by deenergizing
the axial coils for the pipe 56a, the Sb plasma stream
is guided into the confluence pipe 57 and therein
blended with the Si plasma streams. Now, if only the
coils 63b, 61b and 64b associated with the branched
pipe 58b are energized, the blended plasma stream hits
the portion 71b of the substrate 65 so that an N-type
layer is epitaxially grown. Thus, the three kinds of
grown layers which were desired to be formed can be
resulted in by the above described procedure. With this
constitution as shown in FIG. 14, however, the simulta-
neous formation of these three layers are impossible. In
order to make possible such a simultaneous transfor-
mation, a system should be employed which is shown
in block representation in FIG. 15. Namely, the Si
plasma stream from the plasma generator 1m is split by
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means of a plasma brancher T into three streams, one
of which is directed to the place 71m, another of which
joins the I, plasma stream from the generator 1a in the
mixer Ma so that the blended plasma stream is directed
to the place 71a, and the rest of which joins the Sb
plasma stream from the generator 15 in the mixer Mb
so that the blended plasma stream is directed to the
place 71b. Therefore, the desired three kinds of layers
can simultaneously formed as desired. Further, if
branched channels leading to the place 71a, 715 and
71m are provided for each of the blended plasma
streams from the mixers Ma and Mb and if those chan-
nels are appropriately switched over by suitably ener-
gizing and deenergizing the axial coils associated with
the channels, then the stream of the blended plasmas
of Si and I, and that of the blended plasmas of Si and
Sb can be selectively directed to any one of the places
71a, 71b and 71m, e.g. place 71a, so that a P-N or N-P
double-junction layer or a multi-junction layer having
P-N-P-N-P- ... or N-P-N-P . . . structure can be grown
through epitaxial crystallization. Moreover, if the mix-
ing proportion of the blended plasma consisting of Si
and I, to that consisting of Si and Sb is controlled, a
multilayer consisting of crystal grown layers having dif-
ferent doping quantity such as P*P, PP*, n*n or nn*
layers can be formed.

In sum, it is concluded that a variety of crystal grown
layers can be obtained; the location, shape and area of
the grown layers being freely and accurately chosen, by
the use of the suitable combination of the plasma
stream mixing, branching and diverging methods de-
scribed with FIGS. 3 and 4.

It is often necessary to heat the substrate crystal up
to appropriate temperatures with a heater 68 as shown
in FIG. 14 while the crystal is grown by plasma stream.
Even in case where the substrate is heated, however,
the temperatures at which Si crystal is grown are rather
low, i.e. about 500°C, so that no diffusion of impurity
takes place in or near the junctions between super-
posed different layers as of such a multilayer as de-
scribed above. Accordingly, abrupt step junctions can
be obtained. This is one of considerable merits in fabri-
cating semiconductor device.

According to the method embodying the present in-
vention, the formation of a heterojunction in semicon-
ductor devices becomes possible. One example of
forming a heterojunction will be described by reference
to FIG. 14. Germanium Ge is used as the substrate 70,
and Ga and As are turned into plasma in the plasma
generator la and 1b, respectively. These plasmas of Ga
and As are conveyed to a predetermined place on the
germanium substrate to grow thereon a GaAs crystal.

According to the method of the present invention,
the diameter of the plasma beam is as small as 3 to 4
mm due to the convergence effect of the axial magnetic
field, and in order to form a thin film on a larger area
of the substrate it is sometimes preferable to increase
the diameter of the plasma beam by diverging the
plasma beam according to the technique described
with FIG. 11. A mask having a perforations in a prede-
termined shape or a slit is placed in front of or on the
target substrate so that an epitaxial crystal having the
predetermined shape is grown on the substrate, as in
the masking method used in the conventional semicon-
ductor technology.

As has been described, the method according to the
present invention is characterized in that a great num-
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ber of different crystals can easily be grown and that
the compositions of the different grown crystals can
freely be varied. And this feature will be added to the
merits of growing a crystal according to the method of
transporting substance in plasma stream. Further, pro-
vided that, as described with FIG. 1, a power source 3
is connected with the plasma generator 1 to maintain
the plasma stream at a potential of, for example, Vo
and that the receiver 4 or the substrate 70 in FIG. 14
is grounded, each particle of the plasma stream at the
surface of the substrate 70 has an energy of eVo (i.e.
50 eV when Vo is 50 V) so that even if the temperature
of the substrate 70 is low the crystal can be grown due
to the part of energy absorbed in the substrate.

If the Si plasma is transported to the substrate of Si
crystal at an energy smaller than the association energy
of silicon atoms, i.e. 10 eV, the whole energy 10 eV is
distributed as thermal energy to the particles of the Si
plasma arrived at the substrate without causing sputter-
ing and defects on the substrate itself so that the crystal
can be grown without flaw and defect even in case
where the temperature of the substrate is rather low.
This is true for the process of growing the crystal of
compound semiconductor.

If, on the other hand, Ar plasma is transported to Si
substrate at an energy of 300 eV, sputtering onto the
surface of the substrate of Si crystal takes place due to
the energized argon atoms. So, if this sputtering is per-
formed on the substrate prior to the groving of a de-
sired crystal, the surface of the substrate is cleaned and
becomes free of contaminations so that the crystal can
be grown in a preferable condition.

EXAMPLE 3

This is a process of doping a semiconductor substrate
with impurities according to the method of present in-
vention in which substance is transported in plasma
stream. For the better understanding of the embodi-
ment reference should be had to FIG. 16. In FIG. 16
the same reference numerals as in FIG. 12 has been ap-
plied to like constituents and the explanation thereof is
not repeated here, though newly introduced parts are
not the case. A substrate 80 is shown as having three
portions 81a, 815 and 81m doped with impurities.

For example, in case of simultaneously doping a sub-
strate 80 of silicon single crystal with As and B having
different diffusion coefficients, the vapors of arsenic As
and boron B are first turned into plasma respectively in
the plasma generator 1a and 1b so that the As and B
plasma streams produced in the pipe §6a and 56b are
forward conveyed by means of the coils 5§94 and 595
and join each other, by means of the coils 62a and 62b,
in the confluence pipe 57 to produce a stream of
blended plasma consisting of As and B therein. Then,
the blended plasma stream is branched into three
streams by means of the deflecting coils 63a and 635 or
two streams by means of the same deflecting coils and
the coil 61m. The plasma stream in the pipe 58m is di-
rected by means of the coil 61m perpendicularly to the
surface of the portion 81m of the substrate 80 while the
plasma streams in the pipes 58a and 58 b are directed
perpendicularly to the surfaces of the portions 81a and
815 of the substrate 65 by means of the deflecting coils
64a and 64b, respectively. Therefore, the ions of As
and B conveyed in the blended plasma streams stick to
and become deposited on the surfaces of the portion
81a, 81b or 81m. Now, if the substrate is heated up to
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temperatures of 1000-1200°C by means of a suitable
heating device such as shown indicated at 68 in FIG.
16, the As and B atoms will be diffused into the Si sub-
strate 65 according to their diffusion coefficients. Since
the diffusion coefficient of B is greater than that of As,
two n-p-n junction layers in superposition can be op-
tained if the Si substrate is of n-type, If, on the other
hand, the blended plasma stream is contacted with the
substrate 80 while the latter is heated at 1000° to
1200°C, both the impurities As and B are diffused into
the substrate 80 as soon as they have come in contact
therewith so that doping along with diffusion process
becomes possible. Moreover, if the supporting platform
67 is shifted horizontally, it is also possible to suces-
sively dope with impurities a plurality of substrates 80
placed on the platform 67. If only the portion 81m is
desired to be doped with impurities, it is only necessary
to energize the coils 61m alone with the coils 61a and
61b for the branched pipe 58a and 58b and the deflect-
ing coils 63a, 63b and 644, 64b deenergized. It is, there-
fore, clear that if only the portion 81a or 814 is desired
to be doped only the coils associated with pipe 58a 585
needs to be energized with the coil 61m deenergized.
If only a substance, for example, As is desired to be de-
posited on a plurality of portions of the substrate 80,
only the plasma 1m is used to produce As plasma
stream in the pipe 56m. The As plasma stream is guided
into the confluence pipe 57 and thereafter branched
out as described above.

Now, if the portions 81a, 815 and 81m of the sub-
strate 80 need to be doped respectively with As, B and
both of As and B, the following procedure should be
carried on. Namely, the plasma generator 1a is first op-
erated to produce As plasma stream in the pipe 56a and
at the same time only the coils 59 a, 62a, 60, 634, 61a
and 64q associated with the pipes 56a, 57 and 584 are
energized so that only the portion 814 is doped with As
atoms. Then, the plasma generator 1b is operated to
produceB plasma stream in the pipe 56b and at the
same time only the coils 595, 62b, 60, 63b, 61b and 64b
associated with the pipes 565, 57 and 58b are energized
so that only the portion 815 is doped with B atoms. And
finally, both the plasma generators 1a and 15 are oper-
ated to produce As and B plasma streams respectively
in the pipe 56a and 56b and simultaneously only the
coils 56a and 56b, 62a and 62b, 60 and 61m are ener-
gized so that the blended plasma is transported to the
portion 81m, resulting in doping the portion 81m with
both As and B atoms. With the device having such a
constitution as shwon in FIG. 16, however, it is impossi-
ble to simultaneously dope the portions 81a, 816 and
81m with impurities. In order to make possible such a
simultaneous doping, a system should be employed
which is shown in block representation in FIG. 17.
Namely, the As plasma stream from the generator la
is split by means of a plasma brancher Ta into two
streams while the B plasma stream from the generator
15 is split by means of a similar brancher Tb into two
streams. One of the two As plasma streams is directly
guided to the portion 81a while one of the two B
plasma streams is also directly conducted to the portion
81b. The other of the two As plasma streams and the
other of the two B plasma streams join together in the
plasma mixer S and a blended plasma consisting of As
and B is produced, which is directed to the portion
81m. With this constitution, therefore, it is possible to
perform the simultaneous doping.
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With the conventional device of similar type in which
there is used only one plasma generator, it is very diffi-
cult to dope a substrate with a plurality of impurities,
even with two kinds of impurities such as As and B, in
such a manner that the proportion of the doped impuri-
ties may be kept constant if the careful adjustment of
the proportion in quantity of As plasma to B plasma in
the generator is neglected. According to the present in-
vention, on the other hand, a plurality of impurities to
be simultaneously doped in the same area are sepa-
rately turned into the corresponding plasmas, the den-
sity of each plasma is individually controlled, and
thereafter each plasma stream joins another in the con-
fluence pipe to produce a blended plasma in a prede-
termined blend proportion. Thus, no difficult blending
of different plasmas in the fixed proportions is needed.

In addition, the use of the branching means, diverg-
ing means and scanning means as described above will
make possible the control of the densities of the indi-
vidual plasmas and therefore the control of blending
proportion of the plasmas.

Even in case where a plurality of impurities are used,
the various combination of the impurities and the con-
trol of the blending proportion will be possible by the
combined use of the above described means, as de-
scribed with FIGS. 3 and 4. In addition, by further
branching one conducting pipe into some branched
ones, as seen in FIG. 9, doping of different portions of
the same substrate or of several substrates will be possi-
ble, and the control of the quantity of material doped
into each portion and of doping pattern will also be fa-
cilitated.

It should here be noted that the doping of various
metals with impurities can also be preformed according
to the method of the present invention.

According to the method of this embodiment, the di-
ameter of the plasma beam is as small as 3 to 4 mm due
to the convergence effect of the axial magnetic field.
This is especially useful fo the fabrication of micro-
semiconductor devices. However, in order to dope with
impurities a larger area of the substrate it is sometimes
preferable to increase the diameter of the plasma beam
by diverting the plasma beam according to the tech-
nique described above. A mask having perforations in
a predetermined shape or a slit is placed in front of the
substrate so as to make possible doping in the predeter-
mined pattern or doping in a tiny area, as in the mask-
ing method used in the conventional semiconductor
technology.

As has been described, the method according to the
present invention is characterized in that a great num-
ber of different doping processes can be chosen and
that the proportions of the doped impurities can freely
be varied. And this feature will be added to the merits
of the method of transporting substance in plasma
stream.

Further, if, as described with FIG. 1, a power source
3 is connected with the plasma generator 1 to maintain
the plasma stream at a potential of, for example, Vo
and if the receiver or the substrate 80 in FIG. 16 is
grounded, then each particle of the plasma stream
reaching the surface of the substrate 80 is implanted in
the substrate 80 at an energy of eVo (i.e. 400 eV when
Vo is 400 V). Therefore, in case of doping a Si sub-
strate with B atoms, the B atoms are implanted in the
substrate to the depth of 14 A. The depth of implanta-
tion is determined by the kind of ions in the plasma and
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the energy of the ionized particles. If the B atoms as im-
purity are implanted in the depth of about 15 A at an
energy of 400 eV as above, the implanted impurities
occupy all the lattice points of the Si substrate which
is free of lattice defects as a result of annealing and
therefore completely activated so that a very thin junc-
tion is formed on the Si substrate. Namely, the same re-
sult as obtained by the implantation of B atoms into Si
substrate according to the ion beam method, can be at-
tained.

If, as described above, impurities having energy are
doped into the substrate kept at high temperatures, the
impurities are implanted in the substrate to a small
depth so that a great number of lattice vacancies are
created in the surface of the substrate. These lattice va-
cancies are swiftly diffused into the inner region of the
substrate due to the heat applied to the substrate so
that the distribution of the concentration of lattice va-
cancies larger than that corresponding to the tempera-
ture of the substrate is established. This means that a
domain having a diffusion coefficient greater than that
corresponding to the temperature of the substrate is
formed deep in the substrate. Thus, the doped impuri-
ties are subjected to enhanced diffusion. With Si sub-
strate, enhanced diffusion takes place at temperatures
in excess of 600°C and this effect multiplies as the tem-
perature rises. Also in this case, diffusion of impurities
takes place in Si substrate even if the temperature of
the substrate is not so high as 1000° to 1200°C at which
impurities are diffused into the Si substrate, so that the
described method is applicable to the diffusion treat-
ment required in the process of fabricating general
semiconductor devices or the isolation treatment re-
quired in the process of fabricating integrated circuits,
just as hot implantation in the ion implantation method
is applicable to such processes.

The method according to the present invention can
enjoy another effect that is also obtained by hot im-
plantation in the ion implantation method. Namely, Si
substrate is previously doped with impurities according
to the method of the present invention or the conven-
tional thermal diffusion technique and the substrate is
heated. Inert neutral atoms of, for example, neon or he-
lium are transported at an energy of 400 eV to the sub-
strate according to the method of the present invention
to generate lattice vacancies in the surface of the doped
and heated substrate so that the impurities concen-
trated in a doped layer are subjected to accelerated dif-
fusion due to the generated lattice vacancies.

When argon plasma is transported to the Si substrate
at an energy of 300 eV, the energized argon atoms
cause sputtering on the surface of the substrate. So, if
this sputtering is performed on the substrate prior to
the desired doping, the surface of the substrate is
cleaned so that doping may be done in a preferable
condition.

The method of the present invention can also per-
form the same thermal diffusion as carried out by the
Doped Oxide method in which an oxide film containing
impurities at high concentration, deposited on the sub-
strate, is used as a source of impurities for diffusion.
Namely, besides the impurities, Si and O, are turned
into plasmas and the blended plasma containing the im-
purities, Si and O is transported to the substrate sur-
face. Then, a SiO, film containing sufficient impurities
is formed on the surface of the substrate so that the im-
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purities in the SiO; film can be used as a source of im-
purities for diffusion. ’

I claim:

1. A method of transporting material to and deposit-
ing it on a target, comprising the steps of:

turning a first material and a second material differ-

ent from said first material into respective plasmas
in respective first and second plasma generator
chambers, each having a small opening,

effusing said plasmas from said first and second

chambers,

forming said plasmas into first and second plasma

beams by means of axial magnetic fields,
deflecting at least one of said first and second plasma
beams to join one to the other,

conducting the thus joined plasma beam to a desired

portion of the surface of said target to make the
material in said joined plasma beam deposit on said
target.

2. A method according to claim 1, wherein the diam-
eter of said joined plasma beam is increased at the im-
mediate front of said surface of said target.

3. A method according to claim 2, wherein a mask
having at least one opening is provided near the surface
of said target and the material transported in said
joined plasma beam is selectively deposited only on the
surface of said target corresponding to said opening.

4. A method according to claim 1 wherein said target
is subjected to heat treatment at deposition of said ma-
terial in said joined plasma beam on said target.

5. A method according to claim 1, wherein a voltage
is applied between said material in said plasma and said
target in such a manner that said plasma is kept positive
in potential with respect to said target.

6. A method according to claim 1, wherein said first
material is zinc, said second material is magnesium and
said target is an iron plate, and a thin film of zinc and
magnesium is formed on said iron plate.

7. A method according to claim 1, wherein said first
material is silicon, said second material is oxygen and
said target is a semiconductor plate, and a compound
layer of silicon and oxygen is formed on the surface of
said semiconductor plate.

8. A method according to claim 1, wherein said first
material is silicon, said second material is nitrogen and
said target is a semiconductor plate, and a compound
layer of silicon and nitrogen is formed on the surface
of said semiconductor plate. ‘

9. A method according to claim 7, which includes
subsequent steps of:

turning a metal into plasma in a third plasma genera-

tor chamber,

effusing the plasma from said third chamber,

forming the plasma from said third chamber into a’

third plasma beam by means of an axial magnetic
field, and -

deflecting said third plasma beam toward said com-

pound layer of silicon and oxygen formed on said
semiconductor plate;

whereby a thin layer of said metal is formed on said

compound layer.

10. A method according to claim 9, wherein after
said metal thin layer is formed, a compound beam of
silicon and oxygen is again directed to said metal thin
layer to form a further compound layer of silicon and
oxygen thereon.
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11. A method according to claim 1, wherein said tar-
get is a semiconductor plate, said first material is a
metal and said second material is oxygen, whereby a
thin layer of metal oxide is formed on said semiconduc-
tor plate.

12. A method of transporting material to and deposit-
ing it on a target comprising the steps of;

turning silicon, oxygen and phosphorus into respec-

tive plasmas in respective plasma generating cham-
bers,

effusing said respective plasmas from said respective

chambers,

forming the effused plasmas into plasma beams re-

spectively by means of axial magnetic fields,
deflecting at least two of said three plasma beams to
join said three beams into a single beam, and
conducting the joined plasma beam to the target
which is a semiconductor plate;

whereby a compound layer of silicon, oxygen and

phosphorus is formed on said semiconductor plate.

13. A method of transporting material to and deposit-
ing it on a target comprising the steps of:

turning silicon, oxygen and boron into respective

plasmas in respective plasma generating chambers,
effusing said respective plasmas from said respective
chambers,

forming the effused plasmas into plasma beams re-

spectively by means of axial magnetic fields,
deflecting at least two of said three plasma beams to
join said three beams into a single beam, and
conducting the joined plasma beam to the target
which is a semiconductor plate;

whereby a compound layer of silicon, oxygen and

boron is formed on said semiconductor plate.

14. A method of transporting material to and deposit-
ing it on a target of a semiconductor plate, comprising
the steps of:

turning silicon, oxygen and an inert gas into respec-

tive plasmas in respective plasma generating cham-
bers,

effusing said respective plasmas from said respective

chambers,

forming the effused plasmas into plasma beams re-

spectively by means of axial magnetic fields,
directing the plasma beam of said inert gas to a spot
on the surface of said semiconductor plate to
thereby clean the surface at the spot, and
subsequently directing plasmas of silicon and oxygen,
after joining both plasma beams into a single beam,
to said cleaned spot;
whereby a compound layer of silicon and oxygen is
formed on the cleaned surface of said semiconduc-
tor plate.

15. A method of transporting material to and deposit-
ing it on a target of a semiconductor plate, comprising
the steps of: ,

turning silicon, oxygen and an inert gas into respec-

tive plasmas in respective plasma generating cham-
bers,

effusing said respective plasmas from said respective

chambers,

forming the effused plasmas into plasma beams re-

spectively by means of axial magnetic fields,
joining the plasma beams of silicon and oxygen into
a single beam,
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directing the joined beam to the semiconductor plate
to form a compound layer of silicon and oxygen on
said semiconductor plate, and

subsequently directing the plasma beam of said inert
gas to a part of the deposited compound layer to
thereby remove said part of the compound layer by
sputtering.

16. A method according to claim 15, which includes

subsequent steps of:

turning a metal into a plasma in a further plasma gen-
erating chamber,

effusing the plasma of said metal from the chamber,

forming the effused plasma into a plasma beam by
means of an axial magnetic field, and

directing the plasma beam of said metal to an open-
ing made in said compound layer by said sputtering
with the plasma beam of the inert gas to thereby
deposit said metal in said opening.

17. A method of transporting material to and deposit-

20 ing it on a substrate comprising the steps of:
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generating at least two plasma beams of at least one

substance; ’

Jjoining together said generated plasma beams to form

a joined plasma beam; i
guiding said joined plasma beam to at least a part of
one surface of said substrate; and

forming a layer of said at least one substance on said

part of one surface of said substrate.

18. A method according to claim 17, wherein each of
said plasma beams is formed of an identical substance.

19. A method according to claim 17, wherein each of
said plasma beams is formed of a different substance.

20. A method according to claim 19, wherein said
layer is a compound of said different substances.

21. A method according to claim 20, wherein said
substrate is a single crystal.

22. A method according to claim 21, wherein said
layer of said compound is a single crystal layer of said
compound.

23. A method according to claim 21, wherein said
singie crystal substrate is a semiconductor material.

24. A method according to claim 23, wherein said at
least two plasma beams consist of a first and second
plasma beams, each of said first and second plasma
beams being formed of a respective first and second
material.

25. A method according to claim 24, wherein said
first material is the same semiconductor material as
said single crystal substrate and said second material is
a conductivity determining material for said semicon-
ductor material.

26. A method according to claim 17, wherein said
plasma beams are guided by means of magnetic pipes.

27. A method according to claim 26, wherein said
magnetic pipes include at least one bend such that neu-
tral particles existing in said plasma beams are re-
moved.

28. A method according to claim 17, wherein said

60 joined plasma beam is at a positive potential with re-

spect to said surface.

29. A method according to claim 28, wherein said
positive potential is 400 eV or less.

30. A method according to claim 17, wherein said
step of guiding further includes branching said joined
plasma beam into a plurality of plasma beams.

31. A method according to claim 30, wherein said at
least a part of one surface includes a plurality of differ-
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ent surface portions, each of said plurality of plasma
beams being guided to a respective one of said plurality
of different surface portions.

32. A method according to claim 30, wherein each of
said plurality of plasma beams is further guided to a re-
spective different location at said one surface.

33. A method according to claim 17, wherein said
surface is heated during the step of forming said layer.

34. A method according to claim 33, wherein said
surface is heated to a temperature of about 500°C.

35. A method according to claim 33, wherein said
surface is heated to a temperature of between about
1000° to 1200°C.

36. A method of transporting material to and deposit-
ing it on a substrate comprising the steps of:

generating at least one plasma beam of at least one

substance;
guiding said at least one plasma beam to at least one
substrate including branching said at least one
plasma beam into a plurality of plasma beams; and

forming a layer of said at least one substance at each
of a plurality of locations.

37. A method according to claim 36, wherein said at
least one substrate includes a plurality of different sub-
strates, each of said plurality of plasma beams being

further guided to a respective one of said plurality of

different substrates.

38. A method according to claim 36, wherein each of
said plurality of plasma beams is guided to a respective
different location at said at least one substrate.

39. A method of transporting material to and deposit-
ing it on a substrate comprising the steps of:

generating a first material into a first plasma in a first

plasma generating chamber having a small open-
ing;

generating a second material into a second plasma in

a second plasma generating chamber having a
small opening;

effusing each of said generated plasmas through each

of said small openings by force of a difference in
plasma density;

forming each of said effused plasmas into respective

plasma beams by means of magnetic pipes pro-
vided by -axial magnetic fields;

transporting said respective plasma beams through

said magnetic pipes; .

joining together said transported plasma beams to

form a joined plasma beam;

directing said joined plasma beam to at least one part

of one surface of said substrate; and

forming a layer of said first and second materials on

said at least one part of one surface of said sub-
strate. :

40. A method according to claim 39, further com-
prising the step of widening said joined plasma beam.

41. A method according to claim 40, wherein said
step of widening said joined plasma beam includes ad-
justing the corresponding axial magnetic field.

42, A method according to claim 39, further com-
prising the step of branching said joined plasma beam
during said step of directing by adjusting the corre-
sponding axial magnetic field, thereby causing widen-
ing of the cross-section of said joined plasma beam to
allow divergence of separate branches of said plasma
beam to be formed by components of the correspond-
ing axial magnetic fields.
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43. A method according to claim 39, further com-
prising the step of branching at least one of said plasma
beams prior to said step of transporting.
44. A method of transporting material to and deposit-
ing it on a substrate comprising the steps of:
turning a first and a second material into respective
plasmas respectively in a first and a second cham-
ber, each of said chambers having a small opening;

effusing each of said respective plasmas through each
of said small openings;

forming each of said respective plasmas into respec-

tive plasma beams by means of axial magnetic
fields;

joining together said respective plasma beams to

form a joined plasma beam;
directing said joined plasma beam to the surface of
a single crystal substrate; and

forming a single crystal of a compound consisting of
said first and second materials on said single crystal
substrate.

45. A method according to claim 44, wherein said
single crystal substrate is GaAs, said first material is
gallium and said second material is arsenic.

46. A method according to claim 44, wherein said
single crystal substrate is a semiconductor, said first
material being the same semiconductor material as said
substrate, and said second material being one for deter-
mining the conductivity of said semiconductor when
added thereto.

47. A method according to claim 44, wherein said
substrate is subjected to heat treatment at a tempera-
ture higher than 500°C when a single crystal of said ma-
terials is grown on said substrate.

48. A method according to claim 44, wherein a pre-
determined voltage is applied between each of said
plasmas and said substrate in such a manner that each
of said plasmas is kept more positive than said substrate
in potential.

49. A method according to claim 44, wherein a mask
having at least one opening of a desired pattern is dis-
posed between said joined plasma beam and said sub-
strate. '

50. A method according to claim 49, wherein said
mask is a SiO; layer formed directly on the surface of
said substrate.

51. A method of transporting material to and deposit-
ing it on a substrate comprising the steps of:

turning silicon, oxygen and an impurity material into

respective plasmas respectively in first, second and
third plasma generating chambers, each of said
chambers having a small opening;

effusing each of said respective plasmas through each

of said small openings;

forming each of said. respectively effused. plasmas

into respective plasma beams by means of axial
magnetic fields;

joining together said plasma beams to form a joined

plasma beam;

directing said joined plasma beam to the surface of

the substrate; and

forming a compound layer of silicon and oxygen con-

taining said impurity material on said surface of the
substrate.

52. A method according to claim 51, wherein said
substrate is subjected to heat treatment.

53. A method according to claim 51, wherein said
compound layer is a single crystal of silicon and oxygen
containing said impurity material.

54. A method according to claim 51, wherein said
compound layer is formed to a predetermined thick-

ness.
* * * * *



