
4                                            1,075,706        millimetres.
The coil 13 is about  five (5)  alternating current to create the molten
zone       millimetres tube size and of diameter such  in the rod 11. The
single-turn, shorted focus-       that the quartz tube 60 is free of the
coil  ing coil 72 encircles rod 11 immediately below       13 but with
minimum spacing therebetween.  the heating coil 13 to rob power from the
r.f.   5  The focusing coil 72 is of the same inner dia-  field at the
lower boundary to limit the height  70       meter as the inner diameter of
the coil 13  of the molten zone and thus control the mol-       and the
upper surface of the coil 72 was  ten zone.       spaced about ten (10)
millimetres below the    The foregoing description has related pri-
lower surface of the coil 13. The coil 72  marily to the growth of crystal
structures of   10  was of the order of one hundred and twenty- silicon
base materials. It will be recognised  75       seven (127) millimetres in
diameter at the  that other semiconductor materials may be       bottom and
slightly larger than the coil 13  similarly treated to produce
dislocation-free       at the top thereof.
structures. In the growth of germanium crys-       In the foregoing
example, the rod 11 was  tals, the primary problem  attendant to the   15
about twenty-eight (28) millimetres in dia-  production of dislocation-free
silicon crystals  80       meter and the travel of the rod through the  is
not present.   Thus, germanium  can be       coil 13 was maintained at
about one hundred  grown from  melts contained in quartz cru-       and
fifty (150) millimetres per hour. In in-  cibles. Nevertheless the present
invention may       stances where larger diameter crystals have  be
employed for production of germanium  20  been employed, such as
thirty-three (33) milli-  bodies which are dislocation-free, if desired.
85       metre crystals, the speed has been lowered  Since- the density of
germanium is somewhat       somewhat to about one hundred and fifteen
greater than that of silicon, the diameter of       (115) millimetres per-
hour in order to assure  the float zone would have to be maintained       a
zone which is completely molten, and to  somewhat smaller in order to
maintain its  25  avoid freezing up during the pulling opera-  integrity.
90       tion. The traverse rate will thus depend upon   In providing an
inert atmosphere in which       the size of the rod employed and upon the
the molten zone is maintained, argon has been       power in the r.f.
field. It should therefore  used and has been specified in the foregoing
be understood that the foregoing is given by  description. However, any
inert gas which will 



30  way of example and not by way of limitation. not react with silicon at
the temperatures in-  95         It order to form dislocation-free
crystals, it  volved would be suitable. Helium, neon, and       is
necessary that the seed 10 be thoroughly  the like, as well as hydrogen,
are satisfactory.       wetted in the molten zone on top of the rod    WHAT
WE CLAIM  IS:-       11 before beginning to pull the crystal. A    1. A
method of crucible-free forming of a  35  guide by which the operation may
be evalu-  dislocation-free single crystalline semiconduc- 100       ated
is illustrated in Fig. 3. The seed 10  tor material comprising the steps of
forming       is withdrawn from the molten top of rod 11  a molten zone at
one end of a semiconductor       to form the neck 14 of reduced diameter
rod, attaching a seed crystal to said semicon-       to assure crystal
structure of a large diameter  ductor rod at said molten zone, withdrawing
40  which is dislocation-free. Crystal growth pre-  said seed crystal' a
small distance to form a  105       ferably is initiated when the lower end
of  region of reduced cross-sectional area and       seed 10 is of the
shape illustrated in Fig. 3.  passing said molten zone through the length
More particularly, as the seed 10 rotates and  of said semiconductor rod to
form said dis-       becomes wetted in the melt, the corners of
location-free single crystalline semiconductor  45  the seed tend to form
cusps with downwardly material.                                      110
pointed corners. When the seed 10 is shaped    2. A method according to
claim 1 in which       generally in the form indicated in Fig. 3 the  there
is formed a transition area of progres-       pulling operation may then be
commenced.  sively increasing cross-sectional area between         While
not shown in the drawings, the sys-  the said one end of the rod and the
reduced  50  term includes electrical controls for the speeds
cross-sectional area region.           115       of motors 31, 40 and 48 as
well as for con-    3. A method according to either of the pre-       trol
of the level of power from  a suitable  ceding claims in which following
establish-       r.f. generator for the coil 13 of Figs. 1 and 2.  ment of
a molten zone at one end of the rod,       Such controls are well-known in
the art.    a single crystal seed of semiconductor material  55    It is to
be understood that the system oper-  is dipped into the molten zone and the
seed 120       ates to transfer semiconductor material from  is rotated
while being withdrawn from  the       the bottom supported rod 11 into the
form  zone and the rod is moved upwardly through       of a
dislocation-free crystal. The operation is  a heating member, the initial
withdrawal rate       carried out in the argon atmosphere in the  of the
seed being substantially in excess . of  60  tube 60. The transfer, by way
of a molten  the rate of upward movement of the rod and 125       zone of
controlled configuration, is on to a  subsequently substantially
corresponds with       single crystal seed rotatably supported above the
rate of upward movement of the rod.       the molten zone. The single-turn
annular heat-    4. A method according to claim 3, in which       ing coil
13 encircles the rod 11 outside the withdrawal of the single crystal seed
from the 



65  tube 60 and is energised by high frequency  molten zone is commenced
after formation of 130           1,075,706                millimetres. The
coil 13 is about five (5)  alternating current to create the molten zone
millimetres tube size and of diameter such  in the rod 11. The single-turn,
shorted focus-               that the quartz tube 60 is free of the coil
ing coil 72 encircles rod 11 immediately below               13 but with
minimum spacing therebetween.  the heating coil 13 to rob power from the
r.f.           5  The focusing coil 72 is of the same inner dia-  field at
the lower boundary to limit the height 70               meter as the inner
diameter of the coil 13  of the molten zone and thus control the mol-
and the upper surface of the coil 72 was  ten zone.               spaced
about ten (10) millimetres below the    The foregoing description has
related pri-               lower surface of the coil 13. The coil 72
marily to the growth of crystal structures of           10  was of the
order of one hundred and twenty- silicon base materials. It will be
recognised  75               seven (127) millimetres in diameter at the
that other semiconductor materials may be               bottom and slightly
larger than the coil 13  similarly treated to produce dislocation-free
at the top thereof.                          structures. In the growth of
germanium crys-                 In the foregoing example, the rod 11 was
tals, the primary problem  attendant to the           15  about
twenty-eight (28) millimetres in dia-  production of dislocation-free
silicon crystals  80               meter and the travel of the rod through
the  is not present.  Thus, germanium  can be               coil 13 was
maintained at about one hundred  grown from  melts contained in quartz cru-
and fifty (150) millimetres per hour. In in-  cibles. Nevertheless, the
present invention may               stances where larger diameter crystals
have  be employed for production of germanium           20  been employed,
such as thirty-three (33) milli-  bodies which are dislocation-free, if
desired. 85               metre crystals, the speed has been lowered  Since
the density of germanium is somewhat               somewhat to about one
hundred and fifteen  greater than that of silicon, the diameter of 



(115) millimetres per hour in order to assure  the float zone would have to
be maintained               a zone which is completely molten, and to
somewhat smaller in order to maintain its           25  avoid freezing up
during the pulling opera-  integrity.                                   90
tion. The traverse rate will thus depend upon    In providing an inert
atmosphere in which               the size of the rod employed and upon the
the molten zone is maintained, argon has been               power in the
r.f. field. It should therefore  used and has been specified in the
foregoing               be understood that the foregoing is given by
description. However, any inert gas which will           30  way of example
and not by way of limitation. not react with silicon at the temperatures
in-  95                  In order to form dislocation-free crystals, it
volved would be suitable. Helium, neon, and               is necessary that
the seed 10 be thoroughly  the like, as well as hydrogen, are satisfactory.
wetted in the molten zone on top of the rod   WHAT WE CLAIM  IS:-
11 before beginning to pull the crystal. A   1. A method of crucible-free
forming of a           35  guide by which the operation may be evalu-
dislocation-free single crystalline semiconduc- 100               ated is
illustrated in Fig. 3. The seed 10  tor material comprising the steps of
forming               is withdrawn from the molten top of rod 11  a molten
zone at one end of a semiconductor               to form the neck 14 of
reduced diameter  rod, attaching a seed crystal to said semicon-
to assure crystal structure of a large diameter  ductor rod at said molten
zone, withdrawing           40  which is dislocation-free. Crystal growth
pre-  said seed crystal a small distance to form a  105
ferably is initiated when the lower end of  region of reduced
cross-sectional area and               seed 10 is of the shape illustrated
in Fig. 3. passing said molten zone through the length               More
particularly, as the seed 10 rotates and  of said semiconductor rod to form
said dis-               becomes wetted in the melt, the corners of
location-free single crystalline semiconductor           45  the seed tend
to form cusps with downwardly  material.
110               pointed corners. When the seed 10 is shaped    2. A
method according to claim 1 in which               generally in the form
indicated in Fig. 3, the  there is formed a transition area of progres-
pulling operation may then be commenced.  sively increasing cross-sectional
area between                  While not shown in the drawings, the sys-
the said one end of the rod and the reduced           50  tem includes
electrical controls for the speeds  cross-sectional area region.
115               of motors 31, 40 and 48 as well as for con-    3. A
method according to either of the pre-               trol of the level of
power from  a suitable  ceding claims in which following establish-
r.f. generator for the coil 13 of Figs. 1 and 2. ment of a molten zone at
one end of the rod,               Such controls are well-known in the art.
a single crystal seed of semiconductor material           55    It is to be
understood that the system oper-  is dipped into the molten zone and the
seed  120               ates to transfer semiconductor material from  is
rotated while being withdrawn from  the               the bottom supported
rod 11 into the form  zone and the rod is moved upwardly through 



of a dislocation-free crystal. The operation is  a heating member, the
initial withdrawal rate               carried out in the argon atmosphere
in the  of the seed being substantially in excess of           60  tube 60.
The transfer, by way of a molten  the rate of upward movement of the rod
and  125               zone of controlled configuration, is on to a
subsequently substantially corresponds with               single crystal
seed rotatably supported above  the rate of upward movement of the rod.
the molten zone. The single-turn annular heat-    4. A method according to
claim 3, in which               ing coil 13 encircles the rod 11 outside
the  withdrawal of the single crystal seed from the           65  tube 60
and is energised by high frequency  molten zone is commenced after
formation of 130
1,075,706            a wetting zone of very small cross-sectional  in use
of the apparatus, a rod of semiconduc- 45           area compared with the
cross-sectional area  tor material is supported vertically at its lower
of the rod.                                  end, including a first support
for supporting             5. A method according to claim 3, in which  the
rod at its lower end and a second sup-       5  the single crystal seed has
a polyhedronal port for a single crystal seed of semiconductor
cross-section, and in which withdrawal of the  material disposed above the
first support, the  50 seed from the molten zone is commenced after  first
and second supports being movable rela-           the development of
downwardly extending  tively towards and away from each other a
peaks on the corners of the seed.           single turn, annular, inductive
heating member       10    6. A method according to any one of the  for
forming a molten zone in the said rod,           preceding claims, in which
one boundary of  and, located beneath the heating member a  55
the molten zone is sharply defined by con-  single turn, annular conductive
member which           tinuous liquid cooling of a single turn annu-  is
elongated in the intended axial direction of           lar conductive
member that is elongated in  the said rod and is so movable in that direc-
15  the axial directon of the rod and is so posi-  tion that it can be
positioned to absorb power           tioned in relation to a heating
member, ener-  from the field produced by energisation of the  60
gisable to establish the said molten zone, to  heating member, and in which
the elongated           absorb power from  the field produced by
conductive member has defined therein a           energisation of the
heating member.       liquid coolant flow path. 



20    7. A method according to claim 6, in which   14. Apparatus according
to claim  13, in           the cross-sectional area of the continuously
which the cross-sectional area of the elon- 65           cooled conductive
member progressively in-  gated conductive member increases progres-
creases in an axial direction opposite the direc-  sively away from the
heating member.           tion of passage of the molten zone through   15.
Apparatus according to claim  14, in       25  the length of the
semiconductor rod.      which the elongated conductive member is a
8. A method according to any one of the  hollow truncated cone.
70           preceding claims in which the controlled atmo-    16.
Apparatus according to any one of           sphere is provided by a
continuously flowing  claims 13-15, in which the elongated con-
inert gas.                                  ductive member encircles a
non-conductive       30    9. A  method according to claim  8, in  tube
that, in use of the apparatus, surrounds           which the inert gas is
argon.               the said rod of semiconductor material.    75
10. A method according to any one of the    17. Apparatus according to any
one of           preceding claims, in which the semiconductor  claims
13-16, in which the heating member           rod and the single crystal
seed are a silicon  is hollow and defines a liquid coolant flow       35
rod and seed.                                path.              11. A
method of crucible-free zone forming  18. Zone melting apparatus
substantially as 80           a rod of semiconductor material,
substantially  described herein with reference to and as           as
described herein with reference to the ac-  illustrated by Figs. 1 and 2 of
the accom-           companying drawings.                        panying
drawings.       40   12. A dislocation-free crystal of semiconduc-
tor material prepared by a method as claimed         ABEL & IMRAY,
in any one of the preceding claims.                  Chartered Patent
Agents,              13. Apparatus for crucible-free zone form-  Quality
House, Quality Court, Chancery Lane,           ing a rod of semiconductor
material in which,          London, W.C.2.    Leamington Spa: Printed for
Her Majesty's Stationery Office by the Courier Press.-1967.    Published at
The Patent Office, 25, Southampton Building, London, W.C.2, from which
copies may be obtained.    


