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metallic elemental  apparatus, accompanied by chemical re-   arsenic was
placed in the bottom of quartz  action to form gallium arsenide, was re
chamber 11, thus providing a slight stoich-  peated.   iometric excess of
arsenic. After flushing   The crystal pulled by the same technique, 5 with
argon for about 15 minutes, the side  under the same conditions, was quite
70    arm 12 was sealed off with a hot torch. similar in appearance to the
product of    Argon was continuously introduced through  Example 1. The
mono-crystalline product    nipples 53 and 57 to  provide an inert
contained  approximately  30  parts  per    atmosphere adjacent sealing
surfaces, as  million tin. It will be readily understood 10 previously
explained herein. Cooling water  that the quantity of tin in the gallium 75
circulation  was started  and maintained  arsenide crystal was
substantially reduced    through cooling jacket 31 during the course  from
the ratio of tin to gallium  in the    of processing.
charge  crucible because of segregation      The RF coil 67 was then
activated and the  phenomena. Except for the tin, substantially 15
temperature of the gallium  was raised  the same impurities in
approximately the 80    slowly from  room  temperature to about same
amounts as in Example 1 were found    12500C, the total heating process
requiring  to be present in the product.    about 1 hour.  Boron nitride
lid 13 was    The product was found to have a re-    heated by resistance
coil 19, all during pro-  sistivity of about .01 ohm-centimetres at 20
cessing, as previously explained herein.  300[err] Kelvin.
85      The rod 23 was lowered with its gallium               EXAMPLE 3.
arsenide seed crystal touching the surface   The procedure of Example 2 was
re-    of the melt in the alumina cup 65. It was  peated, however, in place
of the tin 100    rotated at a spin rate of about 25 revolu-  milligrams of
iron were added to the gal- 25 tions per minute and was then retracted,
lium in alumina cup 65.              90    while rotating, at the pull rate
of about    The gallium  arsenide crystal obtained    1-1/2" per hour.
During the pulling process, from the pulling process was found to have
the temperature was maintained at about a resistivity  of 300[err]  Kelvin
of about    1240[err]C, just at the melting point of gallium   3 X 10[err]
ohm-centimetres.  Analysis of the 30 arsenide. After a crystal of about
1-1/2" in  crystal revealed that the actual iron con- 95    length had been
pulled, the retracting rod  tent was approximately 0.5  parts per    was
manually raised from the melt surface  million, the analysis further
showing the    and the apparatus was allowed to cool, same impurities in
substantially the same    the argon flow adjacent the sealing surfaces
amount as in Examples 1 and 2. 



35 being maintained so that any gas sucked                 EXAMPLE 4.
100    into the chamber during the cooling process    This example and the
following examples    would be inert argon rather than air.   illustrate
practice of the present invention.      The crystal of gallium. arsenide
proved  They are to be contrasted to the results of    to be of good
quality and to be substan-  Examples 1-3, which comparison illus- 40 tially
pure. It contained about 4 parts per  trates a surprising increase in
resistivity 105    million of aluminium, about 0.09 parts per  when
chromium is added.    million iron, about 0.05 parts per. million    The
procedure of Examples 2 and 3 was    silicon, about 0.01 parts per million
mag- repeated, except chromium was substituted    nesium, and somewhat less
than about 0.5  for the tin and iron employed in those ex- 45 parts per
million calcium. Substantially all amples. The chromium, of high purity,
was 110    remaining material was accounted for as  introduced into the
gallium  alumina cup    gallium arsenide. The aluminium present in  65. The
quantity employed was about 100    the sample, although to a fairly high
level milligrams.    relative to the other impurities, is inactive    After
processing and crystal pulling, in 50 or neutral in this case. The
aluminium re-  accordance with the same technique and 115    sulted from
the fact that an alumina crucible  under the same conditions employed in
the    was used.                                  prior examples, a gallium
arsenide crystal      Resistivity measurement of the foregoing  of
mono-crystalline structure was obtained    crystal gave a value of about
0.1 ohm-centi-  of about. 1-1/2" in length. 55 metres at 300[err] Kelvin.
Analysis of the crystal of gallium arsenide 120      Repetition of the
above example on  showed it to be substantially pure, con-    several
occasions gave a product with a  taining about 4 parts per million of alu-
resistivity ranging from about 0.02 to 0.1  minium, 0.05 parts per million
iron, 0.05    ohm-centimetres at 300 Kelvin.  In all parts per million
silicon, a trace of mag- 60 cases the resulting material was N-type.
nesium and a trace of calcium. The chrom- 125                 EXAMPLE 2
ium concentration level was approximately      The procedure of Example 1
was re- 0.5 parts per million.    peated, but this time about 100
milligrams   The resistivity of the product of this ex-    of tin were
added to the 40-gram charge  ample was  found to be approximately 65 of
gallium and the heating process in the 3.5 X l0[err] ohm-centimetres at 300
Kelvin.  130                                                1,074,248
5  



EXAMPLE 5.                    arsenide, the impurity dopant level was
The procedure of Example 4 was re- substantially the same as the chromium
peated, but with a charge of about 150  level.    milligrams of chromium
in the 40 grams    The resistivity of the resulting crystal was  5 of
gallium. The gallium  arsenide crystal  about 1 x 10[err] ohm-centimetres
at room 70    obtained from the pulling process, all con-  temperature. It
thus appears that the    ditions remaining, substantially the same as
chromium level should be in excess of the    in the prior example, was
found to contain  dopant level of donor type dopant impurities    about the
same concentration level of im-  in the system. 10 purities reported in the
prior example, but  Referring to the above examples for com- 75    with a
chromium concentration of about 1  parative purposes, it is seen that the
intro-    part per million.  The resistivity of the  duction of chromium
can increase the re-    crystal was approximately  1x10[err] ohm- sistivity
of the crystal by a factor of 10[err]    centimetres at 300[err] Kelvin.
over the highest resistivity obtained with- 15              EXAMPLE 6.
out it (Example 3, where iron was added). 80      The prior example was
repeated, except   Moreover, it is noted that once a certain    the amount
of chromium in the charge was  minimum level of chromium was added, the
about 200 milligrams. The process was con- presence of large excess has
little effect on    ducted under the same conditions as in the  the
resistivity of the crystal at room tem- 20 prior example, and the resulting
gallium  perature. In all instances when a sufficient 85    arsenide
crystal was found to have about chromium level was present, resistivity was
the same impurity concentration, with a  at least 10[err] ohm-centimetres
at room tem-    chromium  concentration in the range of perature.    about
1.5 parts per million. The resistivity   It is further seen that chromium
should 25 at 300[err] Kelvin was once again found to  be present in
quantity in excess of residual 90    be in excess of 10[err]
ohm-centimetres.   donor impurities, i.e., chromium should be
EXAMPLE 7.                    the dominant of the electrically active im-
The procedure of the prior example was  purities.    repeated, except
chromium was introduced    The examples given above illustrate that 30 into
the gallium in a much higher concen- for the methods ordinarily used at
present 95    tration level, about 1.5 grams of chromium  to produce
gallium arsenide crystals the re-    being added to the 40-gram charge of
gal- sulting material is N-type, this being due    lium.
to residual doping impurities. In this case,      The crystal pulling
process was operated  the addition of chromium in the specified 35 under
the same conditions and the resulting  amounts produces high resistivity
gallium 100    single crystal of gallium  arsenide was  arsenide. If the
original material would have    analysed. Approximately the same concen-
been P-type, however, the addition of chro-    tration of impurities was
found to be pre- mium would not result in high resistivity    sent in the
crystal. The chromium level was  material. This is thought to result from
the 40 found to be at about 360 parts per million. fact that chromium
appears to act as a 105 



Notwithstanding  this  greatly  increased  "deep" or high energy level
acceptor and    quantity of chromium, the resistivity was  thus does not
compensate for a predomi-    approximately 10[err] ohm-centimetres at
300[err]  nance of acceptor impurities, even though the    Kelvin.
chromium concentration might be far in ex- 45              EXAMPLE 8.
cess of the acceptor concentration. Accord- 110      The prior example was
repeated, except ingly, if the gallium arsenide crystal is ex-    that the
system contained a somewhat higher  pected to turn out to be P-type, then
donor    silicon impurity level, as will be better  impurities should be
added to a level in ex-    appreciated from the analysis of the gallium
cess of the expected acceptor concentration. 50 arsenide product given
hereinafter, and  The usual donor impurities are sulphur, 115    chromium
was introduced in quantity of selenium  and tellurium, and the manner
about 100 milligrams to the 40-gram gallium   of introducing these
impurities into the    charge.  The gallium arsenide crystal ob- growing
crystal is known.  Then, when    tained was found to have about the same
chromium is added in excess of the pre- 55 concentration level of
impurities as in prior dominant donor concentration, a high re- 120
examples except for the silicon content, sistivity crystal is produced
exactly as be-    which was between 0.2 and 0.3 parts per fore.    million.
The chromium  content in the    While the foregoing description has been
crystal was analysed at about 0.3 parts per  based on the crystal growth
process where- 60 million.                                   in a crystal
is pulled from a gallium arsenide 125      It will be noted that the
silicon content melt, other methods of making gallium    was about the same
as the chromium con- arsenide are known and the introduction of    tent.
Since silicon acts as an electrically  chromium into the crystal produced
by such    active donor impurity, i.e., in the present other methods
likewise results in a high 65 environment as a dopant for the gallium
resistivity crystal. For example, the present 130        6
1,074,248      invention may be applied by introducing  which the chromium
content is not in ex-     chromium into epitaxially grown layers of  cess
of 0.5 parts per million by weight of     mono-crystalline gallium
arsenide material  the total weight of the crystal.     wherein the gallium
arsenide is reduced from  5. A crystal as claimed in claim  1, in 55  5
gaseous compounds, as with hydrogen. on  which other electrically active
constituents     to a compatible substrate, such as a sub-  therein exist
in a quantity less than the 



strate of gallium arsenide. As a further ex-  quantity of chromium.
ample, chromium may be introduced into    6. A  gallium  arsenide crystal
having a     a gallium arsenide crystal by diffusion tech-  low level of
electrically active impurities 60  10 nique, as by heating chromium  and a
present with donor impurities predominat-     crystal of gallium arsenide
to about 1000[err]C  ing in such electrically active impurities, and     in
an evacuated system for several hours.  containing a quantity of chromium
in excess     Also, chromium  may be introduced with  of the donor
impurities, the crystal having     the charge into a horizontal gradient
freeze  resistivity of at least 10[err] ohm-centimetres at 65  15 apparatus
to obtain the crystal of the instant  300[err] Kelvin.     invention.
Accordingly, the crystal of the    7. In the process of growing a crystal
instant invention is not limited to a specific  of gallium  arsenide
wherein  electrically     method of manufacture.
active impurities are present with donor im-       It will be understood in
this specifica-  purities predominating, the step of introduc- 70  20 tion,
including the claims, that the phrase  ing into the growing crystal a
quantity of     "electrically active ", when used in con-  chromium at
least as great as a level just     nection with constituents or impurities,
re-  in excess of the total quantity of the donor     fers to such
constituents or impurities that  impurity.     are conductivity-type
determining, or con-    8. A process as defined in claim 7, in 75 25
ductivity magnitude determining, dopants  which the crystal is grown by
pulling the     with respect to gallium  arsenide.  Thus, crystal from  a
melt of gallium  arsenide     "electrically active" impurities are distin-
prepared by raising liquid gallium  to the     guised from neutral
impurities. Moreover,  temperature of gallium arsenide in the pre-     when
reference is made to a "dominant"  sence of arsenic vapour to unite
therewith 80  30 quantity of chromium it will be understood  to form the
melt of gallium arsenide, and     that this refers to a quantity of
chromium  the step of introducing the said quantity     sufficient to mask
any substantial electrical  of chromium into the gallium arsenide melt.
effect of other electrically active impurities    9. A process for
manufacturing a gallium     or constituents in a gallium arsenide crystal.
arsenide crystal according to claim 1, sub- 85  35 and thus cause the
crystal to act, in effect, stantially as described herein with reference
as if chromium were the only electrically  to the accompanying drawing or
by any     active constituent or impurity present sub-  other of the
methods specifically described     stantially affecting resistivity.
herein.       WHAT WE CLAIM IS:-                          10. A   process
for  manufacturing  a 90  40   1. A gallium arsenide crystal containing
gallium  arsenide crystal. substantially as     chromium present as an
impurity in excess  described by any one of Examples Numbers     of 0.2
parts per million by weight of the  4, 5, 6 and 7 herein.     total weight
of the crystal.                  11. A gallium arsenide crystal when pre-
2. The crystal of claim  1 wherein the  pared by any one of the processes
as claimed 95  45 resistivity of the crystal is at least 10[err] ohm-  in
claim 10.     centimetres at 300[err] Kelvin.                        ABEL &
IMRAY, 



3. A crystal as claimed in claim  1, in         Chartered Patent Agents,
which the chromium content is not in excess              Quality House,
of 350 parts per million by weight of the                 Quality Court,
50 total weight of the crystal.                             Chancery Lane,
4 A  crystal as claimed in claim 3, in                 London, W.C.2.
Berwick-upon-Tweed; Printed for Her Majesty's Stationery Office by The
Tweeddale Press Ltd. - 1967 Published at the Patent Office, 25 Southampton
Buildings, London, W.C2 from  which copies may
be obtained.         6                                         1,074,248
invention may be applied by introducing  which the chromium content is not
in ex-    chromium into epitaxially grown layers of  cess of 0.5 parts per
million by weight of    mono-crystalline gallium  arsenide material  the
total weight of the crystal.    wherein the gallium arsenide is reduced
from  5. A  crystal as claimed in claim  1, in 55  5 gaseous compounds, as
with hydrogen, on  which other electrically active constituents    to a
compatible substrate, such as a sub-  therein exist in a quantity less than
the    strate of gallium arsenide. As a further ex-  quantity of chromium.
ample, chromium may be introduced into    6. A  gallium  arsenide crystal
having a    a gallium arsenide crystal by diffusion tech-  low  level of
electrically active impurities 60 10 nique, as by -heating chromium  and  a
present with donor impurities predominat-    crystal of gallium arsenide to
about 1000[err]C  ing in such electrically active impurities, and    in an
evacuated system for several hours.  containing a quantity of chromium in
excess    Also, chromium  may be introduced with  of the donor impurities,
the crystal having    the charge into a horizontal gradient freeze
resistivity of at least 10[err] ohm-centimetres at 65 15 apparatus to
obtain the crystal of the instant  300[err] Kelvin.    invention.
Accordingly, the crystal of the    7. In the process of growing a crystal
instant invention is not limited to a specific  of gallium  arsenide
wherein  electrically    method of manufacture.                      active
impurities are present with donor im-       It will be understood in this
specifica-  purites predominating, the step of introduc- 70 20 tion,
including the claims, that the phrase  ing into the growing crystal a
quantity of    "electrically active", when used in con-  chromium at least
as great as a level just 



nection with constituents or impurities, re-  in excess of the total
quantity of the donor    fers to such constituents or impurities that
impurity.    are conductivity-type determining, or con-    8. A  process as
defined in claim  7, in 75 25 ductivity magnitude determining, dopants
which the crystal is grown by pulling the     with respect to gallium
arsenide.  Thus,  crystal from  a melt of gallium  arsenide
"electrically active" impurities are distin-  prepared by raising liquid
gallium  to the     guised from  neutral impurities. Moreover,  temperature
of gallium arsenide in the pre-     when reference is made to a "dominant"
sence of arsenic vapour to unite therewith 80 30 quantity of chromium it
will be understood  to form the melt of gallium arsenide, and     that this
refers to a quantity of chromium  the step of introducing the said quantity
sufficient to mask any substantial electrical  of chromium into the gallium
arsenide melt.     effect of other electrically active impurities    9. A
process for manufacturing a gallium     or constituents in a gallium
arsenide crystal,  arsenide crystal according to claim 1, sub- 85 35 and
thus cause the crystal to act, in effect,  stantially as described herein
with reference     as if chromium  were the only electrically  to the
accompanying drawing or by any     active constituent or impurity present
sub-  other of the methods specifically described     stantially affecting
resistivity.           herein.       WHAT WE CLAIM IS:-
10. A   process  for  manufacturing  a 90 40   1. A gallium arsenide
crystal containing  gallium  arsenide crystal, substantially as
chromium present as an impurity in excess  described by any one of Examples
Numbers     of 0.2 parts per million by weight of the  4, 5, 6 and 7
herein.     total weight of the crystal.              11. A gallium
arsenide crystal when pre-       2. The crystal of claim  1 wherein the
pared by any one of the processes as claimed 95 45 resistivity of the
crystal is at least 10[err] ohm-  in claim 10.     centimetres at 300[err]
Kelvin.                         ABEL & IMRAY,       3. A crystal as claimed
in claim  1, in            Chartered Patent Agents,     which the chromium
content is not in excess               Quality House,     of 350 parts per
million by weight of the                 Quality Court,  50 total weight of
the crystal.                              Chancery Lane,       4. A
crystal as claimed in claim  3, in               London, W.C.2.
Berwick-upon-Tweed; Printed for Her Majesty's Stationery Office by The
Tweeddale Press Ltd. - 1967 Published at the Patent Office, 25 Southampton
Buildings, London, W.C.2 from which copies may
be obtained.    


