4 1,074, 248 65. About 50 grans of

netallic elenental apparatus, acconpani ed by chem cal re- arseni ¢ was
pl aced in the bottom of quartz actl on to formgalliumarsenide, was re
chanber 11, thus providing a slight stoich- peated. i ometric excess of

arsenic. Af't er flushing The crystal pulled by the sane technique, 5 with
argon for about 15 m nutes, the side wunder the sane conditions, was quite
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Sty edCOmplflhﬁlfelﬂwﬂ%&'bthfngh‘bk%t 9631 during the course from
'\‘@// /o g@ CrowmCopyright#967. of  processi ng.

\\% because of _segregation - The RF. c0|II 67 was t hen
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act | %aked 20 WW&%&;&M@W TR élb&e 2510 osADBRR A
appr xi I y from room terrperature to about sane
_am)ufr'DII sé]g'éﬁléé %@MBO vvere found 12500C, the total heating process
requiting to be presentCPMPHEEE SPEGEICATION apout 1 hour. Boron nitride
lid 13 was The product prswiNGRATTACHBDE "a I e- heat ed by resistance
coil 19, all during pro- sistivity of about .0l ohmcentinetres at 20
cessi ng, Highrmmﬂyﬁamplmmmlderwdwhowpéﬂ\@kilgl :

85 The rod 23 was |owered with its aII| EXAMPLE 3.
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subst ant Aatedbpiqndof nauqasing imporéancer gomlm*@wr?@];aefe?vw K.he seal i ng surf aces
armur?p alit ql% %lgcogd d2v1ces is . Ordinarily, when high purity gallium and
¢ :epitaxial ~ proce 1 growth arsenic are compounded to form gallium

wherem a layer of the desired semiconductor arsenide, the resultant material is of low
crystal is’ grown upon a substrate. The sub- res1st1v1ty ‘and N-type due to residual donor 65
strate must be of substantially mono- impurities. Thus, the addition of chromium,
25 crystalline structure in order that the layer which acts in a manner likened to an
formed upon it be mono-crystalhne In acceptor with. a high energy.level in gallium
some instances it is desired ‘that the sub- arsenide, compensates and swamps the effect
strate be of low resistivity. .On the other of the original donor but does mot itself 70
hand, in other instances it is' desirable that provide low energy gap carriers. If the
30 the substrate be of high resistivity. A material is ongmally P-type, whlch is un-
single substrate slice from a crystal of high usual, 2 quantity of donor impurity, such
resistivity .may be used as the common as sulphir, selenium or tellurium, would be
substrate for a multiplicity .of individual added to render the material N-type or 75.
epitaxial ‘crystal units.grown upon its sur- essentially = compensated, or else - the
35 face.” Although all such epitaxial units are acceptor:like nature of the chromium would
indijvidually united with the substrate in a prevent the desired result from being accom-
generally mono-crystalline structure, the plished. Accordingly, in another specific
high resistivity if the substrate effectively aspect, the invention provides a. gallium 80,
electrically 1solates the individual units. arsenide crystal having a low level of . donor
40 Further processing of the individual units, impurities, or donor and acceptor impuri-
by epitaxial growth or other processes, for ties (so long as the donor predominates),
example diffusion, makes posslble the con- _and a quantlty of chromium in exoess of
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35 being maintained so that any gas sucked EXAMPLE 4.

100 I nto the chanber during the cooling process This exanpl e and the
fol lowng exanples —_ would he 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- Exanples 1-3, which conparison illus- 40 tlaIIy
pure. It contaigped about 4 parts per. trau@smesurprising increase in
reS|st|V|ty 1
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diﬁlwmmhhmm]s 42 5}/1th chamber 11, the cap ispb

The afsaﬁd:g{&}i:r/nlt){??o?ryﬂﬁe pr uct
40-

to permit communlcatxon therethrough to
the interior of the chamber. Lid 13 covers
 the upper open portion of chamber 11. Lid

40 13 is made of boron nitride. It has an
aperture 15 which passes through its
central portion and through the central

portion of its upwardly . extending hub

17. A resistance heater coil 19 is dis-

45 posed along the upper portion of lid 13,
which is fitted with boron nitride retainer
cap 20 to enclose said heater coil and hold
it in position. Power is fed to coil 19 by

. suitable leads, not illustrated. -

50 Upper annular cylindrical member 21
rides on hub 17, concentric therewith, and
rests upon retainer cap 20. Upper member
21 is also made of boron nitride.

Insulation 22, of quartz fibre ‘batting,

55 for example; surrounds the outer portions
of chamber 11 and cap 13.

A quartz pull rod 23, axially rotatable
by means not shown at speeds in the
range of 20-30 r.p.m., extends downwardly

60 through the central cavity defined in annu-

ppe: clylmdncal member 21 and in
cap 13, including hub 17, with its lower
;:nd inside of chamt;ieel('1 lbl Thehrod b2e3 has
ower support provi y graphite bearing

65 25 and upper support by a “ TEFLON”

aIrJ:s
dxystal ragleadaounoredffqnay uxsplperbymnplmaam of eml u-

rBatiliiclnlilﬁr a&eto thendtawingathe appaing
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the partial seal provided by Ghedseatdig of
cap 13 on chamber 11 will now be dis-
cussed. Upper annular member 21 is pro-
vided with a transverse passage 51, which
is threaded to receive nipple 53. Nipple 53
and passage 51 thus permit communication
therethrough to the central cavity in 21.
Cap 13 has a depending annular skirt por-
tion 55 in which is formed a passage receiv- 110

ing transversally oriented nipple 57. The .

internal diameter of skirt portion 55 is
greater than the outer diameter of cham-
ber 11 to define an annular cavity 59, with
insulation 22 as the bottom surface bound-
ing said cavity and the lower portion of
shoulder 45 as the top bounding surface
thereof. It will be noted that nipple 57
permits communication therethrough with
the annular cavity 59. Both nipples 53 and 120
57 are connected to a supply of argon gas, .

not illustrated. When argon gas is per-
mitted to flow through these nipples, air in
the central cavity in upper annular member
21 and in annular cavity 59 is purged there-
from and replaced by an inert atmosphere
of argon. Continuous flow of argon gas is
permitted by the small amount of leakage
occurring through the partial seal between
Teflon bearing 27 and pull rod 23 and by 130
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EXAMPLE 5. arsenide, the inpurity dopant |evel was

The procedure of Exanple 4 was re- substantially the sane as the chrom um
peated, but with a charge of about 150 |evel. mlligrams of chrom um
in the 40 grans The resistivity of the resulting crystal was 5 of
gallium The gallium arsenide crystal about 1 x 10[err] ohmcentinetres
at room 70 obtained fromthe pulling process, all con- tenperature. It
t hus appears that the diti om,974r,24&ai ning, substantially the %anme as

c hr efdumtevetr—shoutd—bhe—tnexcessof —the- T tie pllor eEXanpre, was
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t he sa SR8 2155 L fomi Jopped doge ot fjs,;a:&f'ﬁf&] centinetres
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pr esent map be ug
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t he Séqm ﬁdno'gﬁrt eél t LeB&n rt&lﬁi&at' iié f"ﬁﬂf{ﬁ cﬁﬁsgﬁ eSI stivity

gal I'i UMu]:é)QaulumS’zsnig placed jtﬁilﬂthﬁ)fcugahioh stamhs&mtedﬂl Webe oflsm@ti-de. | H t he

ori gi nabs @hft iuny33) B?%ga greto. E% ﬂ “P‘blefawrre concen-
been 3 11 CI'C all ﬁﬁ] § Ifmrﬂléles Was

found % 1g ﬁlqomaraseamumwm ﬁ@thefees tHe oFﬁSéaSttdbbhhtt(m partsSENt in the
crystal in Wiﬁbp@xhusommmh éSZ/ébmmhedmtwrmélion <Hfomgum d&s sdvaontagbgust®orr esul t from

8 W patt
the 40 {dHEp g&"tﬁ’r‘%gﬁ*" e e cEne " B200- a*%e%nﬁ‘li?;f‘tfrfhfom um
appeaks- &fté'i1 urﬁﬁg chamber 11 by line material, the res1st1v1ty is found to be 115
the argon for a suitable time, for example approxlmately 108  ohm - centimetres.
15 minutes, then side arm 12 is sealed off, Radically raising the quantity of chromium,
as by an oxyhydrogen torch. The flow of for example from the 0.5 parts per million
argon into nipples 53 and. 57 is ‘allowed level to .about 350 parts per million, results
55 to continue throughout the process. RF coil in little or no further increase in resistivity. 120
63 is energised by a conventional energy Now for .a better understanding of this
source, not shown. Temperature is measured invention, the following specific examples
by . thermocouple 44. Heating is continued should be considered. .
over a period of about an hour until the - EXAMPLE 1.
60 melting point of gallium arsenide (1240°C) This example .is given to show the re- 125
* or slightly above, preferably about 1250°C, sistivity characteristics of a high purity
is reached. The heat radiated from graphite gallium arsenide crystal containing no
susceptor 63 during the course of processing chromium.
vaporizes the solid metallic arsenic 75 and The apparatys of Fig. 1 was charged
65 reaction proceeds between the liquid gallium  with 40 ‘grams of gallium in the alumina cup 130



Notwi t hstanding this greatly increased "deep" or high energy |evel
acceptor and quantity of chromum the resistivity was thus does not
conpe ' ' i es—at—
300[err] nance of acceptor inpurities, even though the Kel vi n.

chrom um concentration mght be far in ex- 45 EXAMPLE 8.

cess of the acceptor concentration. Accord- 110 ‘The prior exanple was
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galllum arsenide proved
to be of good quality and to be substan-
40 tially pure. It ¢ontained about'4 parts per
million- of alummmm, ‘about 0.09 parts per
million jron, about 0.05 parts’ per. million
silicon; about 0.01 parts per million mag-
nesium, and somewhat less ‘than about 0.5
‘45 paits_per million calcium." Substantially all
remaining materidl was accounted for as
gallium_arsenide. The aluminium’ _present in
the sample, althéugh to a fau'ly hlgh level
. relative to the ‘other impurities, is inactive
50 or neutral in this case. The aluminium re-
sulted from the fact that an alumma cruclble

~ was -used.

Re51st1v1ty measurement of the foregomg
crystal gave a value of about 0 1 ohm cent1-

55 métres at 300° Kelvin. -

‘Repetition - of the above example on
several occasions gave a product with a
resistivity ranging from about 0.02 to 0.1

. ohm-centimetres at 300° Kelvin. In all
.60 cases the resulting material was N-type
. EXAMPLE 2.

The procedure of Example 1 was Te-
peated, but this time about 100 ‘milligrams
of tin were added to the 40-gram charge

‘65 of gallium and the heating process in the

ﬁé }(e'iiufg' suﬁ&:eé’-:' ahdtelad

epfiroximately Pﬁl mﬁs per

Al A

MLEO@J ly actjveoo
e follppeing eyqmales ot

ﬁlugrate prac 1ce ‘of” the present invention.
They aré to be contrasted to the results of
Examples 1-3, “which comparison - illus-
trates a surprising increase in reS1st1v1ty 105 :
when chromium is added. -~

‘The procedure of Examples 2 and 3 was -
repeated, except chromium was substituted

analys
puntles m

for the tin and iron employed in those ex-

amples. The chromium, of high purity, was 110
introduced into the gallium alumina cup
65. The quantity employed was about 100
milligrams.

After processing and crystal pu]llng,
accordance with the same :technique and 115
under the same conditions employed in the
prior ‘examples, a gallium arsenide crystal
of mono-crystalline structure- was obtained
of about 1-1/2” in length. =

Analys:s of the crystal of gallium arsemde
showed it to be substantially pure, con-
taining about, 4 ‘parts’ per. million of alu-
minjum, 0.05 parts ‘per million iron, 0.05
parts' per million silicon, a trace of mag-
nesium and a’trace. of calcium. The chrom-
ium concentration -level was approximately
0.5 parts per million.

The resistivity of the product of this ex-
ample was .found o be prox:matel
3.5% 108 ohm-centimetres at 3 Kelvin.
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strate of galliumarsenide. As a further ex- quantity of chrom um

anple, chromumnmay be introduced into 6. A gallium arsenide crystal
havi ng a a galliumarsenide crystal by diffusion tech- |ow level of
electrically active inpurities 60 10 nique, as by heating chromum and a
present with donor inpurities predom nat- .crystal of gallium arsenide
to about 1000[err]C ing in such electrically. active inpurities, and I n
an evacuated system for several 1opagmg. containing a quantity of chrom um
in nor
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