USOORE41551E
(19) United States
a2 Relssued Patent (10) Patent Number: US RE41,551 E
Kawase et al. 45) Date of Reissued Patent: Aug. 24, 2010
(54) METHOD OF PREPARING GROUP III-V 4,664,742 A 5/1987 Tomizawa et al.
COMPOUND SEMICONDUCTOR CRYSTAL 4,678,534 A 7/1987 'Tada et al.
4,840,699 A 6/1989 Khattak et al.
(75) Inventors: Tomohiro Kawase, Hyogo (JP); 4,923,561 A 51990 Chemans et al.
Masami Tatsumi, Hyogo (JP) (Continued)
(73) Assignee: Sumitomo Electric Industries, Ltd., FOREIGN PATENT DOCUMENTS
Osaka (JP)
EP 0417 843 A2 3/1991
EP 0529963 Bl 8/1992
(21)  Appl. No.: 11/187,036 EP 0529963  * 3/1993
o JP 59-054699 3/1984
(22) Filed: Jul. 20, 2005 P 60-710599 ¥ 10/19%5
JP 01037833 *  2/1989
Related U.S. Patent Documents P 64-37%33 /1080
Reissue of: IP 64-79087  * 3/1989
(64) Patent No.: 6,007,622 TP 02034597  * 2/1990
[ssued: Dec. 28, 1999 JP 2-74597 * 3/1990
Appl. No.: 08/843,124 _
Filed: Apr. 25, 1997 (Continued)

OTHER PUBLICATIONS

US 5,131,964, °7/1992, Min et al. (withdrawn)
(63) Continuation of application No. 09/824,965, filed on Apr. 3, Parsey, “Relative virtues of different growth techniques” in
2001, now Pat. No. Re. 39,778, Semi—Insulating I1I-V Materials, 1988.

U.S. Applications:

(30) Foreign Application Priority Data (Continued)
ADE. 26, 1996 (TP) evoeeeee oo 8-107009
Primary Examiner—Robert M Kunemund
(531) Inmt. Cl. (74) Attorney, Agent, or Firm—VFish & Richardson P.C.
C30B 11/04 (2006.01)
(57) ABSTRACT
(52) US.CL .., 117/82; 117/83; 117/4; A method is provided for preparing, with high
17/6: 117/7: 1177953 reproducibility, a carbon-doped group III-V compound
(58) Field of Classification Search ...................... 1177/4, semiconductor crystal having favorable electrical character-
o L1776, 7, 82,83, 953 istics and having impurities removed theretfrom, and 1n
See application file for complete search history. which the amount of doped carbon can be adjusted easily
_ during crystal growth. This method includes the steps of:
(56) References Cited filling a crucible with compound raw material, solid carbon,
U S PATENT DOCUMENTS and boron oxide; sealing the filled crucible gas impermeable
material; heating and melting the compound raw material
4,083,748 A 4/1978  Gault under the sealed state in the airtight vessel; and solidifying

4404,172 A 9/1983 Gault
4478,675 A 10/1984 Akai
4,521,272 A 6/1985 Gault
4,586,979 A 5/1986 Katsumata et al.
4,594,173 A 6/1986 Hobgood et al. 19 Claims, 7 Drawing Sheets

the melted compound raw material to grow a carbon-doped
compound semiconductor crystal.

13

]
4
FiE B A A O i i

L
il ST

il A S— E—

FLE F O F K

1‘.
o, _—
-y pagem—p————— =y




US RE41,551 E
Page 2

U.S. PATENT DOCUMENTS

4,946,544 A 8/1990 Ejum
4,999,082 A 3/1991 Kremer et al.
5,041,186 A 8/1991 Nishio et al.
5,131,975 A 7/1992 Bourret-Courchesne ..... 117/82
5,135,726 A 8/1992 Min et al.
5,145,550 A 9/1992 Tada et al.
5,186,784 A 2/1993 Rau et al.
5,256,381 A 10/1993 Tada et al.
5,259,916 A 11/1993 Rau et al.
5,342,475 A 8/1994 Yoshidaetal. ................ 117/83
5,387,544 A 2/1995 Hayafuji
5,400,742 A 3/1995 Nishio et al.
5.415,125 A 5/1995 Fujita et al.
5,429,067 A 7/1995 Tatsumi et al.
5,454,346 A 10/1995 Uchida et al. ................. 117/13
5,471,945 A 12/1995 Nishio et al.
5,515,810 A * 5/1996 Yamashita ................... 117/17
6,156,581 A 12/2000 Vaudo et al.
6,225,650 Bl 5/2001 Tadatomo et al.
6,325,849 B1 12/2001 Hideo et al.
6,358,315 Bl 3/2002 Kussel et al.
6,670,036 B2 12/2003 Iino et al.
FOREIGN PATENT DOCUMENTS
JP H03-40987 2/1991
JP H03-237088 10/1991
JP 3-252399 * 11/1991
JP 04-104989 4/1992
JP 06-128096 5/1994
OTHER PUBLICATIONS

Doering et al, “Carbon incorporation mto LEC GaAs™ 1n
Semi—Insulating I1I-V Materials, 1990.

Miller et a;l, “Current 1ssues in bulk growth of s.1. III-V
materials” 1n Semi—Insulating I111-V Materials, 1992.
Doering et al., “Carbon Incorporation Into LEC GaAs, Int.
Conif. Semi—conducting and Semi—Insulating GaAs,”
Malmé, Sweden (1984).

Desnica et al., “Distribution coelficient of carbon 1n gallium
arsenide,” Inst. Phys. Cont. Ser. No. 83, ch. 2, pp. 33-38
(1986).

Desnica et al., “Distribution coellicient of carbon 1n melt—
grown GaAs,” J. Appl. Phys. 62(9) (Nov. 1, 1987).

Kawase et al., “Low—dislocation—density and Low residual—
strain Semi—insulating GaAs Grown by VB Method,” 9%
Cont. on Semiconducting & Insulating Mat’ls—Abstracts,
title, contents and p. 47 (Apr. 29-May 3, 1996).

Kawase et al., “Low-dislocation—density and Low-

residual-strain Semi—insulating GaAs Grown by Vertical
Boat Method,” 9”‘"' Conf. on Semiconducting & Insulating

(1996).

Intfluence of Melt Preparation on Residual Impurity Concen-
tration 1 Semi—Insulating LEC GaAs, Johji Nishio and
Kazutaka Terashima, Journal of Crystal Growth 96 (1989)
605-608, North—Holland, Amsterdam.

Letter, Charles W. Bradley to John B. Pegram, Jan. 29, 2003
(1p.).

Declaration of Hunter D. Marshall, undated (5 pp.).

Hein, “Growth of Semiinsulating GaAs Crystals by Vertical
Gradient Freeze Technique,” Crystal Research Technology
v. 30, No. 7, pp. 897-909 (1993).

Hein et al, “Die Kristallisation and Schmelzen aus metallur-
gischer Prozess,” Metall, v. 47, No. 10, pp. 924-928 (Oct.
1993).

Flade, “Entwicklung gross flachriger GaAs—Substrate,”
Freiberger Elektronikwerkstoffe GmbH (Hannover, Ger-
many, Feb. 19, 1996) (7).

Frank, Ch., et al., “Description of Facet Growth During BGF
Growth,” Cryst. Res. Technol., 29 (1994)1, pp. K12-16.
Frank C., et al., “Growth of Semiinsulating GaAs Crystsals
by Vertical Graident Freez Technique,” Cryst. Res. Technol.,
30(1995)7 pp. 897-909.

Bourret, E.D., et al., “Ellects of Total Liquid Jncapsulatlon
on the Characterlstlcs of GaAs Single Crystals Grown . . ..)”
J. Cryst. Gr. 11 (1991), pp. 395-404.

Hein, K., et al. “Die Kristasllisation aus Schmetzen als met-
allurgischer ProzeB,” Metall, 47, Jahrgang, Heit 10, Oct.
1993,

Flade, et al. “Etwicklung grofitlachiger GaAs—Substrate,”
Freiberger, Jun. 20, 1995.

Marshall et al., “A novel technique to reduce the concentra-

tion of Carbon in LEC gallium arsenide,” J. Crys. Growth,
110 (1991), pp. 960-962.

Dissertation of Christian Frank, 1995, Technische Universi-
tat-Bergakademie Freiberg (D4 A Catalogue Data re Publi-
cation Year) (Partial Translation).

Diploma paper Matthias Muller, Sep. 15, 1993, Universitat
Erlangen—Nurnberg (D3A Letter re Publication Date) (Par-
tial Translation).

Kawase et al., “Low—dislocation—density 4" () GaAs single
crystal growth under arsenic atmosphere,” 7th Cont. on
Semi—1nsulating Materials, pp. 85-90 (Ixtapa, 1992).
Kawase et al., “Low dislocation density . . . GaAs single
crystals grown by the VCZ method,” Inst. Phys. Cont. Ser.
No. 129, GaAs & Related Compounds, pp. 13-18
(Karuizawa 1992).

Liu, “VGF Excellence at AX'T: a Major Force 1n Manufac-
turing III-V Semiconductor Substrate,” Micro electronics
Journal 27 (1996) 4-5, pp. 111—x11.

American XTAL Technology, “Semi Insulating Galllum
Arsenide Watlers Drait Phase 1 Final Report,” May 23, 1996
(excerpt).

Rudolph et al., “Studies on interface curvature during verti-
cal Bridgman growth of InP 1n a flat-bottom container,”
Journal of Crystal Growth 138, pp. 4348 (1996).

Rudolph et al., “Vapour pressure controlled Czochralski
(VCZ) growth—a method to produce electronic matenals
with low dislocation density” Cry. Res. Tec. 32, pp. 35-50
(1997).

Clemans et al., “Bulk III-V Compound Semi—Conductor
Crystal Growth,” AT&'T Technical Journal, Jan./Feb. 1989,
pp. 29-42.

Gault et al, “A Novel; Approach to the Vertical Gradient
Freeze Method to the Growth of High Quality III-V Crys-
tals,” J. Crys. Growth 74 (Amsterdam 1986), pp. 491-506.

Kawase et al, “Growth of Low—Dislocation Density 4—1nch
Diameter GaAs Single Crystals by the VCZ Method,” Sumi-
tomo Electric Tech. Rev. 365 (Jan. 1993) pp. 78-83.

Hoshikawa et al, “Liquid Encapsulated, Vertical Bridgeman
Growth of Large Diameter, Low Dislocation Density, Semi—
Insulating GaAs,” J. Crys. Growth 94 (Ams. 1989), pp.
643—650.

Tatsumi et al, “Characterization of Semi—Insulating . . .
Czechralski Method,” Proc. of 8th Cont. on Semi—nsulating
I1I-V Materials (Warsaw 1994) pp. 11-18.

Bourret et al., “Effects of total liquid encapsulation on the

characteristics of GaAs single crystals . . . gradient freeze
technique,” J. Crystal Growth 110, pp. 395-404 (1991).




US RE41,551 E
Page 3

Bourret et al., “Vertical Seeded Melt Growth of GaAs,” J. “Low dislocation density and low residual strain semi 1nsu-
Crystal Growth 102, pp. 877-884 (1990). lating GaAs grown by vertical boat method”. Kawase, T.
Journal of Japanese Association of Crystal Growth, Y. Okabe (Apr. 1996).%

et al. Undoped Semi-Insulating GaAs Single Crystals
Grown by VGF Method, vol. 18, 1991, pp. 85-93.% * cited by examiner



US RE41,551 E

Sheet 1 of 7

1

Aug. 24, 2010

U.S. Patent

FIG.

T2 72 2 28 L2 222 22 2 28 482082020088 L2 XLLLLLLML,
TN AR SR Sttt

g 7 & 4 .‘

¢
.‘.‘.‘.\

oYY YVYVTT LI TLLL Ll LlLLLLL L

A3
<3

N
—i

r—t

3§+
<3

N




U.S. Patent Aug. 24, 2010 Sheet 2 of 7 US RE41,551 E

FIG, 2

#

3000000000000 00U0UIBULOUIN0YO0UOUUOUULLUO0UUUULL
0N

‘-I'-'.'----"---

N S W

&

".-'-
‘e 2NN
“---

JUY0UuU4duUuQuudaduuogouoeodgouoeuooeoeqgoaagoaoonagaga(



US RE41,551 E

L - i N <t

' A NSNS EAAVEITE EAEIAIVE D LSS &
Sty SNSRI PSR S, @)
e S ——— ._l..ill.l... ¢ AR Sy S A I.lll.l"

Sheet 3 of 7

» S NS N N 8 N

=

£ L L 4

P 2 2 2P 2L LLLL2 O LLL LSS

X

Aug. 24, 2010
FI1G, 3

U.S. Patent



US RE41,551 E

Sheet 4 of 7

Aug. 24, 2010

U.S. Patent

FIG, 4

PP VYV IPI2ITLLLLLLLLLL L L LLLLLELLLLL,
U SR IR,

O

' ¢ £ & 4

"B ZZZE

(P

A S S N\ N\ N\

\=

A
<t*

I

—]

g
A

r 7 2 2 2 2 2 X7 2 J 7 72 g £ £ £ L & L K Ll

NN EEEENEEENESS, “.““‘\‘\‘\“‘\\

AP
)




U.S. Patent Aug. 24, 2010 Sheet 5 of 7 US RE41,551 E

FIG, O

SEED CRYSTAL  SHOULDER TAIL

; /

FI1IG, 6 PRIOR ART




US RE41,551 E

Sheet 6 of 7

Aug. 24, 2010

U.S. Patent

PRIOR ART

FIG, 7




U.S. Patent Aug. 24, 2010 Sheet 7 of 7 US RE41,551 E

FIG & PRIOR ART

75

73

71

72




US RE41,551 E

1

METHOD OF PREPARING GROUP I1II-V
COMPOUND SEMICONDUCTOR CRYSTAL

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

Notice: More than one reissue application has been filed

Jor the reissue of U.S. Pat No. 6,007,622. The reissue appli-
cations include application Ser. Nos. 11/187,036 (the
present application) and 09/824,965. The present applica-
tion is a continuation of application Ser. No. 09/524,965
filed Apr. 3, 2001 (now U.S. Pat. No. RE39,778).

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates to a method of preparing a
group I1I-V compound semiconductor crystal. Particularly,
the present invention relates to a method of preparing a
group III-V compound semiconductor crystal in which car-
bon 1s doped.

2. Description of the Background Art

Conventionally, there are various prior arts as set forth in
the following regarding the method of preparing a group
III-V compound semiconductor crystal in which carbon 1s
doped.

In Japanese Patent Laying-Open No. 64-79087 (referred
to as “prior art 17 hereinafter), a method of preparing a
carbon-doped GaAs single crystal according to the gradient
freeze method or horizontal Bridgman method (HB method)
1s disclosed.

FIG. 6 1s a diagram for describing a method of preparing a
carbon-doped GaAs single crystal according to prior art 1.

Referring to FIG. 6, a graphite boat 51 as a carbon source
1s arranged at one side 1n a quartz ampoule 55. Raw material
which 1s gallium (Ga) 52 1s provided in graphite boat 51.
Arsenic (As) 57 1s provided at the other side 1n quartz
ampoule 55. Quartz ampoule 55 1s sealed mn vacuum and
then installed 1n an electric furnace to be heated. After the
GaAs raw material 1s synthesized, the temperature 1s
reduced maintaining a constant temperature gradient,
whereby a GaAs single crystal 1s grown.

The carbon of graphite boat 51 reacts with oxygen sup-
plied from As,O;, Ga,O and the like remaining in quartz
ampoule 55 to result 1n gas of CO, CO, and the like to be

doped 1nto the growing GaAs crystal.

It 1s described that the doping amount of carbon can be
controlled according to the total amount of oxygen 1n the
secaled quartz ampoule 35, the synthesization reaction
condition, or single crystal growth condition, and the like.

In Journal of the Japanese Association of Crystal Growth,
1991, Vol. 18, No. 4, pp. 88-95 (reterred to as “prior art 27
hereinafter), a method of preparing a carbon-doped GaAs
single crystal by the vertical gradient freeze method (VGF
method) 1s disclosed.

FI1G. 7 1s a diagram for describing a method of preparing a
carbon-doped GaAs single crystal according to prior art 2.

Referring to FIG. 7, raw maternal 62 having carbon doped
in advance, directly synthesized by the LEC method and
boron oxide (B,0;) 64 are provided in a crucible 61 and
sealed 1n vacuum 1n a quartz ampoult 65. This 1s installed 1n
a vertical furance and heated to melt the raw material and
boron oxide. By reducing the temperature in the furnace
while maintaining a constant temperature gradient, a GaAs
single crystal 1s grown.
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Here, boron oxide containing water of 200 ppm spreads
around only the periphery of the upper surface of GaAs melt
62. The center area of the upper surface of GaAs melt 62 1s
exposed to the ambient. According to the method of prior art
2, the upper surface of the melt must be exposed to the
ambient to control the stoichiometry of the GaAs melt. The
vapor pressure in quartz ampoule 65 1s controlled by arsenic

07.

According to this method, the carbon concentration of the
erys‘[al depends on the carbon concentration of the raw mate-
rial.

In U.S. Pat. No. 4,999,082 (referred to as “prior art 37
hereinafter), a methed of preparing carbon-doped GaAs
single crystal by the vertical Bridgman method (VB method)
1s disclosed.

FIG. 8 1s a diagram for describing a method of preparing
carbon-doped GaAs single crystal according to prior art 3.

Reterring to FIG. 8, a crucible 71 1s filled with GaAs raw
material 72. After carbon source 73 i1s arranged outside of
crucible 71, a quartz ampoule 73 1s sealed. Quartz ampoule
75 1s placed 1n a vertical furnace and heated to melt the raw
material. The furnace 1s moved upwards while substantially
maintaining the set temperature profile. By solidifying the
raw material from a seed crystal 77, a GaAs single crystal 1s
grown.

According to this method, carbon source 73 1s 1n fluid
communication with compound raw material 72 to allow gas
transfer.

Japanese Patent Laying-Open No. 3-252399 (referred to
as “prior art 4 hereinaiter) discloses a method of preparing
a semi-nsulating GaAs substrate.

Prior art 4 1s characterized in that the impurity which
becomes the acceptor is doped so as to result in 1~3x10">
atoms/cm” after subtracting the concentration of the impu-
rity which becomes the donor 1n a GaAs crystal.

Japanese Patent Laying-Open No. 2-74597 (referred to as
“prior art 5 hereinatter) discloses a chromium-doped semi-
insulating GaAs single crystal and a method of preparing
thereof. This prior art 5 1s characterized in that carbon 1s
contained having a concentration n_. that satisfies both the
relations of:

1x10%ecm™><n <n and n_—n_=4. 4%10%em™

— s5i

for the residual Si concentration of n_ remaining in the
single crystal, with the resistivity of at least 10°Q-cm.

The above-described prior art have various disadvantages.
In prior art 1, boron oxide 1s not used. Therefore, impurity
contamination can be expected. Furthermore, since the
amount of the carbon source cannot be controlled 1n this
method, 1t 1s difficult to control the carbon concentration.

In prior art 2, carbon cannot be doped during the crystal
growth since carbon source 1s not used. There 1s a problem
that the carbon concentration cannot be adjusted during
crystal preparation. Furthermore, a part of the carbon 1n the
(GaAs melt reacts with oxygen, that 1s generated as a result of
the water 1n the boron oxide decomposing, to be lost as CO
gas. There was a problem that the carbon concentration 1n
the GaAs crystal 1s lowered.

In prior art 3, 1t 1s difficult to control the carbon concentra-
tion since the carbon source 1s located outside the crucible.
Furthermore, impurity contamination can be expected since
boron oxide 1s not used.

In prior art 4, carbon 1s recited as the impurity serving as
the acceptor. However, only the doping of zinc and copper 1s
disclosed as the example. There 1s no description of carbon
doping.
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Prior art 5 describes a chromium-doped semi-insulating
(GaAs single crystal containing carbon. However, this prior
art 5 1s silent about the method of doping carbon.

SUMMARY OF THE INVENTION

In view of the foregoing, an object of the present invention
1s to provide a method of preparing 1n high reproducibility a
group III-V compound semiconductor crystal of favorable
clectrical characteristics having impurities removed, and 1n
which the amount of doped carbon can easily be adjusted

during crystal growth.

According to an aspect of the present invention, a method
of preparing a group I1I-V compound semiconductor crystal
1s provided. This method of preparing a group II1I-V com-
pound semiconductor crystal having carbon doped includes
the steps of: filling a crucible or boat with compound raw
matenal, solid carbon, and boron oxide; sealing the crucible
or boat filled with compound raw material, solid carbon, and
boron oxide 1n an airtight vessel formed of a gas imperme-
able material; heating and melting the compound material 1n
a sealed state 1n the airtight vessel; and solidifying the
melted compound material to grow a carbon-doped com-
pound semiconductor crystal.

Since the crucible or boat 1s filled with compound raw
material, solid carbon, and boron oxide according to the
present invention, the boron oxide softened by heating 1s
brought into contact with at least a portion of the solid car-
bon 1s the state where the compound raw material 1s melted.

According to the present invention, the carbon concentra-
tion in the raw material does not have to be adjusted since
carbon can be doped during crystal growth. Good controlla-
bility of the carbon concentration 1s obtained. In other
words, the target carbon concentration can be obtained in
high reproducibility. By using boron oxide which has an
impurity removal elffect, the contamination of 1impurities 1n
the crystal can be suppressed to obtain a crystal of favorable
clectrical characteristics.

Quartz or pBN (pyrolytic boron nitride) and the like can
be enumerated as the gas impermeable matenal.

Preferably, boron oxide contains water.

This 1s because the water 1n boron oxide 1s essential to
remove i1mpurities. Furthermore, 1t 1s considered that the
water 1n the boron oxide effects the incorporation of carbon
into the crystal.

Boron oxide preterably contains water of 10-500 wt ppm.

In the present invention, the amount of solid carbon to be
filled 1s preferably larger than the amount of carbon doped
into the compound semiconductor crystal.

This 1s to promote reaction using an excessive amount of
carbon since the reaction rate of solid carbon 1s extremely
low. Furthermore, consumption of the part of the solid car-
bon at the gas generation of the carbon compound must be
supplied. Thus, by using solid carbon of an amount larger
than the total amount of carbon doped into the crystal, the
advantage of the present invention works effectively.

Specifically, the amount of solid carbon must be at least
ten times, preferably at least 100 times larger than the weight
of the carbon doped into the crystal.

In the present invention, it 1s preferred that the solid car-
bon 1s subjected to a heat treatment under reduced pressure
betfore being filled 1n the crucible or boat.

By this process, the impurity element remaining 1n carbon
1s removed to result 1n a crystal of higher punity.

The pressure 1n applying a heat treatment on carbon 1s
preferably from 1 Torr to 1x10~*Torr. The appropriate tem-
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perature of the heat treatment 1s 500° C.—2000° C. The
above-described effect can be obtained by carrying out the
heat treatment for at least one hour. It was found that a
greater effect can be obtained as the time for the heat treat-
ment becomes longer. However, there 1s very little change in
the effect when the time for the heat treatment exceeds 12
hours. Considering that the cost for production 1s increased
as the time for the heat treatment becomes longer, the time
period for the heat treatment of not more than 12 hours 1s
appropriate.

In the present mvention, 1t 1s preferable to keep the com-
pound raw material 1 1ts melted state for a certain time
period betore 1t 1s solidified for crystal growth.

By this purpose, the impurities of S1 and the like 1n the
(GaAs polycrystalline raw material can be removed by getter-
ing with boron oxide. Although S1 of approximately
1x10"°cm™ is included as impurities in the raw material
synthesized by the HB method, the amount of S11n the GaAs
subjected to the above-described process 1s less than
1x10*°cm™, which is below the detection limit of an ana-
lyzer. Si of an amount over 1x10">cm™ was detected from
those not subjected to the above-described process.

Thus, carbon can be sufliciently melted 1n the GaAs melt
from the solid carbon by the above-described process. This
process also provides the advantage that the temperature of
the GaAs melt 1s stabilized, and the carbon concentration
and 1impurity concentration in the melt can be made uniform.

—

The above-described effect can be obtained when the
holding time period in the melted state of raw material 1s at
least 3 hours. Further favorable characteristics can be
obtained stably when the holding time 1s at least 6 hours.
Although a greater effect can be obtained as the holding time
becomes longer, the degree of change 1n the effect gradually
becomes smaller when the holding time period exceeds 36
hours. There 1s very little change in the efifect when the
holding time exceeds 72 hours. Considering that the cost for
production becomes higher as the holding time 1s increased,
the holding time 1s preferably not more than 72 hours, fur-
ther preferably not more than 36 hours.

In the present invention, powder carbon can be used as the
solid carbon.

Powder carbon 1s advantageous 1n promoting the reaction
due to its greater specific surface area. Increase 1n the reac-
tion speed allows carbon to be doped efficiently 1n the crys-
tal.

Also, the amount of carbon to be doped into the crystal
can easily be adjusted according to the grain size, the weight,
and the like of the used powder. For example, powder of a
smaller grain size has a greater specific surface area to
increase the reaction speed, whereby the amount of doped
carbon 1s increased.

-

T'herefore, the grain size of the powder carbon 1s prefer-
ably smaller. More specifically, the average grain size is
preferably not more than 100 um, more preferably not more
than 50 um. When powder carbon 1s used, the powder carbon
spreads 1n the boron oxide softened by heating the state
where the compound raw material 1s melted.

In the present invention, fiber carbon, as well as powder
carbon, can be used as the solid carbon.

Fiber carbon 1s advantageous in that the diameter of the
fiber 1s small and a greater surface area can be obtained to
result 1n a faster reaction speed. It 1s therefore possible to
dope carbon 1nto the crystal etficiency. Also, the amount of
carbon doped into the crystal can easily be adjusted accord-
ing to the diameter or weight of the fiber that 1s used. Uni-
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form distribution of the carbon concentration can be
obtained from the shoulder to the tail of the prepared crystal
when fiber carbon 1s used.

The diameter of the fiber carbon 1s preferably smaller.
Specifically, the average diameter i1s preferably not more
than 50 um, more preferably not more than 10 um.

Usage of fiber carbon allows carbon to spread in boron
oxide that 1s softened by heating 1n the state where the com-

pound raw material 1s melted. Also, the carbon can float
above boron oxide to be exposed to the ambient.

In the present invention, bulk carbon can be used as solid
carbon, 1 addition to powder carbon and fiber carbon.

Bulk carbon 1s advantageous in that the amount of carbon
to be doped in the crystal can easily be adjusted by the
weight and configuration of the carbon used. Uniform distri-
bution of carbon concentration can be obtained from the
shoulder to the tail of the prepared crystal when bulk carbon
1s used.

Bulk carbon i1s preferably used in a disk shape that 1s
smaller than the mner diameter of the crucible. The amount
of doped carbon can easily be controlled by the diameter of

the disk.

The bulk solid carbon 1s preferably a sintered compact of
carbon powder. The reaction speed 1s particularly high for
the sintered compact of powder having high porosity. Sin-
tered carbon powder 1s advantageous 1n distributing carbon
uniformly 1n the crystal.

When bulk solid carbon 1s used, a state can be obtained 1n
which at least a portion of the bulk solid carbon 1s immersed
in the softened boron oxide.

In the present invention, the crucible or boat 1s preferably
formed on pBN (pyrolytic boron nitride).

Depending upon the constituent element of the crucible or
boat, there 1s a possibility that boron oxide or carbon reacts
with the crucible to induce contamination of the raw material
melt. pBN 1s most appropriate as the material of the crucible
or boat to suppress reaction with boron oxide or carbon.

The present invention 1s particularly effective as a method
of doping carbon into a GaAs crystal.

The foregoing and other objects, features, aspects and
advantages of the present invention will become more appar-
ent from the following detailed description of the present
invention when taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a diagram for describing an example of a method
of preparing a group I1I-V compound semiconductor crystal
according to the present invention.

FIG. 2 1s a diagram showing the state of carrying out
crystal growth using a vertical furnace.

FIG. 3 1s a diagram for describing another example of a
method of preparing a group 11I-V compound semiconduc-
tor crystal according to the present mnvention.

FIG. 4 1s a diagram for describing a further example of a
method of preparing a group 11I-V compound semiconduc-
tor crystal according to the present invention.

FIG. 5 1s a diagram for describing each portion of a crys-
tal.

FIG. 6 1s a diagram for describing a method of preparing a
carbon-doped group I1I-V compound semiconductor crystal
single crystal according to an example of prior art.

FI1G. 7 1s a diagram for describing a method of preparing a
carbon-doped group I1I-V compound semiconductor crystal
single crystal according to another example of prior art.
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FIG. 8 1s a diagram for describing a method of preparing a
carbon-doped group I1I-V compound semiconductor crystal
single crystal according to a further example of prior art.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

EXAMPLE 1

FIG. 1 1s a diagram for describing an example of prepar-
ing a group I11-V compound semiconductor crystal accord-
ing to the present invention.

Referring to FIG. 1, GaAs polycrystalline raw material 2,
carbon powder 13 subjected to heat treatment under reduced
pressure 1n advance, boron oxide (B,0,) 4, and a seed crys-
tal 7 were placed 1n a pBN crucible 1. The seed crystal was
placed at the bottom portion of the crucible 1. In crucible 1,
arrangement was provided so that carbon powder 13 and
boron oxide 4 were brought into contact with each other, and
also boron oxide 4 and raw material 2 were brought into
contact with each other when the raw material was melted.

Crucible 1 was inserted 1n a quartz ampoule 5 together
with solid arsenic. Ampoule 5 was sealed under reduced

pressure with a quart cap 6.

Respective conditions of Example 1 are shown 1n the fol-
lowing Table 1.

TABLE 1
(GaAs
polycrystal
(raw material) 3 kg used

350 mesh (grain size 45 um and below),

100 mg used

Heat treatment at 1000° C. for 6 hours at

the pressure of 10~ Torr

Water concentration 50 wt ppm, 50 g used
Inner diameter 80 mm, entire length 250 min
1 g used

Carbon powder

B,0;
pBN crucible
Solid arsenic

Referring to FIG. 2, the above-described quartz ampoule
5 was heated at the rate of approximately 200° C./hour by a
heater 8 using a vertical furnace 50.

During this process of heating, boron oxide 4 was soft-
ened and melted. Also, GaAs polycrystalline raw material 2
was melted.

At this point, boron oxide 4 was present as a film 4a
having a thickness of less than 1 mm between pBN crucible
1 and GaAs raw material melt 2. The remainder of boron
oxide 4 covered the upper surface of GaAs melt 2. The thick-
ness ol the boron oxide layer 4b covering the upper surface
of GaAs melt 2 was approximately 5 mm. Carbon powder 13
was dispersed in this boron oxide layer 4b.

The condition mentioned above was kept for approxi-
mately 36 hours.

Then, heater 8 was moved upwards at the rate of 4
mm/hour, whereby solidification started from the portion of
seed crystal 7. Thus, a single crystal was grown. The charac-
teristics of the obtained single crystal 1s shown 1n the follow-

ing Table 2.

TABLE 2
Crystal diameter 80 mm
Length of ¢80 mm portion 100 mm
Carbon concentration Shoulder 1.4 % 10 em™
Tail 0.8 x 10 ¢m™
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TABLE 2-continued
Resistivity Shoulder 2.9%x 10" Qcm
Tail 1.5x 107 Qem
Dislocation density Shoulder 900 cm ™
Tail 1200 cm™

In the present specification, the “shoulder” and “tail” of a
crystal corresponds to the relevant portions shown in FIG. 5.

The role of solid arsenic (As) sealed under reduced pres-
sure 1n the quartz ampoule 1n the present example 1s set forth
in the following.

The dissociation pressure at the melting point of GaAs 1s
approximately 1 atm. When GaAs 1s melted, the airtight
vessel 1s filled with As vapor of approximately 1 atm at the
temperature of the melting point. This As vapor 1s generated
as a result of the GaAs melt being decomposed. Therelore,
the composition of the GaAs melt i1s shifted from the original
composition of Ga:As=1:1 to Ga rich composition. By seal-
ing solid arsenic 1n the quartz ampoule 1n addition to GaAs,
the shift from the composition of Ga:As=1:1 caused by
decomposition of the GaAs melt can be suppressed.

EXAMPLE 2

FIG. 3 1s a diagram for describing another example of a
method of preparing a group 11I-V compound semiconduc-
tor crystal of the present invention.

Referring to FI1G. 3, GaAs polycrystalline raw matenal 2,
carbon fiber 23 subjected to heat treatment under reduced
pressure 1n advance, boron oxide 4, and a seed crystal 7 were
placed 1n a pBN crucible 1. Seed crystal 7 was placed at the
bottom portion of the crucible 1. In crucible 1, arrangement
was provided so that carbon fiber 23 and boron oxide 4 were
brought 1nto contact with each other and also boron oxide 4
and raw material 2 were brought into contact with each other
when the raw material was melted.

Crucible 1 was inserted 1n a quartz ampoule 5 together
with solid arsenic. Quartz ampoule 5 was sealed under
reduced pressure with a quartz cap 6.

Respective conditions of Example 2 are shown 1n the fol-
lowing Table 3.

TABLE 3
(GaAs
polycrystal
(raw material ) 10 kg used

Carbon fiber Average diameter 5-8 um, 40 mg used,

Heat treatment at 800° C. for 3 hours at

the pressure of 10~/ Torr
B,0, Water concentration 70 wt ppm, 100 g used
pBN crucible Inner diameter 105 mm, entire length 400 mm

Solid arsenic 1.5 g used

Quartz ampoule 5 was heated at the rate of approximately

120° C./hour by a heater 8 using a vertical furnace 50, as
shown 1n FIG. 2.

During the process of heating, boron oxide 4 was softened
and melted. Also, GaAs polycrystalline raw material 2 was
melted.

At this time point, boron oxide 4 was present as a {ilm 4a
having a thickness of not more than 1 mm between pBN
crucible 1 and GaAs melt 2. The remainder of boron oxide 4
covered the upper surface of the GaAs melt. This boron
oxide layer 4b covering the upper surface of GaAs melt 2
was approximately 5 mm. The carbon fiber 23 was partially
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dispersed in boron oxide layer 4b on GaAs melt 2, and par-
tially tloated. Furthermore, a portion of carbon fiber 23 was
present also at the proximity of the interface between GaAs

melt 2 and boron oxide layer 4b.

Then, the condition mentioned above was kept for
approximately 12 hours.

Then, heater 8 was moved upwards at the rate of 3
mm/hour, whereby solidification started from the portion of

seed crystal 7. Thus, a single crystal was grown. The charac-
teristics of the obtained single crystal are shown 1n the fol-

lowing Table 4.

TABLE 4

Crystal diameter 105 mm

Length of ¢$105 mm portion 200 mm
Carbon concentration Shoulder 6.5x 10'° cm™
Tail 7.0x 10" cm™
Resistivity Shoulder 4.1 % 10° Qem
Tail 5.0 x 10° Qcm
Dislocation density Shoulder 800 cm™
Tail 1500 em™

EXAMPLE 3

A carbon-doped GaAs single crystal was grown using 20
mg ol carbon fiber similar to that of Example 2.

The other conditions of the experiment was 1dentical to
those of Example 2, and their description will not be
repeated.

The characteristics of the obtained single crystal are
shown 1n the following Table 3.

TABLE 5

Crystal diameter 105 mm

Length of ¢105 mm portion 200 mm
Carbon concentration Shoulder 2.3x 10" em™
Tail 2.2x 10" em™
Resistivity Shoulder 8.8 x 107 Qcm
Tail 8.4 x 10’ Qcm
Dislocation density Shoulder 1000 em™
Tail 1800 cm™

EXAMPLE 4

A carbon-doped GaAs single crystal was grown using 7.5
mg ol carbon fiber similar to those of Examples 2 and 3.

T'he other conditions are identical to those of Examples 2
and 3, and their description will not be repeated.

—

I'he characteristics of the obtained single crystal are
shown 1n the following Table 6.

TABLE 6
Crystal diameter 105 mm
Length of ¢$105 mm portion 200 mm
Carbon concentration Shoulder 1.3x 10" ¢cm™
Tail 1.2 x 10* cm™
Resistivity Shoulder 2.5 x 10° Qcm
Tail 2.3 % 10° Qem
Dislocation density Shoulder 1500 em™
Tail 2000 cm™

It 1s appreciated from Examples 2, 3 and 4 that the carbon

concentration 1n the crystal can easily be adjusted by just
adjusting the amount of solid carbon to be doped according

to the present invention.
EXAMPLE 5

FIG. 4 1s a diagram for describing another example of a
method of preparing a group 11I-V compound semiconduc-
tor crystal according to the present mnvention.
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Referring to FIG. 4, GaAs polycrystalline raw material 2,
a disk 43 made of sintered carbon powder subjected 1n
advance to a heat treatment under reduced pressure, boron
oxide 4, and a seed crystal 7 were placed 1n a pBN crucible
1. Seed crystal 7 was placed at the bottom portion of the
crucible 1. In crucible 1, arrangement was provided so that
carbon disk 43 and boron oxide 4 were brought 1nto contact

with each other, and also boron oxide 4 and raw material 2
were brought into contact with each other when the raw

material was melted.

This crucible 1 was mserted in a quartz ampoule 3
together with solid arsenic. Quartz ampoule 5 was sealed
under reduced pressure using quartz cap 6.

Respective conditions of example 4 are indicated in the

following Table 7.
TABLE 7

GaAs

polycrystalline

raw material 3 kg used

Carbon disk Diameter 30 mm, thickness 10 mm used
Heat treatment at 1500° C. for 12 hours at
the pressure of 1 Torr

B,0;, Water concentration 300 wt ppm, 50 g used

pBN crucible Inner diameter 80 mm, entire length 250 mm

Solid arsenic 1 g used

The above-described quartz ampoule 5 was heated at the
rate of approximately 200° C./hour by heater 8 using vertical
furnace 50.

During the process of heating, boron oxide 4 was softened
and melted. Also, GaAs polycrystalline raw material 2 was
melted.

At this time point, boron oxide 4 was present as a film 4a
having a thickness of less than 1 mm between pBN crucible
1 and GaAs melt 2. The remainder of boron oxide 4 covered
the upper surface of GaAs melt 2. The thickness of the boron
oxide layer 4b covering the upper surface of GaAs melt 2
was approximately 6 mm. Carbon disk 43 had 1ts bottom
surface 1n contact with raw material melt 2, and its top sur-
face exposed to the ambient. The side surface thereol was
surrounded by boron oxide layer 4b.

The condition mentioned above was kept for approxi-
mately 6 hours.

Then, heater 8 was moved upwards at the rate of 4
mm/hour, whereby solidification started from the portion of
seed crystal 7. Thus, a single crystal was grown. The charac-
teristics of the obtained single crystal are shown in the fol-
lowing Table 8.

TABLE 8

Crystal diameter 80 mm

Length of ¢80 mm portion 100 mm

Carbon concentration Shoulder 6.8 x 10° em™
Tail 7.1 x 10" em™

Resistivity Shoulder 4.5 x 10° Qcm
Tail 5.2 x 10° Qcm

Dislocation density Shoulder 1200 cm™
Tail 1500 cm™

In a semi-1nsulating GaAs crystal, the resistivity 1s one of
the most important characteristics. It 1s preferable that varia-
tion 1n resistivity 1s smaller. Furthermore, since this resistiv-
ity value depends on the carbon concentration in the GaAs
crystal, variation in the carbon concentration in the crystal
should be as small as possible.
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In the above-described examples where carbon fiber or
bulk carbon was used as the solid carbon, the carbon was
doped substantially uniformly from the shoulder to the tail
of the crystal. It 1s appreciated that carbon fiber and bulk
carbon are preferable as solid carbon sources. The shape of
bulk carbon i1s not limited to the disk shape shown in
Example 35, and any shape can be used. Also, bulk carbon 1s
preferably a sintered compact of carbon powder.

Comparison of the effect of the present invention depend-
ing upon difference 1n the type of solid carbon 1s shown 1n
the following Table 9.

TABL.

9

(Ll

Difference in effect among powder, fiber, and bulk carbon

Type of solid carbon Carbon distribution in a crystal from shoulder to tail

(Gradual decrease of carbon from shoulder to tail
Uniform distribution of carbon from shoulder to tail
Uniform distribution of carbon from shoulder to tail

Carbon powder
Carbon fiber
Bulk carbon

Comparison of the carbon concentration in a GaAs crystal
between the present invention and the prior art 1s shown in

the following Table 10.

TABLE 10

Comparison of carbon concentration in GaAs crystal

Carbon concentration

(cm ™)
Shoulder Tail

Present invention Carbon powder 1.4x 10> 0.8 x 10!
Carbon fiber Example 2 6.5x 10"  7.0x 10"

Example 3 2.3 x 10! 2.2x 10!

Example4 13 x10Y 1.2x 10!

Carbon disk 6.8x 107 7.1 x 10"

Prior art Prior art 2 0.5x 10"  04x10%
Prior art 3 22x 10" 14x10t°

Although the present immvention has been described and
illustrated 1n detail, 1t 1s clearly understood that the same 1s
by way of illustration and example only and 1s not to be
taken by way of limitation, the spirit and scope of the present
invention being limited only by the terms of the appended
claims.

What 1s claimed 1s:

[1. A method of preparing a carbon-doped group III-V
compound semiconductor crystal, comprising the steps of:

placing a compound raw material, solid carbon, and a
boron oxide substance 1nto a crucible or a boat,

scaling said crucible or boat containing said compound
Law material, said solid carbon, and said boron oxide
substance within an airtight vessel formed of a gas
impermeable material,

heating and melting said compound raw material 1n said
crucible or said boat sealed within said airtight vessel,
and

soliditying said melted compound raw material to grow a
carbon-doped component semiconductor crystal,

wherein an amount of said solid carbon placed 1nto said
crucible or said boat 1s larger than an amount of carbon
doped into said compound semiconductor crystal.]

[2. The method of preparing a carbon-doped group 11I-V
compound semiconductor crystal according to claim 1, fur-
ther comprising a step of heating and melting said boron
oxide substance and having said melted boron oxide sub-
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stance 1n contact with at least a portion of said solid carbon,
during said step of heating and melting said compound raw
material.]

[3. The method of preparing a carbon-doped group III-V
compound semiconductor crystal according to claim 1,
wherein said gas impermeable material comprises a matenal
selected from the group consisting of quartz and pBN.}

[4. The method of preparing a carbon-doped group I1I-V
compound semiconductor crystal according to claim 1,
wherein said boron oxide substance comprises boron oxide
and water.]

[5. The method of preparing a carbon-doped group 111V
compound semiconductor crystal according to claim 4,
wherein said boron oxide substance contains 10500 wt ppm
of said water.]

[6. The method of preparing a carbon-doped group III-V
compound semiconductor crystal according to claim 1,
wherein said amount of said solid carbon placed 1nto said
crucible or said boat 1s at least 10 times larger than said
amount of carbon doped 1nto said compound semiconductor

crystal.]
[7. The method of preparing a carbon-doped group I1I-V

compound semiconductor crystal according to claim 1, fur-
ther comprising a step of subjecting said solid carbon to a
heat treatment under reduced pressure before placing said
solid carbon into said crucible or said boat.}

[8. The method of preparing a carbon-doped group I1I-V
compound semiconductor crystal according to claim 7, com-
prising carrying out said heat treatment for 1 hour to 12
hours at a temperature of 500° C.—2000° C. under a pressure
of 1 Torr —1x107° Torr.]

[9. The method of preparing a carbon-doped group I11-V
compound semiconductor crystal according to claim 1, fur-
ther comprising a step of maintaining said melted compound
raw material in a melted state for a certain time period before
said step soliditying said melted raw material to grow said

crystal.]
[10. The method of preparing a carbon-doped group I11-V

compound semiconductor crystal according to claim 9,
wherein said step of maintaining said melted compound raw
material in a melted state is carried out for 3—72 hours.}

[11. The method of preparing a carbon-doped group I1I-V
compound semiconductor crystal according to claim 1,
wherein said solid carbon comprises powder carbon.]

[12. The method of preparing a carbon-doped group I11-V
compound semiconductor crystal according to claim 11,
wherein said powder solid carbon has a grain size of not
more than 100 um.]

[13. The method of preparing a carbon-doped group I11-V
compound semiconductor crystal according to claim 1,
wherein said solid carbon comprises fiber carbon.]

[14. The method of preparing a carbon-doped group I11-V
compound semiconductor crystal according to claim 13,
wherein said fiber solid carbon has an average diameter of
not more than 50 um.}

[15. The method of preparing a carbon-doped group I1I-V
compound semiconductor crystal according to claim 1,
wherein said solid carbon comprises bulk carbon.]

[16. The method of preparing a carbon-doped group I11-V
compound semiconductor crystal according to claim 15,
wherein said bulk carbon has a disk shape with a disk diam-
eter smaller than an inner diameter of said crucible.]

[17. The method of preparing a carbon-doped group I11-V
compound semiconductor crystal according to claim 15,
wherein said bulk carbon comprises a sintered compact of
carbon powder.]

[18. A method of preparing a carbon-doped III-V com-
pound semiconductor crystal according to claim 1, wherein
said crucible or said boat comprises pBN.]
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[19. The method of preparing a carbon-doped group I11-V
compound semiconductor crystal according to claim 1,
wherein said compound raw material comprises GaAs, and
wherein said compound semiconductor crystal comprises a
GaAs crystal.]

[20. The method of preparing a carbon-doped group I1I-V
compound semiconductor crystal according to claim 2, fur-
ther comprising having said melted boron oxide substance in
contact with at least a portion of said melted compound raw
maternal, during said step of heating and melting said com-
pound raw material.]

[21. The method of preparing a carbon-doped group 11I-V
compound semiconductor crystal according to claim 1, fur-
ther comprising selecting a target amount of said carbon to
be doped into said compound semiconductor crystal, and
adjusting said amount of said solid carbon placed into said
crucible or said boat so as to responsively achieve said target
amount of said carbon to be doped 1nto said semiconductor
crystal.]

[22. The method of preparing a carbon-doped group 111-V
compound semiconductor crystal according to claim 1, car-
ried out such that said carbon-doped compound semicon-
ductor crystal has a variation of carbon concentration of not
more than 8%3% between a lowest carbon concentration and
a highest carbon concentration, relative to said lowest carbon
concentration. ]

23. A method for making a cyvlindrical section of a carbon
doped, GaAds semiconductor crystal, said crystal section

COmMprising:

a concentration of doped carbon not less than 0.8x10"

cm ,

2

a dislocation density of not more than 4000 cm™", and

a diameter of not less than about 100 mm;
said method comprising the steps of:

filling a vertical crucible or boat with pre-synthesized
GaAs raw material and boron oxide,

melting the GaAds rvaw material and boron oxide in the
presence of a carbon source, and

growing a single crystal by control of the temperature of
the melted material to solidify the melted material in
the vertical crucible or boat.

24. The method for making a GaAs semiconductor crystal
section accovding to claim 23, wherein said melting step a
molten borvon oxide layver covers the upper surface of the
melted raw material.

25. The method for making a GaAs semiconductor crystal
section accovding to claim 24, whervein the thickness of said
molten borvon oxide layver is not less than 5 mm.

26. The method for making a GaAs semiconductor crystal
section according to any of claims 23-25, wherein said crys-
tal is grown within an airtight vessel formed of a gas imper-
meable material.

27. The method for making a GaAs semiconductor crystal
section accorvding to claim 26, wherein the carbon source is

put in an airtight vessel formed of a gas impermeable mate-

rial.
28. The method for making a GaAs semiconductor crystal

section according to claim 27, wherein said carbon source is
solid carbon.

29. The method for making a GaAs semiconductor crystal
section according to claim 28, wherein said carbon source is

put in said crucible ov boat with said raw material and

boron oxide.

30. The method for making a GaAs semiconductor crystal
section according to claim 23, wherein the concentration of
doped carbon in said crystal section is not less than 2.3x

10Y° em™>.
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31. The method for making a GaAs semiconductor crystal
section according to claim 23, wherein the concentration of
doged carbon in said crystal section is not less than 6.5%
10" cm™.

32. The method for making a GaAs semiconductor crystal
section according to claim 23, wherein said crystal section
has dislocation density of not more than 2000 cm™>.

33. The method for making a GaAs semiconductor crystal
section accovding to claim 23, wherein the length of said
crystal section is not less than 100 mm.

34. The method for making a GaAs semiconductor crystal
section according to claim 33, wherein said crystal section
has a variation of carbon concentration of not more than
83% between a lowest carbon concentration and highest
carbon concentration, relative to said lowest carbon con-
centration.

35. A carbon doped Gads semiconductor crystal with a
diameter not less than about 100 mm, wherein the concen-

tration of doped carbon is not less than 0.8x10"> cm™ and

the dislocation density is not more than 4000 cm™>.

36. The Gads semiconductor crystal according to claim

5
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37. The GaAs semiconductor crystal according to claim

35, wherein the concentration of doped carbon is not less
than 6.5x10" cm™.

38. The Gads semiconductor crystal according to claim
35, wherein said crystal has dislocation density of not more

than 2000 cm™>.

39. The Gads semiconductor crystal according to claim
35, wherein the length of said crystal is not less than 100
mm.

40. The GaAds semiconductor crystal according to claim
39, wherein said crystal has a variation of carbon concen-
tration of not movre than 8/3% between a lowest carbon con-
centration and highest carbon concentration, relative to said
lowest carbon concentration.

41. The Gads semiconductor crystal according to claim

35, wherein the length of said crystal is not less than 200
mm.
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