DESCRIPTION METHOD OF PRODUCING GaAs SINGLE CRYSTAL AND GaAs SINGLE CRYSTAL
WAFER 5 TECHNICAL FIELD [0001] The present invention relates to a method of producing a GaAs
single crystal by a vertical boat method and to a GaAs sihgle crystal wafer using such a 10GaAs single
crystal. The present invention particularly relates to a method of producing a GaAs single crystal having
high carrier concentration and high crystallinity anDESGRA3T$MIgle crystal wafer using such a GaAs single
crystal. BACKGROUND ART 15[0002] A GaAs single crystal wafer which is a material of GaAs
(gallium arsenic) devices, is produced through steps such as cutting a GaAs single crystal ingot into
wafers having a thickrié&d bfdewirdRuhtle tNini>@hisifd) @hd PRICHIMY- Sidddgeda3NeldaAs single
crystal wafers doped with silicon (Si) as an 20 irppyfFiby A[e\Wsgetps substrates for lasers of DVD players
and the like or substrates for light emitting devices such as light emitting diodes (LED). [0003]  Here,
vertical boat methods such as the vertical gradient freeze method (VGF) and the vertical Bridgman
method (VB) are known as methods for 25prodyeing (@ag sipglepcrystal ingots. A vertical boat method is
a method in which a seed crystal is placed at the bottom of a crucible, a material melt of a single crystal
and a sealant in a Iic{lg%o%rm is provided on the seed crystal, and the relevant crucible is cooled from a

specific temperature profilEhdipessddy igraniing setaestal & pweictfod prédedbajtaGapithagiaterial melt. In the
vertical 30gradient freeze method ﬁv . the temperature itself is lowered, whereas in the vertical
Bridgman method (\%%S[tﬂg%%r%\é% e %Eé%t%%}ﬁ/o%p%@%%i% c:—%16':~‘/§)Se8(':| ﬁcietgmpg]ra bre HrS'o?ﬁesfuICnh Sroducing a
Si-doped GaAslSingleakygstapiagotstgi. is Boklipsantdiavesties pasttcul arly relates to a method of

producing a GaAs single crystal having high carrier concentration and high

crystallinity and a GaAs single crystal wafer using such a GaAs single crystal.

BACKGROUND ART
15 [0002]

A GaAs single crystal wafer which is a material of GaAs (gallium arsenic)
devices, is produced through steps such as cutting a GaAs single crystal ingot
into wafers having a thickness of several hundred pm (slicing) and polishing.
Si-doped n-type GaAs single crystal wafers doped with silicon (Si) as an

20 impurity are used as substrates for lasers of DV D players and the like or
substrates for light emitting devices such as light emitting diodes (LED).
[0003]

Here, vertical boat methods such as the vertical gradient freeze method

(VGF) and the vertical Bridgman method (VB) are known as methods for

25 producing GaAssingle crystal ingots. A vertical boat method is a method in
which a seed crystal is placed at the bottom of a crucible, a material melt of a
single crystal and a sealant in aliquid form is provided on the seed crystal, and
the relevant crucible is cooled from a specific temperature profile, thereby
growing a crystal upward from the bottom of the material melt. In the vertical

30 gradient freeze method (VGF), the temperature itself is lowered, whereas in the
vertical Bridgman method (VB), the crucible is relatively moved in a specific
temperature profile. In producing a Si-doped GaAs single crystal ingot, Si is
added into a GaAs melt.
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[0004] In this method, in order, for example, to prevent As being a volatile component fromevaporating
from the ingot, B203 (boron oxide) is used as a sealant. In the crystal growth, at the interface between the
GaAs melt and the 5liquid B203, an oxidation-reduction Feaction of the following reaction equation is
known to occur. 35i (in Melt) + 2B203 = 3Si02 (into B203) + 4B (in Melt)(1) 10The balanced chemical
equation (1) reacheq@08thte of equilibrium at the start of the growth of a single crystal, and Si is

considered to be concenggﬁgiﬁi%égﬁ %a&aep%tr%%grﬁ lget%rﬁ%%ﬂp A“%gé?ﬁ Eﬁrvrg%ﬁrgezing during the

single crystal growth. [00 the reacttion equation (1) proceeds tothe right, Si in the GaAs melt
decreases, whereasd9otpeneB) iromeveddidingheoliiieli sealaBtthttoaienGsiae)eisetlias mixing of boron

should cause boron gigepide haned;epIARINALOR fGrLACHILAREIPHREARIm RS RAYD would prevent

GaAs from being crystallized into a single crystal, or would cause slip dislocations and threading
dislocations, 20WhicH #&§L=Cn W%M@Nﬂﬁ'@@%'§ﬁ1@ﬁé@%ﬁ%{0@®%°ypr0§1@m7@ A (PTL 1)
discloses a techniqurreiwad@dsring crystal growth with the equilibrium of the above balanced chemical
equation (1) lying toward the left using a sealant of B203 into which silicon oxide is previously 25 added.
Meanwhile, JP 2000-109400 A (PTL 2) discloses a technique of stirring a liquid sealant during crystal
growth in order to preguge M &t)dopesisaAsiSngiecssta) haBngnumigaym carrier concegilyation profile.

CITATION LIST

10  The balanced chemical equation (1) reaches a state of equilibrium at the start of
the growth of asingle crystal, and Si is considered to be concentrated into the
GaAs melt due to segregation under normal freezing during the single crystal
growth.
[0005]

15 Here, if the reaction equation (1) proceeds to the right, Si in the GaAs melt
decreases, whereas boron (B) is mixed from the liquid sealant into the GaAs melt.
The mixing of boron should cause boron arsenide based contamination called
scum, and for example, the scum would prevent GaAs from being crystallized
into asingle crystal, or would cause slip dislocations and threading dislocations,

20 whichresultsin lower quality of the GaAs single crystal.
[0006]

JP 03-057079 A (PTL 1) discloses a technique of performing crystal
growth with the equilibrium of the above balanced chemical equation (1) lying
toward the left using a sealant of B,O3 into which silicon oxide is previously

25 added. Meanwhile, JP 2000-109400 A (PTL 2) discloses a technique of stirring
aliquid sealant during crystal growth in order to produce a Si-doped GaAs single

crystal having uniform carrier concentration profile.

CITATION LIST
30 Patent Literature
[0007]
PTL 1: JP 03-057079 A
PTL 2: JP 2000-109400 A
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30Patent Literature [0007] PTL 1:JP 03-057079 A PTL 2:JP 2000-109400 A SUMMARY OF INVENTION
(Technical Problem) [0008] 5In the vertical boat method, since a crystal is grown upward from the bottom
of a material melt, impurities which have not been incorpdrated into the crystal are concentrated in the
melt. If a large amount of dopant Si (that is, a Si crystal to be charged together with a GaAs material) is
added into a GaAs melt in order to increase the carrier concentration, the equilibrium of the balanced
10chemical equation (1) lies to the right, angmﬁgeRWm\gkRﬁrwB) migrates into the GaAs melt.
Accordingly, as the crystal growth proceeds and the impurities are concentrated, generation of boron
arsenide is also prorficgel)i gehicrpbheiRes it impossible to achieve high crystallinity. In other words, the
carrier concentratior‘[m he crystallinity of a GaAs single crystal are trade-offs. 15 Among n-type
conductivity GaAs wafers'that are commonly used at present, ones having a carrier concentration of 1 x

1018 cm 3 to 2 ¥ 1018 cniBtaey fHligRb PRginaethach SNERR GBS ek YRS therdRe increasing

demands for high captgbeasTCeARIRN R\ srvpafei s aMiBs R @HiE b&SFRBF M BEXES BENg 2 X 1018
cm 3. 20[0009] The inventors of th%{)resent invention added Si of an amount r,e%Jired to achieve a

carrier concentratiorCRARIMPI AL MREIME a nibR | FRRANBUIGRI WL R HEAL tsaRS'single crystal
by methods disclosectyst& Th He aha grllltcdettheneittra Sadns tharedgipis havtddraccatsx cortantration
exceeding 2 x 251018 cm 3.can be gbtained in the latter half of crystal growth, the concentration of B in
an ingot becomes efégc'g%}\%[}cﬁaﬁw Hihea i(fgrr]lﬁc?#' ?gvh%c ur'ﬁ%ﬂge'%s ﬂﬁ] %R/as%gﬁferﬂty as described
above. SpecificHlly, thersi baetietion (3)dldem khightetod pittdgawitpERD@Da (Bafer grbtesned from the

ingot, which has a capiefeagRBHRION RXERAIYH 228 1R Hrdpibaasuighdnat the

impurities are concentrated, generation of boron arsenide is also promoted, which

makes it impossible to achieve high crystallinity. In other words, the carrier
concentration and the crystallinity of a GaAs single crystal are trade-offs.

15  Among n-type conductivity GaAs wafers that are commonly used at present, ones
having a carrier concentration of 1 x 10*® cm®to 2 x 10'® cm™ arein the
mai nstream; however, in recent years, there are increasing demands for high
carrier concentration GaAs wafers having a carrier concentration exceeding 2 x
10 cm®,

20  [0009]

The inventors of the present invention added Si of an amount required to
achieve a carrier concentration exceeding 2 x 10'® cm™ into a melt, thus
producing a Si-doped GaAs single crystal by methods disclosed in PTL 1 and
PTL 2. However, even if aregion having a carrier concentration exceeding 2 x

25 10" cm can be obtained in the latter half of crystal growth, the concentration of
B in an ingot becomes excessively high with the addition of Si, which reduces
the crystallinity as described above. Specifically, there has been a problem of
high etch pit density (EPD) of a wafer obtained from the ingot, which has a
carrier concentration exceeding 2 x 10" cm™. Thus, it was found that the

30 techniquesof PTL 1 and PTL 2 cannot achieve the Si concentration and the
boron concentration (carrier concentration and crystallinity) of currently required
levelsin a compatible manner.

[0010]
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30 techniques of PTL 1 and PTL 2 cannot achieve the Si concentration and the boron concentration
(carrier concentration and crystallinity) of currently required levels in a compatible manner. [0010] In
view of the above problem, it is therefore an object of thépresent invention to provide a method of
producing a GaAs single crystal having high carrier concentration and high crystallinity and to provide a
GaAs single crystal waferl nsiregy sifichesakiaA preibighe, ctysthkbrB{@elatioh) totBfabégreg®®11]  In further

studies to achieve tq%\%ﬂ?gﬁ,@ﬁ%@y&{@ﬁgfﬁ&&§f§r8&@ﬁi?n8§%§@%e é&ﬁﬁéﬁh&lh‘)ﬁdon (B) as an

impurity, in the process or attermpting to reduce ocation sin rity hardening
10is also referred to easrigslicPesntisianzaté hial covaiahi Nty itkiearayhdma fatschnghpenigiahtoms

dissolved as substitytigaal gt E%Eﬁtﬁi@a‘l&es?ﬂg! @dmyg{g(ial increases the strength. The impurity hardening
effect can reduce dislocations by interactions betwéen solute atoms and dislocations. In general, GaAs is

known to be gretly (SRR 5Yp8thpurity hardening effect of Si. However, 15through further
investigations, the inngntgrs found that the impurity hardening effect can also be recognized in cases
where an appropriate amount of boron is contained in GaAs, although the effect is not as large as in the

case of Si. Subsequently, ThEy RS SRR hECAIAGUTE ARITHURQVERIPH Q3RAREd Euch that the B
concentration in the GpAstgingldepivigtalfsintheran@ af an9mpldityg, 20t |3 doess0fl018cm 3 in order to

realize sufficiently low EPD. by achieving. the impurity hardening, effect gf boron (B) as well as suppressing
generation of boron \éxrtseg]r?%re] ﬁotheéF gﬁ'ssrcr)lceaﬁ&?cs)'%gtéen(f?ﬁglye(ﬁ@/c%%'segm Lﬁ‘(‘? sﬁaregl?;'rqg of crystal
growth systemsin oidetswreisiieddosalsobdsshitaidrardihingthvehatiose rirgerassm &t avhichh Si

conceniration therety iyl SHUPIUEILING SoRBPKS PalfBPechsaifakagation (). Finally,

the inventors found that the above object can be achieved by placing solid silicon dioxide (5i02) between
a GaAs material and CtR866R toRiglEehsiEieridingd FoRv Bishardeailag el st 6Am seavs T EbsasalNsRYS, they

completed the presepdnyeidiRbeteir k30t Maws@hig dbexRREODIAPetBRIPESLE dRYBAPN primarily
includes the to be greatly influenced by the impurity hardening effect of Si. However,

15 through further investigations, the inventors found that the impurity hardening
effect can also be recognized in cases where an appropriate amount of boron is
contained in GaAs, although the effect is not as large as in the case of Si.
Subsequently, they found that the amount of impurities can be controlled such
that the B concentration in the GaAs single crystal is in the range of 1.9 x 10'®

20 cm™to 6 x 10" cm™® in order to realize sufficiently low EPD by achieving the
impurity hardening effect of boron (B) as well as suppressing generation of boron
arsenide in the GaAs melt. To that end, they discussed various designs of
crystal growth systems in order to achieve a B concentration within the above
range even at a high Si concentration thereby disturbing the equilibrium of the

25 above balanced chemical equation (1). Finally, the inventors found that the
above object can be achieved by placing solid silicon dioxide (SiO,) between a
GaAs material and a boron oxide material serving as a sealant in storing the
materials. Thus, they completed the present invention.

[0012]

30 In view of the above problem, the present invention primarily includes the
following components.

(1) A method of producing a GaAs single crystal, wherein a vertical boat

method is performed with a crucible storing a seed crystal, a Si material serving
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following components. (1) A method of producing a GaAs single crystal, wherein a vertical boat method is
performed with a crucible storing a seed crystal, a Si material serving as an impurity, a GaAs material, a
solid silicon dioxide, and a boron oxide material, therebyyrowing a GaAs single crystal. [0013] (2) The
method of producing a GaAs single crystal according to (1) above, 5wherein Si02 is previously added into
the boron oxide matesah amalritythe Gadvs aofaterialnasolidsiScor 8i6%i de, thedlzaroronxixidematerial and an

amount of Si in the sI%I- "y\c%'%%m ‘8&?@%8@%@%@?&%&&%9 boron oxide material. [0014] 10 (3) The
n (Iyor

method of producing a 5 single Trystalraccording 2) above, wherein in a specific period in
the growth of the Gal@8%3hgle crystal, liquid boron oxide which is a melt of the boron oxide material is

stirred. [0015] (4) A ii)doppﬁ_g r@&ﬁ&ﬁpg}%ﬂéfl 5‘@%‘?@5%?@@9%%@8@@&?&?%%5 15 higher than
t

2 x 1018 cm 3, and thé maximum value of an etch pit density is 500 cm 2 or less. (Advantageous Effect of

Invention) [0016% Ac¥BIRIRE BQnES prevensinAHab Hedha RaiepPdibaes #1888 between 20a GaAs

material and a boron oxidghénRifarklFEiviBehesf SEERRDYL ifh $HRTMEo BxRIIARS apaf Arf>aAs single
crystal is grown by a vertical boat method, so that the boron (B; concentration can be suppressed to a low

level even at a high B3R SRt an g dalligqrdiprides MRt AR OGRS E arrier

concentration and higiateriggtallinity all over an ingot can be produced. Further, 25using this GaAs single
crystal, a GaAs singﬁ&fx]stal wafer having high carrier concentration and high crystallinity can be
obtained.

10 (3) The method of producing a GaAs single crystal according to (1) or (2)

above, wherein in a specific period in the growth of the GaAs single crystal,

liquid boron oxide which is a melt of the boron oxide material is stirred.

[0015]

(4) A Si-doped GaAs single crystal wafer, wherein a carrier concentration is
15  higher than 2 x 10'® cm™, and the maximum value of an etch pit density is 500

cm? or less.

(Advantageous Effect of Invention)

[0016]

According to the present invention, solid silicon dioxide is placed between

20 aGaAs material and a boron oxide material serving as a sealant in storing the

materials, and a GaAs single crystal is grown by a vertical boat method, so that

the boron (B) concentration can be suppressed to alow level even at a high

carrier concentration. Asaresult, a GaAs single crystal having high carrier

concentration and high crystallinity all over an ingot can be produced. Further,
25 using this GaAs single crystal, a GaAs single crystal wafer having high carrier

concentration and high crystallinity can be obtained.

BRIEF DESCRIPTION OF DRAWINGS
[0017]
30 FIG. 1isacross-sectional view schematically showing a single crystal
production apparatus used for a method of producing a GaAs single crystal
according to the present invention (before stirring).

FIG. 2 isacross-sectional view schematically showing a single crystal
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BRIEF DESCRIPTION OF DRAWINGS [0017] 30FIG. 1 is a cross-sectional view schematically showing
a single crystal production apparatus used for a method of producing a GaAs single crystal according to
the present invention (before stirring). FIG. 2 is a cross=d&ctional view schematically showing a single
crystal production apparatus used for a method of producing a GaAs single crystal according to the
present invention (dyriodystionreppdrdtbs 8sedd @rassetertiohpdodesingcnGaretisathjesinpstahg a crucible of a

single crystal produc&%%ramﬁa{@mg g:rﬁgé“‘i’ﬁ\%ﬁﬂ%ﬂ‘%ﬁw%?ﬁﬁﬁ§)‘g a GaAs single 5crystal according to
e ille

the present invention, showing a state where the crucibleis with materials before crystal growth.
FIG. 4 is a graph showingHlite Bddicresisipecthenalodavrshamaiaalixibavwngiciaraae efral the

concentration of B In{Gade X BrRIES o SRRRIRK BEBMPIRSNBASLRARNRRY GRaLeagspl waler, 10

DESCRIPTION OF EMBODIMENTS [0018] © Embodiments of the present invention will be described
below with referénce tysteParalRing 40 1B SINENE ey ShavpRSR AV AISFRFARESYCI PIEiSst, a single

crystal production agpas@ivsHisRebirl soeretbed, abpgpelvging a GaAs single crystal according to an
embodiment of the present invention will be described with reference to FIG. 1. A ﬁro_duction, method of

this embodiment 20uses &\ PEbAhEMEA YRR EEA G018 LAYVESS IR ARIGRHAN RS

in GaAs and the concentration of B in GaAs in Examples, Comparative Examples,
and a conventional general wafer.
10
DESCRIPTION OF EMBODIMENTS
[0018]
Embodiments of the present invention will be described below with
reference to the drawings.
15 [0019]
(Single crystal production apparatus)
First, asingle crystal production apparatus used for a method of producing
a GaAs single crystal according to an embodiment of the present invention will
be described with reference to FIG. 1. A production method of this embodiment
20 usesavertical boat method (vertical gradient freeze method and vertical
Bridgman method). FIG. 1isa cross-sectional view schematically showing the
structure of a single crystal production apparatus for performing a vertical boat
method. Crystal growth is performed with materials being stored in a crucible 4.
The crucible 4 has an approximately cylindrical shape, the top of it is opened, the
25 diameter of the crucible is gradually reduced toward the bottom such that the
cross-sectional shape is tapered, and a seed crystal 10 is stored in a small
diameter portion at the very bottom.
[0020]
The crucible 4 isreceived in acylindrical crucible receiving container 3
30 having afloor. The crucible receiving container 3 is supported by a lower rod 1.
This lower rod 1 is liftable and rotatable with a driving mechanism not shown in
the diagram, and can raise/lower and rotate the crucible receiving container 3 and

the crucible 4 received in the crucible receiving container 3.
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Bridgman method). FIG. 1 is a cross-sectional view schematically showing the structure of a single crystal
production apparatus for performing a vertical boat method. Crystal growth is performed with materials
being stored in a crucible 4. The crucible 4 has an approkimately cylindrical shape, the top of it is opened,
the 25diameter of the crucible is gradually reduced toward the bottom such that the cross-sectional shape
is tapered, and a se¢@02dyjstal 10 is stored in a small diameter portion at the very bottom. [0020] The

crucible 4 is received in a-gylindrical crugi i ' [ I T cible receiving
container 3 is supported bﬁ% g\%g@?og% Jg!Qlﬁhqs%ﬁoﬁ\;vé{ﬁ%o%q%%%ggqg%n%gﬁa;@gvﬁit#%%%ﬁng
mechanism not showiimhértetirelresadbiial itxioé hedeiseagabentitiskvidusibleadegiving container 3

and the crucible 4 regaiadin thesgrsihle.ReRiing ARRIAIRELAIRARAd tefiPs ATHEiplgRCEVing

container 3 is provided inside a cylindrical heater 9. This heater 9 includes a plurality of heaters capable
of individually setting#8hparaitred RHaEH e YESRiNGRIPEIARIR graddindH@tBRberature profile Scan
be achieved in the ciHsipiR-FecRigiBEaBINEtHR LM DdEsRbbeASH RfeHPiAS RdsiplaGacheutside the

heater 9, and both of them are received in an airtight container 5. [0022] A hole is formed at the bottom of
the airtight container S HEIASSower 10rod 1 can pass therethrough, and a sealing ring 6A is fitted in
the hole such that thpp@2&jer rod 1 can be lifted and rotated while keeping the airtight container 5 airtight.

Further, a hole is formed at the top of the airtight container 5 so that an.upper r an pass
therethrough, and a sealir?‘gr}?rﬁ%'%%)fgn ﬁffg% Pnecjt%%[ Rmé}f Suﬁgha'trhI F'%hceo %Swegfg)%)gggghﬁ (I-:- ifted and rotated
while keeping the airtight canpasseéharsBaivghhanida2ailing Tihg 6ppefittad hithkftaldesaridtinetatable with a

driving mechanism r}%?g\%yr}ge the,Jigoray rgtﬁféﬁi\%iﬂﬂ%&ﬁ@ ﬁﬁ@&pﬁ&{%&ﬂeﬁ}ﬁ@ gf it. The stirring

plate 7 is one approximately quadrangular plate body attached 20approximately perpendicularly to an

attachment portion a@itH8End 3 ther LRl e fsdormed atReéop il yhsrathb okt eATaHItS 3qfie?bly has a

lateral width equal  ypper rod 2 can pass therethrough, and a sealing ring 6B is fitted in the hole such
that the upper rod 2 can be lifted and rotated while keeping the airtight container
15 Sairtight.
[0023]

The upper rod 2 is liftable and rotatable with a driving mechanism not
shown in the diagram, and a stirring plate 7 is attached to an end of it. The
stirring plate 7 is one approximately quadrangular plate body attached

20 approximately perpendicularly to an attachment portion at the end of the upper
rod 2. The plate body of the stirring plate 7 preferably has a lateral width equal
to or more than 1/2 of the inner diameter of the crucible 4 and a longitudinal
width equal to or more than 1/2 of the thickness of aliquid sealant layer to be
described layer. Further, two or more such bodies may be provided. Moreover,

25 asageneral rule, the stirring plate 7 may have any shape as long as it can stir the
melt of boron oxide (B,Os3) which isthe liquid seal ant.

[0024]

FIG. 1 shows a state inside the crucible where a GaAs single crystal is
grown, and a Si-doped GaAs single crystal grown as a solidified portion 20 lies

30 under a GaAs melt that is a melted portion 15. Note that the crucible 4 and the
stirring plate 7 are required to be made of a material which has necessary heat
resistance and does not easily react with the material melt; for example, quartz or

graphite which is covered by pyrolytic boron nitride (PBN) can be used. This
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to or more than 1/2 of the inner diameter of the crucible 4 and a longitudinal width equal to or more than
1/2 of the thickness of a liquid sealant layer to be described layer. Further, two or more such bodies may
be provided. Moreover, 25as a general rule, the stirring Blate 7 may have any shape as long as it can stir
the melt of boron oxide (B203) which is the liquid sealant. [0024]  FIG. 1 shows a state inside the

crucible where a GaAgpargle crybtadnsphypsun nandethSd- do pdjdsBad\thsitegipecaystabopdient e a solidified
portion 20 lies 30un : s a rtj t crycible. 4 and the stirring
plate 7 are required 15%@6%%2621? §( Im@thej%glewr?%?ﬁgag%@@e}s%agr#ygﬁg}agﬁe&%%n%eé%ﬁl(f%?()es not easily
react with the materitiegzelmetiiogkariple negibet @ reheaphigetheniertivalcpasitieon bl/thgeslygiblBdron nitride

(PBN) can be used. [Rif ﬁw@’rﬂ{%ﬁ%’%ﬁﬁq%m dp m&g&@%q{,@@&gt%&@m&@lmre gradient

of the heater 9 by fixing the vertical position of the crucible 4 (vertical gradient freeze method) or in a
method of changing PRENRS B hASIRSH SMAd teraibieeANANR INGIREISE RIMBERALAE Yladient of the
heater 9 (vertical Brigiggpgn method), 5both of which are performed to achieve an appropriate temperature

gradient. [0025] (Method of producing GaAs single crystal A method of producing a GaAs single
crystal according to 81 SRAIFHiNGAYIPEHEaAR SEIG § 4RGN will now be described with reference to FIGs.
1 to 3. In 10this productioa methatipfasrstasiniyia GiBs Singleerijsel hoadroiattodciseohisdiotenistically

performed with the ofugble, 4106eing & Segf YSIELIO. 2,51 meterpl 12 a4, Gads matgral 14 sening
as impurities, solid silicon dioxide 16, for example, a diSc-shaped quartZ plate, and & boron oxide material
18 in this orderéheréhy pasivitiga rGaAsl sasglwory sif 20 INvegieth kostrnetbed,ithe B 15 concentration

can be suppressed GnaRLIGHELR) SR MR GPHEC GoRFENTaIoN S s Gansgingle eyl

having high carrier concentration and high crystallinity can be produc he embodiment will
described below in dagifrish 1Riandrakeimeatesabid serving as impurities, solid silicon dioxide 16,

for example, a disc-shaped quartz plate, and a boron oxide material 18 in this
order, thereby growing a GaAs single crystal 20. With such a structure, the B
15  concentration can be suppressed to alow level even at a high carrier
concentration. Asaresult, a GaAs single crystal having high carrier
concentration and high crystallinity can be produced.
[0026]
The embodiment will described below in detail. In this embodiment, a Si-
20 doped GaAssingle crystal is produced using the above described single crystal
production apparatus as follows. First, as shown in FIG. 3, the crucible 4
receives the seed crystal 10, the Si material 12 and the GaAs material 14 serving
as impurities (dopants), the quartz plate 16, and the B,O3; material 18 asaliquid
sealant material.
25  [0027]
Next, the crucible 4 receiving these materials is placed inside the apparatus,
and a vertical boat method is performed as follows. First, the airtight container
5 is evacuated and the content is replaced with an inert gas such as argon (Ar) or
nitrogen, thereby pressurizing the content of the container to 3 to 9 atmospheres.
30 Then, the crucible 4 is heated with the heater 9 to melt the materials except for
the seed crystal 10. At this point, the inside of the crucible 4 is heated
approximately to 1200 °C to 1450 °C. Here, the melting point of the dopant Si
material 12 is 1420 °C, whereas the melting point of the GaAs material 14 is
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20doped GaAs single crystal is produced using the above described single crystal production apparatus
as follows. First, as shown in FIG. 3, the crucible 4 receives the seed crystal 10, the Si material 12 and
the GaAs material 14 serving as impurities (dopants), th@ quartz plate 16, and the B203 material 18 as a
liquid sealant material. 25[0027]  Next, the crucible 4 receiving these materials is placed inside the
apparatus, and a vertiz#l toat Tetbofters npepts nnefd lesbalkovesi de st tniel aigighiboon 880 ecs is evacuated

and the content is replac ith an inert gas such as ar 1) or nirogen,. hﬁj ypressurizing the
content of the contai‘ﬁ‘jre rt%g?i\%oé 5%3 glttmgsop eré’ﬁ%&ﬂ? n, [%%éﬁﬁkgﬁ) e %9%3 'fw%é%e Sv(vgi)tkﬁhe heater 9 to melt
the materials exceptAGEord gy cobiefstartiay heathig Joisit, theddpisiiexofemadtaiigildia ia softragted

approximately t0 12Q0 | |1<%%§9 borbifERi dogdnelipg RANEGA S Aaranist mairdablers 4420 C,
whereas the melting point of the GaAs material 14 is P0121603 8/22 1240 C. The softening point of the

boron oxide materia I BBEbLP550 QI fPiOresS ARE QiR PO (ot lS AR B Eficon dioxide is
1700 C. Accordingly Gafiemséartingahe ata:hériather pesen pxieeametesiacbBois aefies&idoifprm liquid

boron oxide 19. Next, the GaAs material 14 is melted to form a 5GaAs melt 15. In this process, part of the

Si material 12 is disSBRAAS BRIQB QXI6S: 141 SRW e SREHRAA RIRtR SO P ARy SOl Edrporated as
5i02 in the liquid borpnaokielEdlid biranwotidie, THeancartzrphate Wik ghediisiyudissofved quartthe liquid
boron oxide 19 concurrently. While the dissolution of the quartz plate 16 proceeds, the quartz plate 16 is
positoned at the i AEE D BIRRS e AL et B A B PR B i
weight. Whetheitthe Gaastngllate and dineplatetyBdids ol adtemssotitis/dedcificdissoived\Wbethersaturation will

be described beIOW'th@&%éﬁ?tpﬁlafeﬁ%ﬁ%l?@lﬂﬁﬁ%ﬂﬂ\%&zoplﬁéﬁimﬁewm&@ﬁ%%@ jp the liquid boron

oxide 19 in which Si is previously dissolved is’considered because a state where the solubility limit of Siin

boron 150xide is rais@i@eRINDLRidescERfSIelre it the tbrieae Y handsi i atisSolved to the

solubility limit can b eglakkishreoRIG HERGNTIPARANIBRIIOPZ ] WHRSLSUS BB yPper portion of a
GaAs seed crystal 10 is melted to blend into the GaAs melt 15, and the GaAs melt 15 is then cooled and

solidified 20from a pBIERINRY LB FeAEARied BesaLised SRIey e Lhase! Wattbnh BYHRE S URRIEPR. Specifically,
in the vertical grgdiepxkiitieeg eaaetland tthadergnesaipeeor dhashrates crucible 4, and Si can be

dissolved to the solubility limit can be established by the present invention.
[0028]
Subsequently, the upper portion of a GaAs seed crystal 10 is melted to
blend into the GaAs melt 15, and the GaAs melt 15 is then cooled and solidified
20 from aportion in contact with the seed crystal 10 at the bottom of the crucible 4.
Specifically, in the vertical gradient freeze method, the temperature of the heater
9isgradually lowered. Inthe vertical Bridgman method, the crucible 4 is
moved relatively downward with respect to the heater 9 using the lower rod 1.
Asthe solidification gradually proceeds upward, a GaAs single crystal 20 is
25 grown upward from the seed crystal 10. When the entire amount of GaAs melt
15 is solidified, the temperature of the heater 9 is lowered to cool the crucible 4.
At a stage where the temperature of the crucible 4 reaches about room
temperature, a furnace of the single crystal production apparatus 1 is opened and
the liquid sealant is removed, thereby taking out a GaAs single crystal.
30 [0029]
Thus, for the Si-doped GaAs single crystal ingot obtained by starting the
heating of the vertical boat method with the solid silicon dioxide 16 being placed
between the GaAs material 14 and the boron oxide material 18, the B
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9 is gradually lowered. In the vertical Bridgman method, the crucible 4 is moved relatively downward with
respect to the heater 9 using the lower rod 1. As the solidification gradually proceeds upward, a GaAs
single crystal 20 is 25 grown upward from the seed crys#@-10. When the entire amount of GaAs melt 15 is
solidified, the temperature of the heater 9 is lowered to cool the crucible 4. At a stage where the
temperature of the cmoﬂﬁmw&tieachebeahmﬂremuempwria&vebe\aarfmrmb@btmf'eesingle crystal production

apparatus 1 is opene%ﬂ éi%e Ilqw |s [emoy d, thereby taking o gaﬁj )grystal
30[0029] Thus for Iy ssm eegﬁr/]slta%ﬁa%rtn t%jlh%e(ﬁ] %téér In erﬁﬁ' ing of the

vertical boat method MHrcma ﬁaﬁuqom@airaumnﬂdala heicghicted detysabsanecGake neaasil 14 and the
boron oxide material 18, @8 ,-¢10 (FORCENIraiN} CARI SHPDIERSESIPAINP W AV el fygRAt a high

carrier concentration. Specifically, even if the carrier concentration is higher than 2’ x 1018 ¢m 3, the
concentration of%B infRRAERAY SH{GRe BreseRl EPBEChRIGSYARGE [oF 9Wsx 1073 1o 8918 cm 3. The

reason for this is notep@stRnteleRE rBOVWEN S SRV bR R GldBReRe REAR M aRRIGeyMeE as follows.
That is, in this embodiment, the ratio of sollertz to be found when the sealant is dissolved with an

alcohol after the cryé’t’étlrb%\ﬁﬁ? \RIESr SRR vl FEQWER S Y SESTRRIYHIM BRES R GUILYE plate 16. Since
the state of the mterhnemebwmtmts@adwmnqwmmm 1) iatuif tioe Ksevieemtal 15 in the crystal
growth 10cannot be ob erv it |% glrlfflcult 0 p

d tz Iate 16 in the series of crystal
growth steps of the 8He crys eatln sollg‘?l af&on ang Co0 I|hngtg)r\r-/l%wgler ttglt a time when the
materials melt, H)Iayeammlb@mmmmﬁfwuﬁlmthan(mghlﬁll(w ereckhtretien layer 17) is

considered to be alregglyfgrmy nggépé%yﬁc&g% of t ngé%ggg%lg%pyﬁan tR&iGRAS el d]r?’ and the liquid

B203 19. Thus, the equilibrium of the reaction equation (1) can be S|gn|f|canty shifted to the left from the
time when the mate 87 Gaeli R tddowaYRs. tﬁir@ttiﬂﬁ‘/é'“@fy%l@ﬁ@mﬂﬁ Rk, thyerhiaYiBe@entration and the

B concentration of thge&iained Jaase Jioate: s @hgars eprsiderrdiemryanirglied within the range

that could not have been achieved. 20[0030] The size and shape of the quartz plate 16 (that is, the

amount of 5i02 to be’ARIEE P8 H%ﬁfﬁ%&?ﬁ%ﬂ&mﬁﬁ’ G Qhhe 'ﬂ‘éefgﬁ‘?ﬁrl?@&\"ﬁ?ﬁﬁé%ﬁ%%e with the

production appasatuméh%a&mﬁéhmwgﬁb@ggt aniheSeqaneantrasiomenddhenRqetiepntration of the
target single crystal. ns are referred. The shape of the solid silicon

or example thef IIo ond
dioxide 16 may hav gﬁéﬁ@ﬂﬁ%@ B‘%éﬂé g!r[tte?g?{’%lée P& Wgﬁ% S}% S,%EF example;
however, the solid snlrtalmcdiothmrﬁapfefwat;lytdﬂaﬁmvmmndnhﬂaHrwmdmfmmmmtgb Bi02

concentration layer 3 e LR Bﬂ%H% &ﬁgﬁe%ge%f&%réﬂ&&?%‘& -Jo 405N EGANRYRL Of 5102 added as

the solid silicon dioxi IS preferably
controlled within the range that could not have been achieved.

20 [0030]

The size and shape of the quartz plate 16 (that is, the amount of SiO; to be
added) are not limited in particular, and can be determined in accordance with
the production apparatus, the size of the target ingot, and the Si concentration
and the B concentration of the target single crystal. For example, the following

25 conditions are preferred. The shape of the solid silicon dioxide 16 may have a
spherical shape, a polygonal plate shape, or a doughnut shape, for example;
however, the solid silicon dioxide 16 preferably has a circular plate shape to form
the high SiO, concentration layer 17 under the liquid B,O3 19 after the melting.
Further, the amount of SiO, added as the solid silicon dioxide 16 is preferably in

30 therange of 3 mass ppm to 6 mass ppm with respect to the liquid B,O3 19.

When the amount is less than 3 mass ppm, the effect would not be significantly
different from the conventional method in which silicon oxide is previously

added into B,Os3, whereas the amount exceeds 6 mass ppm, the effect of the
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30 the range of 3 mass ppm to 6 mass ppm with respect to the liquid B203 19. When the amount is less
than 3 mass ppm, the effect would not be significantly different from the conventional method in which
silicon oxide is previously added into B203, whereas theldmount exceeds 6 mass ppm, the effect of the
present invention would be saturated. Further, when the solid silicon dioxide 16 is a quartz plate, the ratio
of the area of the quprézsaplate,&fitm tiveudddz shttirategh peFsthta.ce et tie Ghidisihedh thoatdbd6start of the

crystal growth is pre\‘g%%lj\%‘{1 éO/ 59e9t% g@m‘q?g@tﬁé%pggﬁgh%%gg{é? rf%gt g/ﬂr?\/y&%% %%r%%lgﬁa quartz plate 16

5 having a certain weig uartz plate having aw ner shape allows igh Si02
concentration layer Lpper isartapsiigf fbenteah antkby thetBhogaitief the arystahgrJUBE Feiefabishore, Si02 is

preferably added as a3} semppnREibic e RSB ANIYE Moveda LS il Advanse, Akt sum of the

amount of Si in Si02 in the boron oxide material 18 and the amount of Si'inthe solid silicon dioxide 16 is

preferably more thar18/ i8S« ith@ 6P APEHAEATAZS BRYHY SoMHPO RS RN RARRS aittiMber, the
above ratio is more prefRIGDY() LoRKANGE & PRSI AN BasPYorAns THaSPWmDeaReaid Still more

preferably in the rangqe of more 15than 5 mass% and 5.5 mass% or less. In cases where silicon oxide is
previously added int g568 serving as a liquid sealant as in PTL 1, silicon oxide can only be dissolved up
to 5 mass% and to J003$E% or less at a normal cost, with respect to the mass of the liquid B203. This is

attributed to the difficulty in making the.concentration unjiform of silicon oxide .at hjgh temperatures and in
Cniformly 20vititying the SHAGE Ak Se e ey T B & Conranert Ble I aroR™ e e

oxide ig. dissolved. F@WWWI%&&F!B ihdgm&%'eoa”l:ddhewmaﬁdhdmmv'dé@fm&@uhﬁéreBZO?a at the time
of metting the materiglpisipgifAAIA PAIE 48 ARG N BaRHR BifFHGY Roat method, the

amount of Si02 present in the vicinity of the upper surface of the GaAs melt 15 can be 25 dramatically
increased, specificalRfeEakk oIS tBaxmBashiyHE erperstaiassnessel thedipnted @yuilibrium of the

balanced chemical eqggkien {3) CRifRrItRaHYovaIfEM 1Q Hsgitel8ABR] INokR HnjedigRoRdiquid boron

oxide 19 in which no Si is dissolved is used, 30 even if the quartz plate 16 having an amount exceeding 5

mass% alone is proViifEP AREF AR ABIINEhEsH R St BERbMB IS AR\t B K nount of Si
in boron oxide preseiiainghitasdoiting of sheatep Siniaee ahtbasésafrrasiiddniseadusirgi aaithat the quartz

late 1 Id mostly r in un Ived. o . - :
plate 16 would OSthdeeH]FHto %zg'fgé’r\‘/ﬂﬁg asaliquid sealant asin PTL 1, silicon oxide can only be

dissolved up to 5 mass% and to 3 mass% or less at anormal cost, with respect to
the mass of the liquid B,O3. Thisis attributed to the difficulty in making the
concentration uniform of silicon oxide at high temperatures and in uniformly

20 vitrifying the silicon oxide in cooling in the process of producing B,Os in which
the silicon oxide is dissolved. However, when the high SiO, concentration layer
17 is formed under B,Os at the time of melting the materials using the quartz
plate 16 in charging the materials in the vertical boat method, the amount of SIO,
present in the vicinity of the upper surface of the GaAs melt 15 can be

25 dramatically increased, specifically to a value of Si amount higher than 5 mass%.
As aresult, the equilibrium of the balanced chemical equation (1) can be greatly
shifted to the | eft.
[0032]

Note that when aliquid boron oxide 19 in which no Si is dissolved is used,

30 evenif the quartz plate 16 having an amount exceeding 5 mass% alone is
provided, after the start of the heating in the vertical boat method, only the
amount of Si in boron oxide present in the vicinity of the top surface of the GaAs

melt 15 is saturated, so that the quartz plate 16 would mostly remain undissolved.
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- 12 - Accordingly, it is possible that Si hardly diffuses in the whole boron oxide 19 and the reproducibility
of the effect of the present invention is not sufficiently achieved. Thus, using the boron oxide material 18
into which Si is previously added uniformly, the quartz plate 16 is preferably provided such that the
amount 50f Si exceeds 5 mass% with respect to the boron oxide material. [0033] Further, it is preferable
to stir B203 which is Alredrdinidl geialiantoss bie ahsp Sclie @he ididuseshe {hkoebskediotioa gradethoof the GaAs
single crystal. The stjfring ¢ G| e §f : I tration to 10a
low level at desired %@%ﬁ%@?ﬁﬁ@%ﬁﬁégfﬁ? ﬁ%‘}%ﬁ\i %ﬁ%g@f&%ﬁg&ﬁﬁ n the process of
solidification of GaAgckiryedncéhunticmat!s hartreosigstaltenalckBimte iviithkBige prsilidiication is four to
five times the concepiglipibRhIy, e GAELIBNEA dhaRaliolsRasa SNl Aoamsinge S serves

as a carrier in GaAs, the carrier concentration is also four to fivé 15times higher. Here, the B203 part is
stirred, and conSequeintyfEadie R BB dviER FRFRaca4De bareriaerBateRrlo stirred. Thus, the
concentration of Si indggesjayer under B203 which contacts the GaAs melt 15 decreases and Si in the
GaAs melt is incorporated in B203, thereby efficiently obtaining crystals having a smaller carrier
concentration range. FurthEFNGhdH $REe ﬁ@%@ﬁé#é@%ﬂvm é&é‘?&'&%ﬁﬁ%@dﬁ@m 1 x 1019/cm3,
Si serves not only agsheiticpéribdlaaraspeasspisirthegninit hvsfudde s sieghdopyber . ouThAlso in this
respect, the stirring ig.desirabl rformed in the latter half of the crystal growth where Si is segregated at
o carter concenL 00l e P e B B e R GG rowtn, s
shown in FIG. 20thealppeiersti 2 iesined bhdownwatdneeitationse tienstdirng piede iz imth@lliguid sealant
19, and the upper 106.g i JRig AN AKX BASHRIHEANH STEAA LIAE onft kAR liguid sealant
19. The stirring rotation speed is 2 rpm to 4 rpm. Further, the solidification ratio at which stirring is
30started is 0.05 to Gystehtoupadifcation ieaeeal welich terti gfisi gustaetyRibmes 18€0.8 to 1.0. Here, the

"solidification ratio” heygightRerinsor SOt Ré Brpsieiahhed thasrlidifiegdpatdrisolitervaigi of the whole

GaAs material. The solidification ratio increases from 0 to 1 as the solidification proceeds to grow
Since Si serves as acarrier in GaAs, the carrier concentration is also four to five

15 times higher. Here, the B,O; part is stirred, and consequently the high SiO,
concentration layer under B,O3 isalso stirred. Thus, the concentration of Si in
the layer under B,O3; which contacts the GaAs melt 15 decreases and Si in the
GaAs melt isincorporated in B,Os3, thereby efficiently obtaining crystals having
asmaller carrier concentration range. Further, when the concentration of Si in

20 GaAsisas high asabout 1 x 10'%/cm®, Si serves not only as donors but also as
acceptors, which would cancel each other out. Also in this respect, the stirring
is desirably performed in the latter half of the crystal growth where Si is
segregated at a high carrier concentration.

[0034]

25 Specifically, at a specific solidification ratio in the crystal growth, as
shown in FIG. 2, the upper rod 2 is moved downward to immerse the stirring
plate 7 in the liquid sealant 19, and the upper rod 2 is rotationally driven to rotate
the stirring plate 7, thus stirring the liquid sealant 19.  The stirring rotation
speedis2 rpmto 4 rpm. Further, the solidification ratio at which stirring is

30 startedis0.05t00.4. The solidification ratio at which the stirring is terminated
is0.8t01.0. Here, the "solidification ratio" herein means aratio of the weight
of the solidified part to the weight of the whole GaAs material. The

solidification ratio increases from 0 to 1 as the solidification proceeds to grow
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- 13 - the crystal. Accordingly, the solidification ratio having a certain value means that the interface at
which the solidified part contacts the melted part lies in a certain position corresponding to the value of
the solidification ratio with a ratio of 1:1. The position sp&gified by this naturally remains the same even
after the 5 entire melt is solidified and the crystal is completed. Thus, the position of the completed single
crystal in the crystal toevtistdire ciiccoiciingbe seeifiddibatitrer snbdiioatcanceatain [R0BSINEaRsioped GaAs

single crystal wafer) I= single cr r [ i t of the present
invention will now be&ﬁefzr(%ibﬂggﬁ%?sd?v@aﬁgw (%%%g % t%vrf?éﬁ B?’/ﬁs%%g’%p%ﬁﬁﬁ?ﬁégﬁ ﬁr%ﬁﬁglike of an ingot
produced by the abowstpibdogition enegsodndiog tieithingdtiedchaerstllidnationo@ticemtitatdatie higher than 2
x 1018 cm 3, the conganiratipReGid3 G ERRS BNOIS RSl ¢ AthRAIHIRRAARGG P a8 (pL018 to 156 x

1018 cm 3. Thus, the wafer of this embodiment characteristically has high crystallinity, where the

maximum value df efH isiRhSsPEbirisanddharresH issoBpkHiedt alCasidicderriepratiBle exceeding 2 x
1018 cm 3 . Further,dhfpiaéarsigicnayadighsexsiatiiniiyontheliecipmax mrispesaiea B aieh pit density

EPD is 500 cm 2 or less even at a carrier concentration exceeding 2.2 x 1018 cm 3 or 3 x 20 1018 cm 3.
Furthermore, the me3h Y46R1'87 iR Stch pit density EPD is 25 cm 2 or less. Note that the carrier
concentration in this[@ogspdiment is generally in the range of 2.2 cm 3 to 3.5 x 1018 cm 3. Further, the
lower limit of the Englgdrgo(t#rﬁgﬁg 'nnglaérgpl&%r’vxpalfte enerally in the range of 0 cm 2 to 20 cm 2 although

it may be zero depending R the Walerin aome Cases. 25[0036] In the present invention, the carrier

concentration dfteach warSis digeshGafesisinglit eryital mme.m@mmem@gim@vmmr Pauw '
method. [0037] Furtkb%sgllpﬁ\@m Sl fee Hé%@(ﬂ,%mg EHEMLP&H%%“%M‘B}?Q. éggor example, if

a GaAs single crystal watfer has crystal defects, w his wafer is Immersed In a certain corrosive

reagent, etching sta8! Ehnengsehi edikergd GRislgchREPEUSRA BX G PROYE RiedUSH BRS8N, Accordingly,
the etch pit density, {5t} iR UENBRTAhe EarFITeBABMRIFHING REhaMika 93« ifTalfiiatpd P0121603
13/22 concentration of B in the GaAs single crystal can be in the range of 1.9 x 10'® to

15  6x10® cm™.  Thus, the wafer of this embodiment characteristically has high
crystallinity, where the maximum value of etch pit density EPD is 500 cm™ or
less event at a carrier concentration exceeding 2 x 10 cm®.  Further, the wafer
can have high crystallinity, where the maximum value of etch pit density EPD is
500 cm™ or less even at a carrier concentration exceeding 2.2 x 10* cm™ or 3 x

20 10%cm™®.  Furthermore, the mean value of the etch pit density EPD is 25 cm™
or less. Note that the carrier concentration in this embodiment is generally in
the range of 2.2 cm™to 3.5 x 10 cm™.  Further, the lower limit of the EPD is
not limited in particular, but generally in the range of 0 cm™ to 20 cm™ although
it may be zero depending on the wafer in some cases.

25  [0036]

In the present invention, the carrier concentration of each wafer is
determined by the Hall effect measurement using the Van der Pauw method.
[0037]

Further, EDP and a method for measuring EDP will be briefly described.

30 For example, if a GaAs single crystal wafer has crystal defects, when this wafer
isimmersed in a certain corrosive reagent, etching starts at a crystal defect
portion, and a pit (cavity) is formed at the portion. Accordingly, the etch pit
density, that is, the number of pits formed by etching per unit area, is calculated
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- 14 - to evaluate the crystallinity of the wafer. EPD evaluation of a wafer fabricated from a given portion
of a Si-doped ingot allows the crystallinity of the relevant Si-doped ingot to be evaluated. [0038] 5In the
EPD measurement method of the present invention, a wier is etched by immersing it in a KOH
(potassium hydroxide) melt at a liquid temperature of 320 C for 30 mm, and resultant pits are observed
with an optical microsceystudbeagmbel i it iheuanted iIBRDevabasioreah ent fietdf africatedof 1 mm2 or

more (a method accpiging %Sﬁééﬁjfﬁﬁ %?%%E-P{Hp%fﬁ%ﬁ%ﬁ@%%% E?g%%\f@%%ﬁé’ﬁé gl ppints of

measurement depends on ea of the wafer, pol ameter wafer. [0039]
Further, the maximuf-dangeg bigeh te beevabagiedthe maximum value among EPDs at a plurality of points of
measurement. For p t device manufacturing 15 apparatuses using GaAs single crystal wafers, not
only the mean value but also the maximum value of EPD are included in the specification. A low

maximum value Indicates!th&eFryharessiereanares iotoh s BEshty | RIS pyRh! 2fe R terms of the
yield, thus serving agpigvfiakladndicatarder (s Luawatirnoxf dBerearsiedingyi otenpaiauraei0040]  The

above embodiments are only examples of exemplary embodiments of the present invention, and the

present invention is RGP linitea30 THBsAE AU A AP e W ARl MHE9ER ibed below in
more detail using ExanepiesibeostigveristbeuptesantHavenrtorisenoti Hoive ditatbe folmtiorg 25 Examples.

EXAMPLES [0041] (Campled) 30 Gas sigle ghvsialjuasf vasresaed ysing. giinch diameter
GaAs single crystal production apparatus faving a structure using a stainless steel chamber shown in
FIG. 1 by the pfocedurebeiedqribeis bietosasuerptinidirmhBB thedecaiditdevalas, file dxambpl materials in the

following order and V:‘:‘:ﬁ)oi ntsin a 3-inch diameter wafer.
[0039]
Further, the maximum value of an EPD means the maximum value among
EPDs at a plurality of points of measurement. For present device manufacturing
15  apparatuses using GaAs single crystal wafers, not only the mean value but also
the maximum value of EPD are included in the specification. A low maximum
value indicates that any part of the wafer isin high quality, and is important also
in terms of the yield, thus serving as a suitable indicator for the evaluation of the
crystallinity of awafer.
20  [0040]

The above embodiments are only examples of exemplary embodiments of
the present invention, and the present invention is not limited to those
embodiments. The present invention will be described below in more detail
using Examples. However, the present invention is not limited to the following

25 Examples.

EXAMPLES
[0041]
(Example 1)

30 A GaAs single crystal ingot was prepared using a 3-inch diameter GaAs
single crystal production apparatus having a structure using a stainless steel
chamber shown in FIG. 1 by the procedures described below. A cylindrical

PBN made crucible was filled with materials in the following order and was
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- 15 - placed at a predetermined position in a chamber 1. GaAs seed crystal 2. GaAs material: GaAs
polycrystal: 6.0 kg and Si crystal: 1200 mg (200 mass ppm with respect to GaAs) 53. Quartz plate (a
stack of two disk-shaped plates): 9.1 g 4. B203 material®®ith 5i02 having been previously added,
containing 4.0 mass% of Si: 360g Observed from above the crucible, the inner diameter of the crucible is
80 mm, whereas thepthaedeties pfetfetequantd ptatéos itbaronanarther, the sum of the 10 amount of Si in the
B203 material and tile agxnu&%gfcﬂ" the quartz plate was 18.7g, which corresponds to 5.2 mass% of the
mass of B203 material: 8 . [00 iﬁl Subsequently, the apparatus was evacuated, and the content was
replaced with an Ar gaSaivelaesslri@ed s ivsish feddgl aeScanzimb h200 et te@d0 sl 5a heater to
pressurize the contea@rm\ﬁmtw%wlgys melting an upper part of the GaAs material, the Si material,
and the seed crystal. Thereafter, the pressure of 8 atmospheres was maintained until the end of crystal

growth. At a poiftt wikeRHIEZ P5ts ([Bteelf Mot rilarethp! #9)5Prh&terial, and the seed crystal melted,
the B203 material mgltgonvitaraame e, Whiaky bevaiHaiohs yramedObsingrialasandsam the GaAs

material melt. After that, the heater temperature was lowered from the seed crystal side, thereby
solidifying the entire thaeriBPhelt to grow a 3-inch diameter crystal. Note that in the crystal growth, in

order to suppress exopssivedlifroraabene tireccar b tiationea fdEmetdremed due bessgoagatjon, the liquid

B203 was stirred fromha soli ificd';\tion ratiQ f0.33 to ¥he 25%1d of thlg rowt%bg rotalti the stirring plate
er e diameter of the quartz P] ae s mm. her Um O
at 2 rpm. After the entire S melt was soliditied, the temperature of the heater was lowered to cool the

crucible. At a stdge &ieratthe $ein peedirCe wbtbeatancibhe pozntnt dfadootthecmmttnppdeatiaee, a furnace of
the singl tal i ' t , wh
e single crysta prggéjﬁﬁﬁnm%q%%@)e{ﬁagt%@g %a&q%ggggﬁ%%gté]m%&%ﬁ % ere, when a

sealant was dissolv a e removed In order to t e crystal, butks of quartz (1.5 ¢
in total) were found. [PR#s considered because the quartz plate was not dissolved in the sealant or was

reprecipitated after once keyngdiss®Vesk apparatus was evacuated, and the content was replaced

with an Ar gas and pressurized to 6 atmospheres. The crucible was heated with

15  aheater to pressurize the content to 8 atmospheres, thus melting an upper part of
the GaAs material, the Si material, and the seed crystal. Thereafter, the pressure
of 8 atmospheres was maintained until the end of crystal growth. At a point
when the upper part of the GaAs material, the Si material, and the seed crystal
melted, the B,Os; material melted over a GaAs melt, which prevented As from

20 being released from the GaAs material melt.  After that, the heater temperature
was lowered from the seed crystal side, thereby solidifying the entire material
melt to grow a 3-inch diameter crystal. Note that in the crystal growth, in order
to suppress excessive increase in the concentration of Si in the melt due to
segregation, the liquid B,Os was stirred from a solidification ratio of 0.33 to the

25 end of the growth by rotating the stirring plate at 2 rpm.  After the entire GaAs
melt was solidified, the temperature of the heater was lowered to cool the
crucible. At astage where the temperature of the crucible reached about room
temperature, a furnace of the single crystal production apparatus was opened to
take out a GaAs single crystal. Here, when a sealant was dissolved with alcohol

30 toberemoved in order to take out the crystal, bulks of quartz (1.5 g in total) were
found. Thisis considered because the quartz plate was not dissolved in the
sealant or was reprecipitated after once being dissolved.
[0043]

PO121603 15/22



[0043] - 16 - For the thus obtained single crystal ingot, wafers were cut out from three portions having
solidification ratios of 0.1 (seed side), 0.45 (middle position), and 0.8 (tail side). The Si concentration, the
B concentration, the carrier concentration, and the EPD ¥@rean value and maximum value) of the wafers
were 5 measured. The Si concentration and the B concentration were measured by ICP. The carrier
concentration and the EPBonketims abtai@ddiy rible ongstab thdes erddect alsory euf 00d & piEtaseple 2) 10An

ingot was prepared . . as. I h fSi al added as a
dopant to GaAs pol%@?ﬁ@%@ﬁ%?ﬁﬁégéég ?n%%f‘gpghﬁﬁ%‘%@;? ’c@'tﬁ(‘%)g1 g@ﬁg&ﬁﬁmﬁ%uartz plate

weighed 9.5 g. Resudthf @&l sidere delShrsncatieisomtbe heenerntiation Shimadie 8203 material and
the amount of Si in the-uarLgiBlalgWaR EBS Gnihich GOHRPRARERUR D-fu8)3R3Ke hRRLURdRASS of the

B203 material: 360 g. Note that when a sealant was dissolved with alcohol to be removed in order to take

out the crystal, Bulks¥Egd&rz (612 FiKAtaNWEee fdhte fSRICr EaHARPERIMRESHIREM E-fuartz plate
was not dissolved inthe &gakkopcarasiieRtekipiatachafierconeaietnsydissaluedd@84RLa9 (Example 3)

An ingot was prepared by the same method as Example 1 except that the liquid B203 was not stirred and
the quartz plate Weigﬂ?QEﬂeQ.G g. The resultant wafers were evaluated. The sum of the amount of Si in the
B203 material and tijeGmjount of Si in the quartz plate was 18.9 g, which corresponds to 5.2 mass% 25of
the mass of the B20 M aa}rt]eﬁiéa#)BGO g. Note that when a sealant was dissolved with alcohol to be removed
in order to take out the crygta, bulks of quartz (1.1 g in total) were found, which is considered because
the quartz platelvas not dissuigedwastheesaathby tresameanedciphisatexbaive: breecheing thissolved. [0046]

30 (Comparative Examplfy 47 I90LNPRiEABIE by IR SBIE Lo as foapesh excent that the

amount of Si crystal added as a dopant to GaAs polycrystal wa mg (240 mass ppm with respect to
GaAs), a 360 g B203"aratenalvitito wenest dzenaapedhe quartz plate weighed 9.5 9. Resultant

wafers were evaluated. The sum of the amount of Si in the B,O3; material and
the amount of Si in the quartz plate was 18.8 g, which corresponds to 5.2 mass%
15  of the mass of the B,O3; material: 360 g. Note that when a sealant was dissolved
with alcohol to be removed in order to take out the crystal, bulks of quartz (0.2 g
in total) were found, which is considered because the quartz plate was not
dissolved in the sealant or was reprecipitated after once being dissolved.
[0045]
20 (Example 3)

An ingot was prepared by the same method as Example 1 except that the
liquid B2Os was not stirred and the quartz plate weighed 9.6 g.  The resultant
wafers were evaluated. The sum of the amount of Si in the B,O3; material and
the amount of Si in the quartz plate was 18.9 g, which corresponds to 5.2 mass%

25  of the mass of the B,O3; material: 360 g. Note that when a sealant was dissolved
with alcohol to be removed in order to take out the crystal, bulks of quartz (1.1 g
in total) were found, which is considered because the quartz plate was not
dissolved in the sealant or was reprecipitated after once being dissolved.

[0046]

30 (Comparative Example 1)

An ingot was prepared by the same method as Example 1 except that the
amount of Si crystal added as a dopant to GaAs polycrystal was 1440 mg (240
mass ppm with respect to GaAs), a 360 g B,O3; material into which SiO, had been
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- 17 - previously added, which contains 1.6 mass% of Si was used, and the quartz plate was not used.
Resultant wafers were evaluated. [0047] (Comparative Example 2) 5An ingot was prepared by the same
method as Example 1 except that the amount of Si crystel added as a dopant to GaAs polycrystal was
1680 mg (280 mass ppm with respect to GaAs), the quartz plate was not used, and the liquid B203 was
not stirred. Resultanpreaifeus yvadeedyatiatechrii8]. 6 OfEseedusitinvasudel, adhbeyaduatpasesults of

Examples and Com%gg@mﬂgjﬁéﬁt %\élrlg Wepéagjgl ot _rther, for the wafers grown in Examples

and Comparative Examples, and a regular water grown under the same conditions as Comparative
Example 1, the relati®@4Rlp between the concentration of Si in the GaAs crystal 15and the concentration
of B in the GaAs Cryﬁé%ﬁﬁ)&%ﬂ‘()’é‘é&ﬂﬁe » [0049] [Table 1] 91 ak 20 [0050] In Example 1, the
respective wafers of the seed side, the middle position, and the tail side had low EPDs, and in particular,

a wafer having @carrier cORdBafalBhRERREEHIRY hecaneseradkarFxanalen @t eabthadhge of 500 cm 2
or 25less was obtainggdiighot e drad &ideddlstetofatrXe BRI obpehsuniess vesenaptasred from a larger

range (middle position and tail side). Also in Exam?le 3, such a wafer was obtained from the middle

position. [0051] On tAESRRMYHA FPED AR ERAR ! IEHAM P EAR AR VSN EHNS I A 30a carrier
concentration exceeg8y@g dasidl Sticet 3, Restitermasfers meva kbialobide

[0048]
10  (Evaluation result)

The evaluation results of Examples and Comparative Examples are shown
inTablel1. Further, for the wafers grown in Examples and Comparative
Examples, and a regular wafer grown under the same conditions as Comparative
Example 1, the relationship between the concentration of Si in the GaAs crystal

15  and the concentration of B in the GaAs crystal is shown in FIG. 4.
[0049]
[Table1] HI#K

20
[0050]

In Example 1, the respective wafers of the seed side, the middle position,
and the tail side had low EPDs, and in particular, awafer having a carrier
concentration exceeding 2 x 10*® cm™ and a maximum EPD value of 500 cm™ or

25 lesswas obtained from the Tail side. Further, in Example 2, such wafers were
obtained from a larger range (middle position and tail side). Alsoin Example 3,
such a wafer was obtained from the middle position.

[0051]

On the other hand, in Comparative Example 1, the wafer of the tail side had

30 acarrier concentration exceeding 2 x 10*® cm®, yet the maximum value of the
EPD was 1500 cm? or less. A wafer having high carrier concentration and
favorable crystallinity was not obtained. Further, asis apparent from FIG. 4, in

Comparative Example 1, the B concentration exceeds 6 x 10'® cm™ in the tail
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EPD was 1500 cm 2 or less. A wafer having high carrier concentration and favorable crystallinity was not
obtained. Further, as is apparent from FIG. 4, in Comparative Example 1, the B concentration exceeds 6
x 1018cm 3 in the tail P0121603 17/22 - 18 - side wheré&he Si concentration is high. This is considered
to result in poor crystallinity, since generation of scum fails to be sufficiently suppressed. The same

applies to ComparatsrechamgiecSi [Ofis2hban dixiarhigle 3,Tthis masimsdencdatueeai the goBD in the tail side

was significantly lar . I‘}{at [ , it was. fo . §I li'!g %Qe liquid sealant

during crystal gromn%:?\% enrll'?aﬁ Ugﬂ%% %@%&@éﬂ%%mgﬁ%égé ré?rﬁgtﬁ? %‘ﬁ%@ 0 Exﬁ%ngble 1 and

Comparative Examp$enze #énel iestimirnperaeveissan®of the quartz plate in B203 will be discussed. In

Example 1, Si cryst sponding to 200 mass ppm of Si was charged into GaAs to achieve a carrier
0052

concentration of 1.1 x 1018 cm 3 in the seed side, whereas in Comparative Example 2, Si crystal

corresponding t& 280 mad8 BiATBeS) Wit ehdrysn Y8l ue Ridie BRRAIAPR ERHCEAR AN of 1.2 x 1018 cm 3
in the seed 15side. Algptedhtiye Ao unarthREIREXERsHlarger ihisompasabyvadpreraRia idkere was little

difference in the carrier concentration between the Comparative Examples 1 and 2. Further, it was found
that the charged Si RSEAUIREA R T Qse St JrANTS MNEA R LR eV &S irt of crystal growth) at
a higher ratio in Conjp@sajive Example 1 than in Example 2. This means that before the 20stage of the

crystal growth, that is, in the processes where B203 was_softened durin atin q[then GaAs melted,
less Si was incorporated Eser |’O? aw Efd&“ﬁ%é’i%ﬁ%”é%%% pqee%%m &%H%\a/v 15 ET%%; rPlee equilibrium of the

bfalanced chemial efuatipof (hi 1@ ntuednesfehedyrang h@@ithst\_aﬂbbmédamedhels‘olid quartz plate _
hinders contact betmg&pnmg fogeg}gg;ggﬁegﬁ&wg (%@Mgg@ﬁ{mbfaﬁq,\&ecg%@ im%te is dissolved in

the softened B203 during a su’b_sequent stage of ting to form algigh_?§!02 concentration region in B203.
In other words, the cfaafts {lagbi Ry p AcEreasoAcSHdEYR Al tdrh SokainIgnn' A thetRerdiige of heating, which

makes it possible to RrRYSRLHIRAESSAN EXAIAGIDE Y eRPRe SAEgRS IR 03 0chihe Ypmsited GaAs
material, so that the amounts of Si and _ _ 5 3.
Si was charged to achieve a carrier concentration of 1.2 x 10~ ¢cm™ in the seed
15 side. Although the amount charged was larger in Comparative Example 2, there
was little difference in the carrier concentration between the Comparative
Examples 1 and 2. Further, it was found that the charged Si crystal was
incorporated as carriers in the seed side (at the start of crystal growth) at a higher
ratio in Comparative Example 1 than in Example 2. This means that before the
20 stage of the crystal growth, that is, in the processes where B,O3 was softened
during heating and then GaAs melted, less Si was incorporated as SiO, in B,Os.
This suggests a phenomenon which shifts the equilibrium of the balanced
chemical equation (1) to the left even during heating. It is assumed that the
solid quartz plate hinders contact between the softened B,O3 and the GaAs
25 material, and the quartz plate is dissolved in the softened B,O3 during a
subsequent stage of heating to form a high SiO, concentration region in B,Os.
In other words, the quartz plate is present as a solid even temporarily in an initial
stage of heating, which makes it possible to prevent unnecessary contact between
the softened B,O3 and the unmelted GaAs material, so that the amounts of Si and
30 B contained in the GaAs melt in the initial stage of the crystal growth can fall
within a preferred range.
[0054]

In addition, from the results of Example 1, Comparative Example 1, and
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30B contained in the GaAs melt in the initial stage of the crystal growth can fall within a preferred range.
[0054] In addition, from the results of Example 1, Comparative Example 1, and - 19 - Comparative
Example 2, a high Si02 concentration layer under B203 Hter melting the materials will be discussed. In
Comparative Example 1, the concentration of Si in B203 was 1.6 mass% on average, whereas in
Comparative ExampEoipireticer oamE e, 2hi§hisi 8208naaur didomiagsdonoler B4Dagee’> Comparing the

concentration of B ir}ﬁm@émg%\é{gﬂ & cRneen r%@%pf §1| t%@%%@eg%a%ﬂga%%ame level in FIG. 4,

the B concentration | somewnhat lower in Comparative mparative Example 1.
Specifically, a highecooerrdratiation of iBiBaB 203 feh diassYeal avcsafipveheeasontatiparefi Bin GaAs;

however, even if the @tﬁ","ﬂﬁg‘c%‘%d'{ﬂaﬁaﬁ%f]ﬁ iﬂ%?@sﬁ%géotm&@ﬁ%‘a%@_aﬁ@ss(% to 4.0 mass% as

in Comparative Example 1 and Comparative Example 2, the concentration of B in GaAs remains at a

rather low level. In cORERRSY] N9 Eeaopeniraien chRtEhtratis meK iith Beceneif iR R{odriof Siin the

quartz plate being ageed M ieid ShassLame ol i 25 MRS Bhalrsekirdpaiativelfzxample 1. However,
as shown in FIG. 4, the tendency of 15the low concentration of B in GaAs was more significant than the

difference between CYRHLIE L Qi BMEPA ZHYEESHPR R AVRAR A PP K EXATRE that the quartz
plate charged in Exa®pptéfitaligsanaighieifaonebna el \of GinrB20% eandis esided tasaddwgh 5i02 concentration

layer having a concentration exceedjn ass% under the.B203. Moreover, i a 1, although 1.5
g quartz was 20reco$%?%eqéﬂ%?r{r?z%elﬁlgn vS\laﬁsO\(l:Yi%\éeorlv%/ WE@SI%%‘@@%P%@ gxa{ﬂ%%%stal growth, it is
highly probablelthat theaegXfutinesvasalis6 ohastivedtin Ba83asleaSoatpdrettira&xdntipeerhelting of the

materials, contributing, ot Jgualien afineniol INZAABEERUAHIN BYEE (A0TRL aPARRevident from

FIG. 4, in Examples, although the Si concentration was high, the B concentration was suppressed to a
lower level than that!6Migfers dNCemardieXERAIRBIdEeERNeRal RNt RINBIRpEhevENRger. This would

have made it possiblg, g Rf Qe e A0S S HARPLARINEE DD (RS GAReLmEoR dBd high
crystallinity. 30 INDL%EJI- Ii?rlAclan'A]\gaeralfil\(/:eAgl%p?(e C?OBS]OWever, as shown in FIG. 4, the tendency of

15 thelow concentration of B in GaAs was more significant than the difference
between Comparative Example 1 and Comparative Example 2. Thisimplies
that the quartz plate charged in Example 1 was not uniformly dissolved in B,O3
and resided as a high SiO, concentration layer having a concentration exceeding
5 mass% under the B,Os. Moreover, in Example 1, although 1.5 g quartz was

20 recovered after the sealant was dissolved with alcohol after the GaAs crystal
growth, it is highly probable that the 1.5 g quartz was also dissolved in B,O3 at
least at the time of the melting of the materials, contributing to the formation of
the high SiO, concentration layer.
[0055]

25 Asisevident from FIG. 4, in Examples, although the Si concentration was
high, the B concentration was suppressed to a lower level than that of wafers of
Comparative Examples and the conventional general wafer. This would have
made it possible to produce a GaAs single crystal having high carrier
concentration and high crystallinity.

30
INDUSTRIAL APPLICABILITY
[0056]

According to the present invention, a GaAs single crystal having high
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According to the present invention, a GaAs single crystal having high - 20 - carrier concentration and
high crystallinity can be produced. Further, using this GaAs single crystal, a GaAs single crystal wafer
having high carrier concentration and high crystallinity td® be obtained. 5 REFERENCE SIGNS LIST
[0057] 1Lower rod 2Upper rod 3Crucible receiving container 104Crucible 5Airtight container 6A,
6BSealing ring 7Stircagi platen&éheati orsartatbighs ey sestier ty G Setexiprogsiadd]l 2 Sinthateushd 4h{3aAs material

15 Melted portion (G&ﬁs@%@ 38;;98“3%,&?&% 6@@%@50\%%&]%@% Hgkllc%l;un'fgpz concentration layer

concentration and high crystallinity can be obtained.

5 REFERENCE SIGNSLIST

[0057]

1 Lower rod

2 Upper rod

3 Crucible receiving container
10 4 Crucible

5 Airtight container

6A, 6B Sealing ring

7 Stirring plate

8 Heat insulator
15 9 Heater

10 Seed crystal

12 Si material

14 GaAs material

15 Melted portion (GaAs melt)
20 16 Quartz plate (solid silicon dioxide)

17 High SiO, concentration layer

18 Boron oxide material

19 Liquid boron oxide (liquid sealant)

20 Solidified portion (Si-doped GaAs single crystal)
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18 Boron oxide material 19 Liquid boron oxide (liquid sealant) 20 Solidified portion (Si-doped GaAs single
crystal) - 21 - CLAIMS [Claim 1] A method of producing a GaAs single crystal, wherein a vertical boat
5method is performed with a crucible storing a seed crygfat, a Si material serving as an impurity, a GaAs
material, a solid silicon dioxide, and a boron oxide material, thereby growing a GaAs single crystal. [Claim
2] The method of producing a GaAs single crystal acCh@lliSo Claim 1, 10wherein 5i02 is previously
added into the boron oxide material, and the sum of an amount of Si of Si02 in the boron oxide
material and an amount of Si in the solid silicon dioxide exceeds 5 mass% of the boron oxide material.
[Claim 3] 15 The méffiedrot]producing a GaAs single crystal according to Claim 1 or Claim 2, wherein in

a specific period in the grawth.@bthe: gg%gcﬁiﬁgi%gwg |igg,igsgg)’r%&>éiq%\(ygp§gbj%gagnelt of the boron

oxide material is stirred. [Claim 4] A ped GaAs single crystal wafer, wherein a carrier concentration

is 20 higher thar? 2 xMENEAHPS TRHAGH &/ X FHHERI GG 1o 8 Restr YitdhehsithResbEM Wor less.

as an impurity, a GaAs material, a solid silicon dioxide, and a boron oxide
material, thereby growing a GaAs single crystal.
[Claim 2]

The method of producing a GaAs single crystal according to Claim 1,

10 wherein SiO; is previously added into the boron oxide material, and

the sum of an amount of Si of SiO, in the boron oxide material and an
amount of Si in the solid silicon dioxide exceeds 5 mass% of the boron oxide
material.
[Claim 3]

15 The method of producing a GaAs single crystal according to Claim 1 or
Claim 2, wherein in a specific period in the growth of the GaAs single crystal,
liquid boron oxide which is a melt of the boron oxide material is stirred.
[Claim 4]

A Si-doped GaAs single crystal wafer, wherein a carrier concentration is

20  higher than 2 x 10" cm™, and the maximum value of an etch pit density is 500

cm? or less.

PO121603 21/22



