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AZIMUTH FI ELD OF THE | {ENTI ON This invention rel ates % an epitaxi al

substréf“bf‘a—eeﬂ$_4muEmLsen1conductor conprising a gallium arseni de
r sonetlnes referred to as GaAs) single crystal sub- strate
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| ayer by epitaxial

This invention relates to an epitaxial substrate of a

(hereinafter sometimes referred to as GaAs) single crystal

substrate having formed thereon a compound semiconductor

The field of various electronic devices using

For the time being, silicon is used as a main

In recent years, compound

semiconductors showing high-speed properties, such as Gaas,

Various semiconductor devices endowed with desired

performance properties are generally cbtained by forming a

crystal layer having necessary characteristics on a single

Above all,

epitaxial growth has been spreading because it enables not

only control of the amount of an impurity but control of the
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"The .field of various electronic devices using sem conduc- tors has been and
w || be achieving rapid devel opnent. For the tine belng silicon is used as
a ”Bi-nTﬁ@Blie&ﬂﬁdB&hﬁéplﬁeﬂ)Strate. In recent years, conpound seni conductors

show- roperties, such as GaAs, have been steadily
devel op il I conduct or devi ces endowed wi th desired perfornmance
properti era ly obtained by formng a crystal |ayer having
necessary characteristics on a single crystal substrate by various

t echni quegrystslh aémp68itiBhadr thickness over an extremely broad
range and with high prec1510n.

Known methods for epitaxial growth include liquid
phase epitaxy, vapor phase epitaxy, and molecular beam
epitaxy (hereinafter sometimes abbreviated as MBE), one of
vacuum evaporation. Vapor éhase epitaxy among them is
capable of processing a large quantity of substrates-uﬁder
control and is therefore widely employed on an industrial
scale. In particular, metaloiganic chemical vapor deposition
(hereinafter sometimes abbreviated as MOCVD), which comprises
vaporizing an organometallic compound or a-metal hydride of
an atomic species that is to cohstitute an ‘epitaxial layer
and thermally decomposing the vapor on a substrate to cause
crystal growth, has recently been extending its use on
account of its applicability to a wide range of materials and
suitability for precise control of crystal composition and
thickness.

For example, a high electron mobility tramnsistor,
sometimes called a modulation doped transistor (MODFET) or a
hetero-junction field effect transistor (HJFET), hereinafter
inclusively referred to as HEMT, is ohe_kind of field effect
transistors (FET) and is of importance as an element of low
noise amplifiers in microwave communication systems. The
crystal used in HEMT is prepared by making a GaAs crystal and

an AlGaAs crystal having necessary electronic characteristics



‘t at Fen;—di-ffust-en—and-epi taxial growh. Above all, epixial growh has been
ing because it enables not only control of the éﬁﬁunt of an inpurity
egnRenlaged, st 5 conposition or thickness over an extrenely broad
m preci sion. Known nethods for epitaxial growth include
, vapor phase epitaxy, and nol-ecul ar beam epitaxy
(hereinafter sonetines abbreviated as.MBE), one of vacuum evaporati‘on.
Vapor phase epitaxy anong themis capable of processing a |large quantity of

subst at esgledsively grow in a necessary structure on a GaAs

substrate by the above-mentioned vapor phase growth.

Crystals for semiconductor lasers, typical light-
emitting devices, are also prepared in a similar manner,
i.e., GaAs and AlGaAs layers endowed with necessary
electrical characteristics, composition and thickness are
made to grow on a substrate.

GaAs and an AlGaAs series are widely employed as
materials for preparation of these devices since the lattice
constant of the latter can be made to agree with that of the
former at an arbitrary composition and can-achieve various
hetero-junctions while maintaining satisfaétorylcrystal
characteristics. It is also possible to laminate such a
crystal layer as Al,(In,Gagiy)a-nP (0<x<l, 0<y<l) or
In,Ga(;.x)AsS,;P(1.y; (0<x<1l, 0<y<l) by selecting an appropriate
composition range so as to match its lattice constant to that
of GaAs.

Substrates whose plane azimuth is a {100} plane or
its equivalent are generally used in various electron
devices, such as the above-described field effect transistors
and semiconductor lasers. However, in vapor phase epitaxy by
MOCVD as illustrative above, a so-called off-azimuth
substrate, which does not have an accurate {100} plane but a
plane whose normal is slightly slanted from a <100>

direction, is generally used.
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cont ol éhdﬁT§“rhe+eigLe:mﬁdely enpl oyed on an industrial scale. In
partﬂmu%agamqualorganwgﬁchenical vapor deposition (hetgjnafter sonetines

abbr eVl Y, which conprises vaporizing an organonetallic
conpo, hydri de of an atom c species that is to constitute an
epi t axi d thermal |y deconposi ng the vapor on a substrate to

cause crystal growth, has recently been extend- ing its use on account of
its applicability to a wide range of nmaterials and suitability for precise

control of crystalpheQ RS iddv¥taANddUHT ¥ the use of an off

azimuth substrate. For example, Uchida, et al. mention that
the surface defect density and uniformity of a crystal layer
can be improved by slanting a'{100} plane to one of the <100>
directions included in the {100} plane at an angle of 1 to 6°
'(see JP-A-4-65037, the term "JP-A" as used herein means an
"unexamined published Japanese patent application"). Maeda
et al. describe that electron mobility can be improved by
slanting a {100} plane to eitﬁer direction at an angle of 3
to 9° in the preparation of a crystal for HEMT (see JP-A-3-
283427). '

Thus, the effects of using an off-gzimuth substrate
widely covers improvements in crystal surface condition,
uniformity, and crystal properties. To account for the
mechanism of action of an off-azimuth substrate, it is
considered that introduction of a slight slant results in
formation of a'perioaical step structure on a terrace of a
{100} plane, and each step proceeds in order at the crystal
growth (step flow mode) to produce favorable effects on
crystél-properties.

Anyhow, wifh mény merits as mentioned above, use of
an off azimuth substrate in vapor phase epitaxy is regarded
as one of fundamental techniques. Epitaxial substrates
having a plane azimuth slanted from a <100> direction at an

angle of from about 1 to 9° have been widely used on an

industrial scale.



‘-Z-ﬁm_ el ectron nmobility transistor, sone- tines called a

modul Tatsisagt B4R o gr&gizgtor (MODFET) or a hetero-junctibn field effect
transiwﬂ M ,[ﬁ reinafter inclusively referred to as HEMI, is one
0

ki nd transistors (FET) and is of inportance as an el enent
“of |lo ers in mcrowave conmmunication systens. The

As previously stated, epitaxiai growth has generally
been conducted under such conditions that the lattice
constant of an epitaxial growth layer may agree with that of
a substrate used, i.e., lattice matching conditions."
Accordingly, in using a GaAs substrate, Al (In,Ga(.y)-xP
(0<x<1l, 0O<y<1l) and InxGa(l.x,AsyP(l_,, (0<x<1, 0<y<l) having a
specific compoéition as well as AlGaAs have been used as a
main material for constituting an epitaxial growth layer.

Although In,Ga(..)As (d<x<1) has the qualities of a
hefero-junction material because of its excellent electron
transporting characteristics and possibilitf of greatly
varying the .energy gap thereof aepending oﬂ the composition,
it is incapable of matching its lattice constant to that of
GaAs. It has therefore been impossible to form an In,Ga(;.,)As
epitaxial growth layer on a GaAs substrate to provide a
semiconductor epitaxial substrate having sufficient
properties. Hence, GaAs as a substrate is often replaced
with InP. For example, it has been studied to use an InP
substrate whose lattice constant agrees with that of
In,Ga(.,_x,As wherein x is about 0.49.

However, the latest technological advancement has
revealed that a reliable hetero-junction can be obtained even
from a lattice mismatching system without causing reductions
in crystal properties, such as dislocation, as far as the
lattice mismatching is within the elastic deformation limit.

The elastic deformation limit is given as functions of



“crystal used in HEMI is.prepared by nmaking a GaAs crystal and an Al GaAs

cryst &fs Shee ar’y; el ectronic charac- teristics §iiccessively grow in
"a nece ' e on a GaAs substrate-by the above-nenti oned vapor

phase | s for. sem conductor |asers, typical light-emtting

devices, are also prepared in a sim.lar manner, i.e., GaAs and Al GaAs

| ayers endowed with necessary electrical charac- teristics, conposition and
t hi ckness are nmade to grow on a substrate.

composition and layer thickness. For example, it is known
that the following equation (1) theoretically applies for the
elastic deformation limit of InGaAs for a GaAs substrate (see
Mathews, et al., J. Crystal Growth, Vol. 27, p. 118 (1974)
and ibid, Vol. 32, p. 265 (1974)). This equation has
recently been proved practically correct through

experimentation.

a(l—-o/4) (In (LcYy /a) +1)
X = 1l
' 0. 14Y zlc (l+0) )

N i

wherein Lc represents a critical layer thickness; a
represents a lattice constant of GaAs; o represents Poisson
ratio; and x represents an In content.

| Use of such a strain layer within a specific
composition and thickness range has thus made it possible to
produce an epitaxial substrate partly comprising an InGaAs

- layer on a GaAs substrate. For example, a layer of
InGa(.As wherein x is 0.15 having a thickness of about
15 nm can be prepared under usual crystal growth conditions
without reducing the crystal properties. Such an InGa(.,As
layer can be interposed between a GaAs buffer layer and an n-
type AlGaAs electron-donating layer to prepare an epitaxial
substrate which provides HEMT having more excellent noise

characteristics than conventional HEMT comprising GaAs and



' GaAs and an ACaAs—seri-es are wi dely enpl oyed as materials for preparation

of | t hesgs ey iGes..Shpnce the lattice constant of the | at‘t'ér can be made to
agree w T df ormer. at an arbitrary conposition and can achi eve
various[”g Iﬂ ns whil e maintaining satisfactory crystal char-
acteris . SO possible to lam nate such a crystal |ayer as

Alferr](InG([err])P (0<x<, O<y<l) or In[err]G([err])As[err]P([err]))
(0<x<1, y<y<l) by sel ecting an appropriate conposition range so as to

match itsal@ddd ce KAdsttdhal Dy} hetcRfa Ceen BHPekr aEesnydwsE, RS adgnagénut h
is a {100} plane or its
utilized as an active layer on a GaAs substrate to provide a
semiconductor 1aéer having an emission wavelength band of
from 900 to 1000 nm,_which has not heretofore been attained
in using a GaAs substrate.

In the preparation of the above-mentioned epiﬁaxial,
substrate partly having a strain layer of InGaAs on a GaAs
substrate, precise control of crystal growth on the order of
several tens of nm is demande&. Therefore, MBE or MOCVD has
been exclusively adopted as a means for crystal growth on

~account of their excellent control performance. However, MBE
and MOCVD involve problems in térms of industrial
productivity or quality of devices.

More specifically, although MBE is very excellent in
controlling thin films, the crystal obtained by MBE involves
many surface defects, which leads to a considerable reject
rate, and also MBE has a low crystal growth rate and requires
ultra-high vacuum, thus having production problems. MOCVD,
on the other hand, produces a crystal layer with excellent
surface conditions and achieves high productivity as having
been conventionally used for general GaAs lattice matching
systems. However, devices using an epitaxial substrate
obtained by MOCVD do not always exhibit satisfactory
characteristics as compared with those using an epitaxial

substrate prepared by MBE with the design being equal.



equrvalent are - generalty used in various electron devices,, such as the
abov 1o emﬂkzggbeffect transi stors and seni condutfér |asers. However,
in v Xy by MOCVD as illustrative above, a so-called

of f - azﬂiﬁﬁi ate, which does not have an accurate {100} plane but a
pl ane s slightly slanted froma <100> direc- tion, is

general |y used. There'are several reasons for the use of an off azimuth
substrate. For exanple, Uchida, et al. nmention that the surface defect

density and uni f olF@d exmpa 5" WheHe lady HEMIAMusing a 15 nm thick
In,Ga(.xAs (x=0.15) as a channel layer is prepared by using a.
epitaxial substrate obtained by MOCVD, and radiofrequency
characteristics are méasured, the noise index at 12 GHz is
found to be 0.8 to 0.9 dB. This value is about 0.1 to 0.2 dB
greater than tﬁat of é deviéé of the same design but using an
epitaxial substrate.prepared by MBE. As a result of
parameter analySié, the main cause of the higher noise index
is attributed to transconducténce of HEMT. That is, the
transconductance of HEMT using a crystal substrate obtained
by MOCVD was found to be lower than that of HEMT using a
crystal substrate obtained by MBE by_aboutis to 15%.

An epitaxial substrate obtained by MOCVD is inferior
in device characteristics, whereas that obtained by MBE has
poor surface conditions and poor productivity. Under these
circums;anceé, it has been keenly demanded to develop an
epitaxial substrate comprising InGaAs on a GaAs substrate
which exhibits excellent characteristics and has satisfactory
surface conditions for ensuring a satisfactory yield of
devices and can be supplied stably on an industrial scale.

Accordingly, an object of the pfesent invention is to
provide an epitaxial substrate comprising InGaAs on a GaAs
substrate, which exhibits excellent characteristics and has
satisfactory surface conditions for ensuring a satisfactory
yield of devices and can be supplied stably on an indﬁstrial

scale.



"be Improved—by—slanting.a {100} plane to one of the <100> directions

|nclqg the {100} pfane at an angle of 1[err] to 6¥See JP-B-4-65037).
Nheda l&mﬂ1:hat el ectron nmobility can be |nproved by slanting a
{100} r direction at an angle of 3 to 9[err] in the

prepa stal for HEMI (see JP-A-3283427, the term"JP-A" as

used hereln neans an "unexam ned published Japanese patent Thus, the
effects of using an off-azinuth substrate w dely

Another object of the present invention is to provide
an epitaxial substrate containing an In,Ga(;y)As layer, which
is suitable as a channel layer of field effect transistors or
an active layer of semiconductor lasers. -

DISCLOSURE QF INVENTION

To accomplish.the above objects, the inventors have
conducted extensive investigétions and, as a result, found
that the above objects afe accomplished by an epitaxial
substrate obtained-by epitaxiél growth on a gallium arsenide
single crystal substrate whose crystallographic plane azimuth
is slanted from that of one of {100} planés at an angle of
not more than 1°. The present invention has been reached
based on this finding.

The present invention includes the following

- embodiments:
(1) A semiconductor epitaxial substrate, characterized in
that a crystal is formed by epitaxial growth on a gallium
arsenide single crystal substrate whose crystallographic
plane azimuth is slanted from that of one of {100} planes at
an angle of not more than 1°, that at least part of the
epitaxial crystal is an InGa(;As crystal (wherein 0<x<1),
and fhat the epitaxial growth is carried out by chemical
vapor deposition.
(2) A semiconductor epitaxial substrate as described in
(1) above, characterized in that the composition and

thickness of the In.Ga(,.,As layer (wherein 0<x<l) are within



- 3- covers‘Tnpfevenean In crystal surface condition, unifor- mty, and
crysUﬁkmg&de t|e To account for the mechani smof actijon of an

of f - a i s considered that introduction of a slight slant
resul of 2 perlodlcal step structure on a terrace of a {100}
plane proceeds in order at the crystal growth (step flow

node) to produce favorable effects on crystal properties. Anyhow, w'th many
nerits as nmentioned above, use of an :

critical elastic deformation of said InxGau_x,As layer
(wherein 0<x<1).
(3) A semiconductor epitaxial substrate as described in
(1) or (2) aboﬁe, characterized in that the In,Ga(;_.)As layer
(wheiein 0<x<1) is a channel layer of a field effect
transistor.
(4) | A semiconductor epitaxial substrate as described in
(1) or (2) above, characterized in that the InGa(,As layer
(wherein 0<x<1) is an active iayer of a semiconductor laser.
(5) A semiconductor epitaxial substrate as described in
(1) above, characterized in that the direction of slant from
the crystallographic plane azimuth of a {160} plane is to the
<0-11> direction. '
BRIEF EXPLANATION OF DRAWING

Fig. 1 is a graph showing the relationship between
gate voltage and transconductance of HEMT (the standard
deviation of unevenness is taken as a parameter).
BEST MODE FOR PRACTICING INVENTION

‘The present invention will further be'explained in
greater detail. In what follows, the composition and
thickness of each crystal layer are given by approximate
ranges. In actually carrying out the invention, the range of
composition or thickness is subject to variation according to
various characteristics demanded for'particular devices.

The surface of a high-resistant semi-insulating GaAs

single crystal substrate is first degreased, etched, washed

- 10 -



of f azimuth substrate in vapor phase epitaxy is regarded as one of
fundament al techni ques::fpitaxial substrates having a plane azinuth slanted
froma <100> direction at an angle of fromabout 1[err] to 9[err] have been
wi dely used on an industrial scale. As previously stated, epitaxial growh
has generally been conducted under such conditions that the lattice
constant of .an epitaxial growh |layer may agree wth that of a substrate
used, i.e., lattice matching conditions. Accordingly, in using a GaAs

substrat ewiAtlh[ %vra@e(rl ’n %rc{ ]dcr;'ai .r ' ll)lPe( [t?lrug )tFri'e(a%é(d<lsubos<1¥r<ét)_e an_qsc,i placed
on a heating stand of a crystal growth furnace. After
thoroughly purging the furnace with pure hydrogen, heating is
started. When the temperature is stabilized at an
appropriate point, an arsenic précurso: is introduced into
the furnace, and a gallium brecursor is subsequently fed
thereto. After high purity GaAs is made to grow to a
thickness of 0.1 to 2 um over a prescribed period of time, an
indium precursor is added to Ehe furnace to make a non-doped
InGa(.x)As layer (wherein 0<x<1, preferably 0.1<x<0.3) grow
.to'a thickness of 5 to 25 nm. Then, the feed of the indium
preCursbr is ceased, and an aluminum precufsor is added to
make a high purity non-doped Al,Ga(;,As layer (wherein 0<x<1,
preferably 0.1<x<0.3) grow to a thickness of 1 to 2 nm. This
layer may be omitted in some cases. |

Subsequently, an n-type dopant is added to the system

to make an n-type Al.Ga(;,)As layer (wherein 0<x<1l, preferably
0.1<x<0.3) having a carrier concentration of 1 x 10%/cm® to 3
x 10'®/cm® grow to a thickness of 30 to 50 nm. The feed of
the aluminum precursor is sfopped, and an n-type GaAs layer
having a carrier concentration of 2 x 10'%/cm® to 10 x 10%¥/cm®
is made to grow to a thickness of 30 to 200 nm. Finally, the
feed of the gallium precursor and then the arsenic precursor
was stopped to terminate the crystal growth. After cooling,
the epitaxial crystal-stacked substrate is taken out of the

furnace to complete the crystal growth. The substrate -

This Sheet Has Been Reﬂ a - 11 -
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Inferr]Ga([err])As[err]P([err]) (0<x<, O<y<l) having a specific conpo-
sition as well as Al GaAs:have been used as a main mategdial for constituting
an epitaxial growh Iayer Al though In[err]Ga([err])As (0<x<l) has the
qualities of a hetero-junction material because of its excellent electron
transporting characteristics and possibility of greatly vary- ing the
energy gap thereof depending on the conposition, it is incapable of~
matching its lattice constant to that of GaAs. It has therefore been

LIPS A A 1 S R Al b o
about 600° to 800°C.

- The epitaxial growth precursor to be used in the
present invention preferably include organémetallic compounds
and/or metal hydrides.

Arsenic trihydride (arsine) is usually used as an
arsenic precursor. A monoalkylarsine derived from arsine by
substituting one hydrogen atom with an alkyl group having 1
to 4 carbon atoms is also useéul.

| Generally employed precursors of gallium, indium or
aluminum include trialkylated compounds in ‘which alkyl groups
each having -1 to 3 carbon atoms' are bondedéto the respective
metal atom, trihydrides in which hydrogen atoms are bonded to
the respective metal atom, and compounds in which a trialkyl
compound composed of an alkyl group having 1 to 4 carbon
atoms and an element sglected from the group consisting of
nitrogen, phosphorus, and arsenic is coordinated to the
above-mentioned trialkylated compound or trihydride.

The n-fype dopant to be used includes a hydride of
silicon, germanium, tin, sulfur or selenium and an alkylated
compound of these elements having an alkyl group containing 1
to 3 carbon atoms.

For reference, a crystal section of a general
epitaxial substrate for HEMT, which comprises a GaAs layer
and an AlGaAs layer and containing no InGaAs layer in'its.

epitaxial layer, was observed under a transmission electron

This Sheet Has Been Replac - 12 -
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sem conduct or epitaxial substrate having sufficient proper- ties. Hence,
GaAs as’ a substrate is=gften replaced with InP For exaiple, it has been
studied to use an Li P substrate whose lattice constant agrees with that of
Inf[err]Ga([err])As wherein x is about 0.49. However, the | atest

t echnol ogi cal advancenent has revealed that a reliable hetero-junction can
be obtained even froma lattice - m smatching system w t hout causing reduc-
tions in crystal properties, such as dislocation, as far as the lattice

m smat chi th.éz%s\@ogéi QIIEHF) Eflla‘f’wlrsitnigc hc.!i.egfhorrrreastc;l%%j!oin”.i t ‘As a result,
unidirectionally aligned wavy unevenness having a height of
about 1 nm at intervals of 30 to 40 nm was observed on the
surface of the epitaxial crystal.

To the contrary, where an epitakial layer containing
an InGaAs layer was férmed on a generally émployed substrate
having its azimufh slanted from the <100> direction to the
<110> direction_at an angle of, for example, 2°, the crystal
section of the In,Ga(,,As 1ayér (wherein x=0.15) formed on
the GaAs buffer layer to a thickness of 15 nm (designed
value), when observed in the same manﬁe: as described above,’
showed unevenness haVing a heigﬁt varying from about 2 nm to
the maximum of about 5 nm at intervals of about 200 to
400 nm.

For further reference, an InGa(..As layer (wherein
x=Q.15) was made to grow according to the same procedures
under the same conditions as used for the above-described
crystal for HEMT, and then a 5 nm thick GaAs cap layer was
formed thereon, followed by termination of crystal growth.
Observation of the surface of the resulting sample under an
atomic force microscope revealed that wavy unevenness having
a height and intervals corresponding to those observed with
TEM ran in the direction perpendicular to the <110>
direction.

The semiconductor epitéxial substrate according to

the present invention is characterized in that a crystal

This Sheet Has Been Reﬂlaced ' - 13 -




"The elastic deformation limit is given as functions of com position and
| ayer thickness. For exanple, it is known that the foleow ng equation (1)
theoretically applies for the elastic deformation linit of InGaAs for a
GaAs substrate (see Mathews, et al., J. Crystal Gowh, Vol. 27, p. 118
-4- (1974) and ibid, Vol. 32, p. 265 (1976)). This equation has

layer is formed by epitaxy on a gallium arsenide single
crystal substrate whose crystallographic plane azimuth is
slanted from that of one of the {100} planes at an angle of
not greater than 1°. The slant angle of the plane azimuth is
preferably from 0.05° to 0.6°, and still preferably from 0.1°
to 0.5°. | |

An InGa(;_x)As layer-containing semiconductor
epitaxial substrate which can be obtained by chemical vapor
deposition using a substrate having such a specific slant
angle of plane azimuth shows reduced unevenness on the
surface of the InGa( ., As layer. More specifically, the
height of the surface unevenness of the IanauqﬂAs layer of
the epitaxial substrate of the invention is not more than
about 1 nm, which is the same as in an epitaxial substrate
for HEMT comprising GaAs and AlGaAs layers of general type
and containihg no InGaAs layer in its epitaxial layer.
Therefore, where the semiconductor epitaxial substrate of the
présent invention is applied to transistors, etc., the
transconductance and pinch-off-dharacteristics hereinafter
explained are improved.

While not clear, the cause of the periodical
unevenness on the crystal surface seems to be as follows. On
~a substrate whose plane azimuth is slanted from the {100}
plane, which has been conventionally employed in MOCVD, there
are atomic stefs in the direction perpendicular to the

direction of the slant of plane azimuth. In the case of

- 14 -
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recently been proved practically correct through experinmen- tation. [err]
wherein Lc represents da-gritical layer thickness; a represents a lattice
constant of GaAs; [err] represents Poisson ratio; and x represents an In
content. Use of such a strain layer within a specific conposi tion and

t hi ckness range has thus nmade it possible to produce an epitaxial substrate
partly conprising an InGAs | ayer on a GaAs substrate. For exanple,-a | ayer
of In[err]Ga([err])As

GaAs, at an angle of slant of 2°, the steps each have a
height of 0.283 nm at average intervals of 8.1 nm as
calculated. Accordingly, the periodical unevenness to such a
degree appears to essentially exist on the crystal surface.
It is also known that some of the steps gather to form so-
called macrosteps under some conditions.

In view of the above circumstances, it seems that a
macrostep compésed of about 3 to 4 atomic steps, a quotient
of 1 nm divided by 0.283 nm, should be produced on the
crystal for HEMT using GaAs and AlGaAs layers of general
type, and that greater macrosteps would bé~produced on the
crystal containing an InGaAs laler. f |

As an angle of the slant from the {100} plane, the
main plane azimuth, increases, the unevenness df the InGaAs
layer surface incfeases. Thus, the crystallographic plane
azimuth slanted from the <100> direction at an angle usually
of Zﬁ or more, which has been widely used in vapor phase
epitaxy as in MOCVD, is unsuitable for the system containing
an InGaAs layer. BY reducing the angle of slant to 1° or
1eSs,'the surface unevenness can be reduced to about 1 nm,
which is on the same level of that of an ordinary epitaxial
crystal layer containing ﬁo InGaAs layer.

The direction of the slant from the {100} plane,.the
main plane azimuth, is preferably close to the <0-11>
direction or a crystallographically equivalent direction

thereto. If it is close to the <0-1-1> direction

This Sheet Has Been Rerlaced - 15 -




wherein x is 0.15 having a thickness of about 15 on can be prepared under
usual crystal growh coiditions w thout reducing the cEkystal properties.
Such an In[err]G([err])As |ayer can be interposed between a GaAs buffer
| ayer and an n-type Al GaAs el ectron-donating |ayer to prepare an epitaxi al
substrate which provides HEMI havi ng nore excel |l ent noi se characteristics
t han conventional HEMI conprising GaAs and Al GaAs. Additionally, such a
thin layer of In[err]Ga([err])As can be utilized as an active |layer on a

GaAs subsheppendPcRIQY €5 Bn&CEDCPPIUELPECLRBR! BaVANY an em s-
crystallographically equivalent direction thereto, the
unevenness of the crystal surface further increases. The
conventionally used <110> direction, which is in the middle
between the <0-11> direction and the <(0-1-1> direction, or a
crystallographically equivalent direction thereto is not the
best direction.

In the expressions of directions used herein, the
<0-11> and <0-1-l>.diréctions‘are equivalent to the <010> and
<011> directions, respectively.

The relationship of the microscopic unevenness of an
InGaAs layer with device characteristics will be explained
below.

.ﬁhere the interval of unevenness is approximately
equal to or longer than the gate length, the crystal layer
thickness under the gate is thickened in some parts and
thinned in other parts. In field effect transistors, the
difference in thickness of a layer under the gate appears as .
a difference in the threshold voltage. Accordingly, in a.
field.effect transistor formed on such an uneven surface, .
there are-portions differing in threshold value within one
transistor, resulting in deterioration in transconductance
and pinch-off characteristics.

Fig. 1 shows simulated depéﬁdence of transconductance
on gate voltage taking a standard deviation of unevenness
height (6: nm) as a parameter. It is seen that, with

— |
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si on wavel ength band of .from900 to 1000 nm which has not heretofore been
attained in using a GaAs=substrate. In the preparatlon‘of t he
above-nentioned epitaxial sub- strate partly having a strain |ayer of

| nGaAs on a GaAs -substrate, precise control of crystal growth on the order
of several tens of nmis demanded. Therefore, MBE or MOCVD has been
exclusively adopted as a neans for crystal growh on account of their
excel l ent control perfor- mance. However, MBE-and MOCVD invol ve problens in

terrs of iENYHeRls RIPOAHILY 130/ 207 tHP Indinfiim 454 fSSonductance is

reduced by nearly 30% and the pinch-off characteristics are

also deteriorated. These results are in good agreement with
those actually observed in currently available HEMT prepared
by MOCVD using an InGaAs layer.

As described in the.foregoing, the variation in
InGaAs layer thickness is reduced in the epitaxial substrate
of the present invention. It is preferable that the
composition and thickness of :—:m In,Ga(.As layer (0<x<1l) fall
within the range of critical elastic deformation of that
layer, since the variation of the layer thickness is further
reduced. '

The range of the critical elastic deformation as
referred to in the present invention is specified by the
above-mentiéned equation (1) by Mathews et al., and the
critical layer thickness Lc can be obtained from the
compositional ratio of In, while the compositional ratio of
In can be led from the critical layer thickness Lc.

Where the epitaxial substrate comprising fhe
InxGa('l-x,As layer (0<x<1l) is used as a channel layer in a
field effect transiétor, there can be prepared HEMT with
excellent performance and free from reductions in
characteristics due to unevenness of the channel layer.
Where the epitaxial substrate is used for semiconductor

lasers with the In,Ga(,_,As layer (0<x<l) as an active layer,

is Sheet Has Been Reﬂlaced - 17 -
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More specifically, although MBE is very excellent in controlling thin
fil.-ms, the crystal, obt.ained by MBE involves nmany surfage defects, which

| eads to a considerable reject rate, and also MBE has a | ow crystal growth
rate and requires ultra-high vacuum thus having producti on prob- |ens.
MOCVD, on the other hand, produces a crystal |layer with excellent surface
condi tions and achi eves high produc- tivity as having been conventionally
used for general GaAs lattice matching systens. However, devices using an

epi - taXiéﬁtf%%géfé%f &8E 21 120 BY éﬁ§¥gkggr58£i@gmﬁ¥%iﬁéhhgi%catter of
oscillation wavelength can be obtained.
EXAMPLE
| Examples of the present invention will be described,
but the present invention should not be construed as being
limited thereto.
EXAMPLE 1

An atomic force microscope "TMX-2000" manufactured by
Topometrix Co., Ltd. was used:

Precursors for metalorganic chemical vapor deposition
used herein were 3.6 to 4.7 x 1075 mol/min of
trimethylgallium, 0.2 to 1.5 x 10-° mol/min of
trimethylaluminum, 0.2 to 1.1 x 10™° mol/min of
trimethylindium, and 4.7 to 24 x 10™* mol/min of arsine. As

-a dopant, 8.9 x 10" mol/min of disilane was used. Hydrogen
(9 ¥/min), purified by passing through a palladium membrane,
was used as a carrier gas. ‘Thermal decomposition was '
conducted on a semi-insulating GaAs substrate heated at 650°C
under a pressure of 0.1 atm to grow an epitaxial GaAs, AlGaAs
or InGaAs layer at a rate of growth of 1 to 3 um/hr.

Specific compositions and layer thicknesses were as.
follows: Non-doped GaAs or A},Ga( _,As (x=0.04 to 0.2) was
grown on a substrate to a thickness of 0.3 to 1 um to form a
buffer layer, and an non-doped GaAs buffer layer and an
Ing,)sGag.ssAs layer were then grown thereon to a thickness of

50 nm and 15 nm, respectively.

- 18 -
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satisfactory characteristics as conpared with those using an epitaxi al
substrate prepared by MBE with the design being equal . #or exanple, where
an HEMT using a 15 nmthick -5- In[err]Ga([err])As (x=0.15) as a channel
| ayer is prepared by using a epitaxial substrate obtained by MOCVD, and
radi o-fre-

In accordance with general production of an epitaxial
substrate for HEMT, a 2 nm thick non-—dpped Al,.25Ga,.75As spacer
layer, a 35 nm thick silicon-doped Al, ,sGa,y.;sAs electron-
donating layer, and a 500 to 1500 A thick silicon-doped Gaas
contact layer were successively grown on the InGalAs layer.
Separately, a sample in which only a 5 nm thick GaAs layer as
a protecfive layer was directly formed on the InGaAs layer |
was also prepared for the sake of surface observation of the
InGaAs layer. In these samplés, a GaAs substrate whose plane
azimuth was slanted from the {100} plane to the <0-11>
direction at an angle of 0.4° was used as.Ehe substrate.

Observation of the surface of the éesulting crystal
under an atomic force microscope revealed a stepwise
difference in level of about 1 nn formed in the direction
pexrpendicular to the <0-11> direction.

A recess gate type FET having a gate length of 1 um
was then prepared by using the above-prepared epitaxial
substrate for general HEMT, comprised of an n-type AlGaAs
electron-donating layer having grown thereon a 1000 & thick
silicon-doped GaAs layer (n=3.x 10!%¥/cm®). The three-terminal
transmission characteristics with a direct current were
measured. As a result, the K value, a measure for device
performance, was as satisfactory as 350 to 380 mS/Vmm.
COMPARATIVE EXAMPLE 1

Crystal growth was carried out in the same manner as

in Example 1, except for using a substrate whose plane

- 19 -
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guency characteristics are neasured, the noise index at 12 GHz is found to
##he- 0.8 to 0.9 dB. This “alue is about 0.1to 0.2 dB greater than that of a
devi ce of the same design but using an epitaxial substrate prepared by MBE.
As a result of paraneter analysis, the main cause of the higher noise index
Is attributed to transconductance of HEMI. That is, the transconductance of
HEMI using a crystal substrate obtained by MOCVD was found to be |ower than
that of HEMI using a crystal substrate obt ai ned by MBE by about 5 to 15@6

azimuth was slanted from the {100} plane to the <110>
direction at an angle of 2°, and the epitaxial crystal layer
was evaluated in the same manner as in Example 1. Many steps
having a height of about 4 nm were observed at intervals of
about 300 to 400 nm in the direction perpendicular to the
<110> direction. | |

A recess Qate type FET.having a gate length of 1 ﬁm
was then prepared in the same manner es in Example 1 by using
the prepared epitaxial substr;te for eeneral HEMT, comprised
of an n-type AlGaas electron-donating layer having grown

~ thereon a 1000 & thick silicon-doped GaAs-layer (n=3 x

10'%/cm’). The three-terminal transmission characteristics
with a direct current were measured. As a result, the K
value, a measure for device performance, was 270 to
310 mS/Vmm, proving that the device was inferior to that of
Example 1 in transmission characteristics.
COMPARATIVE EXAMPLE 2

Crystal growth was carried out in the same manner as
in Example 1, except for using a substrate whose plane
azimuth was slanted from the {100} plane to the <0-11>
direction at an éngle of 5°, and the crystal layer was
evaluated in the same manner as in Example 1. Many steps
having a height of about 5 nm were observed.at intervals of
about 400 nm in the direction perpendicular to the <0-11>

direction.
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An epitaxial substrate obtained by MOCYD is inferior in device
characteristics, whereas that obtained by MBE has poor=urface conditions
and poor productivity. Under these circunstances, it has been keenly
demanded to devel op an epitaxial substrate conprlsing JnGaAs on a GaAs -
substrate which exhibits excellent characteristics and has satisfactory
surface conditions for ensuring a satisfactory yield of devices and can be
supplied stably on an industrial scale. SUMVARY OF THE | NVENTI ON

AccordlngbﬁnpgﬁABQbﬁcbxgﬁpigeBpresent invention is to

Crystal growth was carried out in the same manner as.
in Example 1, except for using a substrate whose plane
azimuth was slanted from the {100} plane to the <0-1-1>
direction at an angle of 5°, and the crystal layer was
evaluated in the same manner as in Example 1. Many steps
having a height of about 11 nm were observed at irregular
intervals in the direction perpendicular to the <Ql1l>
direction. .

COMPARATIVE EXAMPLE 4

Crystal.growth and evaluation.were*carried out in the
same manner as in Example 1, except for.suééessively growing
a 2 nm thick Al},.;6a,.;As spacer layer, a 35 nm thick silicon-
doped Al,.3Ga,.;As electron-donating layer, and a 5 nm thick
Si-doped GaAs layer on the InGaAs layer and using . a substrate
whose plane azimuth was slanted from the {100} plane to the
<110> direction at an angle of 2°.

As a result of evaluation, steps having a height.of
about 3 nm were observed at intervals of about 60 to 80 nm in
the direction perpendicular to the <110> direction. The
electron mobility at 77 K was found to'be 14400 cm?/Vs as
obtained by Hall measurement.

COMPARATIVE EXAMPLE 5

Crystal growth and evaluation were carried out in the

same manner as in Comparative Example 4, except for using a

substrate whose plane azimuth was slanted from the {100}
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provi de an epitaxial substrate conprising InGAs on a GaAs substrate, which
exhibits excellent charaé¢teristics and has satisfactory? surface conditions
for ensuring a satisfactory yield of devices and can be supplled stably on
an industrial scale. Another object of the present invention is to provide
an epitaxial substrate containing an In[err]G([err])As layer, which is
suitable as a channel layer of field effect transistors or an active |ayer
of sem conductor |asers. To acconplish the above objects, the inventors

have plane to the <0-1-1> direction at an angle of 2°. As a
result, surface unevenness having a height of about 3 nm was
observed at.intervals of about 70 to 90 nm in the direction
perpendicular to the <0-1-1> direction.

COMPARATIVE EXAMPLE 6

Crystal growth and evaluation were carried out in the
same manner as in Comparative Example 4, except for using a
substrate whose plane azimﬁth was slanted from {100} plane to
the <0-11> direction at an anéle of 2°. Surface unevenness
having a height of about 2 nm was observed at intervals of
about 50 nm in the direction perpendicular‘to the <0-11>
direction. '

COMPARATIVE EXAMPLE | 7

Crystal growth and evaluation were carried out in the

same manner as in Comparative Example 4, except for using a

substrate whose plane azimuth was slanted from the {100}

plane to the <110> direction at an angle of 5°. Surface

unevenness having a height of about 5 nm was observed at
intervals of 200 to 400 nm in the direction perpendicular to
the <110> direction.

The electron mobility at 77 K was 2900 cm?/Vs.

INDUSTRIAL UTILIZATION

According to the present invention, the InGaAs layer-
containing epitaxial layer formed on a GaAs substrate has
reduced microscopic unevenness on the InGaAs layer thereof
and reduced variation in thickness of the InGaAs layer

I
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conduct ed extensive investigations and, as a result, found that the above
obj ects ‘are acconpl i shedl:.by an epitaxial substrate obtained by epitaxial
growth on a gallium arsenide single crystal substrate whose
crystal |l ographic plane azi- muth is slanted fromthat of one of {100}

pl anes at an angle of not nore than 1[err]. The present invention has been
reached based on this finding: -

thereof. Therefofe, application of the epitaxial_substrate
of the present invention to various electronic devices brings
about considerable improvements'of device characteristics.

For example, the epitaxial substrate of the present
invention, when used in a field effect transistor in which an
InGag. nAs layer (0<x<1) setves as a channel layer, provides
HEMT with excellent performaﬂce and free from reductions in
characteristics due to unevenness of the channel layer.

Where the epitaxial substraté.of the present invention is
used for semiconductor lasers with the InGa(,_.As layer
(0<x<1) serving as an active layer, satisfactory oscillation
characteristics with no scatter'of oscillation wavelength can
be obtained.

Further, since an epitaxial layer having excellent
characteristics can be formed even by MOCVD, the excellent
productivity of MOCVD can be taken advantage of in production
of the above-desctibed devices at low cost. The present

invention thus has a considerable industrial significance.

I
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The present invention includes the follow ng enbodi- nents: (1) A

semi conduct or epitaxi aki-subtrate, characterized in that.a crystal is formed
by epitaxial growth on‘a"galllun1arsen|de singl e crystal substrate whose
crystaILu zimuth is slanted fromthat of one of {100} planes
‘at an a ﬁmm'"mﬂ,mﬂlgt han 1. that at |east part of the epitaxial crystal
Is an Inferf] Ga([err crystal (wherein O<x<l1l), and that the epitaxial
growh is carried out by chem cal vapor deposition.

CLAIMS

1. A semiconductor epitaxial substrate, characterized in
that a crystal is formed by epitaxial growth on a gallium
arsenide single crystal substrate whose crystallographic
plane azimuth is slanted from that of one of {100} planes at.
an angle of not more ﬁhan 1°, that at least part of the
epitaxial crystal is an InGa(.,As crystal (wherein 0<x<l),
and that the epitaxial.growth is carried out by chemical
vapor deposition.

2. A semiconductor epitaxial substrate as claimed in
Claim 1, characterized in that the composition and thickness
of the InGa..)As layer'(whereiﬁ 0<x<1) are’ within ¢ritical
elastic deformation of said InGa(,.x)As layer (wherein 0<x<1).
3. A semiconductor epitaxial substrate as claimed in
Claim 1 or 2, characterized in that the InGa(..As layer
(wherein 0<x<1l) is a channel layer of a field effect
transistor.

4.. A semiconductor epitaxial substrate as claimed in
Claim 1 or 2, characterized in that the In,Ga(,.x)As layer
(wherein 0<x<1) is an active layer of a semiconductor laser.
5. A semiconductor epitaxial substrate as claimed in
Claim 1, characterized in that the direction of slant from
the crystallographic plane azimuth of the {100} plane is to

the <0-11> direction.

_—
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(2) A senmiconductor epitaxial substrate as described in (1) above,
characterized in that the conposition and thickness of-the
In[err]Ga([err])As layer (Wierein O<x<l) are within critical elastic
deformation of said Inferr]Ga([err])As [ayer (wherein O<x<1). (3) A
sem conduct or epitaxial substrate as described in (1) or (2) above,
characized in that the In[err]G([err])As layer (wherein O<x<l) is a
channel layer of a field effect transistor. (4) A sem conductor epitaxial
substrate as described in (1) or (2)aB§PREcT in that the
Inf[err]Ga([err])As |ayer

A semiconductor epitaxial substrate, characterized in

that a crystal is formed by epitaxial growth on a gallium
arsenide single ctystal substrate whose crystallographic
plane azimuth is slanted from that of one of {100} planes at
an angle of not more than 1°; that at least part of the
epitaxial crystal is an InGa(;..)As crystal (wherein 0<x<1),
and that the epitaxial growth is carried out by chemical
vabor deposition. |
Since the In,Ga(;.,)As iayer has reduced microscopic
unevenness and reduced variation in thickness, the epitaxial
substrate of the bresent invention can be used as a channel
layer of a field effect transistor or as an active layer of a
semiconductor laser to endow these devices with exceilent

characteristics.
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“(wherein 0<x<) is an active |layer of a semiconductor laser. (5) A

seni conduct or epitaxi al*'substrate as described in (|) “above, characterized
inthat the direction bf slant fromthe crystall ographic plane azinuth of a
{100} ‘plane is to the <0-11> direction. BRI EF DESCRTION OF DRAWNG FIG 1 .
“is a graph showi ng the rel ationship between gate voltage and ' ’

transconduct ance of HEMI (the stah#gied Hevia- tion of unevenness of "the
channel layer is taken as a paraneter). )
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-7 _DETAILED D DESCRI TI ON OF THE | NVENTI ON The present invention mnll QMthEF
be explalned in greater—detail. In what follows, the conprrstts
thlcknesBmummgﬁ& crystal |ayer are given by apprOX|nate"sLé

HL6EEMENT SHEET
actually %é i nvention, the §ange of conpogi tfi on
ﬂ’m ,» . A1 SEP 1996

DESCRIPTION
SEMICONDUCTOR EPITAXIAL SUBSTRATE

TECHNICAL FIELD

This invention relates to an epitaxial substrate of a
compound semiconductor comprising a gallium arsenide
(hereinafter sometimes referred to as GaAs) single crystal
substrate having formed thereon a compound semiconductor
epitaxial layer by epitaxial vapor phase growth.

BACKGéOUND ART

The field of various electronic devices using
semiconductors has been and will be achieving rapid
development. For the time being, silicon is uséd as a main
semiconductor substrate. In recent years, compound
semiconductors showing high-speed properties, such as'GaAs,
have been steadily developed.

Various semiconductor devices endowed with desired
perfofmance properties afe generally obtained by forming a
crystal layer having necessary characteristics on a single
crystal substrate by various techniques, such as ion
implantation, diffusion, and epitaxial growth. Above all,
epitaxial growth has been spreéding becausé it enables not

only control of the amount of an impurity but control of the .
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or thlckness i s subject to variation according to various REE&AEENﬁﬂﬂTéﬁﬂﬂiF'
QS ol

demandedTlip$he ahsmumﬂt h«deV|ces The surface of a high-rg =
sen1-|nsul gle crystal substrate is first degreaqpﬂs d,
washed mn r|9d. The thus,treated substrate ij acegpgﬂng
beati ng stan ys al growth furnace. After thoroughl y=peegi-Rgihe. !

furnace with pure hydrogen heating is started. Wien thejtenperature is
stabilized at an appropriate point, an arsenic precursor 1S |ﬁTTUUUteG—hﬁd)
the furnacesryeithla quatpgosirhiprecrr schiclness e M yeterendlby ebooadft er -

i oh range and with high precision.

Known methods for epitaxial growth include liquid
phase epitaxy, vapor phase epitaxy, and molecular beam
epitaxy (hereinafter sometimes abbreviated as MBE), one of
vacuum evaporation. Vapor éhase epitaxy among them is
capable of processing a large quantity of substrates under
control and is therefore widely employed on an industrial
scale. 1In particular, metalorganic chemical vapor deposition
(hereinafter sometimes abbreviated as MOCVD), which comprises
vaporizing an organometallic compound or a metal hydride of
an atomic species that is to constitute an epitaxial layer
and thermally decomposing the vapor on a substrate to cause
crystal growth, has recently been extending its use on
account of its applicability to a wide range of materials and
suitability for precise control of crystal composition and
thickness.

For example, a high electron mobility transistor,
sometimes called a modulation doped transistor (MODFET) or a
heteré—junction field effect transistor (HJFET), hereinafter
inclusively referred to as HEMT, is one kind of field effect
transistors (FET) and is of importance as an element of low
noise amplifiers in microwave communication systems. The

crystal used in HEMT is prepared by making a GaAs crystal and

an AlGaAs crystal having necessary electronic characteristics



» . ne ! -
purity—ﬁﬁﬂg—rg—nade to grow to a thickness of 0.1 to 2 [e'rTﬁTUV@F”é““”““7
prescrlbﬁﬂmﬁamhgmwmkqmm«b an i ndium precursor is added t

tth to
make a n ]Ga([err]) As | ager (wherein 0<x<1, Fre é%ﬁﬁﬁggb
1<x<0. 3) o4 H
pr ecur sor as e

kness of 5 to 25 nm Then, the fee tuhre E“A
and an al um num precursor is added tq nmake a high
purity non-doped AI[err]Ga([err])As | ayer (wherein 0<x<1, .prefr=——ruty
0.1<x<0.3) growto a thickness of 1 to 2 nm This layer nay be omtted in
Some cases SUSeSEednyt gromh im @y peakssany istrukkure on @ GA3%emto
substrate by the above-mentioned vapor phase growth.

Crystals for semiconductor lasers, typical light-
emitting devices, are also prepared in a similar manner,
i.e., GaAs and AlGaAs layers endowed with necessary
electrical characteristics, compositibn and thickness are
made to grow on a substrate.

GaAs and an AlGaAs series are widely employed as
materials for pfeparation of these devices since the lattice
constant of the latter can be made to agree with that of the
former at an arbitrary composition and can achieve various
hetero-junctions ﬁhile maintaining satisfactory crystal
characteristics. It is also poésible to laminate such a
crystal layer as Al (InGa(y))a-oP (0<x<l, 0<y<l) or
In,Ga(x)ASyP(1y) (0<x<l, 0<y<l) by selecting an appropriate
composition range so as to match its lattice constant to that
of GaAs.

Substrates whose plane azimuth is a {100} plane or
its equivalent are generally used in various electron
devicés, such as the above-described field effect transistors
and semiconductor lasers. However, in vapor phase epitaxy by
MOCVD as illustrative above, a so-called off-azimuth
substrate, which does not have an accurate {100} plane but a
plane whose normal is slightly slanted from a <100>

direction, is generally used.



nake an n-type Al[err]G([err])AAs | ayer (whein 0<x<l, pr¢
|<th@$mhﬁﬁh3@m§e kd i er concentation of 1x10[rr]/ cnferjr]| tQ f

x10[er { to a thickess of 30 to 50 nm The fded oft 19&P 1996
al um n HHEH!‘ stopped, and an néype GaAs |ayer havijng a carrier
concent [err]/cm{err] to 10x10[err]/cnmferr] ifls nade to grow to
a thickness of 30 to 200 nm Finally, the feed of the gall
then the arsenic precursor was stopped to termnate the crystal grow h.
After cooling, the Tgteaxdre sovwsisl -tésdws Sobsthatesesof akrnoffit of the
furnace to conplete the crystal growth

azimuth substrate. For example, Uchida, et al. mention that

the surface defect density and uniformity of a crystal layer
can be improved by slanting a {100} piane to one of the <100>
directions included in the {100} plane at an angle of 1 to 6°
(see JP-A-4-65037, the term "JP-A" as used herein means an
"unexamined published Japanese patent application"). Maeda
et al. describe that electron mobility can be improved by
slanting a {100} plane to either direction at an ahgle of 3
to 9° in the preparation of a crystal for HEMT (see JP-A-3-
283427).

Thus, the effects of using an off-azimuth substrate
widely covers improvements in crystal sufface condition,
uniformity, and crystal properties. To account for the
mechanism of action of an off-azimuth substrate, it is
‘considered that introduction of a slight slant results in
formation of a periodical step structure on a terrace of a
{100} plane, and each step proceeds ih order at the crystal
growth (step flow mode) to produce favorable effects on
crystél properties.

Anyhow, with many merits as mentioned above, use of
an off azimuth substrate in vapor phase epitaxy is regarded
as one of fundamental techniques. Epitaxial substrates
having a plane azimuth slanted from a <100> direction at an

angle of from about 1 to 9° have been widely used on an

industrial scale.




The~substrate te erature durlng the crystal growth usuall!‘wﬂmﬁatEL

about 600[ e
pr esent M
nmet al hydrld

@depitaxial growth precursor tofbd uUsed in the
u referably include organonetallid conﬂdUHﬂ&ﬁEKﬂ/(r
i hydride (arsigne) is usually usgd jJas an arsenic

As previously stated, epitaxial growth has generally

been conducted under such conditions that the lattice
constant of an epitaxial growfh layer may agree with that of
a substrate used, i.e., lattice matching conditions.
Accordingly, in using a GaAs substrate, Aﬁx(InyGau-,,)u_x,P
(0<x<1, O<y<l) and InxGa(l-,,AsyP(l_,, (0<x<1l, 0O<y<1l) having a
specific composition as well as AlGaAs have been used as a
main material for constituting an epitaxial growth layer.

Although In,Ga(;..)As (0<x<l) has the qgualities of a
hefero-junction material because of its excellent electron
transporting characteristics and possibility of greatly
varying the energy gap thereof depending on the composition,
it is incapable of matching its lattice constant to that of
GaAs. It has therefore been impossible to form an In,Ga(,..)As

_ epitaxial growth layer on a GaAs substrate to provide a
semiconductor epitaxial substrate having sufficient
properties. Hence, GaAs as a substrate is often replaced
with InP. For example, it has been studied to use an InP
substrate whose lattice constant agrees with that of
In,Ga(:_x,As wherein x is about 0.49.

However, the latest technological advancement has
revealed that a reliable hetero-junction can be obtained even
from a lattice mismatching system without causing reductions
in crystal properties, such as dislocation, as far as the
lattice mismatching is within the elastic deformation limit.

The elastic deformation limit is given as functions of
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useful . Gener al
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A nonoal kyl arsi ne derived from arsine by sub-|sfrtuting one
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hydr ogen atommlsslibet&msabehﬁ(kpl edbup having 1 to 4 carbon afjofs 11S£P51996

carbon atons ar emgm th

e respecti¥e netal atom tr{hydrides in which

hydr ogen atons are bonded to the respective netal atom and conpounds I n
which a trial kyl conpound conposed of an alkyl group having 1 to 4 carbon
atons and aompositionsenectllagel ahildkness. For example, it is known

that the following equation (1) theoretically applies for the
elastic deformation limit of InGaAs for a GaAs substrate (see
Mathews, et al.,'J. Crystal Growth, Vol. 27, p. i18 (1974)
and ibid, Vol. 32, p. 265 (1974)). This equation has
recently been proved practically correct through

experimentation.

a (l—-0/4) (ln(Lcv a) +1)
x = — 1)
0. 14Yv zLlc (1+0) (

wherein Lc¢ represents a critical layer thickness; a

represents a lattice constant of GaAs; o represents Poisson

ratio; and x represents an In content.

Use of such a strain layer within a specific
composition and thickness range has thus made it possible to
produce an epitaxial substrate partly comprising an InGaAs
layer on a GaAs substrate. For example, a layer of
IngGadqﬂAs wherein x is 0.15 having a thickness of about
15 nm can be prepared under usual crystal growth conditions
without reducing the crystal properties. Such an InGa(.,)AsS
layer can be interposed between a GaAs buffer layer and an n-
type AlGaAs electron-donating layér to prepare an epitaxial
substrate which provides HEMT having more excellent noise

characteristics than conventional HEMT comprising GaAs and
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epi taxi al substrate for HEMI, which conprises a-cars=teayer—eaRt—ar

Al GaAs Iayer and containing no InGAs layer inits epi-

AlGaAs. Additionally, such a thin layer of In,Ga_,As can be
utilized as an active layer on a GaAs substrate to provide a
semiconductor laser having an emission wavelength band of
from 900 to 1000 nm, which has not heretofore been attained
in using a GaAs substrate.

In the preparation of the above-mentioned epitaxial
substrate partly having a strain layer of InGaAs on a GaAs
substrate, precise control of crystal growth on the order of
several tens of nm is demanded. Therefore, MBE or MOCVD has
been exclusively adopted as a means for crystal growth on
account of their excellent control performance. However, MBE
and MOCVD involve problems in terms of industrial
productivity or quality of devices.

More specifically, although MBE is very excellent in
controlling thin films, the crystal obtained by MBE involves
many surface defects, which leads to a considerable reject
rate, and also MBE has a low crystal growth rate and requires
ultra-high vacuum, thus having production problems. MOCVD,
on the other hand, produces a crystal layer with excellent
surfaée conditions and achieves high productivity as having
been conventionally used for general GaAs lattice matching
systems. However, devices using an epitaxial substrate
obtained by MOCVD do not always exhibit satisfactory
characteristics as compared with those using an epitaxial

substrate prepared by MBE with the design being equal.’
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the <110> direction at an angle of, for exanple, 2, the crystal section of
the In[err]Ga([err]Jos exgmpleniehera anoHENT nsingda 15 nm thick

InGa(,As (x=0.15) as a channel layer is prepared by using a
epitaxial substrate obtained by MOCVD, and radiofrequency
characteristics are measured, the noise index at 12 GHz is
found to be 0.8 to 0.9 dB. This value is about 0.1 to 0.2 dB
greater than that of a deviée of the same design but using an
epitaxial substrate prepared by MBE. As a result of |
parameter analysié, the main cause of the higher noise index
is attributed to transconductance of HEMT. That is, the
transconductance of HEMT using a crystal substrate obtained
by MOCVD was found to be lower than that of HEMT using a
crystal substrate obtained by MBE by about 5 to 15%.

An epitaxial substrate obtained by MOCVD is inferior
in device characteristics, whereas that obtained by MBE has
poor surface conditions and poor productivity. Under these
circumstances, it has been keenly demanded to develop an
"epitaxial substrate comprising InGaAs on a GaAs substrate
which exhibits excellent characteristics and has satisfactory
surface conditions for ensuring a satisfactory yield of
devic;s and can be supplied stably on an industrial scale.

Accordingly, an object of the present invention is to
provide an epitaxial substrate comprising InGaAs on a GaAs
substrate, which exhibits excellent characteristics and has
satisfactory surface conditions for ensuring a satisfactory
vield of devices and can be supplied stably on an industrial

scale.
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termnation of cryd&ngthgmwhject of the present invention is to provide

an epitaxial substrate containing an In.Ga(;.,As layer, which

~ is suitable as a channel layer of field effect transistors or

an active layer of semiconductor lasers.
DISCLOSURE OF INVENTION

To accomplish the above objects, the inventors have
conducted extensive investigétions and, as a result, found
that the above objects are accomplished by an epitaxial
substrate obtained by epitaxial growth on a gallium arsenide
single crystal substrate whose crystallographic plane azimuth
is slanted from that of one of {100} planes at an angle of
not more than 1°. The present invention has been reached
based on this finding.

The present invention includes the following
embodiments:
(1) A semiconductor epitaxial substrate, characterized in
that a crystal is formed by epitaxial growth on a gallium
arsenide single crystal substrate whose crystallographic
plane azimuth is slanted from that of one of {100} planes at
an anéle of not more than 1°, that at least part of the
epitaxial crystal is an InGa(,.,As crystal (wherein 0<x<1),
and that the epitaxial growth is carried out by chemical
vapor deposition.
(2) A semiconductor epitaxial substrate as described in
(1) above, characterized in that the cdmposition and

thickness of the In,Ga(,.,)As layer (wherein 0<x<1l) are within
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critical elastic defo:cmation of said InGa(;.)As layer
(wherein 0<x<1).

(3) A semiconductor epitaxial substrate as described in
(1) or (2) above, characterized in that the In,Ga(;,,As layer
(wherein 0<x<1l) is a channel layer of a field effect
transistor.

(4) A semiconductor epitaxial substrate as described in
(1) or (2) above, characterized in that the InGa;,x)As layer
(wherein 0<x<1l) is an active layer of a semiconductor laser.
(5) A semiconductor epitaxial substrate as described in

(1) above, characterized in that the direction of slant from

the crystallographic plane azimuth of a {100} plane is to the

<0-11> direction.
BRIEF EXPLANATION OF DRAWING

Fig. 1 is a graph showing the relationship between
gate vol£age and transconductance of HEMT (the standard
deviation of unevenness is taken as a parameter).
BEST MODE FOR PRACTICING INVENTION

The present invention will further be explained in
greatér detail. In what follows, the composition and

thickness of each crystal layer are given by approximate

ranges. In actually carrying out the invention, the range of

composition or thickness is subject to variation according to

various characteristics demanded for particular devices.
The surface of a high-resistant semi-insulating GaAs

single crystal substrate is first degreased, etched, washed



present invention is characterized in that a crystal |ay
epi taxy on a gallium arsenide single crystal substrate
crystal l ographic plane azinmuth is slanted fromthat of one ofﬁ?gaﬁ@g}
pl anes at an angle of not greater than 1.;4The slant angl ¥ he plrane
azimuth is preferably from0.05 to 0.6[err], and still pHde
O.1[err] to O.5[err]. An In[err]Ga([err])As |ayer-containing sem conductor-
epitaxi al substrate which can be obtained by chem cal va
usi ng a subsitltwatew; nond udtied speThé i thiss atiteatgtiesobstrate is placed

on a heating stand of a crystal growth furnace. After
thoroughly purging the furnace with pure hydrogen, heating is
started. When the temperature is stabilized at an
appropriate point, an arsenic precursor is introduced into
the furnace, and a gallium brecursor is subsequently fed
thereto. After high purity GaAs is made to grow to a
thickness of 0.1 to 2 um over a prescribed period of time, an -
indium precursor is added to the furnace to make a non-doped
In,Ga(,x)As layer (wherein 0<x<1l, preferably 0.1<x<0.3) grow
to a thickness of 5 to 25 nm. Then, the feed of the indium
precursor is ceased, and an aluminum precursor is added to
make a high purity non-doped Al,Ga(,..As layer (wherein 0<x<1,
preferably 0.1<x<0.3) grow to a thickness of 1 to 2 nm. This
layer may be omitted in some cases. |

Subsequently, an n-type dopant is‘added to the system
to make an n-type Al,Ga(;..)As layer (wherein 0<x<1l, preferably
0.1<x<0.3) having a carrier concentration of 1 x 10'%/cm’® to 3
x lom/cmP grow to a thickness of 30 to 50 nm. The feed of
the aiuminum precursor is sfopped, and an n-type GaAs layer
having a carrier concentration of 2 x 10%¥/cm® to 10 x 10'%¥/cm’
is made to grow to a thickness of 30 to 200 nm. Finally, the
feed of the gallium precursor and then the arsenic precursor
was stopped to terminate the crystal growth. After cooling,
the epitaxial crystal-stacked substrate is taken out of the

furnace to complete the crystal growth. The substrate
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This Sheet Has

I TN



pl ane azi nuth shows reduced unevenness on the surface o
Inferr]Ga([err])As |layer. Mre specifically, the height
unevenness of the In[err]Ga([err])As |layer of the epita

RF?H‘!. EMEFJT SHEET

ace

‘1*8E‘F1996 0

the invention is not nore than about 12nm which is the

epi uaxi al
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Therefore
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appl i ed totempesashpesdueing, thbeckysfatogowtanaeualdypiragiyesOitirom
characteristics hereinafter explained are inproved

about 600° to 800°C.

The epitaxial growth precursor to be used in the
present invention preferably include organometallic compounds
and/or metal hydrides.

Arsenic trihydride (arsine) is usually used as an
arsenic precursor. A monoalkylarsine derived from arsine by
substituting one hydrogen atom with an alkyl group hafing 1
to 4 carbon atoms is also useful.

Generally employed‘precursors.of gallium, indium or
aluminum include trialkylated compounds in which alkyl groups
each having 1 to 3 carbon atoms are bonded to the respective
metal atom, trihydrides in which hydrogen atoms are bonded to
the respective metal atom, and compounds in which a trialkyl
compound composed of an alkyl group having 1 to 4 carbon
atoms and an element selected from the group consisting of
nitrogen, phosphorus, and arsenic is coordinated to the
above-mentioned trialkylated compound or trihydride.

The n-type dopant to be used includes a hydride of
silicen, germanium, tin, sulfur or selenium and an alkylated
compound of these elements having an alkyl group containing 1
to 3 carbon atoms. |

For reference, a crystal section of a general
epitaxial substrate for HEMT, which comprises a GaAs layer
and an AlGaAs layer and containing no InGaAs layer in its

epitaxial layer, was observed under a transmission electron

This Sheet Has Been Replaced




While not clear, the cause of the periodical unevenness|ggni 1 SHEET
surface seens to be as follows. On a substrate whose pl
slanted fromthe {100} plane, which has been conventi onal qugﬁed in
MOCVD, there are atomic steps in the hrection per pendi ¢u an.1§
direction of the slant of plane azinut In the case of As, at an ang] e
of slant of 2[err], the steps each have a height of 0.283 nm a average‘
intervals of 8.1 nmas cal cul ated. Accordingly, the per |
to such a ﬂscrescapeeersm?]omeiﬁgt haghyrexbiiitednt heaer ystralsulttr,f ace. It is
al so known that sone of the :

unidirectionally aligned wavy unevenness having a height of

about 1 nm at intervals of 30 to 40 nm was observed on the
surface of the epitaxial crystal.
To the cbntrary, where an epitaxial layer containing
an InGaAs layer was formed on a generally employed substrate
“having its azimuth slanted from the <100> direction to the
<110> direction at an angle of, for example, 2°, the crystal
section of the In,Ga(;.,)As layer (wherein x=0.15) formed on
the GaAs buffer layer to a thickness of 15 nm (designed
value), when observed in the same manner as described above,
showed unevenness having a height varying from about 2 nm to
the maximum of about 5 nm at intervals of about 200 to
400 nm. |
For further reference, an In,Ga(;y)As layer (wherein
x=0.15) was made to grow according to the same procedures
under the same conditions as used for the above-described
crystal for HEMT, and then a 5 nm thick GaAs cap layer was
formed thereon, followed by termination of crystal growth.
Obser;ation of the surface of the resulting sample under an
atomic force microscope revealed that wavy unevenness having
a height and intervals corresponding to those obsefved with
TEM ran in the direction perpendicular to the <110>
direction.
The semiconductor epitaxial substrate according to

the present invention is characterized in that a crystal
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steps gather to form so-called nmacrosteps under. sone c
of the above circunstances, it seens that a nacrostep c
to 4 atonmic steps, a quotient of 1 nmdivided by 0.283 fm| spdSEP 1996

produced on the crystal for HEMI using GaAs and Al GaAs ljayers of genera
type, and that greater macrosteps woul d4be produced on
containing an InGAs |layer. As an angle of the slant fr
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osed of about
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t he plane azimuth, increases, the unevenness of the |InGAs

layer is formed by epitaxy on a gallium arsenide single
crystal substrate whose crystallographic plane azimuth is
slanted from that of one of the {100} planes at an angle of
not greater than 1°. The slant angle of the plane azimuth is
preferably from 0.05° to 0.6°, and still preferably from 0.1°
to 0.5°. |

An InGa(,..)As layer-containing semiconductor
epitaxial substrate which can be obtained by chemical vapor
deposition using a substrate having such a specific slant
angle of plane azimuth shows reduced unevenness on the
surface of the In,Ga(;.,)As layer. More specifically, the
height of the surface ﬁnevenness of the In,Ga(;.)As layer of
the epitaxial substrate of the invention is not more than
about 1 nm, which is the same as in an epitaxial substrate
for HEMT comprising GaAs and AlGaAs layers of general type
and containing no InGaAs layer in its epitaxial layer.
Therefore, where the semiconductor epitaxial substrate of the .
present invention is applied to transistors, etc., the
transconductance and pinch-off characteristics hereinafter
explained are improved.

While not clear, the cause of the periodical
unevenness on the crystal surface seems to be as follows. On
a substrate whose plane azimuth is slahted from the {100}
plane, which has been conventionally employed in MOCVD, there
are atomic steps in the direction perpendicular to the
direction of the slant of plane azimuth. In the case of

—_—
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been widely used in vapor phase epitaxy as in MOCVD, is knpuit3CER 1996 t

system con- taining an InGaAs |ayer. By reducing the angte
t he surface unevenness can be redutsed to about 1 nfn

| ess,

sane | eve

of sl ant to

of that of an ordinary.

GaAs, at an anglé.of slant of 2°, the'steps each have a

height of 0.283 nm at average intervals of 8.1 nm as

calculated. Accordingly, the periodical unevenness to such a

degree appears to essentially exist on the crystal surface.
It is also known that some of the steps gather to form so-
called macrosteps under some conditions.

In view of the above circumstances, it seems that a
macrostep composed of about 3 to 4 atomic steps, a quotient
of 1 nm divided by 0.283 nm, should be produced on the
crystal for HEMT using GaAs and AlGaAs layers of general
type, and that greater macrosteps would be produced on the
crystal containing an InGaAs layer.

As an angle of the slant from the {100} plane, the
main plane azimuth, increases, the unevenness of the InGaAs
layer surface increases. Thus, the crystallographic plane
azimuth slanted from the <100> direction at an angle usually
of Zﬁ or more, which has been widely used in vapor phase
epitaxy as in MOCVD, is unsuitable for the system containing
an InGaAs layer. By reducing the angle of slant to 1° or
less,ithe surface unevenness can be reduced to about 1 nm,
which is on the same level of that of an ordinary epitaxial
crystal layer containing no InGaAs layer.

The direction of the slant from the {100} plane, the
main plane azimuth, is preferably close to the <0-11>
direction or a crystallographically equivalent direction

thereto. If it is close to the <0-1-1> direction
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the slant fromthe {100} plane, the main plane azinuth, i preferably cl gse
to the <0-11> direction or a crystallographically equival pnf d&J3SEP;j169
thereto. If it is close to the <0-1-1> direction perpendifujar to the
<0-11> direction, or a crystallograp ?cally equi val ent difeCTl ;
t he unevenness of the crystal surface futher increases. conventionally
used <110> direction, which is in the mddl e between the <0-11> direction
and the perpendicular to the <0-11> direction, or a

crystallographically equivalent direction thereto, the
unevenness of the crystal surface further increases. The
conventionally used <110> direction, which is in the middle
between the <0-11> direction and the <0-1-1> direction, or a
crystallographically equivalent direction thereto is not the
best direction.

In the expressions of directions used herein, the
<0-11> and <0-1-1> directions are equivalent to the <010> and
<011> directions, respectively.

The relationship of the microscopic unevenness of an
InGaAs layer with device characteristics will be explained
below.

_Where the interval of unevenness is approximately
equal to or longer than the gate length, the crystal layer
thickness under the gate is thickened in some parts and
thinned in other parts. In field effect transistors, the
difference in thickness of a layer under the gate appears as
a difference in the threshold voltage. Accordingly, in a
field:efféct transistor formed on such an uneven surface,
there are portions differing in threshold value within one
transistor, resulting in deterioration in transconductance
and pinch-off characteristics.

Fig. 1 shows simulated dependence of transconductance
on gate voltage taking a standard deviation of unevenness

height (8: nm) as a parameter. It is seen that, with
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<0-1-1> direction, or a crystaollographically equival enfpgp
thereto is not the best direction. In the expressions o 1Hﬂ, o
herein, the <0-11> and <0-1-1> directions are equivalenf o the <
<0 11> directions, respectively. The ral ationship of th nléhb§536@%6
unevenness of an InGaAs |ayer wth device characteristigsfw || be expl
bel ow. Where the interval of unevenness is approximtely equal to or [onder
than the gate length, the crystal |ayer thickness ’
unevenness of about 30 A, the maximum transconductance is

reduced by nearly 30% and the pinch-off characteristics are
also deteriorated. These results are in good agreement with
those actually observed in currently available HEMT prepared
by MOCVD using an InGaAs layer.

As described in the-foregoing, the variation in
InGaAs layer thickness is reduced in the epitaxial substrate
of the present invention. It is preferable that the
composition and thickness of an InGa(.,As layer (0<x<1l) fall
within the range of critical elastic deformation of that
layer, since the variation of the layer thickness is further
reduced. |

The range of the critical elastic deformation as
referred to in the present invention is specified by the
above-mentioned equation (1) by Mathews et al., and the
critical layer thickness Lc can be obtained from the
compositional ratio of In, while the compositional ratio of
In can be led from the critical layer thickness Lc.

Where the epitaxial substrate comprising the
In,Ga(;_x,As layer (0<x<1) is used as a channel layer in a
field effeét transistor, there can be prepared HEMT with
excellent performance and free from reductions in
characteristics due to unevenness of the channel layer.
Where the epitaxial substrate is used for semiconductor

lasers with the In,Ga(.,)As layer (0<x<l) as an active layer,

—_—
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under the gate is thickened in some parts and thinned in
field effect transistors, the difference in thickness of p }Jayer under t
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field effect transi stor formed on such an uneven surface,|there are

portions dif- fering in threshold val¥® within one transigtor, Tesuttmin

deterioration in transconductance and pinch-off characterjs-_tics. FlIG
shows sinul ated dependence of transconductance on gate voltage taking a
st andar d deaitdisifactoiryuoscdédiiation characteristics having no scatter of

1

oscillation wavelength can be obtained.
EXAMPLE

Examples of the present invention will be described,
but the present invention should not be construed as being
limited thereto. |
EXAMPLE 1

An atomic force microscope "TMX-2000" manufactured by
Topometrix Co., Ltd. was used.

Precursors for metalorganic chemical vapor deposition
used herein were 3.6 to 4.7 x 10~ mol/min of
trimethylgallium, 0.2 to 1.5 x 10~ mol/min of
trimethylaluminum, 0.2 to 1.1 x 10~ mol/min of
trimethylindium, and 4.7 to 24 x 10 mol/min of arsine. As
a dopant, 8.9 x 10! mol/min of disilane was used. Hydrogen
(9 {/min), purified by passing through a palladium membrane,
was used as a carrier gas. Thermal decomposition was
conducted on a semi-insulating GaAs substrate heated at 650°C
under ? pressure of 0.1 atm to grow an epitaxial GaAs, AlGaAs
or InGaAs layer at a rate of growth of 1 to 3 um/hr.

Specific compositions and layer thicknesses were as
follows: Non-doped GaAs or Al,Ga(_,As (x=0.04 to 0.2) was
grown on a substrate to a thickness of 0.3 to 1 pym to form a
buffer layer, and an non-doped GaAs buffer layer and an
Ing.;5Gag.gsAs layer were then grown thereon to a thickness of

50 nm and 15 nm, respectively.
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height (8: nm) as a paraneter. It is seen that, wth ungx o
30 A, the maxi mum transconductance is reduced by nearl %33@@$%§86
pinch-off  istics are also deterlorated These resultsia gl ¥y
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variation in InGAs | ayer thickness |s reduced in the eps 1a¥s
of the present invention. It is preferable that the conposition and
thi ckness of an | n[ZnraCadidantereithygenéai<protiakhivint Bifn anhepitaxial

substrate for HEMT, a 2 nm thick non-doped Al, ;sGay ;sAs spacer
layer, a 35 nm thick silicdn-doped Al,.;sGag,7sAs electron-
donating layer, and a 500 to 1500 A thick silicon-doped Gaas
contact layer were successively grown on the InGaAs layer.
Separately, a sample in which only a 5 nm thick GaAs layer as
a protective layer was directly formed on the InGaAs layer
was also prepared for the sake of surface observation of the
InGaAs layer. In these samples, a GaAs substrate whose plane
azimuth was slanted from the {100} plane to the <0-11>
direction at an angle of 0.4° was used as the substrate.

Observation of the surface of the resulting crystal
under an atomic force microscope revealed a stepwise
difference in level of about 1 nm formed in the direction
perpehdicular to the <0-11> direction.

A recess gate type FET having a gate length of 1 um
was then prepared by using the above-prepared epitaxial
substraté for general HEMT, comprised of an n-type AlGaAs
electron-donating layer having grown thereon a 1000 A thick
silicén-doped GaAs layer (n=3 x 10'%/cm®). The three-terminal
transmission characteristics with a direct current were
measured. As a result, the K value, a measure for device
performance, was as satisfactory as 350 to 380 mS/Vmm.
COMPARATIVE EXAMPLE 1

Crystal growth was carried out in the same manner as

in Example 1, except for using a substrate whose plane
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range of critical elastic deformation of that |ayer, si
the |layer thickness is further reduced. The range of th
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above-nenti oned equation (1) by Mthews et i!,_and t he
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er thickness Lcﬂ

azimuth was slanted from the {100} plane to the <110>
direction at an angle of 2°, and the epitaxial crystal layer
was evaluated in the same manner as in Example 1. Many steps
having a height of about 4 nm were observed at intervals of
about 300 to 400 nm in the direction perpendicular to the
<110> direction. |

A recess gate type FET having a gate length of 1 um
was then prepared in the same manner as in Example 1 by using
the prepared epitaxial substrate.for general HEMT, comprised
of an n-type AlGaAs electron-donating layer having grown
thereon a 1000 A thick silicon-doped GaAs layer (n=3 x
10'*/cm®). The three-terminal transmission characteristics
with a direct current were measured. As a result, the X
value, a measure for device performance, was 270 to
310 mS/Vvmm, proving that the device was inferior to that of
Example 1 in transmission characteristics.
COMPARATIVE EXAMPLE 2

Crystal growth was carried out in the same manner as
in Example 1, except for using a substrate whose plane
azimuéh was slanted from the {100} plane to the <0-11>
direction at an angle of 5°, and the crystal layer was
evaluated in the same manner as in Example 1. Many steps
having a height of about 5 nm were observed at intervals of
about 400 nm in the direction perpendicular to the <0-11>

direction.
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Where the epitaxial substrate conprising the In[ferr]Ga([e gggg‘SHEBT
(O<x<l) is used as a channel layer in a field effect tran

be prepared HEWI with excéllent perfornmance and free fronyr %ﬂa
characteristics due to unevenness of the channel |ayer. efe §E@§PPEX
substrate is used for sem conductor tasersawmith the In[er§] @llerr]l )AS

| ayer (O<x<l1l) as an active |ayer, satisfactory oscillatioh characteristics
having no scatter of oscillation wavel ength can be obtai negs

COMPARATIVE EXAMPLE 3

Crystal growth was carried out in the same manner as
in Example l; except for using a substrate whose plane
azimuth was slanted from the {100} plané to the <0-1-1>
direction at an angle of 5°} and the crystal layer was
.evaluated in the same manner as in Example 1. Many steps
having a height of about 11 nm were observed at irregular
intervals in the direction perpendicular to the <011>

- direction.
COMPARATIVE EXAMPLE 4

Crystal growth and evaluation were carried out in the
same manner as in Example 1, except for successively growing
a 2 nm thick Aly.;Ga,.sAs spacer layer, a 35 nm thick silicon-
doped Al,.3Ga,.;As electron-donating layer, and a 5 nm thick
Si-doped GaAs layer on the InGaAs layer and using a substrate
whose plane azimuth was slanted from the {100} plane to the
<110> direction at an angle of 2°.

As a result of evaluation, steps having a height of
about.3 nm were observed at intervals of about 60 to 80 nm in
the direction perpendicular to the <110> direction. The
electron mobility at 77 K was found to be 14400 cm?/Vs as
obtained by Hall measurement.

COMPARATIVE EXAMPLE 5

Crystal growth and evaluation were carried out in the

same manner as in Comparative Example 4, except for using a

substrate whose plane azimuth was slanted from the {100}
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I nvention should not be construed as being limted therefoj EXAMPLE 1 An
atom c force mcroscope "MX-2000" nmanufactured by Toponegr x'ﬁgsgpbpq6 WAS
oh

used. Precursors for netal organic chem cal- vapor depositi used her ei n
were 3.6 to 4.7x10[err] nmol/min of trimethylgal- lum 0.3 te=t=Stxtoie
nmol /mn of trinmethylalumnum ‘0.2 to |.IxIO[err] nmol/m njof

trimethylindium and 4.7 to 24x10[err]
plane to the <0-1-1> direction at an angle of 2°. As a

result, surface unevenness having a height of about 3 nm was
observed at intervals of about 70 to 90 nm in the direction
perpendicular to the <0-1-1> direction.
COMPARATIVE EXAMPLE 6

Crystal growth énd evaluatioh were carried out in the
same manner as in Comparative Example 4, except for using a
substrate whose plane azimuth was slanted from {100} plane fo
the <0-11> direction at an angle of 2°. Surface unevenness
having a height of about 2 nm was observed at intervals of
about 50 nm in the direction perpendicular to the <0-11>
direction.
COMPARATIVE EXAMPLE 7

Crystal growth and evaluation were carried out in the
same ménner as in Comparative Example 4, except for using a
substrate whose plane azimuth was slanted from the {100}
plane to the <110> direction at an angle of 5°. Surface
unevenness having a height of about 5 nm was observed at
intervals of 200 to 400 nm in the direction perpendicular to
the <i10> directibn.

The electron mobility at 77 XK was 2900 cm?/Vs.
INDUSTRIAL UTILIZATION |

According to the present inventioﬁ, the InGaAs layer-
containing epitaxial layer formed on a GaAs substrate has
reduced microscopic unevenness on the InGaAs layer thereof

and reduced variation in thickness of the InGaAs layer

- -

i



mol /min of arsine. As a dopant, 8.9x10[err] nol/nin of dlﬂﬁPEmﬁﬁﬂdﬁNThSHEET
ane, Wap

Hydrogen (9 1/mn), purified by passing through a palladifu
used as a carrier gas. Thernal deconposition was conduct ¢d oM & SEP 1996
sem -insul ati ng GaAs substrate heated at 650 C. under a pré¢ssure of28
to grow an epitaxial GaAs, AlGaAs or In@As |ayer at a rgt
to 3 [err]mhr. Specific conpositions and | ayer thicknesdes were as fol-

t
1

| ows: Non-doped GaAs orAl[err]Ga([err])As (x=0.04 to 0. 2)=was—growr o a
substrate ttherddf Ckmfgrefiort 3 dppliddfiRRindd v nepitaxial substrate

of the present invention to various electronic devices brings’

about considerable improvements of device characteristics.

For example, the epitaxial substrate of the present
invention, when used in a field effect transistor in which an
InGa(..As layer (0<x<1l) sefves as a channel layer, provides
HEMT with excellent performance and free from reductions in
characteristics due to unevenness of the channel layer.

Where the epitaxial substrate of the present invention is
used for semiconductor lasers with the InGa(,.As layer
(0<x<1) serving as an active layer, satisfactory oscillation
characteristics with no scatter of oscillation wavelength can
be obtained.

Further, since an epitaxial layer having excellent
characteristics can be formed even by MOCVD, the excellent
productivity of MOCVD can be taken advantage of in production
of the above-described devices at low cost. The present

invention thus has a considerable industrial significance.

This Sheet Has Been Re(ilaced
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a buffer layer, and an non-doped GaAs buffer [ayer and

respec ance with general producti on of

substr mm! mmﬁ nm thi ck non-doped Al [err] Ga[ er §] As—Sk
35 nm lcors- deped Al [err] Ga[err] As @lBectron- don'tlng Iayer
50 to 150 nmthick silicon- doped GaAs contact |ayer wer
grown on the InGaAs |ayer. Separately, a sanple in which only a 5 nmthick

GaAs | ayer as a protective |ayer was digregMg f or ned

and

1. A semiconductor epitaxial substrate, characterized in
that a crystal is formed by epitaxial growth on a gallium
arsenide single crystal substrate whose crystallographic
plane azimuth is slanted from that of one of {100} planes at
an angle of not more than 1°, that at least part of the
epitaxial crystal is an InGa(;.,As crystal (wherein 0<x<1),
and that the epitaxial growth is carried out by chemical
vapor deposition.

2. A semiconductor epitaxial substrate as claimed in
Claim 1, characterized in that the composition and thickness
of the InGa(,..)As layer (wherein 0<x<l) are within critical
elastic deformation of said In,Ga(,)As layer (wherein 0<x<1).
3. A semiconductor epitaxial substrate as claimed in
Claim 1 or 2, characterized in that the InGa(.x)As layer
(wherein 0<x<1) is a channel layer of a field effect
transistor.

4.- A semiconductor epitaxial substrate as claimed in
Claim 1 or 2, characterized in that tl.1e InGa(;.x)As layer
(wheréin 0<x<1l) is an active layer of a semiconductor laser.
5. A semiconductor epitaxial substrate as claimed in
Claim 1, characterized in that the direction of slant from
the crystallographic plane azimuth of the {100} plane is to

the <0-11> direction.

ThlS Sheet Has Been Rei




on: the InGAs | ayer was al so prepared for .t he sake of sur

was slanted fromthe {100} plane to the <0-11> direction
O0.4[err] was used as the substrate. Obserpgati on of the su
resulting crystal under - 12 - '

of the InGaAs layer. In these sanples, "a GaAs..substrate wno

SEMICONDUCTOR EPITAXIAL SUBSTRATE

ABSTRACT

A semiconductor epitaxial substrate, characterized in
that a crystal is formed by epitaxial growth on a gallium
arsenide single crYstal substrate whose crystallographic
plane azimuth is slanted from that of one of {100} planes at
an angle of not more than 1°, that at least part of the
epitaxial crystal is an In,Ga(;.,)As crystal (wherein 0<x<1),
and that the epitaxial growth is carried out by chemical
vapor deposition.

Since the In,Ga(;.,)As layer has reduced microscopic
unevenness and reduced variation in thickness, the epitaxial
substrate of the present invention can be used as a channel
layer of a field effect transistor or as an active layer of a
semiconductor laser to endow these devices with excellent

characteristics.

FIGURE 1

Sheet Has Been Reﬂlaced
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an atom c force mcroscope revealed a step-wise differe

about 1 m formed in the direction,perpendi‘cul ar to the
recess gate type FET having a gate length of 1 [err]mw

usi ng the above-prepared epitaxial sub- strate for genef

of an n-type Al GaAs el ectron-donating |ayer having grow

As a result, the K value, a neasure for
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[err] thick silicon-doped GaAs | ayer (nkE3x1O0[err]/cnfierf]). The three-
termnal transm ssion characteristics with a direct cur
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devi ce perfonance, was as satisfactory as 350 to 380 nS/Vmm COVPARATI

EXAMPLE 1 Crystal
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EPITAXIAL IN,GA,

AS HAVINGA

SLANTED CRYSTALLOGRAPHIC PLANE

AZIMUTH

'FIELD OF THE INVENTION

This invention relates to an epitaxial substrate of a com-
pound semiconductor comprising a gallium arsenide (here-
inafter sometimes referred to as GaAs) single crystal sub-
strate having formed thereon a compound semiconductor
epitaxial layer by epitaxial vapor phase growth. '

BACKGROUND OF THE INVENTION

The field of various electronic devices using semiconduc-
tors has been and will be achieving rapid development. For
the time being, silicon is used as a main semiconductor

- substrate. In recent years, compound

semiconductors show-

ing high-speed properties, such as GaAs, have been steadily

developed.

Various semiconductor devices endowed with desired

 performance properties are generally

obtained by forming a

crystal layer having necessary characteristics on a single
crystal substrate by various techniques, such as ion implan-
tation, diffusion, and epitaxial growth. Above all, epitaxial
growth has been spreading because it enables not only
control of the amount of an impurity but control of the
crystal composition or thickness over an extremely broad

range and with high precision.

- Known methods for epitaxial growth include liquid phase
epitaxy, vapor phase epitaxy, and molecular beam epitaxy
(hereinafter sometimes abbreviated as MBE), one of

. vacuum evaporation. Vapor phase epitaxy among them is
capable of processing a large quantity of substrates under
control and is therefore widely employed on an industrial
scale. In particular, metalorganic chemical vapor deposition

(hereinafter sometimes abbreviated

as MOCVD), which

' comprises vaporizing an organometallic compound or a
* metal hydride of an atomic species that is to constitute an

epitaxial layer and thermally decomposing the vapor on a
. substrate to cause crystal growth, has'recently been extend-

REPLACEMENT SHEET
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posmon and thickness.

ing its use on account of its apphcabﬂny to a wide range of
materials and suitability for precxse control of crystal com-



direction. Arecess gate type PET having a gate length of 1 [err]mwas then
prepared in the same manner as in Exanple 1 by using the prepared etaxial
substrate for general HEMI, com prised of an n-type Al GaAs

el ectron-donating | ayer having grown thereon a 1000 [err] thick
silicon-doped GaAs | ayer (n=3x10[err]/anferr]). The three-term nal

transm ssion character- istics wwth a direct current were nmeasured. As a
result, the K value, a neasure for dev+@e-performance, was 270 to 310

nS/ Vmm proving that the device was inferior to that of

For example, a high electron mobility transistor, some-
times called a modulation doped transistor (MODFET) or a
hetero-junction field effect transistor (HIFET), hereinafter
inclusively referred to as HEMT, is one kind of field effect
transistors (FET) and is of importance as an element of low
noise amplifiers in microwave communication systems. The
crystal used in HEMT is prepared by making a GaAs crystal
and an AlGaAs crystal having necessary electronic charac-
teristics successively grow in a necessary structure on a
GaAs substrate by the above-mentioned vapor phase
growth.

Crystals for semiconductor lasers, typical light-emitting
devices, are also prepared in a similar manner, i.e., GaAs and
AlGaAs layers endowed with necessary electrical charac-
teristics, composition and thickness are made to grow on a
substrate.

GaAs and an ‘AlGaAs series are widely employed as
materials for preparation of these devices since the lattice
- constant of the latter can be made to agree with that of thc'
former at an arbitrary composition and can achieve various '
hetero-junctions while maintaining satisfactory crystal char-
- acteristics. It is also possible to laminate such a crystal layer
. a8 Al( Ga;. ,)u,,,P (0<x<, O<y<1) or In,Gay_,As,P,
(0<x«l, 3 by selecting an appropriate composition
range so as to match its lattice constant to that of GaAs.

Substrates whose plane azimuth is a {100} plane or its
equivalent are generally used in various electron devices,, -
such as the above-described field effect transistors and
semiconductor lasers. However, in vapor phase epitaxy by
MOCVD as illustrative above, a so-called off-azimuth sub-
strate, which does not have an accurate {100} plane but a
plane whose normal is slightly slanted from a <100> direc-
tion, is generally used.

There are several reasons for the use of an off azimuth
substrate. For example, Uchida, et al. mention that the
surface defect density and uniformity of a crystal layer can
be improved by slanting a {100} plane to one of the <100>
directions included in the {100} plane at an angle of 1° to
6° (See JP-B-4-65037). Maeda et al. describe that electron
mobility can be improved by slanting a {100} plane to either

| direction at an angle of 3° to 9° in the preparation of a crystal
for HEMT (sce JP-A-3283427, the term “JP-A” as used
herein means an “unexamined published Japanese patent

e nrapplication™). -
REPLACEMENT SHEE Thus, the effects of using an off-azimuth substrate widely
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Exanple 1 in transm ssion characteristics. COVPARATI VE EXAMPLE 2 Cryst al
grom h'was carried out in the sane manner as in Exanple 1, except for using
a substrate whose plane azinuth was slanted fromthe {100} plane to the
<0-11> direction at an angle of 5[err],and the crystal |ayer was eval uated
in the sane manner as in Exanple 1. Many steps having a height of about 5
nm were observed at intervals of about 3490 nmin the direction

per pendi cul ar to the <0-11> direction. "COVWARATI VE EXAMPLE 3

covers improvements in crystal surface condition, unifor-

mity, and crystal properties. To account for the mechanism

of action of an off-azimuth substrate, it is considered that

introduction of a slight slant results in formation of 2

periodical step structure on a terrace of a {100} plane, and

each step proceeds in order at the crystal growth (step flow
. mode) to produce favorable effects on crystal properties.

Anyhow, with many merits as mentioned above, use of an
off azimuth substrate in vapor phase epitaxy is regarded as
one of fundamental techniques. Epitaxial substrates having
a plane azimuth slanted from a <100> direction at an angle
of from about 1° to 9° have been widely used on an
industrial scale. . .

As previously stated, epitaxial growth has generally been
conducted under such conditions that the lattice constant of
an epitaxial growth layer may agree with that of a substrate .
used, i.e., lattice matching conditions. Accordingly, in using
a GaAs subsm, A]x(InyGacl_y))a_x)P (0«<1, 0<y<1) and
In,Ga(, ,As, P, ., (0<x<, 0<y<1) having a specific compo-
sition as well as AlGaAs have been used as a main material -
for constituting an epitaxial growth layer.

Although In Ga,_ ,As (0<x<l) has the qualities of a
hetero-junction material because of its excellent electron
transporting characteristics and possibility of greatly vary-

ing the energy gap thereof depending on the composition, it
is incapable of matching its lattice constant to that of GaAs.
It has therefore been impossible to form an In,Ga, ,As
epitaxial growth layer on a GaAs substrate to provide a
semiconductor epitaxial substrate having sufficient proper-
ties. Hence, GaAs as a substrate is often replaced with InP.
For example, it has been studied to use an InP substrate
whose lattice constant agrees with that of In,Ga, ,As
wherein x is about 0.49. '

However, the latest technological advancement has
revealed that a reliable hetero-junction can be obtained even
from a lattice mismatching system without causing reduc-
tions in crystal properties, such as dislocation, as far as the .
lattice mismatching is within the elastic deformation limit.
The elastic deformation limit is given as functions of com-
position and layer thickness. For example, it is known that
the following equation (1) theoretically applies for the
‘elastic deformation limit of InGaAs for a GaAs substrate -
(see Mathews, et al., J. Crystal Growth, Vol. 27, p. 118

REPLACEMENT SHEEL,
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Crystal growth was carried out in the sane manner as in Exanple 1, except
for using asubstrate whose plane azimuth was slanted fromthe {100} pl ane
to the <0-1-1> direction at angle of 5, and the crystal |ayer was eval uated

in the - 13 - same nmanner as in Exanple 1. Many steps having a hei ght of
about 11 nm were observed at irregular intervals in the
-4 -

(1974) and ibid, Vol. 32, p. 265 (1976)). This cquation has
recently becn proved practically correct through experimen-
tation.

co2U-cid)ln we\'2 1) +1] )

014\2 nLe(l+0)

wherein Lc represents a critical layer thickness; a represents
a lattice constant of GaAs; o represents Poisson ratio; and x
represents an In content.

Use of such a strain layer within a specific composition
and thickness range has thus made it possible to produce an
epitaxial substrate partly comprising an InGaAs layer on a
GaAs substrate. For example, a layer of In.Ga, ,As
wherein x is 0.15 having a thickness of about 15 nm can be
prepared under usual crystal growth conditions without
reducing the crystal properties. Such an In Ga,, ,As layer
can be interposed between a GaAs buffer layer and an n-type
AlGaAs electron-donating layer to prepare an epitaxial
substrate which provides HEMT having more excellent
noise characteristics than conventional HEMT comprising
GaAs and AlGaAs. Additionally, such a thin layer of
In,Ga,_,,As can be utilized as an active layer on a GaAs
substrate to provide a semiconductor laser having an emis-
sion wavelength band of from 900 to 1000 am, which has
not heretofore been attained in using a2 GaAs substrate.

In the preparation of the above-mentioned epitaxial sub-
strate partly having a strain layer of InGaAs on a GaAs
substrate, precise control of crystal growth on the order of
several tens of nm is demanded. Therefore, MBE or
MOCVD has been exclusively adopted as a means for
crystal growth on account of their excellent control perfor-
mance. However, MBE and MOCVD involve problems in
terms of industrial productivity or quality of devices.

- More specifically, although MBE is very excellent in
controlling thin films, the crystal obtained by MBE involves .
many surface defects, which leads to a considerable reject
rate, and also MBE has a low crystal growth rate and
requires ultra-high vacuum, thus having production prob-
lems. MOCVD, on the other hand, produces a crystal layer’
with excellent surface conditions and achieves high produc--
tivity as having been conventionally used for general GaAs
lattice matching systems. However, devices using an epi-
taxial substrate obtained by MOCVD do not always exhibit

-satisfactory characteristics as compared with those using an
epitaxial substrate prepared by MBE with the design being
equal. . ' '
AP es e ~ For example, where an HEMT using a 15 nm thi
REPLACEMENT SHEET| = o we e 1 m
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direction perpendicular to the <011> direction. COVPARATI VE EXAMPLE 4
Crystal’ growth and eval uation were carried out in the sane manner as in
Exanpl e 1, except for successively growing a 2 amthick Al[err]G[err]As
spacer layer, a 35 nmthick silicon-doped Al [err]Ga[err]As

el ectron-donating layer, and a 5 umthick Si-doped GaAs | ayer on the I nGaAs
| ayer and using a substrate whose plane gz+ muth was slanted fromthe {100}
pl ane to the <110> direction at an angle of 2[err]. As a result of

eval uation, steps having a height of about

In,Gay; ,As (x=0.15) as a channel layer is prepared by using
a epitaxial substrate obtained by MOCVD, and radio-fre-
quency characteristics are measured, the noise index at 12
GHz is found to be 0.8 to 0.9 dB. This value is about 0.1 to
0.2 dB greater than that of a device of the same design but
using an epitaxial substrate prepared by MBE. As a result of
parameter analysis, the main cause of the higher noise index
is attributed to transconductance of HEMT. That is, the
transconductance of HEMT using a crystal substrate
obtained by MOCVD was found to be lower than that of
HEMT using a crystal substrate obtained by MBE by about
5 to 15%. '
An epitaxial substrate obtained by MOCVD is inferior in
device characteristics, whereas that obtained by MBE has
poor surface conditions and poor productivity. Under these
circumstances, it has been keenly demanded to develop an
epitaxial substrate comprising InGaAs on a GaAs substrate
which exhibits excellent characteristics and has satisfactory
surface conditions for ensuring a satisfactory yield of
devices and can be supplied stably on an industrial scale.

SUMMARY OF THE INVENTION

Agcordingly, an object of the present invention is to
provide an epitaxial substrate comprising InGaAs on a GaAs
'substrate, which exhibits excellent characteristics and has
sgtisfactory surface conditions for ensuring a satisfactory
y1:id of devices and can be supplied stably on an industrial
scale.

fmothex_- object of the present invention is to provide an
cp}taxial substrate containing an In,Ga,, . As layer, which is
suitable as a channel layer of field effect transistors or an
active layer of semiconductor lasers.

To accomplish the above objects, the inventors have
conducted extensive investigations and, as a result, found
‘that the above objects are accomplished by an epitaxial
substrate obtained by epitaxial growth on a gallium arsenide
single crystal substrate whose crystallographic plane azi-
muth is slanted from that of one of {100} planes at an angle
of not more than 1°, The present invention has been reached
based on this finding.

LI S
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3 nmwere observed at intervals of about 60 to 80 nmin the direction
perpendi cul ar to the <110> direction. The electron nobility at 77 K was
found to be 14400 cnferr]/Vs as obtained by Hall neasurenent. COVPARATI VE
EXAWPLE 5 Crystal growth and evaluation were carried out in the same manner
as in Conparative Exanple 4, except for using a substrate whose pl ane
azimuth was slanted fromthe {100} plane to the <0-1-1> direction at an
angle of 2[err]. As a result, lurface-ugevenness having a height of about 3
nm was

The present invention inciudes the following embodi-
ments: -

(1) A semiconductor epitaxial substrate, characterized in
that a crystal is formed by epitaxial growth on a gallium
arsenide single crystal substrate whose crystallographic
plane azimuth is slanted from that of one of {100}
planes at an angle of not more than 1°, that at least part
of the epitaxial crystal is an In,Ga,.,,As crystal
(wherein O<x<1), and that the epitaxial growth is
carried out by chemical vapor deposition.

(2} A semiconductor epitaxial substrate as describedin (1)
above, characterized in that the composition and thickness
of the In,Ga,,_,,As layer (Wherein 0<x<1) are within critical
elastic deformation of said InGa; ,)As layer (wherein
0<x<1).

(3) A semiconductor epltamal substrate as described in (1)
or (2) above, characterized in that the In,Ga, ,As laycr
(wherein 0<x<1) is a channel layer of a field effect transistor.

- (4) A semiconductor epltanal substrate as described in (1)
or (2) above, characterized in that the In Gag.,,As layer
(wherein 0<x<1) is an active layer of a semiconductor laser.

(5) A semiconductor epitaxial substrate as described in (1)
above, characterized in that the direction of slant from the
crystallographic plane azimuth of a {100} plane is to t.he
<0-11> direction.

BRIEF DESCRIPTION OF DRAWING

FIG. 1 is a graph showing the relationship between gate
voltage and transconductance of HEMT (the standard devia-
tion of unevenness of the channel layer is taken as a
parameter). :

ansavan . b T ki
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observed at intervals of about 70 to 90 nmin the direction perpendicul ar
to the <0-1-1> direction. COVPARATI VE EXAMPLE 6 Crystal growth and

eval uation were carried out in the same nanner as in Conparative Exanple 4,
except for using: a substrate whose plane azinuth was slanted from {100}

pl ane to the <0-1-1> direction at an angle of 2[err]. Surface unevenness
havi ng a hei ght of about 2 nm was observed at intervals of about 50 nmin
the direction perpedicular to the <0~-1t> direction.

DETAILED DESCRIPTION OF THE.
INVENTION

The present invention will further be explained in greater
detail. In what follows, the composition and thickness of
each crystal layer are given by approximate ranges. In
actually carrying out the invention, the range of composition
or thickness is subject to variation according to various
characteristics demanded for particular devices.

The surface of a high-resistant sermi-insulating GaAs
single crystal substrate is first degreased, etched, washed
with water, and dried. The thus treated substrate is placed on
a heating stand of a crystal growth furnace. After thoroughly
purging the furnace with pure hydrogen, heating is started.
When the temperature is stabilized at an appropriate point,
an arsenic precursor is introduced into the furnace, and a -
gallium precursor is subsequently fed thereto. After high
purity GaAs is made to grow to a thickness of 0.1 to 2 ym
over a prescribed period-of time, an indium precursor is
added tp the fumace to make a nou-doped In,Ga,, .,,As layer
(wherein O<x<1, preferably 0.1<x<0.3) grow to a thickness
of 5.t0 25 nm. Then, the feed of the indium precursor is
ceased, and an aluminum precursor is added to make a high
purity non-doped Al,Ga, ,,As layer (wherein O<x<1, pref-
erably 0.1<x<0.3) grow to a thickness of 1 to 2 nm. This
layer-may be omitted in some cases.

Subsequently, an n-type dopant is added to the system to
make an n-type Al,Ga,, ,As layer (wherein 0<x<1, prefer-
ably 0.1<x<0.3) having a carrier concentration of 1x10%/
cnr’ to 3 x10'%/cm® grow to a thickness of 30 to 50 nm. The

~ feed of the aluminum precursor is stopped, and an n-tg'pe
GaAs layer having a carrier concentration of 2x10'%/cm” to
10x10'%/cm? is made to grow to a thickness of 30 to 200 nm.
Finally, the feed of the gallium precursor and then the
arsenic precursor was stopped to terminate the crystal
growth, After cooling, the epitaxial crystal-stacked substrate
is taken out of the furnace to complete the crystal growth.
The substrate temperature during the crystal growth usually
ranges from about 600° to 800° C.

The epitaxial growth precursor to be used in the preseat

REPLACEMENT SHEET
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COVPARATI VE EXAMPLE 7 Crystal growth and evaluation were carried out in the
same nmanner as in Conparative Exanple 4, except for using a substrate whose
pl ane azinmuth was slanted fromthe {100} plane to the <110> direction at an
angle of 5. Surface unevenness having a height of about 5 nm was observed
at intervals of 200 to 400 nmin the direction perpendicular to i
the <110> direction. The el ectron m)b|1'|Qy at 77 K was 2900 cnferr]/Ws.
invention preferably include organomctalhc compounds
and/or metal hydrides.

Arscnic trihydride (arsine) is usually used as an arsenic
precursor. A monoalkylarsine derived from arsine by sub-
stituting one hydrogen atom with an alkyl group having 1 to
4 carbon atoms is also useful.

Generally employed precursors of gallium, indium or
aluminum include trialkylated compounds in which alkyl
groups each having 1 to 3 carbon atoms are bonded to the
respective metal atom, trihydrides in which hydrogen atoms
are bonded to the respective metal atom, and compounds in
which a trialkyl compound composed of an alkyl group
having 1 to 4 carbon atoms and an element selected from the
group consisting of nitrogen, phosphorus, and arsenic is
coordinated to the above-mentioned trialkylated compound
or trihydride.

The n-type dopant to be used includes a hydride of silicon,
germanium, tin, sulfur or selenium and an alkylated com-
pound of these elements having an alkyl group contammg 1
to 3 carbon atoms.

For reference, a crystal section of a general epitaxial
substrate for HEMT, which comprises a GaAs layer and an
AlGaAs layer and containing no InGaAs layer in its epi-
taxial layer, was observed under a transmission electron
microscope (TEM) having high resolution. As a result,
unidirectionally aligned wavy unevenness having a height of
about 1 nm at intervals of 30 to 40 nm was observed on the
surface of the epitaxial crystal.

To the contrary, where an epitaxial layer containing an
InGaAs layer was formed on a generally employed substrate
having its azimuth slanted from the <100> direction to the
<110> direction at an angle of, for example, 2°, the crystal
section of the In Ga;,_,As layer (wherein x=0.15) formed
on the GaAs buffer layer to a thickness of 15 nm (designed .
value), when observed in the same manner as described
above, showed unevenness having a height varying from
about 2 nm to the maximum of about 5 nm at intervals of
about 200 to 400 nm.

For further reference, an InGa, ,As layer (wherein
x=0.15) was made to grow according to the same procedures
under the same conditions as used for the above-described
crystal for HEMT, and then a § nm thick GaAs cap layer was
formed thereon, followed by termination of crystal growth.
Observation of the surface of the resulting sample under an
atomic force microscope revealed that wavy unevenness
having .a height and intervals corresponding to those
\REBLAEEMENT SHEET pbserved with TEM can in the direction perpendicular to the

<110> direction.
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- 14 - According to the present invention, the InGAs | ayer- containing
epi taxial |ayer fornmed on a GaAs substrate has reduced m croscopic
unevenness on the InGAs | ayer thereof and reduced variation in thickness
of the InGAs |ayer thereof. Therefore, application of the epitaxial sub-
strate of the present invention to variogis- el ectroni c devices brings about
consi derabl e i nprovenents of device charac-

The semiconductor epitaxial substrate according to the
present invention is characterized in that a crystal layer is
formed by epitaxy on a gallium arsenide single crystal
substrate whose crystallographic plane azimuth is slanted
from that of one of the {100} planes at an angle of not
greater than 1°. The slant angle of the plane azimuth is
preferably from 0.05° to 0.6°, and still preferably from 0.1°
to 0.5°.

AnIn Ga,_,As layer-containing semiconductor epitaxial
substrate which can be obtained by chemical vapor deposi-
tion using a substrate having such a specific slant angle of
plane azimuth shows reduced unevenness on the surface of
the In,Ga,;.,As layer. More specifically, the height of the
surface unevenness of the In Ga,,_,As layer of the epitaxial
substrate of the invention is not more than about 1 nm, which
is the same as in an epitaxial substrate for HEMT comprising

~ GaAs and AlGaAs layers of general type and containing no
InGaAs layer in its epitaxial layer. Therefore, where the
semiconductor epitaxial substrate of the present invention is
applied to transistors, etc., the transconductance and pinch-
off characteristics hereinafter explained are improved.

While not clear, the cause of the periodical unevenness on
the crystal surface seems to be as follows. On a substrate
whose plane azimuth is slanted from the {100} plane, which

- has been conventionally employed in MOCVD, there are

atomic steps in the direction perpendicular to the direction of

. the slant of plane azimuth. In the case of GaAs, at an angle

- of slant of 2°, the steps each have a height of 0.283 nm at

average intervals of 8.1 nm as calculated. Accordingly, the

periodical unevenness to such a degree appears to essentially

exist on the crystal surface. It is also known that some of the

steps gather to form so-called macrosteps under- some con-
ditions. : ' _

In view of the above circumstances, it seems that a
macrostep composed of about 3 to 4 atomic steps, a quotient
of 1 nm divided by 0.283 nm, should be produced on the
crystal for HEMT using GaAs and AlGaAs layers of general
type, and that greater macrosteps would be produced on the
crystal containing an InGaAs layer.

As an angle of the slant from the {100} plane, the main
plane azimuth, increases, the unevenness of the InGaAs
layer surface increases. Thus, the crystallographic plane
.azimuth slanted from the <100> direction at an angle usually
of 2° or more, which has been widely used in vapor phase
epitaxy as in MOCVD, is unsuitable for the system con-
taining an InGaAs layer. By reducing the angle of slant to 1°

~-- . or less, the surface unevenness can be reduced to about 1
REPLACEMENT SHEE1 nm, which i3 on the same level of that of an ordinary .
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teristics. For exanple, the epitaxial substrate of the present
when used in a field effect trasistor in which an In[ferr]Ga([err])As |ayer
channel |ayer, pro- vides HEMI with excellent
performance and free fromreductions in characteristics due to unevenness
of the chan- nel layer. Where the epitaxial substrate of the present

I nvention is used for sem conductor |lagers with the In[ferr]G([err] )As

| ayer (O<x<l) serving as an active |ayer, satisfactory oscillation

characteristics w thepifaxiahenysial dzyep containing ne InGaAs layer.

(O<x<l) serves as a

The direction of the slant from the {100} plane, the main
plane azimuth, is preferably close to the <0-11> direction or
a crystallographically equivalent direction thereto. If it is
close to the <0-1-1> direction perpendicular to the <0-11>
direction, or a crystallographically equivalent direction
thereto, the unevenness of the crystal surface further
increases. The conventionally used <110> direction, which
is in the middle between the <0-11> direction and the
<0-1-1> direction, or a crystallographically equivalent direc-
tion thereto is not the best direction.

. In the expressions of directions used herein, the <0-11>

- and <0-1-1> directions arc equivalent to the <0T1> and <0

REPLACH AT SHEET
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TI> directions, respectively.

The relationship of the microscopic unevenness of an
InGaAs layer with device characteristics will be explained
below.

Where the interval of unevenness is approximately equal
to or longer than the gate length, the crystal layer thickness
under the gate is thickened in some parts aad thinned in
other parts. In field effect transistors, the difference in
thickness of a layer under the gate appears as a difference in
the threshold voltage. Accordingly, in a field effect transistor
formed on such an uneven susface, there are portions dif-

fering in threshold value within one transistor, resulting in .

deterioration in transconductance and pinch-off characteris-
tics. -

FIG. 1 shows simulated dependence of transconductance
on gate voltage taking a standard deviation of unevenness
height (8: nm) as a parameter. It is seen that, with uneven-

-ness of about 30 A, the maximum transconductance is

reduced by nearly 30% and the pinch-off characteristics are
also deteriorated. These results are in good agreement with
those actually observed in currently available HEMT pre-
pared by MOCVD using an InGaAs layer.

As described in the foregoing, the variation in InGaAs
Jayer thickness is reduced in the epitaxial substrate of the
present invention. It is preferable that the composition and
thickness of an In,Ga_.,As layer (0<x<1) fall within the
range of critical elastic deformation of that layer, since the
variation of the layer thickness is further reduced.

The range of the critical elastic deformation as referred to

inthe present invention is specified by the above-mentioned

equation (1) by Mathews et al., and the critical layer
thickness Lc can be obtained from the compositional ratio of
In, while the compositional ratio of In can be led from the
critical layer thickness Lc.

i nven- tion,



wavel engt h can be obtained. Further, since an epitaxial |ayer having
excel l'ent charac- teristics can be forned even by MOCVD, the excellent
productivity of MOCYD can be taken advantage of in production of the
above-descri bed devices at | ow cost The present invention thus has a
considerabl e industrial signifi- cance. Wiile the invention has been
described in detail and with reference toygspecific exanples thereof, it
will be apparent to one skilled in the art that various changes and

modi fications Where the epitaxial substrate comprising the In,Ga,_,,As
layer (0<x<1) is used as a channel layer in a field effect
transistor, there can be prepared HEMT with excellent
performance and free from reductions in characteristics due
to unevenness of the channel layer. Where the epitaxial
substrate is used for semiconductor lasers with the In,Ga,,
xAs layer (O<x<1) as an active layer, satisfactory oscillation
characteristics having no scatter of oscillation wavelength
can be obtained.

Examples of the frt&sent invention will be described, but

the present invention should not be construed as being
limited thereto.

EXAMPLE1

An atomic force microscope “TMX-2000" manufactured
by Topametrix Co., Ltd. was used. |
Precursors for metalorganic chemical vapor deposition
used herein were 3.6 to 4.7x10~° mol/min of trimethylgal-
lium, 0.2 to 1.5%10™5 mol/min of trimethylaluminum, 0.2 to
.1.1x10™° mol/min of trimethylindium, and 4.7 to 24x10™*
-mol/min of arsine. As a dopant, 8.9x107'® mol/min of
disilane was used. Hydrogen (9 /min), purified by passing
through a palladium membrane, was used as a carrer gas.
Thermal decomposition was conducted on a semi-insulating
GaAs substrate heated at 650° C. under a pressure of 0.1 atm
to grow an epitaxial GaAs, AlGaAs or InGaAs layer at a rate
of growth of 1 to 3 um/hr.

Specific compositions and layer thicknesses were as fol-
lows: Non-doped GaAs or Al,Ga,, ,As (x=0.04 to 0.2) was
grown on a substrate to a thickness of 0.3 to 1 ym to form
a buffer Iayer, and an non-doped GaAs buffer layer and an
Ing 1 sGay g<As layer were then grown thereon to a thickness
of 50 nm and 15 nm, respectively.

In accordance with general production of an epitaxial
substrate for HEMT, a 2 nm thick non-doped Alg 55Gag 75AS
spacer layer, a 35 nm thick silicon-doped Alg 45GagsAS
electron-donating layer, and a 50 to 150 nm thick silicon-
doped GaAs contact layer were successively grown on the
InGaAs layer. Separately, a sample in which only a 5 nm:
thick GaAs layer as a protective layer was directly formed
on the InGaAs layer was also prepared for the sake of
surface observation of the InGaAs layer. In these samples, a
GaAs substrate whose plane azimuth was slanted from the

- {100} plane to the <0-11> direction at an angle of 0.4° was
used as the substrate. '

Observation of the surface of the resulting crystal under

REPLACEMENT SHEET
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can be made therein without departing fromthe spirit and scope thereof.
- 15 + Wiat is clainmed is: 1. A sem conductor epitaxial substrate having an
Inf[err]G([err] )As layer (wherein 0<x<l), wherein said In[err] XGa([err])As
| ayer (wherein 0O<x<l1l) is formed by chem 1czal vapor deposition

an atomic force microscope revealed a step-wise difference

in level of about 1 nm formed in the directiori perpendicular

to the <0-11> direction.

A recess gate type FET having a gate length of 1 ym was
then prepared by using the above-prepared epitaxial sub-
strate for general HEMT, comprised of an n-type AlGaAs
electron-donating layer having grown thereon a 1000 A
thick silicon-doped GaAs layer (=3x10'%/cm®). The three-
terminal transmission characteristics with a direct current
were measured. As a result, the K value, a measure for
device performance, was as satisfactory as 350 to 380

mm. :
- COMPARATIVE EXAMPLE 1

Crystal growth was carried out in the same mannper as in
Example 1, except for using a substrate whose plane azimuth

- was slanted from the {100} plane to the <110> direction at
an angle of 2°, and the epitaxial crystal layer was evaluated
in the same manner as in Example 1. Many steps having a
height of about 4 nm were observed at intervals of about 300
to 400 nm in the direction perpendicular to the <110>
direction.

A recess gate type FET having a gate length of 1 pm was
‘then prepared in the same manner as in Example 1 by using
the prepared epitaxial substrate for general HEMT, com-
prised of an n-type Al1GaAs electron-donating layer having
grown thereon a 1000 A thick silicon-doped GaAs layer
(n=3x10'%/cm3). The three-terminal transmission character-
istics with a direct current were measured. As a result, the K
value, a measure for device performance, was 270 to 310
mS/Vmm, proving that the device was inferior to that of
Example 1 in transmission characteristics.

COMPARATIVE EXAMPLE 2

Crystal growth was carried out in the same manner as in
Example 1, except for using a substrate whose plane azimuth
"was slanted from the {100} plane to the <0-11> direction at
an angle of 5° and the crystal layer was evaluated in the -
~ ' same manner as in Example 1. Many steps having a beight -
. of about 5 nm were observed at intervals of about 400 nm-
' in the direction perpendicular to the <0-11> direction.

COMPARATIVE EXAMPLE 3

. Crystal growth wascarﬁedoutinﬂxesamemanneras in
Example 1, except for using a substrate whose plane azimuth
was slanted from the {100} plane to the <0-1-1> direction at

RE[ELACF\& mN'{* éﬁﬁE’fn angle of 5°, and the crystal layer was evaluated in the
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epi taxal growth on

clained in claim1,
the Inferr]G[err]As |ayer (wherein 0<x<l
deformation limt of said In[err]G([err

a galliumarsenide single crystal sub- strate having a
crystall ographic plane azinmuth slanted fromthat of one of {100} planes at
an angle of about 0.05 to 0.6. 2. The sem conductor epitaxi al

characterized in that the conposition and

substrate as
t hi ckness of

are within an elastic
As |l ayer (wherein O<x<l) for said

gal I'ium arseni de single crystal substrate. 3. The sem conductor epitaxial
substrate as clainmed in claim1, characterized in that the gallium arsenide

single
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same manner as in Example {. Many steps having a hetg
of about 11 nm werc observed at irregular intervals in the
direction perpendicular to the <011> direction. :

COMPARATIVE EXAMPLE 4

Crystal growth and evaluation were carried out in the
same manner as in Example 1, except for successively
growing a 2 nm thick Al,,Ga,,As spacer layer, 2 35 nm
thick silicon-doped Alg;Ga,;As electron-donating layer,
and a 5 nm thick Si-doped GaAs layer on the InGaAs layer

and using a substrate whose plane azimuth was slanted from

the {100} plane to the <110> direction at an angle of 2°.

As a result of evaluation, steps having a height of about
3 nm were observed at intervals of about 60 to 80 om in the
direction perpendicular to the <110> direction. The electron
mobility at 77 K was found to be 14400 cm m?/Vs as obtained
by Hall measurement.

COMPARATIVE EXAMPLE 5

Crystal growth and evaluation were carried out in the

same manner as in Comparative Example 4, except for using -

a substrate whose plane azimuth was slanted from the {100}

plane to the <0-1-1> direction at an angle of 2°. As a result,
surface unevenness having a height of about 3 nm was
observed at intervals of about 70 to 90 nm in the direction

.perpendicular to the <0-1-1> direction.

COMPARATIVE EXAMPLE 6
Crystal growth and evaluation were carried out in the

same manner as in Comparative Example 4, except for using :
a substrate whose plane azimuth was slanted from {100}

plane to the <0-1-1> direction at an angle of 2°. Surface
unevenness having a hexght of about 2 nm was observed at
intervals of about S0 nm in the direction perpendlcular to the
<0-11> direction.

COMPARATIVE EXAMPLE 7

Crystal gmwth and evaluation were carried out in the
same manner as in Comparative Example 4, except for using
a substrate whose plane azimnth was slanted from the {100}
plane to the <110> direction at an angle of 5° Surface
unevenness haviiig a height of about 5 nm was observed at
intervals of 200 to 400 nm in the direction perpendicular to
the <110> direction.

The electron mobility at 77 K was 2900 cm®/Vs.



crystal—subst+ate crystallographic plane azinmuth is slanted fromthe
crys | L ographi ¢ plane azinmuth of the {100} plane in the <0-11> direction.
AThE

Be@g Replacansi st or, wherein a channel |ayer of said field efect
@ an In[err]Ga([err])As | ayer (wherein O<x<l) of a

trans
sem c(lmﬁm I al substrate, wherein said Inferr]Ga([err])As |ayer

(wherei n 0<x<l1 ornmed by chem cal vapor deposition epitaxial growh on
a gallium arsenide single crystal substrage. having a crystallographic plane
azimuth slanted fromthat of one of {100} planes at an

According to the present invention, the InGaAs layer-
containing epitaxial layer formed on a GaAs substrate has
reduced microscopic unevenpess on the InGaAs layer
thereof and reduced variation in thickness of the InGaAs
layer thereof. Therefore, application of the epitaxial sub-
strate of the present invention to various electronic devices
brings about considerable improvements of device charac-
teristics.

For example, the epitaxial substrate of the present inven-
tion, when used in a field effect transistor in which an
In Ga(l_,,As layer (0<x<1) serves as a channel layer, pro-

vides HEMT with excellent performance and free from
reductions in characteristics due to unevenness of the chan-
nel layer. Where the epitaxial substrate of the present
invention is used for semiconductor lasers with the In/
xAs layer (O<x<1) serving as an active layer, sansfactory
oscillation characteristics with no scatter of oscillation
wavelength can be obtained.

Further, since an epitaxial layer having excellent charac-
teristics can be formed even by MOCVD, the excellent
productivity of MOCVD can be taken advantage of in
production of the above-described devices at low cost. The
present invention thus has a considerable industrial signifi-
cance.

While the invention has been described in detail and with
reference to specific examples thereof, it will be apparent to
one skilled in the art that various changes and modifications

" can be made therein without departing from the spirit and
scope thereof.

What is claimed is:

1. A semiconductor epitaxial substrate having an In LGa; .
0As layer (wherem 0<x<1), wherein said In,Ga;_,As layer
(wherein O<x<1) is formed by chemical vapor deposition
epitaxial growth on a gallium arsenide single crystal sub-
strate having a crystallographic plane azimuth slanted from
that of one of {100} planes at an angle of about 0.05° to 0.6°.

2. The semiconductor cpitaxial substrate as claimed in
claim 1, characterized in that the composition and thickness
of the InGa,,_ ,As layer (wherein O<x<1) are within an
elastic dcformauon Iimit of said In Gau_,,)As layer (wherein
0<x<1) for said gallium arsenide single crystal substrate.

3. The semiconductor epitaxial substrate as claimed in
claim 1, characterized in that the gallium arsenide single
crystal substrate crystallographic plane azimuth is slanted

REPLACEMENT SHEET. from the crystallographic plane azimuth of the {100} plane

in the <0-11> direction. —_—
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angl e of about 0.05[err] to O.6[err]. S. The field effect transistor as
claimed in claim4, wherein the conposition and thickness of the
InfefrJGa([err])As layer (wherein 0<x<l) are within an el astic deformation
li mt 7R sisaiiths Beh&eplde@h err] As | ayer (wherein O<x<l) for said gallium

al substrate. 6. A sem conductor |aser, wherein an

ar seni
active .
| ayer ( n x<l) of a sem conductor epitaxial substrate, wherein said

sem conductor | aser conprises an In[err]Ga([err]), As

Inferr]Ga([err] )As layer (wherein O<x<l);g s forned

4. A field effect transistor, wherein a channel layer of said
field effect transistor comprises an InGag ,As layer
(wherein O<x<1) of a semiconductor epitaxial substrate,
wherein said In,Ga,, ,As layer (wherein O<x<!) is formed
by chemical vapor deposition epitaxial growth on a gallium
arsenide single crystal substrate having a crystallographic
plane azimuth slanted from that of one of {100} planes at an
angle of about 0.05° to 0.6°.

5. The field effect transistor as claimed in claim'4, wherein
the composition and thickness of the In,Ga,. ,As layer
(wherein 0<x<1) are within an elastic deformation limit of
said In,Ga,,.,,As layer (wherein O<x<1) for said gallium
arsenide single crystal substrate.

6. A semiconductor laser, wherein an active layer of said
semiconductor laser comprises an InGa, ,As layer
(wherein O<x<1) of a semiconductor epitaxial substrate,

wherein said In,Ga;_,As layer (wherein O<x<I) is formed

by chemical vapor deposition epitaxial growth on a gallium
arsenide single crystal substrate having a crystallographic

plane azimuth slanted from that of one of {100} pianes at an.

angle of about 0.05° to 0.6°.

7. The semiconductor laser as claimed in claim 6, wherein-

the composition and thickness of the In,Ga, ,,As layer
(wherein O<x<1) are within an elastic deformation limit of
said In.Ga,_,As layer (wherein O<x<1) for said gallium

‘arsenide single crystal substrate.
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by chem cal vapor deposition epitaxial growh on a galliumarsenide single
crystal substrate having a crystall ographi ¢ plane azinmuth slanted fromthat
of one of {100} planes at an angle of about 0.05[err] to O0.6[err]. 7. The
sem conductor |aser as clained in claim®6, wherein the conposition and
thickness of the In[err]Ga[err])As |layer (wherein O<x<l) are within an
elastic deformation limt of said In[err]Ga([err])As |ayer (wherein 0<x<1l)

for said gallium arsenide single crystqllsgbstrate.
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According to the present invention, the InGaAs layer-
containing epitaxial layer formed on 2 GaAs substrate has
reduced microscopic unevenness on the InGaAs layer
thereof and reduced variation in thickness of the InGaAs
layer thereof. Therefore, apphcauon of the epitaxial sub-
strate of the present invention to various efectronic devices
brings about considerable improvements of device charac-
teristics.

For example, the epitaxial substrate of the prescnt inven-’

tion, when used in a field effect transistor in which an
In.Ga,, ,,As layer (0<x<1) serves as a channe! layer, pro-
vides with excellent performance and free from
reductions in characteristics due to unevenness of the chan-
nel layer. Where the epitaxial substrate of the present
invention is used for semiconductor lasers with the In.Ga,,.
=»As layer (O<x<1) serving as an active layer, satisfactory
oscillation characteristics with no scatter of oscillation
wavelength can be obtained.

Further, since an epitaxial layer having excellent charac-
teristics can be formed even by MOCYVD, the excellent
productivity of MOCVD can be taken advantage of in
production of the above-described devices at low cost. The
present invention thus has a considerable industrial signifi-
cance.

While the invention has been described in detail and with
refereace to specific examples thereof, it will be apparent to
one skilled in the art that various changes and modifications
" can be made therein without depamng from the spirit and
scope thereof.
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What is claimed is:

1. A semiconductor epitaxial substrate having an In,Ga,_
0As layer (wherein O<x<1), wherein said In;Ga,,_,,As layer
(wherein O<x<1) is formed by chemical vapor deposition
epitaxial growth on a gallium arsenide single crystal sub-
strate having a crystallographic plane azimuth slanted from
that of one of {100} planes at an angle of about 0.05° to 0.6°.

2. The semiconductor epitaxial substrate as claimed in
claim 1, characterized in that the composition and thickness
of the In,Ga,, . ,As layer (wherein O<x<1) aré within an
clastic deformation limit of said In Ga,,_,,As layer (wherein
O<x<1) for said gallium arsenide single crystal substrate.

3. The semiconductor epitaxial substrate as claimed in
claim 1, characterized in that the gallium arsenide single
crystal substrate crystallographic plane azimuth is slanted
from the crystallographic plane azimuth of the {100} plane
in the <0-11> direction.

4. A field effect transistor, wherein a channel layer of said
field effect transistor comprises an InGag.,As layer
(wherein 0<x<1) of a semiconductor epitaxial §ubstrate.
wherein said In Ga,_,)As layer (wherein 0<x<l1) is formed
by chemical vapor deposition epitaxial growth on a galhut.n
arsenide single crystal substrate having a crystallographic
plane azimuth slanted from that of one of {100} planes at an
angle of about 0.05° to 0.6°. . .

5. The field effect transistor as claimed in claim'4, wherein
the composition and thickness of the In.Ga,.,As layer
(wherein O<x<1) are within an elastic deformaﬁ?n lum: of
said In.Ga,;.,As layer (wherein O<x<1) for said gallium
arsenide single crystal substrate. .

6. A semiconductor laser, wherein an active layer of said
semiconductor laser comprises an In Ga,.,As layer
(wherein O<x<1) of a semiconductor epitaxial §ubstIatC._
wherein said In,Ga; ,As layer (wherein O<x<1) is formed
by chemical vapor deposition epitaxial growth on a galhugn
arsenide single crystal substrate having a crystallographic
plane azimuth slanted from that of one of {100} planes at an.
angle of about 0.05° to 0.6°. L

7. The semiconductor laser as claimed in claim 6, wherein
the composition and thickness of the In.Ga,_,As layer
(wherein O<x<1) are within an elastic deformation hrmt of
said In Ga,, ,As layer (wherein O<x<1) for said gallium

arsenide single crystal substrate. REPL ACEMENY SHEET
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ABSTRACT

EPITAXIAL INGA, x,AS HAVING A
SLANTED CRYSTALLOGRAPHIC PLANE

AZIMUTH

A semiconductor epitaxial substrate, characterized in that a
crystal is formed by epitaxial growth on a gallium arsenide
single crystal substrate whose crystallographic plane azi-
muth is slanted from that of one of {100} planes at an angle
of not more than 1°, that at least part of the epitaxial crystal
is an In,Ga,.,As crystal (wherein O<x<1), and that. the
epitaxial growth is carried out by chemical vapor deposition.
Since the InGa,.,As layer has reduced microscopic
unevenness and reduced variation in thickness, the epitaxial
substrate of the present invention can be used as a channel
layer of a field effect transistor or as an active layer of a
semiconductor laser to endow these devices with excellent
_characteristics. | '
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