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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

development. 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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DESCRIPTION
SEMICONDUCTOR EPITAXIAL SUBSTRATE
IECHNICAL FIELD
compound semiconductor comprising a gallium arsenide
epitaxial layer by epitaxial wvapor phase growth.
BACKGROUND ART
semiconductors has been and will be achieving rapid
semiconductor substrate.
have been steadily developed.
crystal substrate by various techniques, such as ion
implantation, diffusion, and epitaxial growth.
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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 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
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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 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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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-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.
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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
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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
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.. 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 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.
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For example, where an HEMT using 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.
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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
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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
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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 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 alcarrier 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 -
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tempefatu:e during the crystal growth usﬁally ranges from
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

—
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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 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 une&enness 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
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layer is formed by epitaxy on a gallium arsenide single
crystal substrate whose crystallographic plane azimuth is
élanted 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
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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
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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-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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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 :—: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,
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satisfactory oscillation characteristics having no scatter 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 107! 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
In°_15Gao..85.As layer were then grown thereon to a thickness of

50 nm and 15 nm, respectively.
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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
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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 és in Example 1 by using
the prepared epitaxial substr;te for general HEMT, comprised
of an n-type AlGaas electron-donating layer having grown

_ thereoﬂ 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 performancg, 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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COMPARATIVE EXAMPLE 3

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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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
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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
]ugGauﬂgAs 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
prsductivity 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.
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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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