VII. CONCLUSIONS

In this work SiC was grown on Si and 6H-SiC substrates by
CVD method. 3C-SiC was grown by a combination of carbonization
and CVD growth on Si substrates. The following conclusions
concerning crystal growth of 3C-SiC were obtained.

1)In RHEED observation carbonized layers on Si(100) showed a
spot pattern of single crystalline 3C-SiC. However, extra spots
and streaks due to crystal defects were observed, which were
probably due to lattice mismatch between Si and 3C-SiC. The
grown layer showed an improvement of crystallinity due to
increase of the film thickness in a few characterization methods.

2) Cubic SiC was grown on Si(100), (111), (110) and (211)
faces. Single crystals were obtained on (100) and (111)
substrates. However, single crystal growth of SiC nonpolar
surfaces such as (110) and (211) was unsuccessful, which was
considered to be due to the formation of the first grown C layef
by carbonization in spite that the layer should consist of both C
and Si atoms.

3)The layers grown on Si(100) well oriented substrates
contained antiphase domains. The origin of the antiphase domains
was considered to have the close relationship with the surface
step height. Growth on spherically polished (100) substrates was
carried out, and introduction of off orientation towards (011)
was found to be effective for elimination of antiphase domains.
Antiphase-domains free layers grown on Si(100) off substrates
showed electrical anisotropy.

About impurity doping and device fabrication of 3C-SiC on Si
the following conclusions were obtained.

4) To obtain p-type conduction B and Al were doped during
growth using B,Hg and organic Al, respectively. The B-doped layer
showed high resistive p-type conduction. The maximum resistivity
obtained was 8x103Qcm. By Al-doping the hole concentration was
3

controlled in the range of 3x1016—221017cm” A typical hole

mobility in the Al-doped layer was 30cm2/Vs. Too much doping by
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both dopants resulted in rough surfaces. Organic Al worked as a
dopant and a carbon source simultaneously.

5)Ion implantation of donors of P* ansz+ was carried out into
the p-type layers. The annealing temperature dependence of
electrical characteristics was investigated. Electrical
activation increased monotonously as annealing temperature became
higher. N2+ implanted layers showed larger electrical activation
than P* implanted layers. Capacitance-voltage characteristics of
the p-n junction diodes fabricated using ion implantation
technique showed that the diodes had a p-i-n structure.

6)Inversion-type MOSFET's of cubic SiC were fabricated.
Antiphase-domains free layers grown on Si(100) off substrates
were used. A gate oxide of Si0, was formed by thermal oxidation.
Source and drain were formed by ion implantation of P* into the
B-doped p-layer. Inversion mode operation was confirmed for the
first time. Current-voltage characteristics of the FET's showed a
tendency of saturation.

By the investigation of growth on 6H-SiC, the following
conclusions were obtained. v

7) Crystals of SiC were grown on 6H-SiC(0001)Si faces at 1350-
1500°C by CVD method. In this temperature region, 3C-SiC twin
crystals were grown on a natural face. However, 6H-SiC was grown
at 1400-1500°C by the introduction of off orientation into
substrates. This temperature is 300-400°C lower than ordinary
growth temperatures of around 1800°C. The change in polytypes by
off orientation of substrates was explained in relation to the
surface step density. At 1350°C twin crystals of 3C-SiC were
grown both on natural faces and off substrates.

8) P-n junction diodes of 6H-SiC were fabricated at 1500°C by
CVD growth. The diodes showed good rectification. A breakdown
electric field of 2.4x106v/cm was achieved in the junction. This
fact indicates that the crystallinity of 6H-SiC grown at low
temperatures is comparable to that grown at high temperatures.
The diodes showed blue-light emission in the forward bias
region.

Finally for further investigation some suggestions are given
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as follows. Layers grown on Si are considered to remain a problem
of lattice mismatch. To solve the problems an innovation is
necessary for the growth method. One considerable way is to
utilize the grown layer as a substrate for the next growth. For
the second growth method, sublimation, LPE and CVD at higher
temperatures are hopeful. By sublimation method high growth rate
and growth of ingots are expected. Very thick grown layers may
not inherit the influence of lattice mismatch. LPE growth at
equilibrium may have a possibility of the improvement of
crystallinity. CVD growth at temperatures over the melting point
of Si will give rise to variation in the mechanism of crystal
growth, which was observed for the growth on 6H-SiC. Preliminary
trials of some of these methods are already started(1,2].

Excellent results were obtained as a preliminary trial
concerning homoepitaxial growth of 6H-SiC in this work. However,
easily obtainable substrates are still far from satisfactory.
Uniformity in shapes, sizes, impurities and crystallinity should
be improved for a systematic investigation.

Reproducibility in electrical properties is not good under
the present technique. Undoped carrier concentration sometimes
changes unintentionally. For device application an improvement of
this point is necessary. To raise the level of CVD growth
technique, every part used around the gas system and the reaction
tube should be reconsidered whether their qualities are adequate
or not. Especially, since a susceptor, its quartz holder and a
quartz reaction tube are heated during growth, they are likely to
supply impurities. Their materials and how to handle them should
be important problems.
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APPENDIX: Electron diffraction patterns

In order to obtain theoretical patterns of electron
diffraction, three factors such as the reciprocal lattice,
structure factor and double diffraction should be taken into
account. They are explained in order below.

All polytypes of SiC can be treated using hexagonal-type
primitive cells. Usually Millar-Bravais indices such as (hkil)
and (hk-l)*) are used to identify lattice planes of SiC, because
this notation explicitly expresses symmetrical relationships
between various faces in a hexagonal lattice. However, this
notation is not benefit for vector calculation. Therefore,
concerning diffraction Miller indices such as (hkl) are mainly
used in this thesis. Though Miller indices for a cubic lattice
are more popular for 3C-SiC, here all polytypes are treated as
hexagonal lattices to keep generality of discussion. Readers
should take care to avoid confusion due to interminglement of
these notations. ' '

*) Here, i must be equal to -(h+k)[1]. Therefore, i can be
omitted and substituted by a dot. It must be remembered that
(hk+1l) is equal to (hkil) and not equal to (hkl).

(i) Reciprocal lattice of SiC

A primitive cell of SiC is defined by primitive vectors of
a;, ap and a3 shown in Fig.1. SiC consists of repetition of
tetrahedrons shown in Fig.2. The length of edges of the
tetrahedron is equal to |aq| and |a,| and its height is equal to
|as|/n. Therefore, |a1|=|a2|=[a3]/(nv€/3)=a0=3.083. n is a number
of layers in the repeat distance of a primitive cell in the [001]
direction. The <001> direction is a so-called c-axis direction.

a,, ap and a3 are expressed as follows:

cos30° cos150° 0
a,= an|sin30°| , a-= ap|sinl150°] , a.= a 0 . (1)
1 0 2 0 3 0
0 0 nv6/3

-142-



lag |=|a;]=3.083
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Fig.l Primitive cell of SiC. Fig.2 Tetrahedron component of
SiC crystals,
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Fig.3 Orientations of reciprocal
vectors, lattice directions and
lattice planes.
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Fig.4 Positions of atoms in 4-,
B- and C-layers.
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The axis vectors by, b, and by of the reciprocal lattice are
given as follows{2]:
by= (2ﬂ/V)a2X83 ,
by= (2m/V)az*aqy » (2)
by= (2m/V)a xay
where V=aq-ajyXajy .
Therefore, the axis vectors of the reciprocal lattice for SiC are

obtained as follows:

cos60°\ . i [cos120° 0
b1= bO Sin60° Ty b2= bo Sin120° ’ b3= bo 0 ’ (3)
0 0 3y2/4n

where by=(4m/3/3)aq) .
In the real space the angle between a; and a; was 120°, however,
in the reciprocal space the angle between b, and b, is 60°. A
reciprocal lattice vector Gp, ; is defined as follows:

th1= hb1 + kb2 + 1b3 (h,k,1: integers) . (4)
Gpr1 is perpendicular to (hkl) and 2n/|th1| is equal to lattice
spacing of (hkl). Figure 3 shows relatioships concerning
orientations among the reciprocal lattice vectors, lattice
directions expressed by Mirror indices and lattice planes
expressed by Mirror-Bravais indices. (hk1l) is perpendicular to
Ghr1 and omitted in Fig.3. (hkl) is not perpendicular to [hkl].
{ZETO}and{10?0}planesaredrawnlnralargeandSmallhexagons,
respectively. In the case of Mirror-Bravais indices {2??0} and
{10?0} planes are perpendicular to <2110> and <1010> directions.

(ii) Structural factor

The condition of diffraction is given as follows using the
wave vector k of an incident beam(|k|=2m/A, A: wave length of the
incident beam){2]:

2k+Gp ;=6 (5)
where G is |Gy, ;|. However, even if G,,; satisfies this equation,
sometimes diffraction cannot be observed. For example,
diffraction due to Si(100) and (200) is not observed in the case

of X-ray diffraction. Such phenomena are explained. by the
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structure factor. The structure factor S is given as [2]
S(thl)=Zj:fjexp(—Zni(hxj+kyj+lzj)) s (6)

Tj= X381 + yzay + zzaz . ' (7)
where T is the vector to the center of atom j in a primitive
cell and f; atomic form factor. The atomic form factor is common

to the atois of a kind. Scattering intensity is proportional to
S'S*. When S=0, diffraction is not observed.

The structure factor of SiC is obtained by the procedure
explained below. Structures of all polytypes of SiC are
identified by stacking sequences of layers in <001> direction as
explained in Chapter I. For example, 3C and 6H-SiC have the
staking sequences of ABC and ABCACB. The primitive cell of SiC
contains n Si atoms and n C atoms. The positions of atoms in the
primitive cell are expressed utilizing the stacking sequence.
Locations of atoms in each layer are shown in Figs.4(a)-(c). Each
Si atom locates |a3/4n| away from the nearest C atom belonging
to the same layer as shown in Fig.2. When a Si atom locates at
the origin and belong to A-layer the structure factor S is given
for all polytypes as follows:

n-1
S= (fSi+exp(—2ni/4n)fC)~Zexp(-Zni(gj+i1/n)) y  (8)
Jj=0
gj(A—layer)=0. gj(B—layer)=(-h+k)/3. gj(C—layer)=(h—k)/3 . (9)
Where fg; and f~ are the atomic form factors for Si and C. (fgi+
exp(—2ni/4n)fc) will not be zero for any Gp,; and the next
formula can be used to obtain Gy, ; which makes S be zero.
n-~1
S'=Zexp(—2ni(gj+il/n)) R (10)
j=0
For example S' of 2H-SiC whose stacking order is AB is explicitly
expressed as follows:

S'2H=1+exp(-2ni(-h+k)/3)-exp(—nil) . (11)

If 1 is an odd number and (-h+k) is a multiple of 3, S' and S
will be zero. )
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(iii) Prediction of diffraction pattern

When Gp,; satisfies eq.(5) and S'"(Gpp1)#0, diffraction is
observed as a spot on a screen. In order to obtain reciprocal
vectors which satisfy eq.(5), the construction due to Ewald[3] is
convenient. So-called the Ewald sphere of |k| in a radius which
contact with the origin of reciprocal space is drawn. Reciprocal
lattice points which contact with the Ewald sphere give rise to
diffraction. In the case of electron diffraction, a radius of
the Ewald sphere is much larger than the axis vectors of the
reciprocal lattice. Therefore, nearby the origin, the Ewald
sphere is approximated by a plane normal to the incident beam.
The reciprocal points which contact with the plane are given
using two reciprocal vectors which are not parallel to each other
and perpendicular to the incident beam. A map of these
reciprocal points appears as diffraction pattern on a screen.

In the case of RHEED observation of S$iC(0001), 0001 is
always perpendicular to the incident azimuth. Another vector
which is perpendicular to the incidenf azimuth is achieved by
referring Fig.3. For examples, Gpqg and Gi3, are perpendicular
to [100] and [210} azimuths, respectively. A [100] azimuth RHEED
pattern of 2H-5iC(0001) is drawn as follows. Ggqg and Gggq are
perpendicular to [100] azimuth. Grid points given by
m1Gy10+t22G001 (mqsmy: integer) represent a observable pattern.
These two vectors are perpendicular to each other and
160101/ 164011=1.89 based on egs.(3) and (4)*). Therefore, the
pattern is drawn and indices are given to each point as shown in
Fig.5. In the case of RHEED observation, spots given by negative
values of m, cannot be observed shaded by a specimen. A spot due
to thl which makes S'(thl) zero 1is drawn by an white circle
and others are drawn by solid circles. However, spots indicated
by white circles are actually observed because of the double
diffraction(4]. If diffraction due to Gpj p7,77 and Gpo r2,12
takes place, diffraction due to Ghl:hZ,kl:kZ.ll:lZ also takes
place even if S<Gh1:h2,k1:k2,11:12) is equal to zero. Such a
phenomena is called the double diffraction. For example, Gpgpq in
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Fig.5 [1001(or [2110]) azimuth RHEED pattern of 2H-SiC(0001).
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Fig. 6 [100] azimuth pattern of 3C-SiC(0001). This expression is
equal to "{011] azimuth pattern of 3C-SiC(111)" for cubic
notation. Indicies for hexagonal and cubic notations are written
in normal and bold-faced characters.
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Fig.5 is synthesized by Gqqg and Gq1q91-

In the discussion above, all polytypes of SiC are treated as
hexagonal lattices. However, symetrical relationships peculiar to
3C-type cannot be explicitly expressed by this way. For
comparison of notations for a hexagonal and a cubic lattice, A
[100] azimuth pattern of 3C-SiC(0001) (or a [01?] azimuth pattern
of 3C-SiC(111) in cubic notation) is shown in Fig.6. Indices are
given by the both notations.

*) The lattice spacing dﬁkl of (hkl) faces in heiagonal lattice
is given by following expression.

d "2—(4/3)(h2+hk+k2)/a+12/c2 (a=|aq|=]ay|, c=|as])

hkl  ~ Siaql=iEis 27143 .
|th1| is also calculated utilizing this formula.
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