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PREFACE

This thesis describes the investigation on the CVD growth
and the characterization of a widegap semiconductor silicon
carbide(SiC) and its application: to:  fundamental electronic
devices. The author investigated these subjects as a graduate
student at Matsunami Laboratory, Department of Electrical
Engineering, Kyoto University. SiC, especially 3C-SiC, is the
most hopeful candidate for the material of electronic devices
which operate under harsh circumstances because of its wide
bandgap and physical and chemical'stability. SiC is, in truth, an
old and well known material. However, dimensions of crystals
obtained by a conventional growth method are too small and some
other problems in crystal growth exist as a barrier to the
investigation as a semiconductor material. Although many
investigators tried to grow 3C-SiC on Si, a large lattice
mismatch of 20% between them prevented successful single crystal
growth. "A carbonized buffer layer" introduced to overcome the
large lattice mismatch by the senior workers of the author opened
the way to use 3C-SiC as a "new" semiconductor material. The
author took over the work to bring up 3C-SiC.

This thesis consists of seven chapters. In Chapter I,
features and properties of SiC and its history are introduced,
and purposes of this investigation are explained. 3C-SiC grown on
a Si substrate is treated in Chapter II to Chapter V. The
crystal growth of 3C-SiC on Si is discussed in Chapter II. The

structure of "

a carbonized buffer layer" and influences exerted
by the 1lattice mismatch were studied. Through the
characterization of the grown layers, a growth technique was
optimized to improve their crystallinity. In Chapter III, the
antiphase disorder which is peculiar to heteroepitaxial growth
and its elimination by the introduction of off-orientation into
substrates are described. Electrical properties of undoped and
doped crystals are mentioned in Chapter IV. Some problems due to
the introduction of off-orientation and doping are also
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discussed. Properties of ion implanted layers were investigated
as a preparation of device fabrication and results are explained
in Chapter V. Successful fabrication of MOSFET's as a compilation
of studies is presented also in Chapter V. In Chapter VI, growth
on 6H-SiC attempted to seek a new direction is mentioned. An
innovation was achieved in homoepitaxial growth of 6H-SiC by the
introduction of off-orientation into the substrate. Chapter VII
summarizes conclusions of this investigation.

New materials must experience many seasons before ripe. SiC
just spent a few seasons as a semiconductor material. The author
hopes that this thesis serves as a seedbed for successors and the

season of good harvest will come around.

Kentaro Shibahara
December 1987
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I. INTRODUCTION

As our ancestors abandoned stones and adopted bronze, human
beings are always seeking new materials to satisfy personal
curiosities and ambitions and social desires. An invention of a
triode vacuum tube in 1906 gave rise to electronics. However,
soon peoples found the limitation of size, reliability and power
of the vacuum tube. After triode action of Ge in 1948[1],
semiconductors, especially Si; have held a leading part of
evolution of industries and our lives. Nowadays, we are living
surrounded by uncountable semiconductor-devices and computer-
aided technology. Needless to say, Si dominates electronics and
semiconductor fields. At the same time, other semiconductors hold
important parts. Now microwave and optical communications are
supported by III-V semiconductor devices. And beside us
CD(compact disk) players which need semiconductor lasers can be
easily found. Even in the field of a super computer which is one
of the symbol of Si technology, a product which uses GaAs
IC's(integrated circuit) for its CPU(central processing unit) is
announced to ship in 1989[2].

However, still there are many fields where new materials are
expected to satisfy needs. Wide-bandgap semiconductors are
necessary for high-temperature operation of devices and blue
light-emitting devices. IV-IV compouna semiconductor SiC treated
in this thesis is one of the most hopeful candidates for such
uses, o ’

SiC is well known as an example of polytypism. Structure of
every polytype of SiC is described by stacking sequence in the
[0001] direction*). Atoms occupy one site out of three in the
close packed structure. Three sites of A, B and C have the
relative arrangement shown in Fig.1. Stacking sequences and
bandgaps of popular polytypes are listed in Table 1. Each
polytype is described by a number of layers in the repeat
distance of a primitive cell and three types of crystal

structures. The crystal structures are expressed by H for

*): See notes at P.7.
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Fig.l Atom position in close-
packed layers.

polytype stacking - exciton
sequence bandgap(eV)

2H(wurtzite) AB 3.330

3C(zinc blende) | ABC 2.390

4H ABAC 3.265

6H ABCACB - 3.023

15R ABCACBCABACABCB 2.986

Table 1 Stacking sequences and bandgaps of popular polytypes.



Fig.2 Crystal structures of (a)2H-, (b)3C-, (c)4H- and (d)6H-
types.
band Eg u Vg E} A lattice crystal
structure] (eV) (an/Vs) (cm/s) | (V/cm) | (W/cm®C) constant(ﬂ) structure
3C-sic 1 2.4) 1000 [2.7x107] - - 4.36 7B
en-sic| I 3.1 600 | 2q0?| 5x108] 5.0 | ay=3.09 6H
C0=15.1
si 1 1.12] 1500 ax107| 2x10°| 1.5 5.43 DI
GaAs D 1.42| 8500 2x107] 3x109| 0.5 5.65 ZB

I:indirect D:direct
vg:saturated electron drift velocity

Eg:energy gap u:electron mobility at 300K
Ep:break down field

A:thermal conductivity at 300K ZB:zinc blende DI:diamond

Table 2 Physical properties of 3C-SiC, 6H-SiC, Si and GaAs.




hexagonal, R. for.rhombohedral and C for cubic. 3C-type is the
only cubic structure. Generally its structﬁfebis known as a zinc-
blende structure. 3é—SiC is often called B-SiC and others are
called a~-SiC. The structures of 2H-, 3C-, 4H- and 6H-SiC are
shown in Figs.2(af—(df. There are many polytypes. except for those
shown here. As far as. the author knows, the longest repeat
distance of a primitive cell corresponds to 594 layers(3]. Off
course usually, easily obtainable several polytypes are used and
investigated. In this thesis the most popular two polytypes of
3C- and 6H-types are mainly treated.

Physical properties' of 3C-SiC, 6H-SiC, Si and GalAs are
listed in Table 2[57111. As mentioned above both 3C- and 6H-SiC
are expected as materials for electronic devices which operate
under harsh (high temperature and high radiation) circumstances.
3C-8iC has high electron mobility of 1000cm2/Vs[5] in spite of
its wide bandgap of 2.4eV. Therefore, potentiality for active
devices of 3C-SiC is superior to that of 6H-SiC. SiC has higher
thermal conductivity[6], higher saturated electron drift
velocity(7,8] and higher breakdown electric field[9] than Si and
GaAs as listed in Table 2. These features are desirable for high-
power microwave electronic devices such as IMPATT(impact
ionization avalanche transit time) diodes. 6H-SiC is also a
promising material  for blue LED's(light-emitting diode) in spite
of its indirect bandgap structure. Because both p and n-type
conduction are easily obtained for SiC different from other wide-
bandgap semiconductors.

«After‘an inQention of synthesizing method by Acheson' in
1892, SiC has been utilized in industry. SiC is very hard and it
is well known as polishing powder named carborundum. SiC is very
stable even.at high temperature,.and it is also used as a heat-
resistant material and a heater. Recently its ceramics ié used as
package for VLSI. Because its cerami¢s.simultqneouély can realize
high thermal conductance, high resistivity and the same thermal
expansion coefficient as Si[12]. FRM(fiber-reinforced metal)
using SiC whisker is utilized for a cylinder of a motorcycle

engine. Composite materials using fiber and whisker of SiC are



actively investigated for the aerospace industry.

By the Acheson method 6H-SiC is mainly obtained. Therefore,
6H-SiC was used in industry and sometimes it was investigated as
a semiconductor material. In 1907[13] and 1923[14]
electroluminescence was reported. SiC was used as a crystal
detector at the time. And utilizations for a varistor and a surge
absorber are known. However, investigation for other electronic
devices was difficult. Because crystals obtained by the Acheson
method were not adequate for electronics use. In the Acheson
method, SiC is synthesized in an electric furnace using silica,
carbon and some additional sources. Such crystals usually contain
many impurities and they are small and irregqular in shapes.
Usually usable area for the investigation is smaller than 1cm2.
In 1955, Lely invented a growth method of pure crystals utilizing
sublimation[15]. By this method 6H-SiC was mainly obtained. This
innovation motivated investigation for ingot growth of 6H-SiC and
its electronic devices. Since in the Lely method nucleation for
crystal growth takes place randomly, the problems of size and
shapes were not solved. Based on the Lely method some
modification was carried out. By the introduction of a seed
crystal, growth of large crystals became possible[16,17].
Recently growth of 6H-SiC ingots which were 30mm in diameter and
13mm in height was reported[18]. However, the technology of ingot
growth still stays at research level.

Epitaxial growth technique was utilized to fabricate
electronic devices of 6H-SiC. By sublimation technique impurity
control of thin layers is difficult. And diffusion technique is
hard to apply for device fabrication because of very low
diffusion coefficient of impurities in SiC[19). Fabrication of
blue LED's with 6H-SiC was investigated by CVD(chemical vapor
deposition)[20,22] and LPE(liquid phase epitaxy)[21,22] methods.
Recently investigation continues to achieve higher efficiency
using the LPE method[23] in the aim of marketing. P-n junction
diodes[7,9], FET's(field effect transistor)[19] and bipolar
transistors(24) were fabricated to investigate properties of 6H-

SiC as semiconductor materials and potentiality of high-



temperature use. However, recently investigation for such purpose
is not active. Difficulty in preparation of substrates with good
quality and high epitaxial-growth temperature are probably main
reasons. Typical growth-temperatures are higher than 1650°C and
1800°C for LPE and CVD, respectively. Success of growth of 3C-SiC
on Si is also a reason.

In the case of 3C-SiC, crystals are obtained by sublimation
and solution growth methods. However, such crystals are too small
for investigation as electronic materials. Typical area usable
for investigation is smaller than several mmz. Rising of trend
for investigation began in 1980's by the success of
heteroepitaxial growth of 3C-SiC on Si[25] by Nishino, Matsunami
and co-wokers. They were members of the laboratory where now the
author belongs. 3C-SiC is considered to be stable at 1lower
temperatures(<1600°C) compared with other polytypes. Therefore,
heteroepitaxial growth of 3C-SiC by CVD has been attempted by
many investigators([26]. Si is the most popular substrate for
heteroepitaxial growth of 3C-SiC. Since Si wafers are cheap and
they have controlled high quality. However, lattice mismatch
between Si and SiC reaches 20% and reproducible growth of thick
single crystals was impossible. To overcome the large lattice
mismatch, Matsunami et al.[27] proposed introduction of an
intermediate thin layer between a substrate and a grown layer
which was called as "a buffer layer'". They tested several
methods to form a buffer layer([27,28] and chose a carbonization
method[25,29]. By carbonization of Si surface wusing C3Hg before
CVD growth, single crystalline SiC was reproducibly obtained.
However, the role of "a buffer layer" is not.clear and
investigation as a semiconductor material just started. Since 3C-
SiC has higher potential for active devices than 6H-SiC and
single crystal with large area is easily obtained by this
method[3d], many groups began to take part in the investigation.

In the former part, features, history and present situation
of SiC were explained. Based on this knowledge the following
subjects are listed as the purpose of this thesis.

To establish growth technique of 3C-SiC on Si,



(1)Characterization of carbonized layers and grown layers;
(2)Optimization of factors concerning crystal growth
are investigated. Based on the results, if necessary,
(3)Improvement of grown layers
is attempted. And to apply 3C-SiC for electronic devices,
(4)Impurity doping;
(5)Fabrication of devices
are attempted. And to seek future of SiC the next subject is
added:
(6)Growth on 6H-SiC(0001) under 1500°C.
CVD growth under 1500°C was not well investigated. This subject
includes two meanings. One is to know whether 6H-SiC(0001) is
usable for a lattice-matched substrate of 3C-SiC or not. The
other is to investigate whether control of polytypes is possible

or not by changing the growth conditions.

*)Note: Usually for 3C-SiC, Miller indices (e.g. (hkl)) for a
cubic lattice are used. However, in chapter VI to treat both 3C-
SiC and 6H-SiC at the same time, hexagonal-lattice Miller-Bravais
indices[4]'are also used. This notation explicitly expresses
symmetrical reiationship between various faces. Popular faces
such as (0001), (2110) and (1010) are idiomatically identified by
this notation. However, to discuss diffraction phenomena of
various polytypes, vector calculation is necessary and Miller
indices for hexagonal lattice is convenient for all polytypes.
In this thesis from chapter II to chapter Vv, faces of 3C-SiC and
Si are identified by Miller indices for cubic lattices. In
chapter VI and APPENDIX, diffraction phenomena are explained by
Miller indices for hexagonal lattices, and Miller-Bravais indices
are used to identify popular faces. Correspondence between these
notations are shown in APPENDIX.
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IX. CVD GROWTH OF 3C-SiC ON Si SUBSTRATES

1. Introduction

In this investigation, 3C-SiC was grown>on Si substrates by
the combination of the carbonization and the CVD growth. First in
this chapter, the apparatus and the procedures for growth are
introduced. Next, the characterization of carbonized layers and
grown layers and the optimization of various conditions
concerning growth are mentioned. The structure of the carbonized
layers is discussed based on the characterization by various
methods. Variations of crystallinity due to flow rates of source
gases and film thickness are described. Through the RHEED
observation of grown layers on various faces of Si substrates, a
model of a carbonization mechanism is brought up. Finally
attempts for lowering of growth temperature using C,H, are also
mentioned. These subjects were investigated with the aim of
obtaining "good crystals" for the fabrication of electronic

devices.

2. CVD apparatus and grdwth procedures

({ CVD apparatus )

Figure 1 shows a schematic diagram of a CVD growth system.
The appearances of a reaction tube and mass-flow-control units
are shown in Figs.2 and 3. The epitaxial growth of 3C-SiC by CVD
was carried out in a horizontally set quartz reaction-tube at
ordinary atmospheric pressure. A cross section of the reaction
tube was a circle of 5cm in diameter and it had a water cooling
jacket. A carrier gas was refined hydorgen(H,) by a purifier and
its typical flow rate and linear velocity were 3 SLM and 5 cm/s,
respectively. Source gases were, hereafter if not specially
annotated, silane(SiH4) and propane(C3H8). Methane(CH4) and

acetylene(C,H,) were also used for carbon sources. Diborane(B,Hg)
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Fig.l Schematic diagram of CVD growth system.
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and organic aluminum were used for doping. Source gases and B2H6
were diluted with H,. The used organic aluminum is liquid at room
temperature and they were introduced by a bubbling method.
Hydrogen chloride(HCl) was used for etching of substrates.

A substrate was put on a graphite susceptor coated with SiC
and they were heated by RF induction. The quality of the coating
affects growth conditions. In Section 4-1 this problem is
mentioned. The appearance of a susceptor set in its quartz holder
is shown in Fig.4. A substrate tempe;ature was decided by
measuring a temperature of a hole formed at the backside of the
susceptor using an optical pyrometer.

The susceptor was inclined at an angle of 10° towards the
upper stream as shown in_Fig.4 in order to improve the uniformity
of film thickness. Figures 5(a) and (b) represent the variation
of film thickness as a function of the distance from the front
edge of a substrate for horizontally set and inclined
susceptors, respectively. The linear velocity of a carrier gas
was increased from 0.85cm/s to 5cm/s in the latter case by the
increase of a flow rate of a Hy carrier gas and a modification of
the susceptor holder. When the susceptor was set horizontally and
linear velocity was low, the film thickness at the front edge was
5 times greater than that at the back edge as shown in Fig.5(a).
The unlformlty of the film thickness was much improved as shown
in Fig.5(b) by the inclination and the increase of the linear
velocity. The combinations of an inclined susceptor and the low
linear velocity or a horizontal susceptor and the high linear
velocity did not give such improvement as shown in Fig.5(b).

These reeults are explained by "a stagnant layer model"
brought up by Everstyen et al.[1]. Around an object in a moving
fluid with low viscosity such as water or the air, there is\é
layer named the boundary layer where the. veloc1ty of the flu1d
gradually decreases and reaches to zero[2] Everstyen et al.
used a simplified model for the boundary layer, namely, the
stagnant layer where the velocity of the fluid is zero and the
temperature of the fluid is constant in order to estimate the

growth rate of a crystal in CVD system. When this model can be
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Fig.4 Susceptor and its quartz holder.
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applied, similar to Fig.5(a), film thickness changes proportional
to the reciprocal of an exponential function of the distance from
the front edge of a sample. Through calculation and experiments
they found that‘the uniformity of the film thickness was improved
by the inclination of substrates and the high linear velocity of
a carrier gas.

In the case of this investigation, the further increase of
the linear velocity to 10cm/sec showed no meaningful improvement
of the uniformity. Therefore, by taking economy into

consideration the linear velocity was fixed to 5cm/sec.

( Growth procedure )

The temperature program of CVD growth procedure is shown in
Fig.6. The crystal growth procedure consists of three processes.
The first process is etching of a Si substrate by HCl gas at
1180°C. The flow rates of HCl and Hy for etching were 10sccm and
1SLM, respectively. The second step is carbonization of the Si
substrate with C3Hg at 1360°C for 2min. The typical flow rate of
C3Hg and H, during carbonization were 1.2sccm and 1SLM,
respectively. The last is CVD growth with SiH, and C3Hg at
1350°C. The typical flow rate of SiH4 and C3Hg was 0.3sccm and
about 0.25sccm, respectively.

3. Carbonized buffer layers
3-1. Characterization of carbonized buffer layers

Figure 7 shows a RHEED pattern of a carbonized layer on
Si(100). When conditions for the carbonization were optimized, a
spot pattern of single crystalline 3C-SiC was obtained. There are
three important parameters for the carbonization. They are time,
temperature and flow rate of C3Hg. If the conditions were far
from the optimized situation, carbonized 1layers were
polycrystalline as shown in Figs.8(a) and (b). The samples whose

RHEED patterns are shown in Figs.8(a) and (b) were prepared
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Fig.6 Temperature program of CVD growth procedures.

Fig.7 <011> azimuth RHEED pattern

of a carbonized layer on
Si(100) under the optimum
condition.

Fig.8 RHEED pattern of a carbonized layers on Si(100) under the
off-optimum condition. (a)Too low flow rate of CjHg. (b) Too
long carbonization time.
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under the conditions of too low C3Hg flow rate and too long
carbonization time[3], respectively. To obtain single-crystalline
grown layers, single—crystalline carbonized buffer layers are
preferable.

A careful observation of Fig. 7 reminds us of the existence
of extra-spots and streaks spreading to <111>*. The extra-spots
and streaks are considered to be originated from the existence of
twinning and stacking faults[4], respectively. There is a large
lattice mismatch of 20% between Si and 3C-5iC, and they have
different thermal expansion coefficients. Therefore, thin grown
layers are considered to contain high-density crystal defects
induced by lattice mismatch and stress due to the difference in
thermal expansion.

As mentioned above, the carbonized layers were confirmed to
be single crystalline by RHEED observation. (In the strict sense,
since twin-spots were slightly observed, they were not single
crystalline. However, to avoid repeated troublesome explanations
hereafter they are called to be simply "single crystalline".
However, the information obtained by RHEED observation was due to
the area just close to the surface of samples. Because, the
incidence angle of electron beams for RHEED observation is very
low and the penetration depth of electron is not deepl[5]). To
discuss the mechanism of carbonization of Si, the information
from the interface should be utilized.

An AES(Auger electron spectroscopy) depth profile of the
carbonized layer on Si(100) is shown in Fig.9. The composition
ratio of Si and C was close to 1.0 in the surface layer of 7nm in
depth. Gradual change in the composition from SiC to Si was
observed in the layer of 22nm in depth under the surface layer of
SiC. Then the total thickness from the surface to the Si
substrate was 29nm. These values were estimated using an etching
rate of 3nm/min. Similar results were obtained for the carbonized
layer on Si(111). Except for 5iC, no crystalline compounds of
SixC1_x(2<1) are known. Therefore, the existence of the layer
where the cbmposition changes gradually is hard to understand.

Figure 10 shows a surface of a carbonized layer observed by a
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Fig.9 Auger electron spectroscopic depth profile of a
buffer layer. An etching rate was about 3nm/min.
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Fig.1l0 Nomarski microphotograph of the surface of a carbonized
buffer layer on Si(100).
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Nomarski microécope. Slight roughness was observed. If this
roughness means that the thickness of SiC was not uniform because
of island growth, there is a possibility that the difference in
the thickness was observed as the gradual change of the
composition around the interface in the depth profile of AES.
Evaluation of the carbonized layer by ellipsometry gave a
thickness of about 13-20nm and a refractive index of 2.7. This
value of the refractive index is close to that of 3C-SiC of
2.64. A simple two-layer model was used to calculate the
thickness and the refractive index of the film. If there are
some intermediate layers, a multilayer model should be
adopted[6].

TEM(transmission electron microscope) observation of the
interface was carried out. A CVD grown layer on (100) with a
thickness of 100nm was used. Figure 11(a) shows an XTEM(cross-
sectional TEM) micrograph of the interface area observed from the
<110> direction. Intervals of observed stripes correspond to the
lattice spacing of (111) faces([7] and the stripes spread along
one of the <111> directions forming an angle of 55° with the
(100) face. Dark and light lines spread along another <111>
direction and form 55° with the (100) face, which means the
existence of plane defects. These plane defects are probably
stacking faults or microtwins. The observed interface between SiC
and Si was very sharp. Since the lattice spacings of the (111)
faces differ in SiC and Si, all the stripes cannot be connected
one by one. The enlarged picture of the interface area is shown
in Fig.11(b). In this picture, one out of 4 or 5 lines of the
stripes is disconnected, at the interface. This interval of
disconnections well agrees with the lattice mismatch of 20%
between Si and 3C-SiC. Therefore, these disconnections indicate
that periodically induced defects are important for lattice-
mismatched epitaxial growth of 3C-SiC on Si(100).

3-2. Epitaxial relationship

Epitaxial relationship of substrates and heteroepitaxially
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Fig.1ll (a)XTEM photograph of a grown layer. (b) Magnified
picture of (a).
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grown layers can be identified utilizing etch pits, cleaving or a
diffraction technique. In this subsection, a direct observation
technique of the epitaxial relationship using electron
diffraction is demonstrated. Electron beam was exposed to the
edge of a sample as shown in Fig.12. The superposition of a
transmission pattern from a substrate and a reflection pattern
from a grown layer or a carbonized layer was obtained. Figs.13(a)
and (b) show obtained patterns of grown layers on Si(100) and
(111) substrates, respectively. Though CVD grown layers were used
to take these patterns, the obtained epitaxial relationship was
the same as that for carbonized layers. A schematic explanation
of Fig.13 is shown in Fig.14. For a (100) substrate in Fig.14(a)
superposition of <100> azimuth patterns of both Si and SiC(100)
was obtained. In the previous sentence the index of a plane was
given only to SiC, because transmission and reflection
diffraction took place for a Si substrate and a SiC grown layer,
respectively. In the case of a (111) substrate <211> azimuth
patterns of Si and SiC(111) were obtained as shown in Fig14.(b).
Conclusively, the following epitaxial relationships are obtained.
For the growth on Si(100):
3C-siC(100)//si(100), 3C-SiC[011)//si[011], and
for the growth on Si(111):
3C-5iC(111)//si(111), 3C-SicC[011])//Si[011]

However, this conclusion does not describe the strict epitaxial
relationship. Because, in spite that for 3C-SiC (111) and (111)
are not equal and for both Si and 3C-SicC [0?1] and [01;] are not
equal, they are not distinqguished here. To obtain the strict

relationship utilization of other techniques may be necessary.

4. Crystallinity of grown layers
4-1. Dependence on Si/C ratio
Surface morphology and crystallinity of the grown layers are

severely affected by the Si/C ratio(atomic ratio of Si and C in
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Fig.12 Electron beam which hits on the edge of a sample gives
rise to both reflection and transmission diffraction.
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Fig.13 RHEED pattern of a SiC grown layer and the simultaneously
obtained TED pattern of a Si substrate. (a) _SiC(100) on
$i(100). <010> azimuth. (b)SiC(111) on Si(111). <211> azimuth.
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Fig.1l4 Schematic explanation of Fig.13. (a)SiC(100) on Si(100)
and (b)SiC(111) on Sd (111},
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Fig.15 Si/C ratio dependence of surface morphology on Si(100).
(a)Si-rich condition, Si/C=0.97, (b)moderate Si/C ratio,
Si/C=0.34 and (c) C-rich condition, Si/C=0.27.
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supplied source gases). Optimum Si/C ratio varies according to
the change of a carbon source, growth temperature, orientations
of substrates and other growth conditions. However, the feature
of variation in surface morphology and crystallinity mentioned
below were common to all cases. Here, examples of the grown
layers on Si substrates oriented 4° off (100) towards (010) are
shown. C3yHg was used for the carbon source and growth temperature
was 1350°C.

The feature of the surface morphology was classified by the
Si/C ratio into three types of Si-rich, moderate Si/C ratio and
C-rich. Examples of the surface morphology are shown in
Figs.15(a)-(c). Under the moderate Si/C ratio(Si/C=0.4)
condition, the surface of the grown layer became flattest. The
surface was very rough and a random shape morphology was observed
for the Si-rich condition (Si/C»>>0.4). For the C-rich condition
(Si/C¢<0.4), many needlelike crystals were observed. When CH,y was
used as the carbon source, a typical moderate Si/C ratio was
about 0.15. o

The crystals grown under the moderate Si/C ratio and the C-
rich conditions gave streak and spot RHEED patterns of single
crystalline 3C-SiC, respectively. Under the Si-rich condition, as
the Si/C ratio became larger, the RHEED pattern gradually changed
to a ring pattern of polycrystals. An example of the RHEED
pattern of such a grown layer and its schematic explanation are
shown in Figs.16(a) and (b), respectively. The polycrystals grown
under the Si-rich condition contain both 3C-SiC and Si.
Crystallization of excessively supplied Si was considered to
obstruct single crystal growth of 3C-SiC. _

The moderate Si/C ratio was severely affected by susceptor
coating. Two types'df'sﬁsceptors were used. One was a graphite
susceptor which was coated in the reaction tube using SiH, and
C3Hg before growth. Hereafter susceptors of this kind ‘are called
in situ-coated sﬁsceptors.»The other was a SiC-coated graphite
susceptor which was produced for epitaxial growth of Si in
factories. The coating of the latter susceptors looks denser by
observation with the naked eyes. When the in situ-coated
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patterns are drawn as shaded bands and spots.
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susceptors were used, the flow rate of C3Hg must be decreased.
Such a result indicates that graphite susceptors with a poor
coating work as a carbon source. Surface morphology of the edge
area was also affected by coating. Irrespective of the quality of
coating, the surface in the edge part was rougher than that in
the middle part. When in situ-coated susceptors were used, the
area of such a part was wider. Carbon or some impurities which
were contained in graphite were considered to affect the surface
morphology. Even for epitaxial growth of Si whose typical growth
temperature 1is lower than 1200°C, the prevention of
contamination from susceptors are very important[8]. Since the
growth temperature for SiC is very high, more solid and durable

coating is demanded.
4-2. Dependence on thickness

In RHEED patterns of carbonized layers streaks due to
stacking faults and twin spots were observed as described in
Section 3-1. In this section, an investigation of the change in
the crystallinity according to the thickness of the grown layers
using RHEED and other‘téchniques are mentioned. The grown layers
on Si(100) were usedvfor the investigation.

Figures 17(@)—(c) show RHEEb patterns of the grown layers
which were 0.15uml'6.9um and.5.4um in’thickness. The incidence
azimuth was <011>'f6r all sampies. As the grown layers became
thicker, RHEED patterns gradually changed ffom-a spot pattern to
a streak pattern. Kikuchi lines and Kikuchi bands were clearly
observed and twin spots and streaks along <111>* disappeared in
the case of-thick grown Iayérs; These changes in RHEED patterns
are considered to indicate the reduction in the crystal defects
which were observéd in the carbonized layer. In other words, the
crystallinity of the grown layer was improved as the film grew.
To confirm the improvement of the crystallinity, channeling and
X-ray diffraction'teéhniques were utilized. The channeling
spectra of Si atoms in the grown layers were obtained with 1MeV

He*. As shown in Fig.18, yields of backscattered ions decreased
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as the film became thicker, which means improvement of
crystallinity. In the case of X-ray diffraction, FWHM(full width
at half maximum) of X-ray rocking curves decreased monotonously
as the film became thicker as shown in Fig.19. These results
obtained by both chanﬁeling and X-ray diffraction methods
supported the improvement of the crystallinity of the grown
layer by the increase of the film thickness.

In Section 3-1 an XTEM photograph of a CVD grown layer with
a thickness of 100nm was shown. Many plane defects were observed
as shown in Fig.11(a). The density of the plane defects was
lower at the surface of the grown layer than at the interface.
Recently Carter et al.[9] reported XTEM observation of 3C-SiC
grown layers with various thicknesses. 3C-SiC was grown on
Si(100) by a similar method to ours. They also obtained similar
conclusions to this investigation. Stacking faults and microtwins
were observed around the interface. They reported that defects
gradually decreased as the film grew and such reduction continued
up to 3-4um.

5. Growth on Si(111), (110) and (211)

In the former sections, mainly the carbonized layers and
the CVD grown layers on Si(100) were treated. In this section,
the carbonized layers and the grown layers on Si(111), (110) and
(211) are compared with those on (100) and the origin of
differences among them are discussed.

RHEED observation of carbonized layers on various Si faces
were carried out. Carbonization temperature and time were 1360°C
and 2min. These values were the same as those for (100). The flow
rate of C3Hg was changed for the optimization of carbonizing
conditions. The carbonized layers on (111) substrates showed a
spot pattérn of single crystalline 3C-SiC as shown in Fig.20(a).
In this RHEED pattern, extra-spots and streaks spreading along
<111>* are observed similar to the carbonized layers on (100).

The carbonized layers on Si(111) were also considered to contain
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crystal defects due to the lattice mismatch or the difference in
thermal expansion. The carbonized layers on (110) and (211)
substrates showed Debye rings due to the existence of
polycrystalline phases as shown in Figs.20(b) and (c). The rings
could not be eliminated in spite of attempts for the optimization
of the flow rate of CjHg.
3C-SiC of about 2um in thickness was grown on Si(111), (110)
and (211) substrates by the combination of the carbonization and
the CVD growth. Si/C ratio was changed to be optimized for each
face. As shown in Fig.21(a) the RHEED pattern for-a (111) face
was a streak pattern. Extra-spots and streaks due to crystal
defects disappeared. Similar to the case of (100) mentioned in
Section 4-2, the crystallinity of the grown layers on (111) was
improved as the film became thicker. In contrast with (100) and
(111), the grown layers on (110) and (211) showed no significant
improVement in the crystallinity due to the increase of the
thickness. As shown in Figs.21(b) and (c), grown layers on the
(110) and’(211) substrates gave extra-spots and Debye-rings in
RHEED patterns. The surfaces of the grown layers on (110) and
(211) substrates were very rough as shown in Figs.22(a) and (b).
The optimization of the Si/C ratio was of no use for improvement
of crystallinity and surface flatness. The crystallinity of the
carbonized layers on (110) and (211) was considered to be too bad
in the'cfystallihity for single crystal growth by subsequent CVD.
As mentioned above, by the carbonization and the subsequent
CVD growth single crystals could bé grown-only on (100) and
(111). Polycrystals were grown on (110) and (211). To ekplain
such a difference, a discussion about the formation of the Si-
SiC interface is necessary. The Si-SiC interface is formed during
the carbonization process. Graul et al. investigated . the
carbonization mechanism using a 14¢ tracer method and concluded
that the growth of 3C-SiC was governed by diffusion of: Si through
the SiC layer and the growth took place at £he surface of the
sample[10]. Based on their conclusion, the initial stage of the
carbonization was assumed to be composed of two steps as follows.

[step 1] Growth of the first layer: Decomposed C3Hg molecules
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Fig.21 RHEED patterns of grown
layers on (a)Si(111), (b)Si(110)
and (c)Si(211).

. 50um | . 50Km |

Fig.22 Nomarski microphotographs of surface morphology of the
grown layers on (a)Si(110) and (b)Si(211).
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adhere to the Si surface, and C atoms of a monoatomic layer
cover the Si surface. [stepié] Spbsequent growth: 3C-SiC grows at
the surface of the carbonized Si substarate consuming out-
diffused Si atoms and gaseous C3Hg.

'The step 1 of this assumption means that the first grown
1ayer‘consists of C atoms only. Figures 23, 24(a) and 24(c) show
the arrangements of the atoms around the ideal Si-SiC interface
for various orientations{ To make the discussion simple, the
large lattice mismatch of about 20% between Si and 3C-SiC is
neglected in Figs.23 and 24. The ideal first grown layer of polar
surfaces such as 3C-SiC(100) and (111) should have only C atoms
as shown in Figs.23(a) and (b). If the first grown layer by the
carbonization consists of C atoms only as assumed above, single
crystalline 3C-SiC can be obtained on (100) and (111) faces by
subsequent layer-by-layer growth in the order of Si, C, Si and
C. On the other hand, in the case of nonpolar surfaces such as
3C-SiC(110) and (211), the first grown layer should be composed
of both C and Si atoms to form the 3C-SiC lattice as shown in
Figs.24(a) and (c). Hence, if the first laYef is a carbon léyef
as assumed, single crystalline 3C-SiC cannot be obtained by the
subsequent growth on (110) and (211) faces. By assuming that the
first grown layer by the carbonization consists of carbon atoms
only, the difference in the crystallinity of the carbonized
layers due to the crystél faces was explained. This assumption is
important_for the discussion of the origin of antiphase domains
in Chapter III. ‘ | )

Thus;ﬁby the combination of carbonization and subsequent CVD
growth single cryStailiﬁe 3C-SiC was obtained on Si(100) and
(111) SuBstrates. However, problems remain in the grown layers on
these subst:atés.fFor (100f antiphase domains and for (111)
warp and’sracksﬁare"major problems. Concerning the elimination of
antiphase_gdmafhs; discussion is carried out in the next chapter.
Crécks?;hd;warp;for (111) are’seyéré?broblems for device
application. An example of cracks is shown in Fig.25. The cracks
were not observed“during the grown layers were thinnef'than 10um.

While the grown layers were thin, the warp or wavy surfaces were
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Fig.24 Atomic arrangements of interfaces between Si and SiC.
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(d)si(211).
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Fig.25 Cracks observed on a grown layer on Si(111).

| 1001m |

Fig.26 Slip lines observed on a grown layer on Si(100).
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observed. There are two considerable origins of the warp such as
the lattice mismatch and the difference in the thermal expansion
coefficient. Suzuki[11] reported that the warp can be observed
during growth. Hence, the main factor which gives rise to the
warp and cracks are considered to be stress due to the difference
in lattice constants. While the film is thin enough, the stress
results in the warp. And when the thickness exceeds a certain
limit, the stress gives rise to cracks.

6. Attempt for low temperature growth

In this section a trial to reduce growth temperature is
mentioned. The ordinary growth temperature of 3C-SiC on Si
substrates is 1350°C. This temperature is rather higher than
process temperatures which are necessary for the fabrication of
practical Si devices. High growth temperatures sometimes give
rise to problems as follows. Contamination from the inside of a
growth system easily takes place. As an example of such
contamination the supply of carbon by the susceptor with poor
coating was mentioned in Section 4-1. Since the growth
temperature is close to 1420°C of the melting point of Si,
deterioration of Si substrates in crystallinity is anticipated.
In truth, slip lines are always observed after the HC1 etching
and the growth. An example of slip lines are shown in Fig.26.
Flexibility in the fabrication process of devices is damaged by
the high growth temperature.

In addition to the problems mentioned above, the diffusion
of impurities due to high process temperature is an important
problem in the case of growth of Si. Therefore, many attempts
~have been carried out to reduce growth temperature of Si. The
selection of source gas is important to reduce the growth
temperature of Si. A typical growth temperature of Si using a
SiCly-H, system is 1150-1250°C. By using SiH,, the growth
temperature was reduced to 950-1050°C[12]. Recently growth at
700°C using SijHg was reported[13]. ’ '
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In this work, growth of 3C-SiC using C,H, as a carbon source
was carried out with the aim of the reduction in growth
temperature. C,H, was diluted with H,. Si(100) well-oriented
substrates were used. The crystal growth procedure was the same
as those mentioned in Section 2. The carbonization temperature
was fixed at 1360°C. The optimization of carbonizing conditions
was carried out by varying the flow rate of C,H,. The growth
temperatures were changed in the range of 1150-1350°C.

First, the growth rate was fixed at about 1.8um/hr and the
growth temperature was reduced. This growth rate was a typical
one for CVD growth using C3Hg at 1350°C. Figure 27 shows the
surface morphology and the RHEED patterns of 3C-SiC grown at
various temperatures. The growth time was 1hr. The Si/C ratio was
optimized at each growth temperature. Single crystalline 3C-sicC
was obtained at 1350°C and 1300°C. The surface morphology was
almost similar to that obtained using C3H8.* In the case of
1250°C twin spots were slightly observed in the RHEED pattern.
When the growth temperature was reduced again, ringlike
spots(1200°C) and complete ring(1100°C) patterns were observed.
In other words, under 1250°C the grown layers contained twinning
or polycrystals. The surface morphology also changed from a
single-crystal-like orderly pattern to a polycrystal-like random
pattern as the growth temperature reduced.

(*A typical surface morphology of 3C-SiC grown with C3Hg on
similar substrates is shown in Section III-2-1.)

As growth temperatures are reduced, surface migration
becomes inactive. In order to make up for the insufficiency of
migration, the growth rate was reduced. The growth time was
prolonged to keep comparable thickness. RHEED patterns of the
grown layers are shown in Fig.28. At 1250°C and 1200°C single
crystals were obtained at growth rates of 0.72um/hr and
0.54um/hr, respectively. Surface morphology changed from one
with a random feature to the similar one obtained at 1350°C. by
the reduction in the growth rate. At 1150°C the growth rate was
reduced to 0.45um/hr. The RHEED pattern of this grown layer in

Fig.28(c) showed an improvement in the crystallinity compared
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Fig.27 Nomarski microphotographs of surface morphology and [011]
azimuth RHEED patterns of 3C-SiC grown using C2H2. Growth
temperatures were (a)l350°C, (b)1300°C, (c)1250°C, (d)1200°C and
(e)1150°C. Growth rate was about 1.8um/hr.
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with Fig.27(e). Debye-rings disappeared and extra-spots were
reduced. However, twin-spots remains slightly. Though
optimization of the Si/C ratio was carried out, twin-spots did
not disappear. Surface morphology in Fig.28(c) still remains a
random feature. Thus, by the reduction in the growth rate single
crystals were obtained at low temperatures of 1250°C and 1200°C.
A further evaluation of the grown layers prepared with C,H,
was carried out. The FWHM of X-ray rocking curves of these grown
layers are shown in Fig.29. When the growth rate was fixed at
about 1.8um/hr, as the growth temperature was reduced, the FWHM
of rocking curves became wider. And by the reduction in the
growth rate, the FWHM became narrower. These resuits agree with
the change in the crystallinity observed by RHEED technique.
However, in spite that the samples grown at 1250°C and 1200°C
showed single crystalline streak patterns by RHEED observation,
their FWHM of X-ray rocking curves were wider than those of the
samples grown at over 1300°C. This fact indicates that the lack
of migration effect due to low growth temperature was not
sufficiently made up for by the reduction in the growth rate.
The characteristics of Au-SiC Schottky barriers were
evaluated using the samples which showed single crystalline
features in RHEED observation. Figure 30 shows an example of the
current-voltage characteristics of the Schottky diodes. The
layers grown at low temperatures showed worse rectification than
those grown at high temperatures. Figure 31 shows a variation of
barrier height(¢bn) and ideal factor n. As the growth temperature
was reduced, the barrier height became lower and ideal factor n
became larger. Such variations are considered to support the
change in the crystallinity due to growth temperature observed as
the change of FWHM of X-ray rocking curves. However, electron
mobility and electron concentration obtained by the van der Pauw
measurement showed no meaningful difference. Electron mobility is
often governed not only by crystallinity but also by ionized
impurity scattering and some‘other scattering mechanisms. Hence,
the temperature debendence of electron mobility should be
investigated to discuss the effects of crystallinity upon the
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electron mobility.

*Note: Recently the conversion of CoHy into CyH, under a H,
ambience in cylinders was found[14]. The same phenomenon was
considered to take place in the used cylinders for this
investigation. Because, the moderate Si/C ratio always varied
after the replacement of the cylinders of CoHy. In other words,
the used carbon source was a mixture of CoHy and CoHy.
Therefore, the Si/C ratio was not discussed in detail in this

section.

7. Summary

Characterization of carbonized layers was carried out. By
RHEED observation the carbonized layers grown under optimized
conditions were found to be single crystalline 3C-SiC. However,
they contained crystal defects such as stacking faults and
twinning. The density of these defects in CVD grown layers was
reduced as the film grew, which was supported by RHEED, X-ray
diffraction, channeling measurement and XTEM.

Single crystal growth of the 3C-SiC polar faces such as
(100) and (111) was successful. However, the growth of nonpolar
faces such as (110) - and (211) was unsuccessful, which was
explained by assuming the first grown layer by the carbonization
to be a carbon layer. The grown layer on (111) has a severe
problem of- cracks and warp. -

Temperature for single-crystal growth could be reduced to
1200°C by the reduction in growth rate. The reduction in the
growth rate was effective to make up for the insufficiency of
migration effect. However, crystals grown at low temperatures
were inferior to those grown at high temperatures in
crystallinity. If further reduction in the growth temperatdre
will be attempted, some innovations which enhance migration may
be necessary. ' ‘

By considering all results mentioned in this section the
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following.factors which are necessary to obtain "good crystals"
are selected. The current best substrate is Si(100). To improve
crystallinity the grown layers had better be thicker than several
microns. The carbonizing condition and the Si/C ratio must be
optimized and the growth should be carried out at 1350°C. The
growth of 3C-SiC on Si for the investigation of the following

chapters was carried out in accordance with this guideline.
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III. GROWTH ON OFF ORIENTED SUBSTRATES

1. Introduction

In this chapter, some attempts to improve grown layers on
Si(100) and (111) by the introduction of off orientation are
mentionéd.

The main interest in the grown layers on (100) is concerned
‘with antiphase domains(APD's). APD's are crystal defects which
are observed in compound crystals. Especially, they are often
observed in a heteroepitaxially grown crystal with a zinc-blende
structure on a (100) face of a crystal with a diamond
structure[1-5]. In the case of a zinc blende crystal like 3C-SiC,
APD's are defined as follows. Zinc-blende structures consist of
two sublattices of a face centered cubic structure. Usually each
sublattice consists of atoms of a kind. When these atoms belong
to the opposite sublattice in the both sides of some boundaries,
the boundaries are called antiphase boundaries(APB's). Domain
structures made by APB's are called APD's. A model of
APD's(APB's) in a zinc blende structure is shown in Fig.1. In a
zinc-blende structure each atom has four bondings with the
nearest atoms of the opposite kind. However, APB's consist of
bondings with atoms of the same kind as shown in Fig.1. When a
crystal containing APD's is observed from [100], [011] direction
in one domain is 90° different from that in a adjoining domain
separated by APB's. In other words, when grown layers on Si(100)
are observed from the upper side, it looks that there are two
phases which are rotated by 90° each other.

APB's in semiconductor materials should be eliminated. In
the case of epitaxial layers of GaAs on Si, APB's work as origins
of lowering of electron mobility[6], roughness of surfaces[6] and
recombination centers{7]. In this chapter, the origin and how to
eliminate APD's in 3C-SiC are discussed based on various
observations. Electrical properties are mentioned in the next

chapter.
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Fig.2 Nomarski microphotograph of typical surface morphology of
the grown layer on a (100) well oriented substrate.
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In Section 4, a fundamental experiment to investigate
effects of the introduction of off orientation into (111)

substrates is mentioned.

2. Antiphase disorder in grown layers on Si(100)
2-1. Observation of antiphase boundaries

APD's were always observed in 3C-SiC grown layers on (100)
well oriented Si substrates. Figure 2 shows a typical surface
morphology of grown layers on (100) well oriented substrates. The
observed texture-like morphology consists of wedge shapes
perpendicularly intersecting each other. Here, the existence of
two phases which have perpendicular relationships should be
noted. As explained above, two phases separated by APB's show a
perpendicular relationship. Therefore, the surface morphology in
Fig.2 is considered to indicate the existence of APD's. Such
morphology was reported in the case of GaP grown layers on
Si(100) which contained APD's.[1].

The existence of APD's in grown layers on (100) well
oriented substrates was inferred by the surface morphology. By
utilizing other techniques the existence of APD's was confirmed
clearly. In this section etching and B-doping methods are
mentioned. APB's were visualized using these methods. The
utilization of a RHEED technique for the identification of the
existence of APD's is.mentioned in Section 2-3.

First, an etching method for the observation of APB's is
introduced. Molten-alkali etching is known to be a good defect-
observation tool for (0001)Si faces of various polytypes of
SiC[8]. However, no one reported whether molten-alkali etching is
useful for the 3C-SiC(100) face or not as far as the author
knows. In this investigation it was confirmed that defects were
observed by molten KOH etching as hollows on the SiC(100)
surface. Figure 3 shows an etched surface by molten KOH at about

600°C. Three types of hollows were observed : A:type-1
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Fig.3 Nomarski microphotograph of the surface of a grown layer
etched by molten KOH on (100) well-oriented substrate. APB's
were observed as random grooves.

Fig.4 Etch pits formed by molten KOH etching. (a)type-1 pits and
(b)type-2 pits.
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pits(Fig.4(a)), B:type-2 pits(Fig.4(b)) and C:random grooves.
Every type-1 pit has a similar figure and type-2 pits have
various aspect ratios. This fact indicates that type-1 and 2 pits
originate from line defects(dislocation) and plane
defects(stacking faults), respectively. Random grooves are
visualized APB's, because the pits are placed perpendicularly
each other in adjoining regions separated by the grooves.

Figures 5(a)-(c) show Nomarski microphotographs of etched
surfaces of grown layers with various thicknesses. APD's became
broader and the concentration of APB's was reduced as a film grew
thicker. Figures 6(a)-(c) indicate a reduction mechanism of
APB's. As the film becomes thicker, APB's spread upward with
lateral movements(Figs.6(a) and (b)). And once two APB's collide,
they connect each other and stop spreading(Fig.6(c)). Thus, APB's
reduce and the area of a single domain becomes broader, as the
film grows.

Thus, APB's were visualized by molten KOH etching. APB's
could be also observed by B-doping during CVD growth. A B-doped
layer was grown after etching by HCl at 1330°C on an undoped
grown layer of 10um thick. The thickness of the B-doped layer was
about 1um. APB's were clearly observed as grooves as shown in
Fig.7. However, the area where grooves were formed was very
narrow and sometimes grooves were not formed. Therefore, the
molten KOH etching method was mainly used for the identification
of the elimination of APD's.

2-2. Elimination of antiphase boundaries

Kroemer et al. indicated two necessary conditions to obtain
an APD-free grown layer with a zinc-blende structure on the (100)
face of a substrate with a diamond structure([2]. The conditions
are the followings.
(A): There is a chemical preference for A-S bonding over B-S
bonding. Where A and B are elements which constitute the zinc
blende grown layer and S is an element of the substrate.

(B): The substrate should not have steps with a mono(or odd
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Fig.5 Nomarski microphotographs
of etched surfaces of grown
layers with various thickness:
(a)1lum, (b)~2um and (c)~6lUm. As
the film grows thicker, the size
of APD's becomes wider.

Fig.6 Model of the reduction
mechanism of APB's. The crystal
is viewed in the  <011>
direction.
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number)-atomic layer height.

The condition (A) means that the first grown layer must
consist of atoms of one kind. As discussed in Chapter II, the
first grown layer formed by the carbonization of Si was
considered to consist of C atoms only. So that, the condition
(A) is satisfied. Hence, if the surface where only steps with a
bi(or even numbers)- atomic layer height is obtained, an APD-free
grbwth is expected as shown in Fig.8(a). However, APD's actually
existed in the grown layer. Steps with a mono-atomic layer height
which existed on the surfaces of etched Si substrates by HCl were
considered to be origins of APB's as shown in Fig.8(b). Some
methods to obtain a Si surface with bi-atomic layer steps are
necessary for an APD-free growth. Modification of the step height
on Si(100) under an ultra high vacuum was observed by LEED and
RHEED[9-11]. The introduction of off orientation into Si(100) or
surface treatment at high temperatures were effective to obtain
bi-atomic layer steps. In this investigation, the elimination of
APD's by the introduction of off orientation was attempted.

The off orientation consists of two important factors of the
direction and the magnitude of an off angle. In order to treat
these two factors at the same time, 3C-SiC was grown on a
spherically‘polished $i(100) substrate. The radius of the
curvature of the spherically polished substrate was 14cm.
Figure 9(a) shows a photograph of the surface of the grown layer
on the spherically polished substrate. Two black crossing lines
were observed. These lines crossed at the (100) pole, and
spread towards the directions which are equivalent to the [011]
direction. The surface on the two black lines was mirrorlike, and
that on the other area was rough. Figures 10(a)-(d) show Nomarski
microphotographs of the surfaces at various points which are
indicated in Fig.9(b). Point A corresponds to the (100) pole. In
other words, the grown layer on point A corresponds to that on
the (100) well-oriented surface. A texture-like morphology which
indicates the existence of APD's was observed as shown in
Fig.10(a). The grown layers on points B1 and B2 correspond to
those on the surfaces oriented 1° and 3° off (100) towards
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Fig.7 SEM microphotograph of the visualized APB's by the growth
of a B-doped layer.

[100]

l o

bi-atomic
layer step

(a) (b)

Fig.8 Model of origin of APD. On the assumption that the first
grown layer consists of C atoms only, (a)steps with bi-atomic
layer height result in APD-free growth. (b) Steps with mono-
atomic layer height result in formation of APB's.

SB=







Fig.10 Nomarski microphotographs of the surfaces at various
points of the grown layer on the spherically polished (100)
substrates. Points A4, Bl, B2 and C are located at (a)(100)
pole, (b)the point inclined at 1° towards (011), (c)the point
inclined at 3° towards (011) and (d) the point inclined at 4°
towards (010).
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(011), respectively. From point A to point B2 the surface
morphology changed gradually. As the magnitude of the off angle
became larger, the wedge-like crystal habit which pointed the
perpendicular direction to the off direction became dominant like
in Fig.10(b). Even when the magnitude of the off angle reached to
1°, antiphase domains were still observed like small
islands(Fig.10(b)). Beyond 2° of the magnitude of the off angle,
antiphase domains were not observed as shown in Fig.10(C). Up to
5° the single-domain area was observed. Beyond 5° the existence
of antiphase domains was not clear because of surface roughness
which was brought about by the disturbance of gas flow due to
the thick and curved substrate. Off orientations except for
towards [011] resulted in very rough surfaces with APD's like on
point C(Fig.10(d)).

These results were applied to the growth on Si{(100) wafers.
The substrates used were oriented 2° off (100) towards (011).
The surface morphology was similar to Fig.10(c). In order to
confirm the elimination of APD's, the grown layer was etched with
molten KOH at about 600°C. As shown in Fig.11, the etched surface
of the grown layer on the substrate oriented 2° off (100) towards
(011) showed no grooves, and all etch pits have the same
direction different from the grown layers containing APD's. This
result means that APD's were eliminated by the introduction of
the off orientation towards (011). Substrates oriented 4° and 6°
off (100) towards (011) were also used. The surface morphology
for these substrates was quite similar to that for 2° off.

Figure 12 explains the relationship between the off
orientation and surface morphology or etch pits. This
relationship was constant. By using this, a strict epitaxial
relationship between off substrates and grown layers is
discussed as follows. The top view of type-2 pits is rhombic. In
6H-SiC, the (OOO;)C face is chemically more active than the
(0001)si face, and the former has a higher etch rate for molten
alkali. The (000?) and (0001) faces correspond to the (11?) and
(111) faces of 3C-SiC, respectively. If the sidewalls of the etch
pits consist of only the (117) and (111) faces, the longer
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Fig.1ll The surface of the grown layer etched with molten KOH on
a Si substrate oriented 2° off (100) towards (011l). No APB's are
observed.

Fig.1l2 Schematic explanation of the relationship between off
direction and etch pits or wedge-shaped surface morphology.
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diagonal line of the rhombic shape should point the direction of
the higher etch rate as shown in Fig.13. Therefore, the
relationship between the off orientation and the (11?) or (111)
faces are obtained as shown in Fig.12.

An example of the surface morphology of the grown layers on
Si oriented 4° off (100) towards (010) is shown in Fig.14. The
surface was rough and the existence of APD's was confirmed by
molten KOH etching. Thus, the grown layers on spherically
polished (100) substrates and various (100) wafers well agreed
concerning the existence of APD's and surface morphology.

In this investigation, the off orientation was introduced to
eliminate APD's. Recently this method is often used for the
growth of III-V semiconductors on Si[3,12,13]. Growth on Si(211)
is also known as a method to obtain APD-free grown layers for GaP
and GaAs[14,15]. However, this method cannot be adopted for 3C-
SiC, because single crystals could not be grown on Si(211) as

mentioned in Section II-5.
2-3. Surface observation by RHEED

In Section 2-1 the observation of APB's was described. In
this section, the identification of the existence of APD's using
a RHEED technique ie.mentioned. This method utilizes a surface
5x1 structure of 3C-SiC grown layers. This surface structure was
very persistent. In spite that samples were exposed to the air
for a long period after growth, the surface structure did not
disappear. The longest period was over several months. Surface
structures of other semlconductor materials are usually observed
after surface- treatment under an ultrahigh vacuum and they vanish
after exposure to the a1r[16]..The 5x1 structure was observed as
the fifth order extra streaks in RHEED patterns. In addition
that, curved streaks due to reciprocal planes were observed. The
relationship between the 5x1 surface structure and the curved
streaks is also discussed.

Two types of Si substrates were used. One was a (100) well
oriented Si substrate and the other was a Si substrate oriented
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[111] direction because of the
difference in etch rates.

o1 /[
\ 100] Ves; Fig.13 If the sidewall of etch
pits consists of only (111)C and
‘ (111)si faces, a longer diagonal
line of rhombic shape points

Fig.14 Nomarski microphotograph
of surface morphology of a
grown layer on Si substrates
oriented 4° off (100) towards
(010).

|
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2° off (100) towards (011). The former and the latter substrates
are hereafter called as (100) substrates and off substrates in
this section, respectively. The grown layers on (100) substrates
contained APD's as described in Section 2-1.

RHEED observations were carried out using a JEOL JEM-120B
electron microscope with an attachment for high resolution RHEED.
The acceleration voltage of incident electrons was 80kV. Samples
were left in the air after growth. No surface treatment was
carried out in the microscope. Sometimes samples were cleaned
with organic solvents, deionized water or HF acid. However,
cleaning seemed to give no difference in RHEED patterns. Surface
structures were reproducibly observed when the grown layers were
thicker than 0.5um. RHEED patterns used hereafter were taken
with the grown layers of 0.5um in thickness.

Figures 15(a)-(d) show RHEED patterns for the <011> azimuth.
In the case of the grown layers on (100) substrates(Figs.15(a)
and (b)), both [0?1] and [011] azimuth patterns showed the fifth
order extra streaks. The pattern was schematically represented in
Fig.16. In the [001] azimuth no extra streaks were observed as
shown in Fig.17(a). Hence, these RHEED patterns originated from a
mixture of the 5x1 and 1x5 surface structures; i.e. two phases
existed on the surface of the grown layer on the (100)
substrates. The grown layers on the (100) substrates contained
APD's. If these two phases originated from APD's, APD-free grown
layers on off substrates should contain a 5x1 structure. The
RHEED patterh for the [{011] azimuth of the grown layer on the
off substrate actually showed no extra streaks as shown in
Fig.15(d) and the [0?1] azimuth pattérn in Fig.15(c) showed the
fifth order streaks similar to Figs.15(a) and (b). Thus, CVD
grown layers of 3C-SiC on the off substrates showed the 5x1
surface structure. A 6x1 surface structure was rarely observed.

Two kinds of unusual streaks were observed in addition to
the fifth order streaks. One is a curved streak and the other is
an unusually long streak. The curved streaks were observed in the
[010] azimuth patterns of Figs.17(a) and (b). In the case of
<011> azimuth patterns on the off substrates, streaks for
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Fig.15 [011] and [011] azimuth RHEED patterns of the grown layers
on a (100) substrate and a 2° off substrate.
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Fig.16 Schematic explanation of Fig.1l5 (a), (b) and (c).
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the [011] azimuth were much 1longer than those for the
[071] azimuth as shown in Figs.15(d) and (c). Both the curved
streaks and unusually long streaks are explained by the existence
of reciprocal planes[17-19]. When a structure composed by
parallel linear rows exists, the reciprocal lattice of this
structure is formed by reciprocal planes normal to the rows. And
when the each row consists of components periodically spaced by a
distance of d in the real space, the reciprocal planes have an
interval of 1/d as shown in Fig.18. The projection of the
intersectional lines made by the Ewald sphere and the reciprocal
planes are observed as the curved streaks on a screen or a film.
If the incidence azimuth is parallel to the reciprocal planes,
projected intersectional lines are observed as straight streaks
as shown in Fig.19(a). If it is not parallel, curved streaks are
observed as shown in Fig.19(b). The [011] azimuth pattern of
Fig.15(d) showed unusually long straight streaks due to
reciprocal planes. Therefore, the reciprocal planes are normal
to [O?1]‘direction. The interval of the observed reciprocal
planes correspondé to the distance between 00 and 11 streaks as
shown in Fiq.15(d), which means that the period of the components
composing the each row corresponds to the lattice spacing of
(011) faces.

The projected curves can be easily obtained by
calculation[18,19]. The necessary parameters are the angle
between the incidence azimuth and the reciprocal planes and
effective camera length. The effective camera length was
determined by using a reference sample of Au. If the reciprocal
planes are perpendicular to L0;1] as obtained above, the angle is
45° for the [010] azimuth. The calculated curves assuming the
angle to be 45° agreed with the observed curves in Fig.17 of the
[010]) azimuth. This result supports that the observed curved
streaks originated from the reciprocal planes normal to [0?1].

Based on these results, reciprocal space diagrams of the
surface structures were drawn. Figures 20(a) and (b) show the
diagrams on the (100) substrates and the off substrates,

respectively. Figure 20(a) corresponds to the superposition of
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[010]
on (100) sub. azimuth on off sub.

Fig.17 [010] azimuth RHEED patterns of the grown layers (a)on a
(100) substrate and (b)on a off substrate.

s

linear arrays reciprocal planes

Fig.18 Reciprocal planes are formed in the reciprocal space by
linear arrays in the real space. (After Delescluse, Ref.[18]).

incident recnprocol plune
azimuth Ewald sphere

SE

Fig.19 When incident azimuth is (a) parallel and (b) not parallel
to a reciprocal plane, intersectional lines made by the Ewald
sphere and the reciprocal plane are projected as (a) a straight
line and (b) a curved line.
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Figs.20(b) and its rotation by 90°, because the grown layers on
the (100) substrates contain two phases rotated by 90° relatively
due to APD's.

The 5x1 surface structure and the reciprocal planes
simultaneously existed as mentioned above. As an example of the
structure which satisfies the observed results, a partially
occupied surface 5x1 mesh structure shown in Fig.21 is discussed.
If the mesh points are fully occupied by surface structures,
curved streaks are not observed. In the case of Fig.21, parallel
rows are constructed by the missing of surface structures. The
rows point the [0?1] direction, and each of them is composed by
surface structures which lie at intervals of the lattice spacing
of (011). A preliminary simulation of diffraction of waves by
the 5x1 surface mesh was carried out to discuss the origin of the
reciprocal planes. Dynamical theory was not utilized for the
simulation. The position of surface mesh points is described as
follows:

R,=mja+m,yb , (1)
where mq and m, are integer and a and b fundamental translation
vectors of the mesh. The difference in the phase angle between
scattered waves from the mesh point at R, and the origin 0 is
written as follows[20]: .

2n(s—sO)Rm/A;2ﬂS(m1a+m2b) . (2)
where S=(s—so)/A ’ (3)
and s and sy are wave vectors of incoming and outgoing waves. For
the whole mesh points, scattering amplitude F is written as

F= 3 exp((2miS):(mja+myb)) . ' (4) -

my,m2 SR
Here, since the discussion about the absolute amplitude is not
necessary, the scattering factor at mesh points is neglected.
To treat the diffraction by a 5x1 mesh, parameters are defined as

follows.
5 0 v} D
a={0| b={1] sg=(0] s={q| A=10"2, (5)
0 ’ 0 ) 1 ’ r

Then F is described as
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Fig.20 Reciprocal-space diagrams of the surface structure (a)on
(100) substrates and (b)on off substrates.
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Fig.21 Partially occupied 5x1 surface mesh structure. Solid
circles mean that the net points are occupied by surface
structures. Length of unit mesh for [011]) is equal to lattice
spacing of (100).
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E:exp(Zni-500m1p) z:exp(Zﬂi~100m2q) . (6)
o9 2

In this 1nvest1gatlon an electron energy for RHEED observation
was 80KeV ,and the wavelength of electron beam was 0. 0422 and
|b|(1att1ce spacing of SiC(011)) was 3. 2A therefore, the value of
A was decided to be 107 2.U51ng eq.(6), the scattering intensity
is obtained as F+F". when r>>p,q, the scattering intensity for a
small scattering angle is obtained. Figure 22 shows the intensity
distribution of the diffracted waves on a screen for the waves
perpendicularly incident upon the mesh. In this case, the
intensity distributibn represents the reciprocal space diagram of
the mesh structures. Figure 22(a) shows the diffraction by a
fully occupied 5x1 mesh. Peaks correspond to the fifth order
streaks observed in the RHEED pattern. The introduction of the
parallel rows pointing b shown in Fig.21 results in the increase
of the intensity on the lines which are normal to b and connect
the peaks as shown in Fig.22(b). Figure 22(b) agreed with the
obtained reciprocal space diagram of the surface of 3C-SicC
indicated in Fig.20(b). When parallel rows are formed normal to
b, reciprocal planes are formed normai.to a és shown in
Fig.22(c). The random missing of mesh points results in the
increase of the background intensity as shown in Fig.22(d).

3. Growth on spherically polished Si(111)

In this séction, an investigation concerning the
introduction of off orientation into (111) substrates 1is
described. Growth was carried out on a spherically polished
(111) substrate similar to Si(100). Figure 23(a) shows the
surface of a grown layer on the spherically polished substrate.
Three narrow black lines spread from the (111) pole to the
directions equivalent to <2;;>. Figures 24(a)-(c) show Nomarski
microphotographs of the surfaces of the three points on the
sample. The positions of the points are schematically indicated
in Fig.23(b). The surfaces on the lines are clearly flatter than
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Fig.22 Intensity distribution of diffracted waves on a screen for
the incidence azimuth of waves normal to the mesh.
(a)Diffraction by fully occupied 5x1 mesh. (b)Diffraction by
partially occupied 5x1 mesh which consists of linear arrays
pointing to [0l1l]. (c)Diffraction by partially occupied 5x1 mesh
which consists of linear arrays pointing to [011].
(d)Diffraction by randomly occupied 5x1 mesh.
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[211]
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[121] [112]

Fig.23 (a)Photograph of the grown layer on a spherically
polished (111) substrate. (b)Schematic representation of (a). A
solid triangle indicates orientations of etch pits on the Si
substrate.
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Fig.24 Nomarski microphotographs
of the surface morphology at
various points of the grown
layer on the spherically
polished substrates. Locations
of points (a)4, (b)B and (c)C
are indicated in Fig.23(b).

[017]

Fig.25 The relationship between orientation and geometry of etch
pits on Si(111). (After Runyan, Ref.[21]).
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the other part. 1In the strict sense, [ZTT] is not equivalent to
[511] for Si. To distinguish these directions an observation of
etch pits was utilized. Pits were formed by boiling spherically
polished Si in agueous KOH at 80°C for 30sec. Triangular pits
were formed. The orientation of such pits is known as shown in
Fig.25[21). The directions perpendicular to the three sides of
the triangles are <2??>. The relationship of the orientation
between the pits and the three lines are schematically indicated
in Fig.23(b). Conclusively, the directions of the off orientation
which are effective to improve surface flatness were obtained to
be [T{Z], [;2?] and [2??]. However, different from the growth on
Si(100) the dependence on off orientation was not reproducibly
observed. Some unknown factors concerning the growth seemed to
exist. Up to now, only an improvement of surface flatness is
confirmed due to the introduction of off orientation. To evaluate
whether crystallinity was affected or not, further investigation
using off oriented (111) wafers towards [TTZ], [TZT] or [27;]
are necessary. Especially, the relationship between off
orientation and the problems of the warp and cracks mentioned in
Section II-5 should be investigated.

4, Summary

Grown layers on (100) well oriented Si substrates contained
APD's. As the grown layers became thicker, the area of APD's
became broader. However, even for the thick(=20um) grown layers
they were far from single domain. By the growth on a spherically
polished substrate, the introduction of the off orientation to
(011) was found to be effective for the elimination of APD's. The
elimination of APD's was confirmed for the grown layers on Si
wafers oriented 2°, 4° and 6° off (100) towards (011). The
domination of steps with bi-atomic layer heights brought about by
the introduction of off orientation was considered to be the
origin of the elimination of APD's. Molten KOH etching at about
600°C was utilized for the observation of APB's and etch pits.
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The identification of the existence of APD's was also possible by
the RHEED observation. When the grown layers contained APD's, a
mixture of 5x1 and 1x5 surface structures was observed. The
surface structure showed extraordinary persistence. The curved
and long straight streaks due to reciprocal planes were also
observed. Growth on spherically polished Si(111) was also
attempted. An improvement in surface flatness by the

introduction of the off orientation to [2?;] was observed.
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IV. ELECTRICAL PROPERTIES OF GROWN LAYERS AND IMPURITY DOPING

1. Introduction

In this chapter, electrical properties of undoped 3C-SiC
grown on Si are first mentioned. Characterization by Hall
measurements, observation of EBIC(electron beam induced current)
images and formation of Schottky barriers were carried out.
Before the success of growth on Si by the combination of the
carbonization and CVD growth, such evaluation of electrical
. properties was very difficult because of a small size of a
crystal.

Acceptor doping of B and Al is also mentioned in this
chapter. Since undoped crystals of SiC were usually n-type,
acceptor doping was necessary for the fabrication of p-n
junctions and active devices. III,, elements such as B, Al and Ga
work as acceptors in SiC. Their activation energies in 3C-SiC
were obtained by photoluminescence observation as 735({11, 254[2]
and 343meV[3] for B, Al and Ga, respectively. The values of these
activation energies are rather high. The ionization energies of P
and As donors and a B acceptor in Si are 44, 49 and 45meV[4]. A
deep activation energy will give rise to rapid increase of
carrier concentration by raising temperature. Though Al has the
most shallow level as an acceptor in 3C-SiC, doping of Al during
CVD growth involves some technical difficulties. Because it does
not have any gaseous compounds at room temperature. B has gaseous
compounds for examples B,Hg, BF3 and BClj. In this work BoHg and
organic Al was used for p-type doping. Used organic Al's were
TMA(trimethyl-aluminum) and TEA(triethyl—aluminum)‘which are
liquid at room temperature. By a bubbling method using H, organic
Al was introduéed. The influence of doping on grown layers and

electrical properties of doped layers is mentioned.

Note: In this and the following chapters (100) well oriented Si
substrates and Si substrates oriented n°® off (100) towards (011)
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o

are called as (100) substrates and n off substrates,

respectively. Where n is 2, 4 or 6.

2. Electrical properties of undoped layers
2-1. Hall measurement

In this section electrical properties of undoped layers on
both (100) and off substrates are mentioned. All undoped layers
showed n-type conduction in Hall measurements as far as

measurements were carried out.

( Grown layers on (100) substrates )

Figure 1 shows the relationship between electron mobilities
and electron concentrations of undoped grown layers on (100)
substrates. The grown layers contained APD's. Hall measurements
were carried out by van der Pauw method. Si substrates were
removed by a mixed solution of HNO3 and HF before the measurement
to avoid the errors due to current conduction through the
substrates. The maximum electron mobility on (100) substrates was
4880m2/Vs at a carrier concentration of 3.18x1016cm'3. The
thickness of this sample was about 5um. Though all the samples
in Fig.l were undoped, the carrier concentration changed in the
range of 1010-10"%cm~3. The undoped carrier concentration was

usually lower than 2x1017¢cm™3.

The most probable origin of high
carrier concentrations was impurities in H, carrier gas. Because,
most of the samples which showed very high carrier concentrations
were grown without a H, purifier. However, sudden increase up to
about 1x1018cm~3 was rarely observed. The origin of this
. phenomenon is not clear. The lowest resistivity unintentionally
obtained was 0.0015Qcm. This fact means that by an appropriate
doping low resistive layers which are necessary for good ohmic
contacts are easily obtainable. When a H, purifier was used, a
typical carrier concentration was in the range of 3x1016—
2x1017cm_3.
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Fig.l Relationship between electron mobilities and carrier
concentrations of undoped grown layers. White circles and solid
symbols represent grown layers on (100) and off substrates,

respectively.
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Recently Suzuki et al.[5] reported that nitrogen was
detected by ESR(electron spin resonance) and SIMS(secondary ion
mass spectroscopy) measurements for undoped grown layers. The
amounts of nitrogen estimated from the ESR measurement were
proportional to carrier concentrations. This is a noteworthy
report though they added a comment that without a further
investigation the residual impurity cannot be asserted to be

nitrogen.

( Grown layers on off substrates )

The grown layers on off substrates showed electrical
anisotropy, as explained below. In van der Pauw measurement using
such a specimens as Fig.2, a value of R is defined by the

following formulas.

r34=V34/T210 rg1=V4q/I3 > (1)

RZr34/rgq or ryq/r3g (R>=1) , (2)
where V and I,, are voltage and current between electrodes m

and n(m,n: integer, 1sm,n=4). If the sample is exactly square
and isotropic and electrodes are located symmetrically, R should
be 1.0. When the grown layers on (100) substrates were méasured,
R was close to 1.0 as long as the samples were nearly square.
However, when the grown layers on off substrates were used, the
value of R was rather larger than 1.0. Such a result was
considered to originate from electrical anisotropy. Based on
results of van der Pauw measurement, the relationship between
anisotropy and off orientation or wedge-like surface morphology
was obtained as shown in Fig.3. When currents flow in parallel to
the wedges, the grown layers showed lower resistivity. This
direction is defined as the parallel direction. For the
perpendicular direction higher resistivity was obtained. van der
Pauw method is not suitable for samples with anisotropy. And so
the standard Hall measurement was carried out. Bridge type
specimens which have a complex shape as shown in Fig.4(a) are
usually utilized for the standard Hall measurement. However, thin
SiC films whose substrates were removed are too fragile to be cut

into such a shape. Therefore, Hall measurements were carried out
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Fig.2 Specimen for van der Pauw
2 3Q measurement.

Fig.3 Directional relationship between the electric anisotropy
and off orientation of substrates.

~
p ¢
Fig.4 Shapes of specimens for
Hall measurement. (a)Standard
r "bridge-type" and (b)used one
— for this investigation.
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using the specimens which has a shape like Fig.4(b). The grown
layers on the 2°, 4° and 6° off substrates were used. The
thicknesses of the samples were 8-24uh. Figure 5 shows electron
mobilities of the parallel and perpendicular directions. The
horizontal axis of Fig.5 represents off angles of substrates. An
average value of three samples were used as the electron mobility
for each off angle. The electron mobility of the parallel
direction(wl) was independent of the off angle and its wvalues
were constantly about SOOcmz/Vs. However, the electron mobility
of the perpendicular direction(y ) reduced as the off angle of
the substrates became larger. Even at an off angle of 2°, u; was
about half of u; . The electron concentrations of these samples
were about 3—5x1016cm_3. The obtained maximum electron mobility
was 650cm2/Vs with a carrier concentration of 2.4x1016cm'3. The
correlation between u; and n; on the off substrates are plotted
in Fig.1 by solid symbols. Their correlation was similar to that
for (100) substrates. Therefore, the improvement of electron
mobility by the elimination of APD's was not observed. u; and ny
showed no meaningful correlation. Figure 6 shows the ratio made
by n; and n;. When the off angle was 2°, the ratio was close to
1.0. However, as the off angle increased, the ratio increased. It
is not clear whether the observed anisotropy in the carrier
concentration was due to some problems in measurements or not.
Further characterization using a bridge type specimen shown in
Fig.4(a) is expected.

2-2. EBIC observation

EBIC observation was carried out using Au-SiC Schottky
barriers. Characteristics of the Schottky barriers are mentioned
in the next section. Figures 7(a) and (b) show SEM(scanning
eleétron microscope) and EBIC images of the grown layers on
(100) substrates, respectively. The surface of the sample was
ethced in molten KOH to visualize APB's as grooves. In the EBIC
image of Fig.7(b) a random black and white pattern was observed,

which indicates the existence of high-density recombination
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Fig.7 (a)SEM and (b)EBIC images of a grown layer on a (100)
substrate. Surface of the sample was etched with molten KOH and
APB's are observed as grooves.

Fig.8 SEM and EBIC images of grown layers on off substrates.
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centers. By comparing this EBIC image with its SEM image, the
following two features were noticed. (1)The distribution pattern
of grooves in the SEM image is similar to that of black lines in
the EBIC image. (2)In the EBIC image there are many black parts
which have no correspondent grooves in the SEM image. To sum up
these two features, there are two types of recombination centers
related and unrelated to APB's.

Figures 8(a)-{(d) show SEM and EBIC images of the grown
layers on the 2° and 4° off substrates. Grown layers on both the
2° and 4° off substrates showed similar surface morphology which
consists of wedge patterns. The EBIC images showed different
features due to the off angle. The EBIC image for the 2° off
substrate in Fig.8(b) showed a random black and white pattern.
However, the EBIC image for the 4° off substrate showed black
lines in addition to a random pattern. These black lines point
the same direction as a wedge-like morphology. The random black
and white pattern observed for the 2° off substrates means that
there exist recombination centers unrelated to APB. The black
lines observed for the 4° off substrates indicate that the
introduction of the off orientation with a large off angle gave
rise to novel recombination centers. The black lines point the
parallel direction defined in the previous section. The
recombination centers observed as the black lines are considered
to have some relation with the anisotropy mentioned in the
previous section. The relationship between the recombination
centers observed as the black lines and crystal defects is ﬁot
clear. To discuss from a crystallographical standpoint
characterization to observe crystal defects e.g. TEM

(transmission electron microscope) should be utilized.
2-3. Schottky barrier

Au is the most popular metal to form Schottky barriers with
n-type SiC. For 6H-SiC the barrier height of Au-SiC was obtained
to be 1.40+0.05V by Wu and Campbell[6]. In this section
characteristics of Schottky barriers of undoped n-type 3C-SiC
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fabricated with Au are mentioned.

Before vacuum evaporation of Au, samples were cleaned in
organic solvent, acids, deionized water and a 20% hot solution of
K,CO3. Cleaning in this hot solution was introduced by Suhara,
and it was confirmed to be effective for the improvement of
current voltage(I-V) characteristics of Schottky barriers(7].

Figure 9 shows an example of I-V characteristics of a
Schottky diode fabricated with a grown layer on a (100)
substrate. Figure 10 shows its logI-V plotting. Grown layers on
2° off substrates showed no meaningful differences in
characteristics of Schottky barriers. The breakdown voltage of
the fabricated diodes was at most about -5V and they showed
"soft" breakdown. About the  breakdown discussion is given
afterwards.

In logI-V plotting an ideal factor n and a saturation
current density J, are obtained. Using them I-V characteristics
of a Schottky barrier is given as follows[8].

J=Jglexp(qV/nkT)-1) . (3)
where J is current density, gq elemental charge, V applied
voltage, k Boltzmann constant and T absolute temperature. Though
n should be 1.0 ideally, n is greater than 1.0 for real Schottky
barriers. Using the value of J; the barrier height can be
estimated[8]. However, Jy showed wide variation in this
investigation. Fundamentally the barrier height should be
peculiar to the combination of a metal and a semiconductor and Jg
should not change. The values of n also showed wide variation.
The smallest value of n was 1.27 and it was usually greater than
1.4. When the n value was close to the ideal value of 1.0, Jo was
relatively small. Therefore, some excess currents were considered
to make Jo larger. Since the introduction of guard rings showed
no meaningful reduction of the current, surface leakage current
was not a main factor of the excess currents. The barrier height
estimated by capacitance-voltage characteristics also changed
randomly. Photoelectric measurement[8] was attempted to estimate
the barrier height. The obtained value for Au-SiC Schottky
barriers by this method was 1.02eV. Yoshida et al.[9] reported a

-80-



pA)

5 -4 3 2 4 o N
voltage(V)

Fig.9 Current-voltage characteristics of a Au-3C-SiC Schottky
diode.

10-3
°°
_ (o]
10 4 Oo
[o]
-5
10 forward
10-6_
n=1.27

current(A)
3
-

10-8_
= o
- (o]
10-9 = o o] °
& 0 © % reverse
10-10 = o
g o
10—11— T U WS WO NS AT VRN WY T AN UK NG DY G A S OO
0 a5 10 15
voltage(V)
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3C-SiC Schottky diode.

-81-



value of 1.11eV by the same method. Schottky barriers were also
fabricated using refractory metals such as Pt, Pd, Mo and W. The
Schottky barriers with Pd showed comparable rectification to
those fabricated with Au. Others were inferior in
reproducibility. The barrier height of Pd-SiC measured by a
photoelectric method was also 1.02eV.

No one reported about breakdown electric field in 3C-SiC up
to now. Breakdown in Schottky diodes can be treated similar to a
p*n junction diode. Sze and Gibbsons[10] empirically achieved the
following relationship between bandgap energy Eg and breakdown
voltage Vi, in one-sided p*n and n*p abrupt junctions.

v p=60(E 4/1.1)3/2(n/1016)=374 (v, (4)
where Ny is back ground impurity concentration. The maximum field
E, in a depletion layer is given as follows.

E = (2q1vb(vB+vd))1/2 z(qubvB)”z , (5)

€ €

S S

where Vg is built-in potential and ¢e_ permittivity of a

semiconductor. Since Vg is smaller thansabout 1V, it can be
neglected for preliminary estimation. Vg and Em were calculated
as a function of N for 6H-SiC, 3C-SiC, GaAs, Si and Ge as shown
in Figs.11(a) and (b). Vg and Em obtained by Glover[11} using 6H-
SiC Schottky diodes fabricated with Au were in accord with the
Sze and Gibbsons's prediction. von Muench and Pfaffeneder([12]
obtained higher E_; in one-sided p-n* junction diodes of 6H-SiC.
In the case of 3C-SiC, Vg was calculated to be 30V for Nb of
1x1017cm'3 and 60V for 4x1016cm'3. A typical breakdown voltage of
4-5V was very small compared with these calculated values. There
are many considerable origins of lowering the breakdown voltage
such as tunneling[13], surface leakage, partial field
enhancement, inappropriate surface treatment and crystal
defects. Concerning these origins discussions are carried out one
by one below. When the carrier concentration is very high and a
depletion layer is very thin, tunneling takes place very easily.
However, in the case of this investigation the carrier
concentrations of most samples were lower than 1x1017cm‘3, and

this value is not so high as tunneling conduction occurs. Since
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the reduction of the current due to the introduction of a guard
electrode was very slight, surface leakage current was
negligible. Surface roughness shown in the previous chapters can
be an origin of partial field enhancement in Schottky barriers.
HoweVer, there is no idea concerning how the breakdown voltage
is really affected by the surface roughness. 3C-SiC is cleaned
in a hot solution of K,COj before vacuum evaporation of Au in the
current fabrication process. Suharal7] reported that by the
introduction of this cleaning an improvement of I-V
characteristics in the forward biased region was observed as a
reduction of the n value and saturated current density of Jg. And
Suiuki[14] reported that samples without this cleaning sometimes
showed very poor rectification. Thus, surface treatment seems
very important for fabrication of Schottky barriers and some
other cleaning or etching methods had better be attempted to
improve their characteristics. As mentioned in Chapter II, 3C-
SiC layers grown on Si substrates contains crystal defects, and
the reduction of defect density due to the increase of the film
thickness was observed. Schottky barrier diodes fabricated with
grown layers with a thickness thinner than Tum often showed very
worse rectification. This result is considered to mean that
characteristics of Schottky barriers are severely affected by
defect density.

To sum up these diséussion, there is no conclusive evidence
for the low breakdown voltage, however, some following matters
are probably effective to increase the breakdown voltage such as
the improvement of surface flatness, a new surface treatment

method and decrease of crystal defects.

3. B and Al doping
3-1 B-doping

Figures 12(a)-(c) show a variation of surface morphology due

to the increase of a flow rate of B,oHg on (100) substrates. As
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the flow rate increased surface roughness increased. When the
flow rate of BoHg was smaller than about 4x10'3sccm, flatness of
the surface was comparable to that of the undoped layers.
Figure 13 shows resistivities of the grown layers as a function
of a ByHg flow rate. When the flow rate of BoHg was greater than
about 1x10‘3sccm, most of the grown layers showed resistivity
higher than 200Qcm. The highest resistivity was 8x103Qcm. By van
der Pauw measurement of the grown layer for a flow rate of BoHg
of 4x10‘3sccm, the resistivity, carrier concentration and hole
mobility were obtained to be 320Qcm, 1.1x101°cm~3 and 18cm?/Vs,
respectively. P-type conduction was confirmed at the same time.
However, Al-Si electrodes which are usually used for p-type SiC
mostly did not show good ohmic characteristics and Hall
measurements by van der Pauw method was impossible and the values
of the carrier concentration and hole mobility were not clear.
Thus by B-doping high resistive p~layers were obtained. If
the high resistivity of the B-doped layer is maintained even at
high temperatures, it is useful for device applications. However,
rapid reduction of the resistivity was observed by heating as
shown in Fig.14. The rapid reduction of the resistivity was due
to a rapid increase of the carrier concentration. The carrier

=3 at 25°C and it increased to

concentration was 8.6x10'%cm
5.8x10'6cm~3 at 130°C as shown in Fig.15. Such a rapid change of
electrical characteristics is due to a large activation energy of
a B acceptor. Using the measured temperature dependence of the
carrier concentration in Fig.15, the activation energy was
estimated to be 413meV. This value is smaller than that of 735meV
obtained by photoluminescence measurements[15]). Though further
investigation is necessary to obtain an exact activation energy,

there is no doubt that its value is extraordinary large.
3-2. Al-doping
For Al doping TEA and TMA were used. Figure 16 shows the

relationship between their vapor pressure and temperatures. Since

TEA has low vapor pressure at room temperature a vessel of TEA
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Fig.17 Nomarski microphotograph
of surfaces of Al-doped grown
layers. Flow rates of TEA were
(a)0.53sccm, (b)l.32sccm and
(c)3.71lsccm. As the flow rate of
TEA increased, surface became
rougher.

Fig.18 By the reduction of C,Hg
flow rate during Al-doping,
surface flatness was improved.
Flow rate of TEA was 1.95sccm.
The flow rate of C H8 was
reduced from 0.32 to 0.15sccm.




was heated in the range of 62-120°C. The flow rate of TEA was
controlled by changing both the temperature of the vessel and
the flow rate of bubbling H,. To avoid liquefaction on the way to
a reaction tube, stainless tubes between the vessels and the
reaction tube were also heated. However, liquefaction was not
prevented perfectly. To keep controlability of the TEA flow rate
long-time evacuation was sometimes necessary. The maximum flow
rate of H, for bubbling was 100sccm in this investigation. The
combination of the low vessel temperature and the higher flow
rate of bubbling H, is probably preferable to prevent such a
problem. If bubbling is carried out by a carrier gas, the
temperature of the vessel is able to be kept below 60°C. Since
TMA has large enough vapor pressure at room temperature, the
temperature of the vessel was maintained at 20°C and the flow
rate of TMA was controlled by changing the flow rate of bubbling
H2.

Figures 17(a)-(c) show a variation of surface morphology of
Al-doped layers on 2° off substrates due to the change of the TEA
flow rate. Grown layers doped with TMA showed similar results.
When the flow rate of TEA was 0.53sccm the surface morphology was
comparable to undoped layers. As the flow rate of TEA increased,
surface roughness increased and needle-like growth appeared as
shown in Figs.17(b) and (c). The observed variation of the
surface morphology due to doping with organic Al was similar to
the variation caused by the increase of a carbon source. In the
case of the sample of Fig.17(b) the flow rates of C3Hg and TEA
were 0.32sccm and 1.95sccm, respectively. The amount of
introduced carbon atoms by TEA was about 18 times larger than
that by C3Hg. TEA was considered to work as a carbon source. The
flow rate of C3Hg was reduced to 0.15sccm. The surface flatness
recovered and needle-like growth disappeared as shown in Fig.18.
This variation of the surface morphology supports that TEA works
as a carbon source. Further reduction of the C3Hg flow rate
resulted in rough surfaces again. Figure 19 shows an example of
the relationships between electrical properties and the flow rate

of organic Al. Electrical properties were evaluated by van der
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Fig.19 Hole concentration and
mobility as a function of a flow
rate of organic aluminum.

Fig.20 Carrier concentration and
mobility as a function of flow
rate of organic aluminum. The
samples were grown under the
condition of unusually high
undoped carrier concentration.
See text.



Pauw measurement. The grown layers were three types; i.e. grown
layers on (100) and 2° off substrates doped with TEA and on 2°
off substrates doped with TMA. P-type conduction was confirmed.
The obtained hole concentrations were 4x1016—6x1017cm_3. The hole
mobility was about 30cm2/Vs. When the undoped carrier
concentration was very high(n;1019cm_3), the obtained hole
concentration was also high as shown in Fig.20. The highest hole
concentration of 4x10'8cm~3 was obtained at a TMA flow rate of
1.2sccm.

TEA-doped grown layers on (100) and 2° off substrates showed
no meaningful differences in electrical properties as shown in
Fig.19 different from undoped layers. The undoped layers on off
substrates outwardly showed low electron mobility and low carrier
concentration by van der Pauw measurement because of anisotropy.
To clarify whether this result of Al-doped layers is due to the
absence of anisotropy or not, Hall measurements as mentioned in
Section 2-1 should be attempted. The R value which is nearly 1
for square and isotropic samples could not be utilized in this
case. Because Al-doped layers were fragile and square samples
were very difficult to prepare.

P-n junction diodes were fabricated. On n-type 2° off
substrates, undoped and Al-doped layers were grdwn successively.
Details of growth conditions are listed in Table 1. Mesa
structures were formed using an Al mask by RIE(reactive ion
etching) of CF, and O,[16]. An example of I-V characteristics is
shown in Fig.21. Rectification was not good. To improve
characteristics an optimization of growth conditions and
fabrication processes is probably necessary.

As mentioned before, organic Al simultaneously works as a
dopant and a carbon source. Though the influence of organic Al
could be reduced by decreasing the flow rate of C3Hg, to improve
controlability other Al-sources which contain less carbon are
desirable. Nishino et al. used AlCly as an Al source for CVD
growth of 6H-SiC[15]. However, the flow rate control of AlCl; was
difficult, because it is solid at room temperature and heating at

temperatures above 200°C was necessary to obtain large enough
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sub.: Si(100) 2° off

1st layer: undoped 6.6um
2nd layer: TMA 0.04sccm, 1.6um
3rd layer: TMA 0.36sccm, 0.2um

SiH4: 0.3sccm, C5Hg: 0.27sccm

Table 1 Growth conditions of a p-n junction.
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Fig.21 Current-voltage characteristics of a fabricated p-n
junction diode.
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vapor pressure by sublimation. Moreover, A1C13 is deliquescence.
Its merit is stability. Organic Al reacts with water and oxygen
in flames and it is toxic. By considering these factors,
(CH3)AlCl, is interesting as a candidate of a dopant which takes
the places of TEA and TMA. (CH3)AlCl, is a white solid at room
temperature and the melting and boiling points are 73°C and
152°C, respectively. The vapor pressure at 100°C is 100mmHg. This
value is comparable to that of TMA at about 70°C. Its reactivity
with water and oxygen is lower than TMA and TEA. Thus, it
satisfies conditions necessary for new chemicals which take the
places of TEA and TMA. An investigation of Al doping using
(CH3)A1C12 is expected.

4. Photoluminescence

SiC has an indirect band structure. In photoluminescence
observation, light emission related to acceptors is mainly
observed. In other words, to observe photoluminescence acceptor
doping is sometimes necessary. In this work, Al-doping was
carried out using TMA and TEA. Figure 22 shows an example of a
photoluminescence spectrum of the Al-doped grown layer. A similar
spectrum to Al-doped crystals prepared by a solution growth
method[2] was obtained. Many peaks originated from two types of
mechanisms were observed. A peak which has the highest energy and
that at the second highest energy are due to free-to-bound
acceptor recombination and donor-acceptor(N and Al) pair
recombination, respectively. Their phonon-replicas were observed
in the lower energy side. The intensity of the photoluminescence
dropped as the the flow rate of organic Al increased. Doped Al or
excessively supplied carbon by organic Al were considered to give
rise to the drop in the intensity. There are three probable
mechanisms of the drop in the intensity such as deterioration of
crystallinity, generation of deep levels and change in
recombination process.

Some undoped layers showed orange or red luminescence. Two
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types of spectra were observed. Al was detected by the SIMS
analysis of the samples which showed similar spectra to Fig.22.
Some other samples showed similar spectra to Fig.23. Na was
detected by the SIMS analysis for such a sample. A susceptor is
one of the most likely candidates for a source of such metal

impurities.

5. Summary

All undoped layers showed n-type conduction in Hall
measurements. The highest electron mobility for the grown layers
containing APD's on (100) substrates was 488cm?/Vs with a carrier
concentration of 3.18x10160m_3. Undoped carrier concentrations
were usually in the range of 3x1016—2x1017cm‘3. The grown layers
on off substrates showed electrical anisotropy. u, was about
500cm2/Vs independent of off angle. u) decreased as the off angle
became larger. Breakdown voltages of Au-SiC Schottky barriers
were low compared with theoretically predicted values, and the
breakdown was "soft". Improperness of surface treatment, surface
roughness and crystal defects are probable origins of such
breakdown problems.

To obtain p-layers B and Al were doped using B,Hg and
organic Al, respectively. B-doped layers showed high resistive
p-type conduction at room temperature. Organic Al worked
simultaneously as both a dopant and a carbon source. The hole
concentration was controlled in the range of 4x1016-6x1017cm'3 by
changing a flow rate of organic Al. A typical hole mobility in
Al-doped layers was about 30cm?/Vs.
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V. ION IMPLANTATION INTO 3C-SiC GROWN LAYERS AND APPLICATION TO
MOSFET'S

1. Introduction

A selective doping technique is indispensable in
fabrication of electronic devices especially for IC(integrated
circuits). There are two major techniques for selective doping,
namely, diffusion and ion implantation methods. Both methods are
popular for a Si process. However, in the case of SiC the
diffusion method is hard to apply, because the diffusion
coefficients of impurities in SiC are very low. Campbel and Chang
fabricated junction-gate FET's of a-SiC using a diffusion
techniquel[1]. They reported that diffusion of Al into a-SiC
required temperatures from 1800°C to 2100°C. Moreover, a special
masking technique utilizing SiC was necessary. Thus, the
diffusion method seems to be not practical for SiC. Ion
implantation into a-SiC was attempted by many investigators{2-6].
Marsh investigated the activation of implanted impurities using
various dopants[2]. Though the implantation of donor impurities
such as N, P, Sb and Bi was successful, samples implanted with
acceptors were high resistive even after annealing and the
acceptors could not be activated. They explained that deep donor-
type defects induced by the implantation prevented the activation
of the implanted acceptors. Concerning 3C-SiC Kalinina et al.{7]
reported a successful fabrication of p-n junction diodes by
implantation of Al, however, they did not describe details of
investigation. Though Kondo et al.[8] attempted hot
implantation(specimens were intentionally heated during
implantation) in addition to the standard implantation, the
activation was unsuccessful. Edmond et al.[9] reported successful
fabrication of p-n junction diodes by hot implantation of Al into
undoped layers without annealing. The crystal growth methods of
these two groups are similar to that of this investigation. The

difference in their investigations is not clear.
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In this investigation, implantation of N2+ and P?* was
attempted. The electrical characteristics of implanted layers
were evaluated changing annealing temperatures. Planar-type p-n
junction diodes were fabricated using the implantation technique.

The first successful fabrication of n-channel inversion-type
MOSFET's is mentioned. The MOSFET's were fabricated by the
combination of ion implantation and thermal oxidation techniques

which are ordinary in the Si process.

2. Activation of implanted donors

Ion implantation of N2+ and P' was carried out into B-doped
grown layers. High resistive(pz200Qcm) B-doped layers were

suitable for characterization of thin n?

layers formed by
implantation of donors. The thickness of the B-doped grown layers
was about 6um. APD-free grown layers on 2° off substrates were
used. Samples were tilted at 7° during the implantation to avoid
a channeling effect. The current density of an ion beam was
lower than O.25uA/cm2. Therefore, heating by the beam during the
implantation was negligiblef{10].

The conditions of the ion implantation were listed in
Table 1. The implantation was carried out by successive two
steps to improve the uniformity of implanted impurities. The
first implantation was high dose with high energy and the second
was low dose with low energy. Figure 1 shows a calculated profile
of implanted P using the projected average range and projected
standard deviation in the literatures{11-13] for a total dose of
1.3x1015cm"2(condition1 in Table 1). In the case of
condition 2, the total dose was decreased to 30% of that in
condition 1 with the same energy. N2+ implantation with a total
dose of 1.95x1014cm'2(condition 3) corresponds to N* implantation
with a dose of 3.9x10'4cm~2 which is the same dose level as
condition 2. The energy of the N2+ implantation was decided to
have the nearly same impurity profile[13] as in Pt implantation

of condition 2. After the implantation samples were annealed in
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No. | implanted | 1st dose(cm™ 1st energy(eV) total dose
ion 2nd 2nd (cm=2)
N 1x1012 100K 1.3x1015
3x1014 25K
5 p+ 3x1014 100K 3. 91014
9x1013 25K
3 - 1.5x104 100K 1.95x1014
2 4.5x1013 25K '

Table 1 Conditions of ion implantation.

puny

impurity concentration (cm=3)

1016

(@]
]
(@]

—_
Q,
[ds)

—b
(S
(<)

T T TTTIT

—
Q
~J

-~
-~
~
-

-

T<T I

—
e e e
—— —

|
I
l
l

IR SRR [ TV l TeEel l 1 R L l LI
P*implantation 3
100KeV , 1x10°°cm? ]

and

25KeV, 3x10*em?

RERHERIEERENNN EREE

Cortanapd v vyl a1yl

1 vl

0 0.1

depth(um)

02

Fig.l Calculated profile of implanted P with a total dose of

1.3x101%cm”
in Table 1.

-99-

. Details of conditions of implantaion are listed




Ar atmosphere for 30min. The samples were heated by RF inductive
heating. By SIMS analysis the annealed specimen showed almost the
same depth profile of implanted P as that without annealing by
SIMS analysis.

Figure 2(a) shows a RHEED halo pattern of an as-implanted
sample. The ion implantation was carried out under
condition 1(P*, total dose: 1.3x1015cm"2). The halo pattern
indicates that the implanted layer was amorphous. Figure 2(b)
shows a RHEED pattern of the sample after annealing at goo0°cC.
Recrystallization to a single crystal was clearly observed.
Annealing temperature was changed up to-1300°C. However, no
significant difference in RHEED patterns compared with Fig.2(b)
was observed. Samples implanted under condition 2(P*, total dose:
3.9x1014cm'2) showed similar results. The implanted samples could
be told from not implanted samples with naked eyes by noticing a
slight difference in colors. The refractive index of the
implanted layers changed by amorphization and interference took
place. The difference in colors vanished by annealing.

Sheet resistance of the implanted layers was evaluated by
the four-point probe method or by van der Pauw method. Si
substrates of the specimens for van der Pauw measurement were
removed by a mixed solution of HNOj and HF before the measurement
to avoid errors due to current conduction through the substrates.
N-type conduction was confirmed for both the Pt and N2+ implanted
layers by van der Pauw method. As shown in Fig.3, the sheet
resistance monotohously decreased as annealing temperature
increased and it reached to about 1O3Qﬂjby annealing at about
1350°C.

Electrical activation rates were estimated by van der Pauw
measurement. The electrical activation rate was defined as the
ratio of sheet carrier concentration and total dose. The
electrical activation rates weie improved by raising annealing
temperatures as shown in Fig.4. The Pt implanted layer with a
total_dose of 3.9x1014cm‘2(condition 2) gave the higher
electrical activation rates than those for a total dose of

1.3x1015cm‘2(condition 1). The N2+ implanted layers gave the
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higher electrical activation rates than the p* implanted layers,
which is similar to implantation into 6H-SiC[2]. Bridge-type
specimens were fabricated by the P* implantation to carry out
the standard Hall measurement and to investigate electrical
anisotropy in the implanted layérs. Such specimens were
fabricated by a selective implantation utilizing a deposited $i0,
film as a mask. The implantation was carried out under
condition 2. Concerning conditions 1 and 3 the standard Hall
measurement was not carried out yet. The electrical activation
rates obtained by the standard Hall measurement well agreed with
those obtained by van der Pauw measurement. The electron mobility
obtained by van der Pauw method was about 3OCm2/Vs in all cases.
The electron mobility obtained by the standard Hall measurement -
showed electrical anisotropy similar to the undoped grown layers.
Yy and . were about 50 and 25cm2/Vs, respectively.

3. Fabrication of p-n junction diode

Planar-type p-n junction diodes were fabricated using the
ion implantation technique. Figure 5 shows the structure of
fabricated diodes. An Al-doped p-layer was grown on a 2° off p-Si
substrate. Typical hole concentration, hole mobility and
resistivity of the Al-doped layer were 3.5x1017cm'3, 32cm2/Vs and
0.56Qcm, respectively. P* implantation with a total dose of
3.9x101%cm~2 or N,* with a total dose of 1.95x10'%cm~2 was
cérried out to obtain n-layers. Deposited Si02 of 500nm in
thickness was used as a mask for the implantation. Annealing
temperatures were 1100°C, 1200°C and 1300°C. Annealing time was
fixed at 30 min. Finally ohmic contacts were formed using Al and
AuGa for n-SiC and p-Si, respectively. The area of the fabricated
diodés was 7;1x10‘4cm2.

Current-voltage characteristics of the P* and N,* implanted
diodes were shown in Figs.6(a) and (b), respectively. Both the P*
and N2+ implanted diodes showed similar results. Rectification of
the diodes annealed at 1100°C and 1200°C was superior to those
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at 1300°C. As shown in Fig.4, the electrical activation rate
increased abruptly by annealing at temperatures over 1300°C. And
so, this annealing temperature dependence of the rectification
was considered to be related to the change from an n-layer to an
n*t-layer because of increase in the electrical activation rate.
The best ideal diode factor of 3.8 was obtained when annealing
temperature was 1100°C for both the P* and N2+ implanted diodes.
Capacitance-voltage characteristics of these diodes showed
small variation in capacitance as shown in Fig.7. As annealing
temperatures were raised, the capacitance and the magnitude of
its variation became larger. These results mean that the diodes
had p-i-n structures[14] and the thickness of the i layer became
thinner as annealing température became higher. The N2+
implanted diodes showed the larger capacitance and its variation
than the P' implanted diodes. This difference was considered to
originate from the difference in electrical activation. The N2+
implanted layers showed the higher electrical activation rates
than the P' implanted layérs as mentioned in the previdus
section. Hence, the thicknesses of the i layers were thinner in

the N2+ implanted diodes and the capacitance became larger.

4. Fabrication of MOSFET's

MOSFET's were fabricated using the ion ihplantation
technique. A schematic cross section of the fabricated MOSFET's
is shown in Fig.8. A channel layer of B-doped p-SiC with the
thickness of 2um was grown on undoped n-SiC with the thickness of
7um. Since there is large lattice mismatch between Si and SiC,
thé layer with the thickness of over several microns was
necessary to reduce crystal defects and to improve device
characteristics by our present technique. Source and drain were
formed by the ion implantation of Pt using deposited SiO, with
the thickness of 500nm as a mask. The implantation was carried
out under the condition 1 in Table 1. Annealing after the

implantation was carried out in an IR radiative heating furnace
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in Ar atmosphere at 1080°C for 1hr.

A gate insulator was formed by thermal oxidation of SiC at
1050°C using dry oxygen for 6hrs. The thermal oxide film of 3C-
SiC was found to be Si0O, and inversion was confirmed under an
illuminated condition in an Al/SiOz/n—SiC structure[15}. Typical
electrical resistivity and breakdown electric field of SiO,
formed by the thermal oxidation were 8.5x101°Qcm and
2.5x106V/cm, respectively. The thickness of the gate oxide was
about 60nm. The gate length and the width are 20pum and 500um,
respectively. Al was used as a gate electrode and ohmic contacts
for source and drain. Alloying of the ohmic contacts was not
carried out. The top view of the fabricated MOSFET is shown in
Fig.9. _

Current-voltage characteristics of the FET at 310K are shown
in Fig.10. The sample was not illuminated. An action of
inversion-type MOSFET's was achieved for the first time. Kinks in
the saturation region were observed. Such kinks are known as a
feature of SOI{(Si-on-insulator) MOSFET's[16,17]. Since in this
investigation the MOSFET's were fabricated on a high resistive B-
doped p-layer, their characteristics were considered to show SOI-
like features. In Al-5i0,-SiC MOS diodes, the inversion
condition was observed only under illumination, which is due to
very low intrinsic carrier concentration(=10cm-3 at 300K) of 3C-
SiC[15}. However, the MOSFET's operated without illumination.
Electrons which are necessary to form an inversion layer were
considered to be supplied from source.

Effective mobility of the FET was estimated using the
characteristics in the linear region where drain voltage was
lower than the voltage at the beginning of the kink. TIdeal
characteristics of MOSFET's in the linear region are given by

Ig=(W/L)upCol(Vg-Vep)Va-Vg?/2) » (1)
where Iy is drain current, W gate width, L gate length, wu,

electron mobility, V., gate voltage, Vi, threshold voltage and Vg4

. g
drain voltage. Here W/L is 25 and the value of 5.75x10"8F/cm2 was
used for C, based on an investigation of Al-Si0,-SiC system[15].

u, and (Vg-Vth) were changed to agree with measured Ig-Vg4
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characteristics. The obtained effective electron mobility was
about 100cm?/Vsec.

The measurement of I3-Vq characteristics at high
temperatures was attempted. The MOSFET whose characteristics are
shown in Fig.10 did not operate at temperatures above 70°C
because of breakdown of gate oxidé. Simultaneously fabricated
MOSFET's also showed the breakdown of the gate oxide by heating
up to 100°C. Such breakdown phenomena are probably attributed to
contamination during fabrication. Some other MOSFET's showed

variation of Iq4 as a function of V, up to 440°C. However, the

gate oxide became leaky after heating up to 165°C and it did not
recover after cooling. The observed worsening of gate insulation
was considered to attributed to a reaction of Al and §i0,. Au
gate is effective to prevent such a problem[18])]. To realize
practical high temperature devices of 3C~-SiC a combination of

peripheral materials will be an important problem.

5. Summary

Ion implantation of P* and N,* into p-type 3C-SiC was
carried out. The annealing temperature dependence of electrical
properties of implanted layers was investigated up to 1400°C.
Electrical activation rates of implanted impurities were improved
as annealing temperature became higher. N2+ implanted layers
showed the larger electrical activation rate than P* implanted’
layers. P-n junction diodes were fabricated using an ion
implantation technique. Their capacitance-voltage characteristics
indicated that they had a p-i-n structure.

Inversion-type MOSFET's of 3C-SiC were fabricated. Source
and drain were formed by the ion implantation of P*. Inversion
mode operation was confirmed for the first time. Current-voltage
characteristics showed kinks in the saturation region which are
known as a feature of SOI MOSFET's. Effective electron mobility
in the MOSFET's was estimated to be about 100cm2/Vs. This
successful fabrication of MOSFET's showed usefulness of the ion

-108-



implantation technique for device fabrication of 3C-SiC.
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VI. CVD GROWTH ON 6H-SiC(0001)

1. Introduction

In the former chapters 3C-SiC grown on Si was treated. In
this chapter growth on 6H-SiC(0001) is the main subject. Many
investigators carried out homoepitaxial growth of 6H-SiC at
temperatures of about 1800°C, and applications to blue
LED's[1,3] and bipolar transistors[4] were already reported. 6H-
type is the most popularly obtainable polytype at high
temperatures over 1800°C[5] even in the case of growth without
substrates. Such high temperatures are believed to be suitable
also for CVD growth. However, growth at lower temperatures
reminds us of two interesting meanings. One concerns possibility
of utilizing 6H-SiC(0001) as a substrate of 3C-SiC, and the other
is control of polytypes of CVD grown layers.

As explained in the first chapter, structures of all
polytypes of SiC are expressed by stacking sequences in the
[0001] direction concerning layers of close packed atoms. 3C- and
6H- type have the stacking sequences of ABC and ABCACB,
respectively. Ideally every sequence which consists of 'aA', 'B'
and 'C' is permitted as far as the sequences does not include
repetition of the same layer such as 'A4', 'BB' or 'CC'. And so,
ideally we can draw a structure of 3C-SiC grown on 6H-SiC with
stacking sequence of ABCABCABCACBABCACB... In the case of growth
at relatively low temperatures, 3C-type is most popularly
obtained. Therefore, growth of 3C-type on 6H-substrates is
expected at low temperatures.

When crystal growth begins by random nucleation, polytypes
of the grown crystals are explained by the stability connected
with temperatures. However, in the case of epitaxial growth, the
transmission of the stacking information from substrates is
considerable. Therefore, it is interesting whether the polytypes
of epitaxially grown layers can be varied by controlling
temperature and substrates. In this investigation, CVD growth was
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carried out at temperatures in the range of 1:350-1500°C, and
“"control of substrates'" was realized by introducing off

orientation.

2. CVD growth

Used substrates were all 6H-SiC(0001) Si-faces grown by
Acheson method. Because naturally formed flat faces of crystals
grown by Acheson method are usually (0001) Si-faces or (000?) C-
faces, and surface flatness of CVD and LPE grown layers on (0001)
Si-faces was reported to be superior to that on (000{) Cc-
faces[6,8]. The (0001) Si-face was selected utilizing the
difference in oxidation rates between these two faces[9]. Two
types of substrates were prepared. One was a natural flat face
and the other was a face angle-lapped with carborundum powder.
Hereafter the former and the latter are called natural and
lapped faces, respectively. Both faces were polished with diamond
paste as finishing.

For CVD growth the same system was used as 3C-SiC on Si.
Since growth temperature was higher than growth on Si, small size
susceptors were used to prevent over-heating of the wall of a
reaction tube. Figure 1 shows a temperature program of the CVD
growth. Before the growth, etching of substrates by gaseous HCl
or molten KOH was carried out. Etching temperatures by gaseous
HC1 and molten KOH were 1500°C and around 450°C, respectively.
Source gases were SiH, and C3Hg. Growth temperatures were in the
range of 1350°C-1500°C. A typical growth rates was about 2um/hr.

Figure 2 shows a typical surface morphology of the grown
layers on natural faces. A mosaic pattern which consists of step-
like or groove-like boundaries was observed. Such morphology was
already reported[7,10,11]. Figure 3 shows a SEM photograph of
pits on the surface of the grown layers etched by molten KOH. The
etch pits give us the following information. Since the .pits have
a triangular shape, the grown layers are 3C-SiC[12-14]. The
apices of the triangles of the pits point 180° opposite
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Fig.2 Nomarski microphotograph of
the surface of a grown layer on
a natural face. Boundarylike
grooves are observed.

Fig.3 SEM microphotograph of the
etched surface of a grown layer
on a natural face. Triangular
pits are observed.

Fig.4 <100> (or <2110>) azimuth
RHEED pattern of a grown layer
on a natural face. 3C-SicC
containing twinning was grown.
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directions in the neighboring regions separated by the
boundaries, which means that the boundaries were twin-boundaries.
In short, the grown layers on natural faces were 3C-SiC
containing twinning, which was also confirmed by RHEED as shown
in Fig.4. Details of interpretation of RHEED patterns are
mentioned in the next section. Variation of the Si/C ratio was no
help for elimination of twinning. By optimizing etching
conditions, the intervals between the boundaries were slightly
widened.

The (0001)Si face was lapped and polished as mentioned above
to introduce off orientation. Figure 5 shows a typical surface
morphology of the grown layers on lapped faces. A very smooth
surface was obtained. As shown in Fig.6 pits formed by molten KOH
etching had a circular shape and could not be directly utilized
for identification of polytypes. No boundary-like structures were
observed on the etched surface. The RHEED patterns shown in Fig.7
indicated that the grown layers were single crystalline 6H-SiC.

Single crystalline 6H-SiC was obtained on lapped faces in
the range of growth temperatures from 1400°C to 1500°C. These
temperatures are very low compared with an ordinary growth
temperature of 1800°C for 6H—SiC. When the temperature was
1350°C, the grown layers on both natural and lapped faces were
3C-SiC containing twinning'as explained below. The surface
morphology of the grown layers on natural faces was similar to
that grown at temperatures over 1400°C containing the boundaries.
The grown layers on lapped faces showed flat surfaces as shown in
Fig.8. However, RHEED patterns for the grown layers on both
natural faces and lapped faces were similar to Fig.4 and
indicated that the grown layers were 3C-SiC containing twinning.

There were many differences between growths at 1350°C and at
1400-1500°C in addition to the difference in polytypes of the
grown layers. Figure 9 shows droplets observed on the surfaces of
SiC grown at temperatures over 1400°C. The RHEED pattern of an
as-grown surface with droplets showed spots due to Si. After
removing the droplets with a mixed solution of HF and HNO3, the
spots due to Si in the RHEED patterns disappeared. The droplets
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Fig.8 Nomarski microphotograph of
the surface of a grown layer on
a lapped face. Growth
temperature was reduced to
1350°¢s

Fig.9 Si droplets observed on SiC
grown at temperatures higher
than the melting point of Si.
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could be eliminated by decreasing the Si/C ratio. Therefore, the
droplets are considered to originate from excessively supplied Si
cohered as molten droplets during growth at temperatures higher
than the melting point of Si. The melting point of Si is 1420°C
and is higher than 1400°C. In the used system a Si wafer put on
a susceptor melted over 1400°C. The difference of 20°C is an
error due to temperature measuring method mentioned in
Chapter 2.

Table 1 shows the relationship between the Si/C ratio and
surface flatness of the grown layers on lapped faces. At 1350°
the Si/C ratio should be rigidly optimized to obtain a flat
surface. However, at temperatures over 1400°C a flat surface was
obtained in the wide range of the Si/C ratio. These results about
the droplets and the Si/C ratio are explained as follows. At
temperatures over the melting point of Si, since stable Si-Si
bonding cannot exist, excessively supplied Si does not prevent
growth of SiC. However, at temperatures under the melting point
of Si, excessively supplied Si forms crystalline Si and growth of
SiC is affected similarly to the case of growth on Si mentioned
in Section II-4-1. Thus, the growth mechanism at 1350°C is
considered to be different from that at temperatures over the
melting point of Si.

The relationship between the growth conditions and polytypes
of the grown layers is shown in Table 2. The mechanism which
decides polytypes of the grown layers includes two important
factors of the orientation of substrates and growth temperatures.
In the range of 1400°C-1500°C polytypes were varied by the
orientation of substrates. Figure 10 shows the relationship
between the polytypes of the grown layers and the magnitude and
the direction of the off orientation. The off angle and the
direction were measured using an X-ray diffractometer. When the
off angle was larger than 1.5°, 6H-S5iC was grown homoepitaxially.
This result is explained in relation to surface steps introduced
by the off orientation. We assume that fundamentally epitaxial
growth takes place inheriting the stacking information of atoms

nearby the surface. When the polished natural face is used, the
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Si/C RATIO AND SURFACE MORPHOLOGY

si/c T 1350°C | 1400-1500°C
<0.03 - éood

0.03-0.3 -—- good*
0.32 bad good*
0.56 good good*
0.74 bad -—-

Ts: growth temperature
---: not yet tried
*: Si droplets were observed.

Table 1 Relationship between the Si/C ratio and surface
morphology of grown layers.

GROWTH CONDITIONS AND POLYTYPES

T
s 1350°C 1400-1500°Cc | >1800°C
sub.
natural face 3C(twin) 3C(twin) 6H*
lapped face 3C(twin) 6H -

*: by Nishino et al.[7]
Ts: growth temperature, sub.: substrates
---: not yet tried

Table 2 Variation in polytypes of grown layers due to the change
of growth temperatures and orientations of substrates,

Fig.10 The relationship between
polytypes of grown layers and
the off orientation of
substrates.

O 1 2 3 4 §
off angleto [1070] deg)
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density of surface steps is very low. Therefore, growth mainly
takes place on the flat surface not at the steps. Then, arrived
atoms on the surface ipherit the stacking information of the
atoms that locate just under the surface.

Even on the natural face which has a very low offset angle
from (0001), there are steps in a macroscopic view point. Hence,
the surface of the 6H-SiC(0001) face can be divided into two
parts. In one part the surface is occupied by the atoms belonging
to ABC of the former half of the stacking sequence of ABCACB, and
in the other part by the atoms belonging to ACB of the latter
half. On the ABC part 3C-SiC grows in accordance with the
stacking sequence of ABC, and on the other part in accordance
with ACB as shown in Fig.11(a). In other words on the natural
face of 6H-SiC twin crystals of 3C-SiC grow.

As the off angle becomes larger, the density of the surface
steps becomes larger. Then atoms easily reach to the steps by
migration. In this case, epitaxial growth takes place inheriting
the stacking information around the steps as shown in Fig.11(b).
Hence, 6H-SiC layers were obtained on off-oriented substrates.
Even on natural faces 6H-SiC layers were obtained at 1800°C[7].
There are two mechanisms which can explain the result. One is
that 6H-SiC is stable at temperatures over 1800°C. And the other
is explained as follows based on the model mentioned above. At
very high temperatures surface migration becomes active.
Therefore, even if the density of steps is low, atoms can reach
to the steps and 6H-SiC can grow epitaxially at high
temperatures. Powell and Will reported epitaxial growth of 6H-SiC
at very low temperatures under 1400°C on the faces perpendicular
to {0001} C—faces.13 Their investigation corresponds to grbwth on
substrates with an off angle of 90°. o

At 1350°C the introduction of off orientation did not give
rise to variation in polytypes. As discussed above the grthh
mechanism at 1350°C is different from that at temberatures higher
than the melting point of Si. And'the polytype of the grown-
layers is probably decided in a differént way. BT
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6H-SiC substrate 6H-SiC substrate

Fig.1ll Mcdel of (a) growth of twinned 3C-SiC on well oriented
6H-SiC(0001) and (b) homo-epitaxial growth on off oriented 6H-
SiC(0001).
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Fig.12 Theoretical <210> (or <1010>)azimuth RHEED pattern for all
polytypes of SiC. Where n is a number of layers in the repeat
distance.
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3. Identification of polytypes

(RHEED observation)

The most fundamental method to identify the structure of
crystals is a diffraction technique. The examples of
identification by X-ray oscillation[15], TED(transmission
electron diffraction)[11,16] and Kikuchi 1lines in electron
diffraction patterns[17] were reported. In this work, structure
identification was carried out by RHEED observation. This method
is convenient for thin grown layers. Moreover, sample preparation
and interpretation of results are easy.

To obtain theoretical RHEED patterns, reciprocal vectors,
structural factors and double reflection should be taken into
account. The detail of calculation is mentioned in an appendix.
<110> and <210>*) azimuth patterns of SiC(0001) in Fig.12 are
common to all polytypes. However, <100> and <110>*) azimuth
patterns are peculiar to each polytype. <100> azimuth patterns
for 3C, 6H and 15R types are shown in Figs.13(a)-(c). For
hexagonal polytypes <100> patterns are symmetrical, but those for
3C and rhombohedral polytypes are asymmetrical. When 3C-SiC
contains twinning the pattern is synthesized by Fig.13(a) and its
mirror image as shown in Fig.14. .
*)1¢710> and <210> directions correspond to <1010>. <100> and
<110> directions correspond to <2110>. See an appendix for
detail.

To apply this method to practical identification, spot
patterns must be observed. However, surfaces of natural faces and
grown layers are usually so flat that streak patterns are
obtained. To obtain a spot pattern intentionally roughness should
be introduced onto the surface. In this work, lapping and molten
KOH etching were attempted. Figure 15 shows a <100> azimuth
patférn of a 15R-SiC (0001) substrate. The surface of the sample
was lapped with carborundum. By lapping the surface was roughen
and partly changed to poly-crystalline. Sometimes the surface
became too rough for RHEED observation. To obtain adequate

roughness was very difficult in this method. For grown layers
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Fig.14 <100> azimuth RHEED pattern of 3C-SiC(0001) containing
twining.

Fig.1l5 <010> azimuth RHEED Fig.16 simultaneously obtained a
pattern of 15R-SiC(0001). RHEED pattern of a 3C-SiC grown
Surface of the sample was layer and a TED pattern of a 6H-
slightly lapped to obtain a spot SiC substrate.
pattern.
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Fig.17 Photoluminescence spectrum of an Al-doped 3C-SiC grown
layer. A broad peak at about 2.5eV is due to a 6H-SiC substrate.
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Fig.18 Photoluminescence spectrum of an Al-doped 6H~SiC grown
layer.,

-125-



molten KOH etching was utilized. Before etching, most samples
showed streak patterns and identification of polytypes were
impossible. After etching, spot patterns were obtained as shown
in Figs.4 and 7. By comparing these patterns experimentally
obtained with theoretical patterns shown in Figs.13 and 14, the
polytypes of the grown layers were clearly identified as
concluded in the previous section. When the surface of the grown
layer was very rough, a spot pattern was obtained without
special treatments as shown in Fig.16. In this figure a RHEED
pattern of a grown layer and a TED pattern of a substrate were
simultaneously obtained by exposing electron beam to the edge of
the sample. Epitaxial growth of 3C-SiC containing twinning on 6H-
SiC is clear in this photograph.

(Photoluminescence)

The bandgap energy and the activation energies of impurities
are peculiar to each polytype. Therefore, by measuring
photoluminescence spectra polytypes can be identified. Since SiC
has an indirect band structure and acceptor-related light
emission is mainly observed, acceptor doping is desirable to
obtain bright luminescence. In this study Al-doping was carried
out using TMA and TEA as mentioned in Chapter 4.

Figure 17 shows a photoluminescence spectrum of a grown
layer on a natural face. One broad peak at about 2.5eV and a set
of peaks under 2.2eV were observed. The broad peak was the
luminescence from the substrate and the other peaks are due to
the grown layer. The narrow peaks named as Ag and By were
identified as free to bound-acceptor emission and donor-
acceptor(N and Al) pair recombination in 3C-SiC, respectively, by
comparing with reported spectral15,18]. A[ and Bp(n is an
integer) peaks were phonon replicas of Ay and By, respectively.

Figure 18 shows a photoluminescence spectrum of a grown
layer on a lapped face. The peaks under 2.2eV disappeared. The
broad peak in Fig.17 at about 2.5eV changed to a set of narrow
peaks. These peaks are due to donor-acceptor(N and Al) pair

recombination in 6H-SiC. B, and C, series were reported to
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originate from N donors occupying a hexagonallike site and a
cubiclike site{19], respectively. In 6H-SiC impurities occupying

different sites have different activation energies.

4. Fabrication of Schottky and p-n junction diodes

The growth temperature of 6H-SiC evaluated in this section
was 1500°C. Though even at 1400°C 6H-SiC could be grown, the
electrical properties of the grown layers were not yet evaluated.
Figures 19(a) and (b) show current-voltage characteristics of Au-
SiC Schottky diodes on a 6H-SiC grown layer and on a 3C-SiC grown
layer containing twinning. Surface treatment before vacuum
evaporation of Au was carried out similar to the case of 3C-SicC
on Si mentioned in Chapter 4. The conduction type of undoped 6H-
and 3C-type drown layers was found to be n-type by a direction
of their rectification. Schottky diodes fabricated on 6H-SiC
grown layers showed good rectification reproducibly. By C-V
characteristics of the diodes undoped donor concentration was
obtained as 2x1016cm'3. Rectification of the diodes on 3C-SicC
grown layers was worse than that of 6H-SiC. Twin boundaries in
3C-5iC grown layers were one of the candidates for the origin of
the poor rectification.

Utilizing Au-SiC Schottky barriers EBIC observation was
carried out. Figqgures 20(a) and (b) show SEM and EBIC image
photographs of 3C-SiC on natural faces. In an EBIC image
boundary-like recombination centers are observed. They clearly
correspond to twin boundaries observed in the SEM image as
grooves. In addition to the twin boundaries recombination centers
with equilateral trianqgular shapes are observed. Probably they
are stacking faults. In the EBIC image of the 6H-SiC grown layer
recombination centers with a shape of an acute triangle and
random lines were observed as shown in Fig.21. Their origin was
not clear. Their density widely changed due to observation points
in the sample. Used substrates were grown by Acheson method to

produce polishing powder and their quality was not uniform.
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Fig.19 Current-voltage characteristics of a Au-SiC Schottky
diodes on (a)6H-SiC and (b)3C-SiC grown layers.
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Fig.20 (a)SEM and (b)EBIC images of 3C-SiC grown layers. In EBIC
image twin boundaries were observed as recombination centers.

Fig.21 EBIC image of a 6H-SiC grown layer.
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Therefore, the grown layers were considered to inherit the
quality of the substrates.

Mesa-type p-n junction diodes were fabricated using 6H-SiC
on lapped faces. To obtain p-type layers TMA or TEA was
introduced by a bubbling method using H, during the epitaxial
growth. P-type conduction with a carrier density of 4-9x1017cm3
was confirmed by the van der Pauw method. TMA and TEA work as p-
type dopants and carbon sources at the same time. Therefore,
the flow rate of C3Hg was reduced relatively to that of SiHy
during the growth of p-type layers. If it was not reduced, the
surface of the p-type grown layers became rough. The structure of
the fabricated diodes is shown in Fig.22. The undoped n-layer
and Al-doped p-layer were grown consecutively. TMA was used for
p-type doping. The thickness of both the n- and p-layers was
about 2um. To form mesa structures reactive ion etching(RIE)[20]
was utilized with an Al mask wusing CF, and 0, gases at 10Pa. The
junction area of the fabricated diodes was 1.96x10‘3cm2. A
thermal oxide film of Si0, was formed at 1050°C for 6hrs to
passivate the surface. Al-Si and Ni were evaporated and alloyed
for p-type and n-type ohmic contacts, respectively. Figure 23
shows I-V characteristics of the fabricated p-n junction diode
which showed the highest breakdown voltage of 100V. A 1/C3-v
plotting of capacitance-voltage characteristics showed a
proportional relationship(Fig.24), which means that this diode
had a graded junction. However, the C-V characteristics of other
diodes sometimes indicated abrupt Jjunctions showing a
proportional relationship in 1/C2—V plottings. The scattered C-V
characteristics are probably attributed to gas-flow switching to
start the growth of p-SiC on n-SiC.

Breakdown electric field was calculated using the I-V and
1/C3-V characteristics shown in Figs.23 and 24, respectively.
Breakdown voltage(Vy) and the maximum electric field(E) in a
graded p-n junction have the following relationship[21]

Vp=(4/3)E 3/ 2(2¢ /aq)(1/2) (1)
where a is impurity gradient(cm‘4), €. semiconductor permittivity

S
and q elementary charge. The impurity gradient can be obtained
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Fig.22 Schematic cross section of p-n junction mesa-diodes
fabricated using 6H-SiC grown layers.

Fig.23 Current-voltage char-
acteristics of a fabricated
p-n junction diode.

Fig.24 1/03-V plotting of
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from the slope of the 1/C3-V plotting utilizing the next
formulaf21]

1/¢3=12(Vy;-V)/(qae?) (2)
where Vi is built-in potential, C depletion-layer capacitance
and V applied voltage. Thus the breakdown electric field was
estimated to be 2.4x10° V/cm. von Muench et al. fabricated a
onesided abrupt p-nt junction diode at 1800°C by CVD method and
they obtained a breakdown electric field of 2—3.7x106 v/em([22].
They compared the results with an empirical prediction by Sze and
Gibbsons[23] mentioned in Chapter 4 and concluded that the
experimentally obtained value of Vg(breakdown voltage) and
Em(maximum field in a junction) were larger than the prediction
and the prediction cannot be applied to SiC. For graded junctions
Sze and Gibbsons gave the following relationship between Vg and
al231. ' o

Vp=60(E4/1.1)5/5(a/3x1020)72/5 (v) , (3)
where Eg is bandgap energy. The rel‘ationvs‘hip between Vg and E is
given as edq.{(1). Figures 25(a) and (b) show VB and Em as a
function of a. Experimentally obtained Vi and E are plotted as
circles in the figures and they are obviously larger than>Sze and
Gibbsons' prediction. Conélusively, in this work of preliminary
trials utilizing low-temperature growth, comparable results to
high-temperature grown layers were obtained.

These p-n junction diodes showed blue light-emission in the
forward-biased region. Examples of electroluminescence spectra
are shown in Fig.26. The diodes were driven by a pulse current of
500Hz with a duty cycle of 0.4. The wavelengths of the peaks in
the spectra well agreed with those of LED's grown by liquid phase
epitaxy(LPE)[24]. The peaks are attributed to three origins. The
highest-energy peak at 425nm(F peak) and the peak at 455nm(E
peak) are considered to be due to free-exciton recombination and
Al-related localized centers, respectively. The other peaks(M
peaks) are concerned with donor-acceptor(N and Al) pair

recombinations.
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Fig.25 Predicted (a)VB(breakdown voltage) and (b)Em(maximum
field) for graded p-n junction as a function of a(impurity
gradient). Used formulas were given by Sze and Gibbsons[23]). A
white circles represent results of this investigation.
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Fig.26 Electroluminescence spectra of a fabricated p-n junction
diode at room temperature.
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5. Summary

SiC was grown on 6H-SiC(0001)Si faces at 1350-1500°C by CVD
method. Polytypes of grown layers were changed by changing
growth temperatures and the orientation of substrates. 1In this
temperature region, 3C-SiC containing twinning was obtained on a
natural face. However, 6H-SiC was grown on off oriented (0001)
substrates at 1400-1500°C. This temperature is 300-400°C lower
than necessary growth temperature for 6H-SiC. The change in
polytypes by off orientation of substrates was explained in
.relation to the surface step density. Polytypes of the grown
layers were identified utilizing etch pits, RHEED patterns and PL
spectra.

P-n junction diodes fabricated using the 6H-5iC grown layers
showed good rectification. A breakdown electric field of
2.4x106V/cm was achieved in the p-n junction. This fact indicates
that the crystallinity of 6H-SiC grown at low temperatures by
introduction of off-orientation is comparable to that of grown

at high temperatures.
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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
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lag |=|a;]=3.083

la3|=3.77xn£

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.

(120
\ ]

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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o:double diffraction
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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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