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Large High-Quality Silicon Carbide Single Crystal Substrates
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This paper reviews the recent development of silicon carbide (SiC) single crystal

substrates, focusing on Nippon Steel’s development results. The potential of SiC

semiconductors for high power, high frequency electronic devices and for use in

severe environments has been recognized for several decades. Although such appli-

cations have long been hindered due to difficulty of its single crystal growth, large

and high quality SiC single crystals have been brought into reality thanks to drastic

improvements in the single crystal growth technology over the last few years. Using

the developed single crystal substrates, high quality epitaxial layer growth and test

manufacture of high performance devices are being energetically promoted. This

paper introduces the current status of the SiC single crystal growth technology and

discusses future challenges related to the technology.

1. Introduction

The electronic industry has so far developed mostly on the basis
of the electronic devices of Si single crystal materials. The Si single
crystal will undoubtedly continue to be the main stay of the elec-
tronic industry because of its superiority over other semiconductor
materials in any of the aspects of performance, costs or mass-pro-
ductivity. It has recently been recognized, however, that the Si single
crystal cannot be used in certain applications because of limits with
regard to its material properties. In many technical fields, such as the
aircraft and the automobile industries, for example, the use of elec-
tronic devices in high temperatures is sought after, but Si single crys-
tals cannot be used in temperatures above 150°C.

More and more semiconductor devices are used in the field of
electric power supply for AC-DC conversion and frequency conver-
sion, etc. In this relation, higher control current and voltage, high
speed operation and enhanced efficiency are required of the semi-
conductor devices, and for this reason, the limits in the material prop-
erties of the Si single crystal are being discussed. Silicon carbide
(SiC) single crystal has attracted attention with the above background
and also as a new electronic material to open a new field of technol-

ogy.

Compared with the conventional Si devices, SiC devices offer
five to ten times larger blocking voltages, several hundreds of de-
grees higher operating temperature and less than one-tenth of power
losses. The SiC single crystal is attracting attention also as a sub-
strate material for gallium nitride (GaN) semiconductor thin films,
the applications of which to high-efficiency short wave-length opto-
electronic devices and high-power mobile communication devices
are presently in progress. Sapphire substrates have been mainly used
for growing the GaN thin films, but SiC is more suitable for that
purpose for the following reasons: far smaller difference of lattice
constant and thermal expansion coefficient with GaN than sappbhire;
electric conductivity; higher thermal conductivity than sapphire; and
itis cleavable.

Technologies to grow a thin epitaxial film on a SiC single crystal
substrate, those of device design and device processes, indispensa-
ble for fabricating high performance devices of SiC, have lately shown
rapid advances. Meanwhile, however, many aspects of the manufac-
turing technologies of the SiC single crystal substrates, which form
a basis of the above technologies, are still left for future develop-
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ments. In this sense, development of large diameter, high quality
SiC single crystal is one of the key technologies in this field.

This report outlines the growth of SiC single crystals and de-
scribes characteristics of the SiC single crystals presently obtained,
focusing on the authors recent research results.

2. Large Diameter SiC Single Crystal Growth

Excellent physical and electrical properties of the SiC single crys-
tal have long been known. In view of its superior breakdown electric
field, saturation electron drift velocity and thermal conductivity over
the Si single crystal, research on the use of SiC for power devices
and in severe environments were energetically pursued in the United
States and Europe during the 1960s and 70s. That research using the
SiC single crystals grown by the Acheson method or the Lely method
yielded various reports suggesting high potential of SiC devices. The
efforts were, however, discontinued at many institutes and laborato-
ries as it became clear that the maximum crystal size achievable by
the crystal growing methods could not surpass 10 to 15 mm. In 1978,
amidst such thinking, Tairov and Tsvetkov of the former USSR pro-
posed a modified Lely method to employ a seed crystal and atmos-
phere control?, wherein the control of the processes of crystal nucle-
ation and material transfer was remarkably improved by introducing
the seed crystal and atmosphere control using inert gas.

Fig. 1 is a schematic illustration of the modified-Lely method
using induction heating. The fundamental process of the method is
that vapor of Si and C sublimated from a raw material in powder is
transported by diffusion in an inert gas atmosphere in a semi-closed
vessel and condenses in supersaturation onto the seed crystal kept at
a lower temperature than the raw material. The growth rate of the
crystal is, therefore, determined by the material temperature, and the
temperature gradient and pressure in the vessel. The vessel, which is
a graphite crucible placed in an inert gas (Ar) atmosphere, is heated
by radio frequency induction. The temperature gradient is created
by positioning the crucible asymmetrically to the induction coil cen-
ter. The temperature control of the system is done generally by mea-
suring the temperature of the crucible surface with an optical py-
rometer through a hole in a heat insulation wall. The reading thus
obtained is usually 2,200 to 2,400°C, but simulations and other esti-
mation methods indicate that actual temperature inside the system is
2,500°C or higher. This very high process temperature is a distin-
guishing feature of the method while at the same time, it is the rea-
son for the difficulty in controlling the crystal growing process and
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Fig. 1 Schematic diagram of sublimation growth method (Modified-Lely
method)
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occurrence of defects.

The crystals Tairov et al obtained at first had a diameter as small
as 18 mm, but the method has been brought up to be capable of
producing crystals as large as 4 inches in diameter®. The main diam-
eter of the crystals now available in the market is 2 inches, with 3-
inch diameter crystals having become available recently, though they
have a limited specification. Considering the fact that production of
4-inch diameter wafers has been regarded as a milestone in the power
device field for a long time, the modified-Lely method’s capability
to produce single crystals up to a diameter of 4 inches by a vapor
phase crystal growth method deserves a special notice. Generally
speaking, however, crystal quality tends to fall as the diameter be-
comes larger, and the above-mentioned large size crystals are no
exception.

Absence of an established methodology is presumably the rea-
son why it took so long to increase the size of the SiC single crystal.
Difficulty in growing high quality single crystals increases rapidly
as the diameter increases. Furthermore, various technical problems
have become apparent during the course of diameter enlargement.
Crystal growth temperature and the degree of supersaturation are
largely different between the vapor phase crystal growth and the lig-
uid phase crystal growth such as Si and gallium arsenide (GaAs),
and this fact has hindered application of the long-accumulated tech-
nologies of the liquid phase semiconductor crystal growth to the
manufacture of the SiC crystal. Over the last few years, however,
simulation® and other process optimization technologies have come
to be applied to the SiC single crystal growth. Significance of simu-
lation technologies is expected to increase in the crystal growth of
this material system, in which in-situ monitoring is extremely diffi-
cult.

After a long period of concentrated efforts to achieve larger di-
ameter SiC single crystals, Nippon Steel entered into a stage of rapid
size increase thanks to the application of simulation and other re-
lated technologies. The SiC single crystal growth involves a mate-
rial transportation process in a high temperature environment ex-
ceeding 2,500°C, where only a slight modification of a hot zone struc-
ture is known to exert a drastic influence over the crystal growth?.
For this reason, in reproducing the crystal growth in a simulator, it is
necessary to deal with heat flow, material flow and chemical reac-
tions in an integrated manner, but no such crystal growth simulator
has been worked out yet. Nevertheless, Nippon Steel has succeeded
in predicting crystal growth to some extent by systematically com-

Fig. 2 3-inch diameter SiC single crystal wafer (6H polytype) Nippon
Steel developed, side by side with compact disc
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bining an induction heating simulator accounting for a high tem-
perature strong heat radiation field with internally accumulated ex-
perimental and empirical database of the SiC single crystal growth.

A hot zone for growing large size crystals based on predictions
obtained through simulations was designed and success was achieved
in obtaining a SiC single crystal diameter of 3 inches as a result. Fig.
2 is a photograph of a 3-inch diameter SiC single crystal wafer (6H
polytype) that was manufactured by Nippon Steel.

3. Machining Techniques of SiC Single Crystal (Sub-
strate Manufacturing Techniques)

Machining techniques (substrate manufacturing techniques) of
the SiC single crystal are those employed for manufacturing wafers
having desired surface crystal orientation from a SiC single crystal,
and are indispensable for practical application of the SiC single crystal
to semiconductor devices. In view of the application to semiconduc-
tor devices, the substrate manufacturing techniques are evaluated in
the following two criteria: (1) shape and dimensional accuracy of
the substrate; and (2) crystallographic integrity in the substrate sur-
face. Device manufacturing processes require item (1). Item (2) has
a large influence on the integrity of an epitaxially grown thin film.
Furthermore, the productivity and costs of the entire substrate manu-
facturing processes have to be given due considerations from the
viewpoint of practical use of the substrates.

The substrate manufacturing processes are divided into cutting
processes and polishing processes. Cutting loss, speed, substrate shape
and surface damage are among the criteria important for evaluating
the cutting processes. Inside diameter (I.D.) blade cutters or wire
saws have been used for cutting Si or GaAs semiconductor single
crystals but, since SiC single crystal has a hardness second only to
diamonds, these cutting methods are inapplicable to SiC without
modifications.

At present, the SiC single crystal is cut generally with outside
diameter (O.D.) blade cutters, for which diamond-bonded blades can
be used®. Since the abrasive grain layer thickness of a diamond-
bonded blade can be made large, when outermost grains fall out dur-
ing cutting, new grains appear to the surface as bond is scraped off,
and thus hard materials like SiC can be cut stably. Because the stiff-
ness of a blade of the O.D. blade cutters is secured by making its
base metal thick, however, cutting loss inevitably increases. What is
more, while an adequate cutting thickness is considered as up to 10
times the blade thickness, when cutting a SiC single crystal 2 to 4
inches in diameter, the cutting thickness will be several times to sev-
eral tens of times larger than the adequate cutting thickness and, hence,
the cutting condition will be extremely difficult. For wider practical
applications of the SiC single crystal, a new high speed, high yield
and high precision cutting method has to be developed that takes
other cutting methods into consideration.

Diamonds are generally used as abrasive grains for the polishing
process of SiC single crystal substrates because of their hardness. It
is a general practice to use soft polishers in sequential steps from a
large polishing load to gradually smaller loads to avoid polishing
damage. Application of this scheme to the diamond polishing of the
SiC single crystals is effective to some extent for reducing polishing
damages when polishing conditions are properly controlled. Kanaya
et al reported, however, that a polishing-damaged layer roughly 50
to 100 nm in thickness is inevitably left on the surface, however well
the polishing conditions are controlled®.

The so-called chemomechanical polishing (CMP) methods are
usually employed for obtaining a damage-free, dead flat surface suit-
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Fig. 3 Sectional TEM micrographs of
(a) (0001) Si surface of 6H-SiC polished with diamond 1.6
nm in roughness
(b) (0001) Si surface of 6H-SiC polished by CMP with
colloidal silica after surface oxidation

able for fabrication of semiconductor devices. CMPs using colloidal
silica or chromium oxide have been tried on SiC, but the methods
are not regarded practically promising, since a sufficiently high pol-
ishing speed has not been achieved owing to the hardness of the SiC
single crystal. To solve the problem a new polishing method com-
bining surface oxidation with the CMP”was worked out wherein a
surface having a polishing-damaged layer as a result of the diamond
polishing is oxidized with water vapor for 3 hours at 1,150°C and is
then polished by the CMP using colloidal silica (2 hours with a col-
loidal silica polishing liquid of a standard concentration of pH10
available in the market). Most of the polishing-damaged layer origi-
nally about 50 nm in thickness is changed into an oxide film by the
oxidation and is easily removed by the CMP. What remained of the
polishing-damaged layer is thin enough to be removed also by the
slow CMP.

Fig. 3 (b) is a sectional TEM photograph of a substrate surface
polished by the oxidation + CMP method, and Fig. 3 (a) another of a
comparative surface polished only with diamond. As is clear in the
figure, the work-damaged layer on the substrate surface not removed
by the diamond polishing was removed by the oxidation + CMP
method. A surface roughness of Ra = 1.6 nm obtained by the con-
ventional diamond polishing was improved to Ra = 0.4 to 0.8 nm by
the developed polishing method’-®.

4. Crystal Defects and Reduction Thereof

The most serious problem of the SiC single crystals presently
manufactured is a defect called micropipe. It is a hollow tube-shaped
defect several um in diameter penetrating the crystal and is repli-
cated into an epitaxial film grown on the crystal surface, constituting
a fatal defect for a SiC device, especially for a large current power
device®. Fig. 4 is a SEM photograph of a micropipe. The large hex-
agonal pit is an etch pit formed by molten KOH etching, and a
micropipe 2 to 3 um in diameter is seen at the center of the etch pit.
The latest research discovered that the defect is a hollow core dislo-
cation, the occurrence of which Frank predicted theoretically in
1951'®, The hollow core dislocation is formed when Burgers vector
of a dislocation is so large that the dislocation core becomes un-
stable'.

Tsvetkov et al classified the causes of micropipes into three



Fig. 4 SEM micrograph of micropipe
The hole 2-3 um in diameter in the center is a micropipe.

groups: thermodynamic, kinetic and technological'?. The thermody-
namic and kinetic causes include thermal strain, three-dimensional
nucleation, etc., and the technological causes include process insta-
bility, contamination and the like. Ohtani et al, in contrast, attribute
the cause of the micropipes mainly to inclusions of foreign polytypes
during crystal growth'>. Non-basal plane interfaces between differ-
ent polytypes accommodate crystallographic imperfections, which
are relaxed during crystal growth into formation of the micropipes.
Fig. 5 is a micrograph of a 6H-SiC single crystal at a section along
the crystal growth direction observed with a transmission optical mi-
croscope. Here, micropipes are seen to form triggered by inclusion
of a foreign polytype (15R) occurring during crystal growth.

Some models of micropipe formation. mechanisms have been
proposed and they can be classified into two large groups. One is a
model to suppose that a micropipe forms as a result of dislocations
trapped in a pit or void occurring on a crystal surface '), and the
other is a model to assume that a dislocation having a large Burgers
vector is formed in the first place and then its core becomes hollow

d
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Fig. 5 Occurrence of micropipe caused by polytype inclusion
A 6H-SiC single crystal cut along the growth direction is observed
with a transmission optical microscope. Micropipes are seen to
form triggered by inclusion of a growing foreign polytype (15R-
SiC).
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to form a stable micropipe's '”. In the former surface model, it has
been pointed out that formation of macrosteps on the crystal growth
surface plays a significant role'®. Understanding of behaviors of the
steps on the single crystal growth surface is essential also in under-
standing the SiC single crystal growth mechanisms'®. In the latter
model the key issue is how the dislocation having a large Burgers
vector forms. With regard to this, some models have been reported
such as the one to suppose involvement of twist-type low angle grain
boundaries'® and another to suppose a stacking fault cluster acting
as an initial core in the micropipe formation'”. Future clarification is
awaited as to whether any one of the above is correct or more than
one mechanisms are involved in the micropipe formation.

From the defect physics and industry viewpoints, an interesting
characteristic of the micropipes is their dissociation. Latest studies
have clarified that micropipes follow a cycle of formation, propaga-
tion and dissociation during the course of crystal growth' . Viewed
from a standpoint of elasticity theory, a dislocation with a large
Burgers vector of ne (where c is the smallest translation vector) is
energetically unfavorable compared with a distribution of number n
of dislocations each having a Burgers vector of ¢. This seems to hold
true with the micropipe, which is a kind of dislocation, though with
a hollow core.

Despite the above, the micropipes appear to exist in a stable state
in the SiC single crystal and propagate steadily through a growing
crystal. This implies that there exists a large kinetic energy barrier in
the dissociation process of a micropipe such as the one shown in
Fig. 6 wherein a micropipe having a Burgers vector of nc dissociates
into a micropipe having a Burgers vector of (n-1)c and a screw dislo-
cation having a Burgers vector of ¢2?. It has been pointed out that
elementary processes on the crystal growth surface play significant
roles in the dissociation process?”. The kinetic energy barrier can be
reduced by optimizing the growth conditions of the SiC single crys-
tal and, thus, the dissociation of the micropipe can be accelerated.
The micropipe density by this method over the past few years has
been reduced and a density of a few micropipes per cm? 2 has been
attained.

‘While the occurrence of micropipes has been reduced, it has been
made clear that other crystallographic defects have also to be de-
creased for commercial application of the SiC substrates. X-ray rock-
ing curve measurement, reciprocal lattice space mapping and other
methods are being employed to investigate mosaic structure of the
modified-Lely grown SiC single crystals?. It has been generally re-
ported that, by the X-ray rocking curve measurement, multiple peaks
(over several hundreds of arcseconds) and asymmetry of the rocking
curves appear in different portions of a crystal. Also reported is a
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Fig. 6 Schematic illustration of micropipe dissociation process
A micropipe dissociates into a micropipe having a smaller
Burgers vector and a screw dislocation.
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Fig. 7 SiC single crystal having small mosaicity
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X-ray rocking curves each having a narrow single diffraction peak were obtained across the entire wafer. The full width at half maximum (FWHM)
at portions of very good crystallinity is nearly equal to the resolution of the measuring apparatus (right).

correlation between the mosaic structure and warpage and other prob-
lems of wafers?¥. Elimination of the mosaicity is essential for the
commercial application of the SiC substrates.

Through a series of X-ray rocking curve measurements of SiC
single crystal wafers in the market, Glass et al.*® discovered a good
correlation between the micropipe density and the number of mul-
tiple peaks of X-ray rocking curves (mosaicity) and, based on this
finding, attributed the mosaicity of the SiC single crystals to the
micropipe. Other groups of researchers proposed models to suppose
that twist type subgrain boundaries (low angle grain boundaries) origi-
nating from interactions of growth spiral steps were the canse of the
mosaicity in the (0001) plane of SiC single crystals'é-'?. Katsuno et
al. on the other hand, proposed that polytype inclusion was the cause
of the mosaic structure and observed a tilt type structure as a variety
of the low angle grain boundary structure. They reported that the
mosaicity in the (0001) plane of the SiC single crystal was not caused
by the micropipes or screw dislocations but by edge dislocation ar-
rays tilted from the c-axis®.

A high quality seed crystal and an optimum temperature distri-
bution in the crystal growing space are considered essential for im-
proving the mosaic structure®®. Through improvements in the crys-
tal growing hot zone and repeated enlargements of a seed crystal
portion having good crystallinity, the authors have recently succeeded
in obtaining SiC single crystals showing single-peak X-ray rocking
curves with an excellent full width at half maximum (FWHM) of 30
arcseconds or less (spot size: 2 mm X 2 mm) across the entire 1-inch
wafer as shown in Fig. 7*".

5. Closing

Present state of development activities of SiC single crystal sub-
strates was delineated above focusing on Nippon Steel’s develop-
ment results. The diameter of the SiC single crystal has been en-
larged to exceed 2 inches and the occurrence of micropipes has been
dramatically reduced. Many high performance SiC devices beyond
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the limits of the Si devices have been developed and some of them,
the Schottky barrier diode for example, are already close to commer-
cial application. It is hoped that application and commercialization
of these devices will create markets for the SiC devices and single
crystal substrates, which, in turn, will spur further enlargement and
quality improvement of the SiC single crystal substrates. It is ex-
pected that Nippon Steel’s development results will contribute to the
creation of markets.
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