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Abstract

In the processing of single crystal SiC using the PVT method, defects such as micropipes and dislocations occur due to various reasons,
including growth rate, temperature gradient, seed quality, pressure change and the SiC source powder. Among these factors, the SiC source
powder was investigated to reduce defects in single crystal SiC. β-SiC powder was used to reduce the growth temperature and change basic
properties of the particle, including microstructure, particle size and chemical composition, through the purification process. The structure of the
purified β-SiC particle was changed into a spherical structure and its particle size expanded. Chemical analysis revealed reduced free carbon,
oxide phases such as silica (SiO2), silicon oxycarbide and metallic impurities. Purified β-SiC powder showed increased particle size of 37 mm and
showed improved purity. With this, we grew single crystal 4H SiC and compared the micropipe and dislocation density to that of single crystal
4H SiC grown with non-purified β-SiC powder. The experimental results confirmed that the 4H SiC wafer grown by purified β-SiC powder
exhibited improved quality.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon carbide (SiC) is used in many areas as it has out-
standing mechanical properties, including high elastic modulus
and hardness, excellent thermal and electrical properties such as
high thermal conductivity and a wide bandgap, and stable
chemical properties. While SiC can have 200 or more polytypes,
the α-type phase (4H and 6H, non-cubic phase) and β-type phase
(3C, cubic phase) are most frequently used for industrial
purposes. In particular, 4H SiC is applied more to power device
applications that require high voltage, power and frequency as it
has a higher bandgap, breakdown voltage and carrier mobility
than those of other SiC polytypes [1–4].

There are different methods to grow single crystal SiC, but
the physical vapor transport (PVT) method is the most useful
as it has the advantages of yielding a large diameter and high
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growth rate. The most important factor in growing single
crystal SiC is to contain and reduce the occurrence of defects
(micropipe, pour, polytype) and dislocations (screw, edge,
basal plane). Causes for defects and dislocations during the
growth process of single crystal SiC include damage, contam-
ination on the seed surface and stress from the temperature
gradient of the seed. Additional elements include polytype,
particle size, Si/C ratio and impurity of the SiC powder source.
The vapor phase composition changes during the SiC growth
process according to the metallic atom ion of SiC, SiO2

impurities, and excess Si and C. Micropipes and various
dislocations are caused from changes in the stacking arrange-
ment and pressure. If the grain size of the powder decreases,
agglomeration easily occurs during sublimation. Increased Si
oxide on the surface leads to an increase in the unreacted Si
and Si/C ratio, which both cause defects such as misfit
dislocation and stacking faults [5–9].

β-phase SiC powder instead of α phase SiC, powder was used
to reduce the defect factors and grow high quality single crystal
ghts reserved.
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Fig. 1. Optical photograph of (a) non-purified and (b) purified β-SiC powder. Field emission scanning electron microscopy images of (c) non-purified and (d)
purified SiC powder with different structures and particle sizes. (For interpretation of the references to color in this figure the reader is referred to the web version of
this article.)

Fig. 2. Particle size distribution analysis results of (a) non-purified and
(b) purified SiC powder. Fig. 3. X-ray diffraction spectra of (a) non-purified and (b) purified SiC powder.
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Fig. 4. Chemical state of the β-SiC powder analyzed by XPS: C1s XPS spectra of (a) non-purified and (b) purified SiC powder, S2p XPS spectra of (c) non-purified
and (d) purified SiC powder, and O1s XPS spectra of (e) non-purified and (f) purified SiC powder.
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4H SiC as it has a high melting point. The aim was to reduce the
temperature gradient between the source and seed and minimize
the graphitization of the powder source. Furthermore, a purifica-
tion process of the β-SiC powder was performed to 1) reduce the
powder impurities, 2) improve the purity of SiC by creating a Si/
C ratio stoichiometry, 3) reduce agglomeration of the SiC
powder during sublimation and 4) produce a uniform grain size
that significantly influenced the vapor transport and sublimation
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rate of the SiC powder. Single crystals of 4H SiC with purified
and non-purified powder were grown for wafers, and the
distribution of defects and dislocation density were compared.
2. Experimental procedure

β-SiC powder (3.46 μm) was purified and the particle size
controlled using a vaporization–condensation method. β-SiC
powder (100 g) was transferred to a graphite crucible and
heated under Ar ambient to 1850 1C with a 15 1C/min heating
rate, and held for 15 min. The temperature was then increased
to 2000 1C at 2 1C/min and held again. The sample was cooled
to 1850 1C and then heated to 2000 1C. This step was repeated
three times, resulting in high purity β-SiC powders.

Using purified and non-purified powders, single crystal 4H
SiC was grown by the PVT method at a growth temperature
of 1900 1C under Ar ambient and a 250 μm/h growth rate.
The grown 4H SiC crystals were sliced approximately
perpendicular to the growth direction into (0001) Si wafers.

The microstructure and size of the SiC powders were
examined using scanning electron microscopy (SEM, JEOL,
JSM-7001F). X-ray powder diffraction analysis was performed
using an X-ray diffractometer (2θ method, Rigaku, D/MAX-
2500H) with a Cu target to identify the crystalline phase of the
powder. The chemical bonding state of the element before and
after purification was analyzed by X-ray photoelectron spectro-
scopy (XPS, K-alpha, Thermo VG) with monochromatic Al
Kα (hν=1486.6 eV) excitation radiation using a 360 W source
power at an 12 kV acceleration voltage. Photoelectrons from
the Si2p, C1s, and O1s core levels were recorded using a
hemispherical analyzer with a 50 eV pass energy and 0.1 eV
step size. To analyze the content of the metal ions within the
single crystal 4H SiC wafer, time of flight secondary ion mass
spectrometry (TOF-SIMS, ion TOF, TOF-SIMS-5) was per-
formed with a Csþ primary ion source, respectively. Micro-
pipe density and dislocation density distribution maps were
analyzed using an automated optical microscopy system.
Table 1
Photoelectron binding energies and content percentages of non-purified and purifie

Non-purified SiC powder

Composition spin Bond Binding energy (eV) Content percentage

C1s C–Si 283.0 46.73
C–H 284.4 12.84
C–C 285.2 28.59
C–O 286.9 8.64
C¼O 289.3 3.21

Si2p Si–C 101.3 68.63
Si–O2 103.9 31.37

O1s O΄ 531.6 10.47
O–Si–C 532.8 83.96
O2–Si 533.5 5.57
3. Results and discussion

3.1. Microstructure and grain size of the β-SiC powder

To produce a high-quality ceramic-using powder, the
particle should have a small size with a narrow range and be
agglomeration-free with a spherical shape and high purity [10].
In the case of the SiC powder source using the sublimation
method, if the particle size is small, agglomeration can easily
occur and the packing density decreases due to the large
specific surface area and high surface energy [11]. Therefore,
the powder was purified to meet the conditions explained,
excluding particle size.
Fig. 1 shows the optical photographs (a, b) and SEM images

(c, d) of purified and non-purified SiC powder. Non-purified SiC
powder was dark gray whereas it turned green after purification.
Contamination from impurities on the SiC surface potentially affec-
ted the gray color, which changed during the purification process
as the impurities decreased. As shown in the SEM images, the non-
purified SiC powder shows irregular particle size and structure, and
a plate-like shape of the partially sintered β-SiC, while the purified
β-SiC powder had a uniformly spherical structure and larger par-
ticle size. More metallic ions and SiOx occurred when the particle
size of the powder was smaller [12,13]. Therefore, the impurities
decreased as the particle size of the powder increased during the
purification process. A detailed analysis on this phenomenon was
performed via investigation of the chemical composition.
Fig. 2 is the analysis of the particle size distribution of β-SiC

powder before and after purification. The average particle size
of non-purified powder was 3.46 μm which increased to
37.1 μm after purification. The particle coarsened from surface
and bulk diffusion due to thermal reduction during the
purification process [14]. XRD analysis was used to investigate
whether the polycrystalline particle occurred partially or
wholly during the process (Fig. 3). Both purified and non-
purified powder clearly showed major peaks at the (111), (220)
and (311) planes, indicating β-SiC without other elements.
Therefore the purification condition was appropriate as crystal-
lographic transformation of β-SiC did not occur.
d SiC powder.

Purified SiC powder

Composition spin Bond Binding energy (eV) Content percentage

C1s C–Si 283.4 80.94

C–C 285.6 19.16
C–O 287.3 3.54
C¼O 289.7 2.54

Si2p Si–C 101.4 92.06
Si–O2 103.5 7.94

O1s O΄ 531.5 2.33
O–Si–C 532.7 94.88
O2–Si 533.4 2.89



Fig. 5. Comparison of the micropipe and dislocation density distribution map between 4H SiC wafers grown by (a, c) non-purified and (b, d) purified SiC powder.
TOF-SIMS measurements of the Al atom content within the 4H SiC wafer grown with non-purified and purified powder (e, f).
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3.2. Chemical component analysis of the β-SiC powder

During the growth process of the SiC powder, vapor phases
occurring from sublimation of the SiC powder are Si, SiC, Si2C,
and SiC2 [15]. However, the grain of the SiC powder source is
covered with free carbon, an oxide phase such as silica (SiOX)
and silicon oxycarbide (SiCxOy). When the powder was high in
SiO2, more reactive gaseous species appeared. SiO2 reacts with
metallic ion impurities, which causes changes in the vapor phase
composition leading to defects [12,16]. Fig. 4 is an analysis of
the powder chemical component before and after purification by
narrow scanning of the XPS peaks of C1s, Si2p, and O1s. The
C1s XPS spectra of the non-purified powder in Fig. 4(a) show
C–H, C–O and C–C that have high bonding energy, and C–Si
bonding at the binding energy 283 eV position. The hydrocarbon
species peak, which was not observed in Fig. 4(b) of the purified
SiC powder, was due to the contaminated carbon and oxygen.
Additionally, permeated hydrogen can become hydride by
reacting with carbon and can affect SiC bonding through the
H2 reaction with carbon due to its high chemical activity [17].
The analysis results of the Si2p spectra in Fig. 4(c) and (d)
confirmed that the purified and non-purified powders had a Si–C
binding energy of 101.36 eV. The non-purified powder showed
the Si–O2 spectra moving towards a high binding energy due to
the high oxygen content. The Si–O2 content was high and the
Si–C bonding was low as the high oxygen content broke Si–C
bonding, and oxygen atoms entered into a more stable carbon
site to become SiO2 [18]. As shown in Table 1, purified SiC
powder had less Si–O2 and the Si–C bonding increased to more
than 90%. Fig. 4(e) and (f) compares the O1s spectra between
purified and non-purified SiC powder. O–Si–C has a binding
energy of 532.8 eV. O΄ (531 eV) indicates a C–O–C and the Si–
O–Si bridge or Si–O–C was observed with O2–Si or O–C
bonding that had a 533 eV binding energy. O΄ is an amorphous
metastable phase where the O atom enters the Si back bond, and
the silicon atom bonds the oxygen and carbon atoms. As the
dangling bond of the Si atom changes when O΄ species are
observed, more defects are present [19,20]. Additionally, non-
purified powder has more defects as it has more O΄ content than
purified powder.

As a result of analyzing the chemical component of the SiC
powder before and after purification with XPS, the purity and
content of SiC were confirmed to increase during the purifica-
tion process as impurities such as SiOx, carbon and silicon
oxycarbide can cause various defects to decrease.

3.3. Mapping of micropipes and dislocations in the 4H SiC
wafer

Fig. 5 is a comparison of automatically measured micropipes
and the dislocation density of 2-in. single crystal 4H SiC wafers
grown with purified and non-purified SiC powder. A single
crystal 4H SiC wafer grown with SiC powder before purification
showed a 6 cm�2 micropipe density and 9.7Eþ4 cm�2 disloca-
tion density. However, the single crystal 4H SiC wafer grown
with purified powder showed a 2.1 cm�2 micropipe density and
4.7Eþ4 cm�2 dislocation density, demonstrating better quality
than that of the single crystal 4H SiC wafer grown with non-
purified powder. This occurred when identical factors were used
that affect the growth of the crystal such as the growth
temperature, pressure and distance between the source and seed
with varied SiC source powder, through which we confirmed that
the growth of the micropipes and dislocations reduced when the
purified powder was used.
Fig. 5(e) and (f) compares the metallic ion Al content in wafers

measured by TOF-SIMS. The Al content in the single crystal 4H
SiC wafer grown by purified powder was much lower. The Al
atom within the powder is similar in the size to the Si atom when
sublimated, and it intrudes on the space of the Si to produce a
lattice dislocation [21]. Al also causes a void and vacancy leading
to defects during stacking. Although these direct factors affect the
results, there are likely more composite factors in reduced
micropipe and dislocation density when using the purified powder.
First, although β-SiC powder with a higher Si/C ratio than that of
α-SiC powder was used, excess carbon and silicon causing
micropipes were reduced by the increased SiC content through
the purification process. Second, by using β-SiC powder that has a
low melting point, thermal stress occurring between the seed and
source decreased. Third, the particle size of the powder increased
through the purification process to reduce the metallic ions and
SiO in the surface, increase the packing density and decrease
graphitization of the powder surface. Fourth, SiO2 was reduced
from purification to diminish the reaction of the metallic ions,
which led to less change in the vapor phase composition and more
stable Si partial pressure. Lastly, various impurities within the
powder were reduced from purification so that parasitic nucleation
within the seed and growth interface decreased.
4. Conclusion

β-SiC powder was purified and the particle size controlled
using a vaporization–condensation method. After vaporization–
condensation from 2000 to 1850 1C, the small particle size of β-
SiC powder increased to an average particle size (greater than
37 μm) and the formerly irregular structure took a regular
spherical shape with purity. The phase translation of β-SiC did
not occur during the thermal process while being purified.
Purified β-SiC powder showed decreased metallic and SiO2

impurities that can affect temperature, pressure and vapor phase
composition during SiC crystal growth and demonstrated
increased SiC content compared to non-purified powder. The
micropipe and dislocation density of the single crystal 4H SiC
grown by purified β-SiC powder were reduced by 3.9 cm�2 and
5 Eþ4 cm�2, respectively, compared to the single crystal 4H SiC
grown by a non-purified powder. In conclusion, the quality of the
4H SiC wafer improved through purification of the β-SiC
powder.
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