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Abstract: Microindentation with a Vickers diamond pyramid was used in a study
of mechanical properties of 6H-SiC with different concentrations of impurities
(nitrogen and aluminium) and of intrinsic defects generated by irradiation or
during growth under nonstoichiometric conditions. It was found that SiC crystals
containing nonstoichiometric and radiation defects. as well as samples with high
nitrogen concentration (Cy>10"" em ), have a greater tendency for cracking.
which results in deterioration of the microstrength characteristics. An analysis of
the results obtained leads to the conclusion that the observed changes are primar-

ily caused by intrinsic defect clusters rather than dislocations. ©

Science Limited and Techna S.r.l.

1 INTRODUCTION

[t is known that intrinsic defects, which may be
generated in SiC single crystals by irradiation with
high-energy particles, increase the lattice parameter
and promotc the formation of both vacancy and
interstitial clusters.' * The density and dimensions
of these are governed by the radiation dose and
annecaling temperature. Changes in the lattice
parameters are also observed in SiC single crystals
and epitaxial films grown under nonstoichiometric
conditions in the presence of excess silicon* and of
impurities® which should affect the binding c¢nergy
of atoms in the lattice and, consequently, the phy-
sicomechanical properties of a material.® The pur-
pose of the present investigation was to determine
the physicomechanical properties of SiC single
crystals containing nonequilibrium intrinsic defects
and impuritics. and to carry out a comparative
analysis not only of the elastoplastic properties of
the samples, but also of their strength parameters.

2 EXPERIMENTAL PROCEDURE

We investigated 6H-SiC single crystals prepared
under various conditions and divided into four
batches: (1) crystals grown under industrial condi-
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tions by the Lely method and doped with nitrogen
(nitrogen concentration approximately 10 em ).
(2) crystals and epitaxial films heavily doped with
nitrogen or aluminium impuritics (concentration of
10°° cm ) (3) crystals grown under nonstoichio-
metric conditions by the sublimation “sandwich
method™ in the presence or a relative excess or
deficiency of silicon: (4) crystals were irradiated
with high-ecnergy (neutron or x-particles). The
reactor neutron dose was 10" 107" ¢m = (the
fraction of fast neutrons was 20%4). The density of
dislocations in samples belonging to the first and
second batches was 10°-10°. whereas in the third
and fourth batches it was 10° 10* ¢m

The physicomechanical properties of the mvesti-
gated samples were determined by microindentation
with a Vickers diamond pyramid under loads of 0.5
8.0 N in specially developed microhardness meters
of the PMT-3 type characterized by an improved
accuracy.® Single crystals of SiC were indented in
all cases on the (0001) C face and the size of the
SiC single crystals, 6H-SiC polytype was 57 mm.

It is known® that microindentation can causc
plastic deformation accompanied by local brittle
fracture giving risc to cracks localized near the
indentation. The process of clastoplastic deforma-
tion can be described by the cexpression
P = fld) = a,d’. where a, is a dimensional con-
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stant, n, is a dimensionless constant and d is a
diagonal of the indentation. According to Ref. §
the brittle fracture process is characterized by two
stages: during the first stage cracks form and grow
slowly to a certain critical size D,,. The extent to
which a crack grows is proportional to the size of
the indentation made by the diamond pyramid, i.e.
the process is mainly of elastoplastic deformation.
During the second stage when the load exceeds the
crytical value (P> P,), stable growth of cracks
occurs and it is described by the expression
P = f(D) = apD™, where D is the size of the brittle
fracture zone, ap i1s a dimensional constant repre-
senting the brittle properties of the investigated
sample and np is a dimensionless constant reflect-
ing the intensity of the brittle fracture processes.

The second stage is characterized by stable brittle
fracture. For this reason the strength parameters
and the brittleness of the samples are best deter-
mined during this stage.

The parameters of the elastoplastic deformation
and brittle fracture processes were found quantita-
tively by measuring d and D. They were then used
to calculate the microhardness H , the microstrength
o, the microbrittleness v, and the critical coeflicient
representing the stress intensity K;c. We also
determined the load P, above which the process of
brittle fracture was initiated by microindentation.

The values of H,, 6, v and K¢ were found from the
equations H, = 1832 GPa, o = 1902 GPa, y = Dzd‘zd‘,
Kic = 0.015(£)'?PD=3>MN/m?, where E is elas-
tic modulus, Eg;c=394.0 GPa. It should be noted
that the microhardness H, represents the hardness
and plastic characteristics of the material, the
microbrittieness vy reflects a relation between the
brittle and plastic properties, whereas ¢ and K¢
describe the resistance to cracking.

3 RESULTS AND DISCUSSION

Table 1 gives the physicomechanical characteristics
of the investigated SiC samples. An analysis of the
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results (Table 1) shows that in practice for the same
value of the microhardness, the parameters o, v
and K, could differ quite considerably. In parti-
cular, the highest microstrength ¢ was exhibited by
SiC single crystals grown by the Lely method under
standard conditions. Heavy doping of SiC single
crystals with aluminium to ~5x10%° ¢cm~3 had
practically no effect on these parameters (Table 1),
whereas the microstrength was considerably lower
in the case of crystals heavily doped with nitrogen
and in the case of SiC films grown under nonstoi-
chiometric conditions.

A lower microstrength and a tendency for crack
formations were exhibited by SiC single crystals
irradiated with neutrons or a-particles, i.e. by sin-
gle crystal containing radiation defects.

The results presented in Table 1 are well correlated
with the data obtained in a study of the dependences
of the parameters d and D on the load P applied to
the diamond pyramid (Fig. 1). The greatest
differences between the dependences D(P) were
observed for different samples at relatively low
loads.

An analysis of the experimental data allowed us
to assume that a reduction in the microstrength of
samples belonging to the third and fourth batches
was a consequence of higher density of dislocations
which lowered, in accordance with Ref. 8, the cri-
tical stress needed to set cracks in motion; such a
high dislocation density could promote plastic
deformation. This could probably account for the
higher microbrittleness of SiC samples heavily
doped with nitrogen. However, in the case of neu-
tron-irradiated SiC single crystals such an expla-
nation could not be valid, because the density of
dislocations in these single crystals was the same as
in the standard SiC samples grown by the Lely
method. We compared the mechanical properties
of 6H-SiC single crystals (1 and 4 bathes) which
have the same density of dislocations (10° cm—?)
and showed that the microbrittleness was consid-
erably greater than that of the standard samples.
Therefore, the change in the physicomechanical

Table 1. Microstrength characteristics of the SiC 6H polytype

No. Information on sample H,(GPa) o (GPa) Yru. Per (N) Ke
1 Grown under standard cond., n-type, Np=3x10'8 cm—3 32.64 1.65 96 18.0 1.8
2 Aluminium-doped, p-type, Ca=5x102% cm—2 32.64 1.65 9.6 — 18
3 Nitrogen-doped, n-type, Cn=1x10%° cm~3 32.64 1.01 16.5 12.0 126
4 Grown with excess of Si in SiC-Si,, system, 32.64 0.97 21.0 — 1.07
Np=3x10"8 cm3
5 Grown with deficit of Si, Np=3x10'8 cm 3 28.46 0N 16.0 15.0 117
6 Irr. with a-particles, =10 cm~2, £=20 MeV 32.64 1.26 131 17.0 147
7  lrir. with neutrons, ®=10%° ¢cm" 2 32.64 1.29 12.9 27.0 153
8 Irr. with neutrons, ®=10?" cm—2 27.50 0.80 170 — 1.23

“sandwich method".”

Note: Samples 1, 6, 7 and 8 were grown by the Lely method (7,=2600°C); samples 2, 3, 4 and 5 were grown by the sublimation
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Fig. 1. Changes in the parameters « and D with the load P

applied to a driamond pyramid during microindentation. The

curves are plotted using logarithmic coordinates by unalogy

with the Meyer graph and the Onitsch hardness curve.”!'?

The numbers in the figure represent the serial numbers of the
samples of SiC single erystals in Table 1.

properties of SiC single crystals should be attrib-
uted to the presence of clusters which could act
as stress concentrators - SiCoand reduce the
threshold energy of crack formation. The same
clusters were also observed in single crystals and
in epitaxial layers grown under nonstoichiometric
conditions ~*

These clusters could represent graphite or silicon
inclusions. and could be detected by transmission
clectron microscopy (TEM) and X-ray difractome-
try (XRD).'"“"* Tt has been cstablished by the ESR
method'™  that such nonstoichiometric  samples
contain stressed regions which obviously formed
because of a distribution of nonequilibrium intrin-
sic defects. inhemogeneous on the microscopic
scale. m Si1C sigle crystals. which also tended to
increase the brittleness of these samples. The inter-
stitial type clusters are observed by TEM in the SiC
single crystals doped with nitrogen impurity.™
Probably the dependence of the dislocation density
on the nitrogen doping level can be explained by
the presence of such defects and the sccond phase
inclusions.'™ Despite the forming of nitrogen
doped SiC crystals the clusters evidently do not
form SiC(AT1) crystals (sce Table 1). A compara-
tively Tow dislocation density even in highly doped
SIC(AT) crystals (C; =102 em %) is the evidence
of this fact.'® The results of this article also show
that some mpuritics do not reduce the micro-
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strength characteristics of the SiC crystals. The
same cffect 1s observed in other compounds with
partly 1onic type of bonding "

4 CONCLUSIONS

Changes in the mechanical properties observed in
SiC crystals containing noncequilibrium ntrinsic
defects or impuritics are primariy the result of
crack-formation processes which may be activated
by clusters or inclusions of a sccond phase present
in these crystals which could act as stress concen-
trators in SiC and reduce the threshold energy of
crack formation.
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