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.Ahstract: Microindentation Mith ;I Vichers diamond pyramd W;I$ used 111 :I jtutl! 

of mechanical properties of 6H-SiC with difttrcnt concentr;rtlon\ of impuritw 

1 nitrogen and aluminium) and of intrinsic defects y3wralcd bh Irrkidlation ol- 

during growth under nonstoichiometric conditions. It M~;I\ ti)und that SIC‘ crpt;tl\ 

containing nonstoichiometric and radiation del’ects. ;I\; well ax ~mplc\ uith high 

nitrogen concentr:ition CC‘,-- IO” cm I). ha\e a grwter tendency for cracking. 

which results in deterioration of the microstrength characteristlcj An analy\l\ 01’ 

the results obtained leads to the conclusion that the observed changes are prlmar-- 

ilc. caused by intrinw defect clusters rather than dl\locatwns. t I997 Else\ ICI 

Skence Limited and Techna S.r.1 

1 INTRODUCTION 

It is known that intrinsic defects. which may be 
generated in Sic’ single crystals by irradiation with 
high-energy particles, increase the lattice parameter 
and promote the formation of both vacancy and 
interstitial cluster5,. ’ ’ The density and dimensions 
of these are governed by the radiation dose and 
annealing temperature. Changes in the lattice 
parameters arc also observed in Sic single crystals 
and epitaxial films grown under nonstoichiometric 
conditions in the presence of excess silicon4 and of 
impurities’ which should affect the binding energy 
of atoms in the lattice and, consequently, the phy- 
sicomechanical properties of a material.’ The pur- 
post of the present investigation was to determine 
the phqsicomcchanical properties of Sic single 
crystals containing nonequilibrium intrinsic defects 
and impurities. and to carry out a comparative 
analysis not only of the &stop&tic properties of 
the samples, but also of their strength parameters. 

2 EXPERIMENTAL PROCEDURE 

WC investigated OH-SIC single crystals prepared 
under various conditions and divided into four 
batches: (I) crystals grown under industrial condi- 

tions by the Lc1y method and doped 111th nitrogen 
(nitrogen concentration approximately IO’” cm I): 
(2) crystals and epitaxial films heavily doped \s,ith 
nitrogen or aluminium impurities (concentration ot 
IO’” cm j): (3) crystals grown under nonst~~ichin- 
metric conditions by the sublimation “sandwich 
method”’ in the presence or ;I rclati\c‘ excess or 
deficiency of silicon: (4) crystala M’crc irradiated 
with high-energy (neutron or -x-particles). The 
reactor neutron dose was IO” IO” cm ’ (the 

fraction of fast neutrons wah 3)” ,,) l‘hc density ot 

dislocations in samples belonging to the first and 
second batches was IO’- IO.‘. M,hcrc;is in the third 
and fourth batches it was IO IO’ cm ’ 

The physicomechanical properties of the investi- 
gated samples were determined b! micrc,indentation 
with a Vickers diamond pyramid under loads ol’O.5 
X.0 N in specially developed microhardness meters 
of the PMT-3 type characterized b\, 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. hH-SiC polytypc w;.t\ 5-7 mm. 

It is knownS that microindenr,ation can cause 
plastic deformation accompanied! bq local brittle 
fracture giving rise to cracks localized near the 
indentation. The process of elastoplastic deforma- 
tion can be described bq, the expression 
P = /(r/j = L/,,d”. where ~1,~ is a dimcn5ional con- 
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stant, nd is a dimensionless constant and d is a 
diagonal of the indentation. According to Ref. 8 
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 =j(D) = c7gDfl’), where D is the size of the brittle 
fracture zone, aD is a dimensional constant repre- 
senting the brittle properties of the investigated 
sample and nD is a dimensionless constant KfleCt- 

ing the intensity of the brittle fracture processes. 

results (Table 1) shows that in practice for the same 
value of the microhardness, the parameters 0, y 
and Klc could differ quite considerably. In parti- 
cular, the highest microstrength 0 was exhibited by 
SIC single crystals grown by the Lely method under 
standard conditions. Heavy doping of SIC single 
crystals with aluminium to -5x 1020 crnA3 had 
practically no effect on these parameters (Table l), 
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 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 Hd, the microstrength 
o, the microbrittleness y, and the critical coefficient 
representing the stress intensity Klc. We also 
determined the load P,., above which the process of 
brittle fracture was initiated by microindentation. 

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. 

The values of Hd, 0, y and &were found fro? the 
equations Hd = y GPa, (T = 9 GPa, v = w, 

Klc = 0.015(~)“2PD-3~2MN/m3, where E is elas- 
tic modulus, Eslc = 394.0 GPa. It should be noted 
that the microhardness Hd represents the hardness 
and plastic characteristics of the material, the 
microbrittleness y reflects a relation between the 
brittle and plastic properties, whereas 0 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 

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” cmp2) 
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 

1 Grown under standard cond., n-type, ND=3xl 018 cmm3 
2 Aluminium-doped, p-type, CAI=5x 1 Ozo cmm3 
3 Nitrogen-doped, n-type, CN=l x 1 020 cm-3 
4 Grown with excess of Si in Sic-Z&system, 

ND=3x101* cmm3 
5 Grown with deficit of Si, ND=3xl O’* cm 3 
6 Irr. with x-particles, @=I 016 cmm2, E=20 MeV 
7 Irr. with neutrons, @=1020 cm~ 2 
8 Irr. with neutrons, @=I 02’ cm-2 

Hd (GPa) o (GPa) Yr.u P,,(N) KC 

32.64 1.65 9.6 18.0 1.8 
32.64 1.65 9.6 1.8 
32.64 1 .Ol 16.5 12.0 1.26 
32.64 0.97 21.0 1.07 

28.46 0.91 16.0 15.0 1.17 
32.64 1.25 13.1 17.0 1.47 
32.64 1.29 12.9 27.0 1.53 
27.50 0.80 17.0 1.23 

Note: Samples 1, 6, 7 and 8 were grown by the Lely method (T,=26OO”C); samples 2, 3,4 and 5 were grown by the sublimation 
“sandwich method”.’ 



properties cjf Sic‘ single crystals should bc attrib- 
utt>d to the preslzncc of‘ clusters which could act 
as stress ccmcentrators in Sic and reduce the 
threshold cnt:rgL of crack t’ormation. The same 
clusters wcrc also obser\,cd in single crystals and 
in cpitaxial Iaycrs grown under nonstoichiometric 
conditions ’ -’ 

These clIu\tcrs could represent graphite or silicon 
Inclusions. and could be detected by transmission 
electron microscopy (TEM) and X-ray difractome- 
trq (XRD).“-” It has been established by the ESR 
method” th;it ,iuch nonstoichiometric samples 
contain strcsscd regions which obviously formed 
hccause of ;I distribution of noncquilibrium intrin- 
\ic def’ect5. inhomogeneous on the microscopic 
xale. in Sic‘ x~ngle crystals. which also tended to 
increac the brlttlcness of these samples. The inter- 
\titial tge clusters are observed by TEM in the Sic‘ 
single crystals doped with nitrogen impurity.‘J 
Probably the dcpcndence of the dislocation density 
on the nitrogen doping level can be explained bq 
the presence of‘ silch defects and the second phase 
inclusions. Ii Dc5pite the forming of nitrogen 
doped Sic‘ qstals the clusters evidently do not 
1‘01~m SiC(,Z I I crystals (SW Table 1). A compara- 
tivclq low dislocation density even in highlq doped 
%(‘(A I ) crystals (C’ II 7 10” cm ‘) is the evidence 
of this foci..‘” _’ The results of this article also show 
that some rmpuritics do not reduce the micro- 

II I 

strength characteristics of the SIC‘ cr\stalh. The 
same cficct is obser\,ed in othcsr LWI~~~OLI~~\; Gth 
partly ionic type of bonding. ‘_ 

4 CONCLUSIONS 

C‘hanges in the mechanical proper-tic\ obscr\rcd in 
SIC crystals containing non~ql.lilibrium Intrinsic 
defects or impurities arc priniarll! the result 01‘ 
crack-I’~,rmation processes Lvhich III;IJ he acti\,atcd 

bq cluxters or inclusions of‘ ;I a~nd :phase present 
in these crystals uhich would act .I\ ?,trcss conccn- 
trators in SIC and reduce the thrt:shold cncrgb’ 01‘ 
crack formation. 
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