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Transformation strain by chemical disordering in silicon carbide

Ju Li?
Department of Materials Science and Engineering, Ohio State University, Columbus, Ohio 43210

(Received 27 October 2003; accepted 9 February 2004

Swelling is observed in radiation-induced amorphization of SiC, which can be attributed to both
structural and chemical disordering. By first-principles calculations, an attempt is made to separate
the two factors by creating complete chemical disorder with no initial structural disorder in a
64-atom supercell. By relaxing all stresses and internal forces, significant transformation strains,
both hydrostatic and shear, are observed. The relaxed configurations are found to be metallic.
Softening of the bulk modulus is found to correlate closely with volume expansion, regardless of
whether the expansion is caused by structural or chemical disordering, or with no disorder at all. It
is postulated that partial chemical disordering contributes significantly to the internal residual
stresses and macroscopic swelling of amorphous SiQ0@4 American Institute of Physics.
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I. INTRODUCTION (PBO), but after the random permutation and relaxation at
oij=0 will take a new size and shapg.has 6 components

Near room temperature, silicon carbid8iC) has the hich difficult t | imult | f
tendency to undergo solid-state amorphization under modely ¢ are difficult to analyze simultaneously, o We focus on

ate doses of neutron, ion, or electron irradiation. Sredaal. the hydrostatic and shear strain-tensor invariants

showed that at 34Q K,_ 2.56 dpa of neutron irradiation caused lLi=1Try, |,= /%Tr(n— 1,12, 1)
complete amorphization of 6H-SIiC single crystal, along

with 12.1% expansion in volumeswelling and about 45% wherel is the identity matrix, andr is the trace operator. In
reduction in modulus and hardnéshleasurements of XPS the calculations|, e (—0.5) andl,[0) are no longer
and IR spectra® and cascade simulatictisreveal that the —deterministic but have distributions that dependvarBased
structural disordering in the amorphized configurations is acon symmetry considerations, whehis large, the probability
companied by significant chemical disordering as well, chardensities should have the following asymptotic behaviors:
acterized by the proportion of homopolar nearest-neighbor N e

bonds, at~20%-30% of the total number of bonds. The p1(11N) = INFL(VN( =10),

int_erpl_ay between chemical (jisorderzand s_olid-state amor- p2(|2;|\|):\/ﬁf2(\/ﬁ|2), 2)
phization has long been conjectu®ed? In this work, the o L
theoretical limiting case of complete chemical disorder in"Which is to say that the hydrostatic mvanf\?/tz has a mean
SiC is investigated by density functional thediFT) cal-  swellingl; plus a fluctuation proportional td~ ', whereas
Cu|ati0nsy where the Starting Conﬁgurationﬂssic perfect the shear transformation strain invariant Only has a statistical
crystal but with atoms completely randomly permutednd ~ fluctuation proportional tN~*2 f(x), f5(x) may now be
then the stresses and atomic forces are relaxed. It is expect8erpreted as the probability distribution of hydrostatic and
that results extracted frof-SiC are qualitatively applicable Shear transformation strain fluctuatiquesr atom in an effec-

to other SiC polytypes, such as 2H, 4H, and 6H-SiC. tive sense.

Il. FORMULATION lll. CALCULATION RESULTS

Swelling may not just be a symptom of amorphization,  The \iENNA AB-INITIO SIMULATION PACKAGE (VASP)™ is
but a cause as well. Accumulation of knocked-out antisiteused with Cepley—Alder local density approximati@bA )
and Frenkel defects leads to local residual strains due to tr\?xchange-correlation density functiod&t® and ultrasoft
large difference in atomic sizes between Si and C, creatingus) pseudopotentiatd supplied invasp for Si and C. The
significant compressive and fluctuating shear stresses tthane-wave basis set has cutoff energy of 286.6 eV, and 4
may drive the eventual collapse of the latti€&Eshelby for- X 4x 4 Monkhorst—Pack sampling® is used for the 64-
mulated the theory ofTeIastlc inclusitrin terms of the trans-  545m supercell. Because of possible semiconductor-to-metal
formation strainy=(J'J—1)/2, whereJ is the transforma- ansitions, the Methfessel—Paxton smearing scheme for den-
tion Jacobian. Here, it makes sense to regard the calculatlog}ty of states(DOS) integratiort® is used with smearing
supercell as Eshelby’s inclusion, which is originally cubic,iqth of 0.2 eV. Electronic relaxation stops aftéyE,,
and containind\ atoms under periodic boundary conditions —14-4 a\/ |onic and supercell relaxations stop afteE,
<102 eV. For easy verification, input and output files are
dElectronic mail: lii@mse.eng.ohio-state.edu placed at a publicly accessible website.
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(b) “Sa The above shows that local shear transformations are as sig-
- . ‘ . . . ‘ . . . . nificant as hydrostatic transformations, even though their su-
1102 104 106 108 L1 112 L14 116 LI8 1.2 percell average tends to zero Bs—«~ because the local
VIV, shear transformations largely cancel each other out by the

directional nature of shear.
FIG. 1. (a) Pressure—volume relation @-SiC perfect crystalV, is the BUlk.mOdU“ _O_f the relaxed conflgur_atlong are calculated
equilibrium volume. The inset shows the DFT cohesive energies from whictly applying additionat- 0.2% hydrostatic strains, then relax
the pressure is deriveth) “Universal” softening of the bulk modulus with  the atoms, compute the hydrostatic stress invariants, and do
volume expansion. The dash curve plots the bulk modulya-&iC perfect . .
crystal as a function of volume expansion. The “0” symbol shows the av- central _dlfference' The ;arnple mean bulk quulus is 180
erage volume expansion and bulk modulus of the chemically disordere@Pa, with standard deviation 19.8 GPa. This is on average
configurations. The 4" symbol shows the experimental results of Snead —20% softer than the perfect crystal, following the same
et al. (see Ref. 1for neutron-amorphized 6H-SiC. trend as the experiments. It appears that the amount of vol-

ume expansion is a good predictor of modulus change: the

present—20% softening is associated with 31,=6.5%
volume expansion, whereas experimentaty5% softening

A B-SIiC perfect crystal is studied first. The relaxed su-in modulus and hardness of neutron-amorphized 6H-SIC is
percell N=64) hasL,=8.622 A (the equilibrium lattice associated with 12.1% volume expanstofhis correlation
constant ag=Ly/2), and small hydrostatic tension/ is somewhat striking because the experimental swelling may
compression calculations show that the equilibrium bulklikely be caused by both structural and chemical disordering.
modulus By=223.2 GPa, in good agreement with experi- To verify that this is indeed a robust trend insensitive to the
ments and similar calculatioR$.The band gap is 1.2 eV, details of the disordered structure, we compute the pressure—
much smaller than the experimental value of 2.3 eV forvolume relation of3—SiC perfect crystdlFig. 1(a)], and the
B-SIiC, but this is a common problem in DFT-LDA corresponding instantaneous bulk  modulusB=
calculations?? —dP/dlogV as a function of volume expansi¢rig. 1(b)].

A total of M =65 chemically disordered samples are re-The results of the twalisorderedmaterials fall almost right
laxed, each starting from a completely randomly permutednto the softening trend of thgerfect crystal This “univer-
configurationl;'s sample mean is 0.0217, with standard de-sal” softening response for both ordered and disordered SiCs
viation 0.005 261,’s sample mean is 0.0362. These convertis probably related to the universal binding energy relation
to the following “effective single atom” transformation (UBER)? for all solids and solid—solid interfaces.
strains: In Fig. 2 the electron DOS averaged ovit=65
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2.16 A, C-C: 1.74 A. It indicates that even if one begins
with a perfect structure, just by randomly permuting the at-
oms, one gets an imperfect structure back after relaxation
(~17% of the atoms are not fourfold coordinateth this
sense, chemical disordering and structural disordering are
not completely “orthogonal.”

- . IV. CONCLUDING REMARKS

S N

—

.5 2 25 3 35 4 45 5 55 6 The above calculations continue our previous work of
T T T T - - - - modeling the thermomechanical and transport properties of
SiC?82% pefore and after irradiation. It characterizes a pos-
sible intermediate state in radiation-induced amorphization,
. that of a completely chemically disordered state. Very large
. . e i e - - " local shear stresses are found, alongside a significant net
) rﬁ] 1 % 4 88 6 swelling. The chemical disorder may Ipartially annealed

out rather quickly, during which a semiconducting band gap
F_IG. 3. Si-Si, S_i—C, and C-C pair d‘istribution functions in the chemically yyj|| open up. During the conjectured annealing process, it is
disordered configuration@fter relaxation expected that no long-range order can survive in the system
(if there is some to start wijh after collapse of the lattice

samples with the Fermi energy pinned at 0 is shown in comdriven by the very large locally fluctuating stresses. Last, it

chemical disorder would cause the system to become metailer still exists in the final amorphous state, then it will con-
lic, consistent with previous calculatioA&:2® Yet amor-  tribute significantly to the internal residual stresses and mac-

phous SiCs produced by quenching from liquids show tenfoscopic swelling of that amorphous state.
dencies to form semiconducting band gamnd there is no

experimental evidence of metallic amorphous SiC existing

for the macroscopic time scale, so it may be concluded theACKNOWLEDGMENTS
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