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Abstract. Chemical disorder has previously been proposedragxplanation for the
anomalously facile amorphization of silicon carb{@®cC), on the basis of topological
connectivity arguments alone. In this exploratoydyg, “amorphous” (formally,
aperiodic) SiC structures produced &b initio molecular dynamics simulations were
assessed for their connectivity topology and usecbtnpute synthetic electron energy-
loss spectra (EELS) using tla initio real-space multiple scattering code FEHRe
synthesized spectra were compared to experimeBlafEBpectra collected from an ion-
amorphized SiC specimen. A threshold level of dbaehdisordery (expressed as the
ratio of the number of carbon-carbon bonds to timalrer of carbon-silicon bonds) was
found to bey = 0.38, above which structural relaxation resultedadrmally aperiodic
structures. Different disordering methodologiesltesl in identifiably different aperiodic
structures, as assessed by local-cluster analgsiscanfirmed by collecting near-edge
electron energy-loss spectra (ELNES). Such stratdifferences are predicted to arise
for SiC crystals amorphized by irradiations invalyidifferent damage mechanisms—
and therefore differing disordering mechanisms—ésample, when contrasting the
respective amorphized products of ion irradiatioeutron irradiation, and high-energy
electron irradiation. Evidence for %shybridized carbon bonding is observed, both
experimentally in the irradiated sample and in $ations, and related to connectivity
topology-based models for the amorphization o€aili carbide. New information about
the probable intermediate-range structures preseramorphized silicon carbide is
deduced from enumeration of primitive rings andletion of local cluster configurations
during theab initio-modelled amorphization sequences.
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1. Introduction

Silicon carbide (SiC) is a structural ceramic mateuseful in extreme environments
because of its excellent high-temperature propertiecluding creep resistance, high strength,
corrosion resistance and general chemical inertiegis thermal conductivity, and low thermal
expansion coefficient [1-3]. More specifically,CSis being considered for nuclear applications
due to its low neutron absorption cross sectioapibty under high-temperature neutron
irradiation at elevated temperatures, and inhereftlv level of long-lived radioisotopes
produced through nuclear transmutations [1,3,4FAgse properties make it a suitable material
for structural and cladding components of fissieactors [8]; blanket components of fusion
reactors [4,5,9]; encapsulation media for storiadioactive waste [10]; and components of Tri-
Structural Isotropic (TRISO) and other fuel-peliietsigns for advanced fission reactor concepts
[11]. SiC is also a wide band-gap semiconductat tbtains its semiconducting properties to
high temperatures, making it useful for devicesrafeg at high power and high frequency, and
in high temperature environments (though, unforteiya dopable only by ion implantation
[12]). Somewhat surprisingly, SiC has been foumd e anomalously susceptible to
amorphization by atomic displacements [4-7] durimgadiation below critical radiation
temperatures not far above room temperatiige-(500-700 K, depending on irradiation type),
resulting in macroscopic swelling, changes to meidah properties, and electronic structure

changes.

1.1 Structure, connectivity topology, local-clusters, and the amor phization anomaly

SiC crystallizes into a cubif-SiC polymorph, with the cubic zincblende structuae
hexagonala-SiC polymorph, with the hexagonal wurtzite struetuand a large family of
hexagonal or rhombohedral-SiC longer-period polytypes that effectively empldoth
structural motifs in combination. The crystalliftems do not melt but instead decompose and
sublime at very high temperature (~2970 K). Bo#rbon and silicon atoms are each
tetrahedrally-coordinated to four atoms of the aieo sort in covalent Si-C bonds and,



heuristically, can be thought to form virtual [9]@or [CSi]) tetrahedron units that link fully by
multiply sharing all vertices.

Cubic B-SiC (the 3C polymorph in the Ramsdell [13] notajidhas the zincblende
structure; alternatively, it can be variously désed as two interpenetrating face-centered cubic
sublattices of carbon and silicon atoms, or gedo@ly as the three-layer repeat stacking
sequence .c(abc)ab... (hence 3C in the Ramsdell notation) of puckerexapgenal-net sheets.
The a-SiC hexagonal or rhombohedral polytypes can bdogpasly thought of as based
fundamentally on a two-layer .(db)a... stacking sequence (the 2H polymorph, with the
wurtzite structure), four-layer ch(abcb)ab... stacking (the 4H polytype), or six-layer
...acb(abcach)abc... stacking (the 6H polytype) of the same puckerexabenal nets. Other
polytypes comprise longer-period combinations ef¢hbic and hexagonal stacking sequences.

Connectivity in structures can be representedvg}{wherev is the number of vertices
of a fundamental repeated structural unitg@sgtope), andc is the number of structural
polytopes connected at a polytope vertex. All tHgis€estructures can be considered to consist of
[SiC4] (or [CSiy) four-vertex tetrahedral polytopes linked foutrédedra-to-a-vertex, an
eponymous {4,4} connectivity scheme that can reisudiither the cubi@-SiC structure or the
hexagonal or rhombohedr@SiC polytypes. Enumeration of atom-by-atom togatal
connectivities can be applied to describe theerimediate-range structures. The 2H hexagonal
and 3C cubic polymorphs, representing the two foretgal assembly motifs, are topologically
similar but not identical [14]: numerically iderdildn their primitive ring complement (12 six-
atom rings); but differing slightly in their inteldiate-range structures, as described by local
topological clusters, Fig. 1 [15], respectively quiing the 27 atoms (2H-SiC) or 29 atoms
(B3CB-SIC) that are each nodes of one of the 12 six-gomitive rings passing through a given
Si or C origin atom. (A reader unfamiliar withghgonnectivity-based approach to atom
assemblies should consult references [14,15] foramzlature and definitions of ring and local
cluster used in connectivity topology analysisngghe formalism first introduced by Marians
and Hobbs [16,17] for polytope connections and lgémeralized to atom-to-atom connections
[13]).



Figure 1. Si-centered local clusters for silicombide crystalline polymorphs. a) Hexagooal
SiC (2H polymorph) local cluster, comprising the&dms (13 Si, 14 C) that are part of the 12 @rato
primitive rings depicted. b) Cubi@-SiC (3C polymorph) local cluster, exhibiting thanse ring
complement, but instead comprising 29 atoms (136&). Corresponding carbon-centred local clusters
would, respectively, be topologically identicalthe two depictions above (with the atom colors sirds

in the depictions reversed and their atom counsreed).

The {4,4} connectivity of tetrahedra in crystallirf®C structures defines a structural
freedom parameter [18] value fof —3, based on the formalism introduced by Gupth@ooper
[19], wheref is the difference between the degrees of freed8min three-dimensional
assemblies) available to a given polytope (in tase a [Si¢] tetrahedron) and the constraints
on that unit by its connections to neighboring siniA negative value signifies over-constraint,
viz a larger number of polytope constraints than ab#l degrees of polytope freedom. Other
tetrahedral silicon-based ceramics, such as siliitide @- or B-SisNg) [14] and tetrahedral
silica (SiQ) polymorphs [20,21] have, respectively, three ItwW#,3} connectivity) or two (with
{4,2} connectivity) tetrahedra connected at eactrateedron vertex, resulting in respective
structural freedom parameters bf —1.5 andf = 0.

With no excess structural constraints=(0) in SiQ tetrahedral assemblies, it is easily
possible to generate stable non-crystalline arnaegés by disconnecting, disordering, and
reconnecting tetrahedra (for example, by bond-$witp or using deviant local generation rules
in self-assembly modeling [14]), and experimentalydenced [23] by the facile amorphization
of tetrahedral silica polymorphs during procesdagadiation-induced atom displacement, bond

severance and recovery. The significavdr-constraint in SN, (f = —1.5) renders such non-



crystalline reassembly sequences unlikely, withrgetecally-costly bond stretches [14]; and
indeed there is no evidence demonstrated for anmaipitity of SkNg4, in either of its two
crystalline polymorphic forms [14,15].

Suchnon-crystalline re-assembly sequences foren more over-connected tetrahedra
in SiC engender an unphysical accumulation of kbmokends and thus prove impossible to
impose [14,15], suggesting that it should be veffycdlt or impossible to amorphize SiC if the
connectivity constraints (including chemical ordarge largely maintained. Hobbs and co-
workers [15,18] have previously shown a surprigingbod correlation between structural
freedom parametef, and ease of irradiation-induced amorphizationess=d over a large range
of inorganic structures and chemistries, and Si@ motable outlier in that correlation. SiC is
especially anomalous in that its displacive-enatgge for amorphization can be as low as ~13
eV/atom (not far from that for amorphization of $i©7 eV/atom), suggesting a correlated
structural freedom -1 € < 0, instead of the expected ~100 eV/atom meastoedther
inorganic compounds whose crystal structures waldes around = —3. Small differences in
the amorphizabilities ofi- and-SiC polymorphs are also observed and likely odatgnin the
subtle difference between their intermediate-rastgectures, as reflected in the small difference
in local-cluster atom complements for the two pabyphs.

One explanation previously proposed for this stigkianomaly is the potential for
chemical disorder in SiC, a compound comprisednaf group IV elements with a significant
difference in covalent radii (C, 77 pm; Si, 111 prepch of which can form isostructural
elemental solids with tetrahedral bonding geometkycompletely random distribution of Si and
C atoms on the SIiC atom sites renders the assetopbjogically identical to silicon (or
diamond carbon) with an average atom occupancygthaf course accompanied by local
structural relaxation strains in the vicinity ofetl®i-Si or C-C homonuclear bonds necessarily
arising as an accompanying consequence.

Such a randomization in atom distribution can hkgalty facilitated by introduction of
pairwise anti-site disorder, in which silicon atosis on carbon sites, and carbon atoms on
silicon sites; but as the number of such isolatetitsate defects increases there is a point at
which it becomes impossible to identify what isgedy a Si site and what is a C site—that is, to
identify complete [SiG] or [CSi] tetrahedra—and a simple polytopic topologicaladggion of
the structure as vertex-sharing [iGr [CSy] tetrahedra fails. The loss of an identifiableCSi



coordination tetrahedron reduces the connectivibystraints, hence introduces increased
freedom for structural rearrangement [18] throughious damage and recovery mechanisms
during irradiation.

It is possible to depict crystalline silicon (ofudly chemically-disordered crystalline SiC
comprising random occupation of atom sites by & @atoms, with an “average silicon” atom
<Si> occupation) as an assembly of vertex-sharimgual [<Si>%x,] tetrahedra with {4,2}
connectivity, wherex represents a bond-midpoint, and the <&ixSi> angle is constrained to
be 180°. This description of crystalline silicar fully chemically-disordered crystalline SiC) is
in fact isostructural with that of ideal cristoliatSiO,, whose structural freedom parameterss
0 and whose crystalline form is readily amorphigafait ~7 eV/atom), but in which compound
the Si-O-Si angle isot constrained to be 180°. The additional angularstaint introduced to
ensure a linear Si-Si bond in the analogous depiaif elemental silicon or a fully chemically-
disordered SiC (with the <Si»<Si> angle rigidly constrained to be 180°) remosese of that
structural freedom available to SHoristobalite, so one expedts O for silicon [15,18], which
consequently is expected to (and does) amorphigeraéwhat larger deposited energy densities
(~13 eV/atom).

1.2 Prior studies of amorphous SC

Tersoff proposed measuring the chemical disordeSi@ using a chemical disorder
parametel, defined as the number of carbon-carbon homonubleads divided by the number
of carbon-silicon heteronuclear bonds [24]. Yuam &fobbs [25] were first to demonstrate
amorphization of SiC by introducing chemical disardhto a perfect crystal model and relaxing
the result using molecular dynamics, finding an ghzation threshold a = 0.3-0.4 and
significant retention of chemical disorder afteraaphization. Classical molecular dynamics
(MD) simulations are limited by the interatomic @otials applied, which can significantly
influence what structures form. Yuan and Hobls [26] showed that adoption of different
Tersoff potentials for SiC greatly influenced theustures resulting from the introduction of
chemical disorder, because certain of them mediagathst C-C homonuclear bond formation.
Rino et al., in their classical MD study of short- and mediwemnge structural correlations in

amorphous SiC [27], found complete retention ofnsical order, while Gaat al. [6] in their



classical MD modeling of radiation-induced amorpltign of SiC found instead significant
evidence for chemical disorder present.

Debelleet al. [28] used classical molecular dynamics simulatiohgollision cascade
overlaps and random Frenkel pair accumulation, galith high-resolution X-ray diffraction
experiments of ion-implanted amorphizing SiC to adiee the process of amorphization. A
crystallographic description of disorder based ocenkel pairs in a Wigner-Seitz cell was used,
because the effect of this defect distribution ocatensibly be measured experimentally as well
as modeled (though, importantly, only up to thenpdinat the notion of a crystalline reference
lattice is lost)}—see a demonstration of this litnita in damaged SiC in ref. [[15]). Their
experiments and modelling support the two-step gse®f amorphization proposed by Gao and
Weber [29]: in step 1, point defects accumulateraingk the elastic energy of the system until, in
step 2, a point is reached at which defect clustdex into amorphous domains. This description
of amorphization has been widely accepted; neviedbe it does not fully describe the
anomalously easy amorphization of SiC, nor doasldress the inherent difficulty of identifying
crystallographic point defects (or their aggregatetiere long-range fixed references are
significantly lost. For the latter case, only “deff’ identifications based on local topological
connectivity can unambiguously assess the truectiefecumulation density and their state of
aggregation (consult [15] for application to SiC).

An additional consequence of introducing crystakgic Frenkel pairs to a covalent
crystal is homonuclear bonding, or chemical disord@®me vacancies and interstitials will
recombine into anti-sites within a crystallograpldefinition: Vg + C; &> Cg (0r vice versa).
Residual interstitial atoms will be chemically bexddto their nearest neighbours, including
homonuclear bonds. Likewise, atoms around vacanmidisrelax in an attempt to avoid
underconnection in the network introducing homoeacl bonds. Although not a direct
crystallographic anti-site, these defects introdebemical disordering as well as structural
disorder. “Crystallographic” defects are unableetdst in SiC without the introduction of
“chemical” defects.

Ab initio molecular dynamics methods can be expected to wmmédently depict the
state of chemical disordering and of homonucleardbimrmation. Finocchi [30] found 40-45%
homonuclear carbon bonds, and evidence for apd sp-bonded carbon atoms forming chains
in melt-quenches. Li [31] amorphized SiC by intiooshg chemical disorder into small



simulation cells of perfect SiC and relaxing usetginitio MD. This procedure resulted in
chemically-disordered amorphous SiC, which becaragliic at high disorder. He proposed that
lattice shear and hydrostatic strains created ®matal disordering facilitated amorphization.
More recently, Jiangt al. [32] simulated electron-irradiation displacemenaimége usingb
initio MD and suggested that amorphization results fraocgiral instability of the silicon sub-
lattice, which causes a collapse of the crystalcstire, and asserted that chemical disorder is
thus not required for amorphization.

Various experimental spectroscopy techniques haen lused to study the bonding
chemistry of amorphous SiC. Electron energy-losarseelge structure (ELNES) spectroscopy
[33] was used by McKenzigt al. [34] to study amorphous SiC samples made by eledieam
evaporation of crystalline SiC, and by depositisanf silane and methane gases to create
hydrogenated amorphous SiC. More recently Maital. [35-37] studied electron irradiation-
amorphized silicon carbide. Hydrogenated amorpl®iGsshowed a significant* peak at 284
eV in the carbon K-edge, corresponding to a tramsifrom 1s to ar* anti-bonding state. This
transition is indicative of graphitic §ybrid trigonal (instead of Sghybrid tetrahedral) bonding
of 3-connected C atoms. In contrast, the electn@thated specimens showed xfopeak, thus
no evidence of 3-connected C atoms. Results frimrospectroscopy techniques applied to
irradiated SIiC are in conflict on the issue of howmdear carbon-carbon bond formation,
variously represented as evidence for everythioghfunaltered short-range order to complete
absence of chemical ordering [38-46].

Electron diffraction [47, 48] and X-ray absorptibne structure (EXAFS) measurements
[49] have been used to generate radial distributioctions for ion-implantation-amorphized
SiC. Based on approximate bond lengths, peaks sgoreling to C-C and Si-Si homonuclear
bonding were identified, in support of the presentechemical disordering. The C-C bond
length implied by the radial distribution functiodeduced from electron diffraction was 1.51 A,
which is between the nearest-neighbor distancegraphite (1.43 A), and diamond (1.55 A).
The result suggests the presence &fbgmded carbon atoms, although their existenceneas
directly confirmed.



2. Methods

2.1 Simulation details

Two types of molecular dynamics simulations wengied out: 1) quenches from a 6000
K liquid precursor to 300 K; and 2) artificially posed introduction of chemical disorder if-a
SIiC precursor by random atom swapping at 300 K. Yiemnaab initio Simulation Program
(VASP) [50] was used to carry out simulations, esgplg simulation cells comprising 216
atoms, with periodic boundary conditions imposetie Perdew-Berke-Ernzerhof generalized
gradient approximation (GGA-PBE) [51] exchange-etation functional was used with the
appropriate projector augmented-wave pseudopote(AW-PBE) [52]. The plane-wave
expansion cut-off energy was set to 600 eV, anditllouin zone was sampled using a 2x2x2
Monkhorst-Pack grid [53]. Electronic relaxation svallowed to proceed until the change in
energy was less than 0.1 meV, while ionic and sigberelaxations were continued until the
energy change was less than 1 meV. Staging ofriblecular dynamics employed a Nosé-
Hoover thermostat [54] in the canonical ensembld) & 1fs timestep.

The lattice parameter of perfect BESIC crystal emerging from theb initio simulation
at 300K was 0.43784 nm, 0.43% larger than the aedepxperimental lattice parameter.
Random atom swaps were made in this stptliC crystalline assembly to impose initial
chemical disorder values gf = 0.09, 0.17, 0.22, 0.27, 0.29, 0.31, 0.35, 0(B82, 0.46, 0.5,
0.53, and 0.58, with the adopted chemical disopdeameter defined [24] as= (number of C-C
homonuclear bonds) divided by (number of C-Si lweteclear bonds). The disordered
assemblies were then relaxed by MD at 300K for,¥qowed by conjugate-gradient supercell
relaxation.

For simulation of structures formed by quenchirggrfrthe liquid state, the relaxed BE
SiC crystalline assembly was melted for 2 ps aDBD@t which temperature diffusive motion of
atoms was observed. A time step of 1 fs was umedlafter every 400 fs of MD the simulation
cell was relaxed using the conjugate-gradient #lyor Partial radial distribution functions
showed no meaningful ordering beyond first neigbpas expected for a liquid. The quenching
rate imposed was 9.83xf(K/s, significantly faster than experimentally dhi&ble quenches,
even in ballistic collision cascades where it ioofer 18'K/s. The quenched assemblies were
subsequently relaxed by MD at 300K for 3 ps, fokowby conjugate-gradient supercell

relaxation.



A Green’s function-basedb initio real-space multiple scattering code FEFF9, version
9.6.4 [55] was used to simulate electron energyg-fusar-edge structure (ELNES) spectra, [33]
as implemented by Rehr and co-workers [56-58]. Whétiple-scattering and self-consistent
field radii were set to 0.4 nm and 0.3 nm respetyivThe exchange-correlation energy was
represented by the Hedin-Lundqvist self-energy, aute holes by a random-phase

approximation (RPA) parameterization of the Betladp8ter equations.

2.2 Experimental details

A single-crystal 6H-SiC wafer sample with dimensidrix10x0.3 mm thick, obtained by
one of us (DC) from the lon Beam Group at Texas A&Miversity, was irradiated with 1.35
MeV Fe ions at a flux of 6.8 x ¥®ions/nf/s to a total fluence of approximately 1£4ns/nf.
The crystal was oriented with its wafer face neamymal to the direction of the ion beam,
which during beam scanning made an angle varyingdsn 5° and 8° with the <0001> crystal
axis. lIrradiation was carried out at 500+2 °C. Tieenperature was controlled using a
thermocouple and a copper heating stage behindaimple. The irradiated crystal was milled
into a cross-section specimen for transmissiontreleanicroscopy (TEM) using the focussed
ion-beam lift-out technique, with the original i@emtry surface protected by an evaporated Pt
overlayer. The resulting TEM sample thickness waz@imately 50 nm. The depth of the ion
implanted layer was predicted by SRIM Monte-Cartaudations, and the amorphous layer was
identified by the characteristic “salt and peppspeckle contrast within this region. Electron
energy-loss spectra were obtained from the amoeghione using a Gatan GIF 2001 imaging
filter interfaced with a JEOL JEM-2010F field emasanalytical TEM operating at 200 kV.

2.3. Structural analysis

Evaluating aperiodic structures within the framekwof traditional crystallographic
approaches (symmetry operations, a unit cell dafinperiodic translations and a reference
lattice) is clearly nonsensical, so a characterigtpological-connectivity entity equivalent to a
unit cell and of similar size was selected for ea#ibn insteadviz the local topological cluster,
as originally defined by Marians & Hobbs [16, 1#jtlgeneralized [15,25] to atom-to-atom
connections, evaluated at each atom position. dt& kluster comprises all irreducible closed-

circuit paths passing through an individual elenwrihe networkice. rings without “shortcuts,”
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defined asprimitive rings), together with the atoms that are nodescathese primitive rings.
The local clusters thus embody the local topoldgtoanectivities at each point in the structure
(whether periodic or aperiodic), rather than theasyetries and periodicities inherent in the unit
cell representation of a crystalline arrangemditite (very similar) local clusters of crystalline
andp-SiC are shown ifrigure 1 Primitive rings and local clusters have been ysediously to
characterize crystalline and amorphous polymorghbiens of SiC [14,15,25], as well as
polymorphic structures of crystalline and amorph&i®, [15,20,21] and more complex
amorphizable ceramic structures, such as zircoB8i(%) [15,59] and zirconolite (CaZrgd,)
[60].

3. Simulation Results

3.1 Chemical disorder

When the chemically disordered structures were xeela their chemical disorder
parameter values invariably reduced (Table 1). #swent of whether a structure had
amorphized or not was based on compilation of tatigaribution functions, visual inspection—
looking for evidence of crystalline features suchperiodicity and structural unit alignments,
(Figure 2)—and analysis of local cluster complersg@3.5). A threshold value for initially
introduced chemical disorder sufficient to induceogphization after relaxation was found to be
aboutyp= 0.38 (with post-relaxation disorderpf 0.29).

Total radial distribution functions for amorphousCSassemblies adjudged amorphous
show peaks around 1.5 A and 2.5 A, correspondin@-© and Si-Si homonuclear bonding
(Figure 2 (e)). The quenched apg= 0.38 amorphized structures exhibit lower radiitfee C-C
bond distance than does the non-amorphgus 0.29 structure, in close agreement with the
experimentally-obtained radial distribution functsoderived from the electron diffraction data of
Ishimaruet al. [47,48] The difference in peak height between simulated expeerimental radial
distributions is attributed to the smaller atomoatsering factor of C (compared to that of Si)

reducing the intensity of the C-C correlation difftion ring in the electron diffraction pattern.
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(x = 0.29), and d) quencheg £ 0.24).

functions for

the disordered structures,

Assemblies (c) and (d) were assessed
to have amorphized, with few or no remanent crijstalfeatures, while (b)
was assessed to have still retained some crystaléatures, visible most
clearly in the upper right of the assembly. Thetafjoradial distribution

togetheith wthose derived

experimentally from electron diffraction patterng lshimaru et al. [47] are
shown in (e). Assembly (b) retains a peak arousdi5present in the initially
perfect crystal, while this peak has all but disgrpd in assemblies (c) and

(d).

Table 1. Assessed chemical disorder parametersebahal after relaxation

Initial chemical disorder Chemical disorder after % Decrease from initial Amorphous?

(o) relaxing ) value ofy,
0.09 0.09 0 No
0.17 0.17 0 No
0.22 0.21 4.5% No
0.27 0.21 22% No
0.29 0.24 17% No
0.31 0.25 19% No
0.35 0.30 14% No
0.38 0.29 24% Yes
0.42 0.33 21% Yes
0.46 0.38 17% Yes
0.5 0.35 30% Yes
0.53 0.44 17% Yes
0.58 0.43 26% Yes

Quench 0.24 N/A Yes

3.2 Structural changes

When atomic bonds were drawn onto the modellednatsiges, with cut-off distances
based on the first minimum of the relevaartial radial distribution functions, 3-coordinated
carbon atoms (highlighted in Figure 3) were appairethe amorphous SiC assemblies obtained
after both melt-quenching and chemical disordefatigwed by subsequent relaxation, Figure 3.
Isolated 3-coordinated C atoms and chains of 3etoated C atoms were observed to form in

the melt-quenched structures (Figure 3a).

networks tended to form in the amorphous assemipisslting from deliberatehemical
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By resnt highly connected carbon-carbon bond




disordering (Figure 3b). Occasional carbon atortrattedrally coordinated to only other carbon
atoms are observed in this network, as well as énfr@quently) carbon atoms 3-coordinated to
other C atoms in planar configurations, and C attetrahedrally bonded to three C atoms and

one Si atom.

(b)
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Figure 3. Amorphous SiC assemblies resulting frajmielt-quenchingy(= 0.29), and (b)
chemical disordering followed by relaxatiop € 0.58,y = 0.43). Only C atoms and C-C
homonuclear bonds are depicted here in both asemntitoms highlighted in red are co-
planar three-coordinated C; atoms highlighted ile ptue are tetrahedrally-coordinated C,
connected to the network by four C-C bonds; atoigklighted in green are tetrahedrally-
coordinated C, connected to the network by thréalibnds and one Si-C bond.

In both chemically-disordered and melt-quenched rahmmus structures, silicon atoms
were correspondingly observed to form highly-coneedetrahedral networks dominated by Si-
Si homonuclear bonding (Figure 4).

Figure 4. Melt-quenched SiC assembly=0.29), shown with only Si atoms depicted
and Si-Si homonuclear bonds highlighted, revealgtestantial network of interconnected
Si atoms and the beginning of an extended tetraheilicon network.




Figure 5. Silicon local cluster from a SiC assembith imposed chemical disordeg,
= 0.38 § = 0.29), showing chain of carbon atoms (highlighite green). Si atoms are
larger blue circles, C atoms smaller brown circl€gntral Si atom is depicted in red.

3.3 Local clusters

Figure 5 shows a local cluster for a selected @iliatom in a chemically-disordered
amorphized assemblyys( = 0.38,x = 0.29). A chain of 3-coordinated carbon atoms is
highlighted, contributing to a 9-member ring. Theér coordination of carbon atoms results in
lowered connectivity within the overall structuresulting in the observed increase in average
ring size in local clusters, and a similar increeseumber of atoms included in local clusters, as
revealed in the ring size distribution chart, Feg@, and the local cluster complement chart,
Figure 7.

Homonuclear carbon-carbon bonding appears to t@elthe 3-coordination of C atoms
(or vice versa) and reduces connectivity; the carbon atoms inddéwdon chains apparent in
Figure 3a and Figure 5 comprise constituent segalembdes in primitive rings. An observed
decrease in overall density can isome circumstances be attributable to increased riag, si
though larger ring sizes generally facilitate denssecking, as is observed in silicas [15, 20, 21].
Concurrent changes in coordination and ring sizeehan any event, a synergistic and
unpredictable effect on density, as demonstrateaimorphous Si©Qor GeQ assemblies under
pressure [61], where 4- and 6-fold Si coordinatan co-exist. In the disordered SiC modelled
here, the higher (and mostly retained) 4-coordamatf silicon atoms serves to truncate carbon
chains and to provide more frequent short-cuts thaihtain smaller primitive rings. Silicon-
centred local clusters contain on average more stttran their carbon-centred counterparts
(Figure 7), due to the increasing probability tretcentral Si atom maintains a higher
coordination than C, thus enabling more primitivegs to emanate from it.

Non 6-rings in local clusters are indicative of defett the structure of crystalline SiC
[15]. Figure 8 displays the distribution of ringes in local clusters. At small amounts of
imposed chemical disorder, almost all rings consawatom nodes (6-rings), with the number of

6-rings reducing in proportion as more chemicabdier in imposed; larger rings appear, and the
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ring-size distribution broadens.  These developmeimply significant differences in
connectivity and parallel the behavior observeddibrer amorphizing systems. Averaged local
clusters in the quenched amorphous assembly exhibiarality of 7-rings, while local clusters
in assemblies deliberately chemically disorderdtrstain a plurality of 6-rings. The quenched
and various imposed-disorder amorphized structarestherefore identifiably different, even
though they may exhibit similar degrees of chemdiabrder after relaxatiore.y. compare in
Figure 8 the ring- size distribution for the reld>guenched assembly wigh= 0.24 to that of the
xo = 0.29 imposed-disorder assembly which relaxestwentical disorder value @f= 0.24, but
with a markedly different ring-size distributiord,confirmation of the consistent finding that the

structures of amorphous solids depend significamtlyheir modes of formation.
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4. Experimental and ssmulated EL NES data
Figure 9 presents carbon K-edge electron energy-tesar-edge structure (ELNES)

spectra, experimentally collected from unirradiaéed! ion-amorphized regions of a @HSIC
crystal specimen, and for comparison spectra steailay the FEFF9 code, from ab initio
MD-generated pristine assembly of crystalline@SiC and its amorphized versions derived by
guenching from a 6000 K liquid or deliberate impiosi of chemical disorder. The peak at 290
eV, common to all spectra presented, is ¢h@eak corresponding to $fybridized bonding.
For the ion-amorphized experimental specimen, ar @dditional peak is distinguishable, at 284
eV, which is similarly present in thab initio MD-modelled amorphous assemblies created both
by quenching and by deliberately imposed chemitsarder. This secondary peak is ascribed to
the n-* electronic transition occurring in $ponded carbon containingbonds, for example
graphitic forms of carbon. Such bonds are unable to form between Si and C atoms in
undefected SiC structures, because the tetrah8dabonding is restricted to $hybridization.
Thus the presence of the 284 eV peak is suggestdilext evidence for the presence of C-€ sp
bonding that results from 2- or 3-coordinated Cwmoek structures. The observed and r*
peaks both occur at lower energies compared to plsitions in diamond and graphitic forms of
carbon. This discrepancy may be attributable ¢bemical shift of 1-2 eV due to, for example,
differing bond lengths and the differing constraim the overall environment of a SiC host.
These factors can also contribute to peak broaderMariations between simulated and
experimental spectra beyond around 300 eV may toibuaed to the onset of the additional
electron energy-loss fine structure (EXELFS) irstspectral region that is not calculated for the
simulations, because it attributable to other thi@atronic bonding structures. The differences in
the peakshape below 290 eV between simulated 3C and experimedtiatrystalline SiC are
artefacts of the simulation. The steeper gradie@0a eV in the simulated crystal is attributable
to the difference between 3C and 6H SiC structuresjgh we should add that thery close
similarity of the local clusters of 3C and 6H polyrphic forms (Figure 1) nevertheless suggests
that the reported comparison of spectra deducech fsomulated amorphization of 3C and
experimental spectra collected from amorphized @Hrmorphs remains a substantially valid
exercise. Additionally, although the TEM sample Mg, the experiment is sampling a much
larger volume than those represented by the safmlinitio assemblies responsible for the
simulated spectra, so longer-range energy absarptiechanismse(g. collective excitations)
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may be contributing to smaller minor observed défeces between simulated and experimental
spectra.

The comparative weakness and breadth of the 28peaK in the simulated spectrum
from the yo = 0.53 § = 0.44) chemically-disordered modelled assemblyngared to the
analogous peak for the simulated melt-quenchedrddge would indicate that, while there is
likely some sp C-C bonding present in the chemically-disorderadufation structure, the
proportion is lower than that found in the melt-gceed amorphous structure, again suggesting
dissimilar amorphous structures. This result isagreement with the conclusions of the

connectivity-based structural analysis.
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Figure 9. Comparison of experimental carbon K-eglgetron energy-loss near-edge structure
(ELNES) spectra obtained from unirradiated and dormerphized 6Ha-SiC with FEFF-
simulated carbon K-edge ELNES spectra derived agsteom ab initio MD-modelled
crystalline 3CB-SiC and two SiC modelled assemblies amorphizedjignching from a
liguid state at 6000 K and by deliberate impositidrchemical disordey, = 0.53(y = 0.44)

in a 3CB-SIiC precursor.
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5. Discussion

The modelling presented here demonstrates the tamp® of structural freedom in the
amorphization process and suggests its necessignfamorphization process to proceed. Based
on the results of all structural analysis criteajplied, there appears to be a threshold for
amorphization at an initially imposed chemical dasy abouty, = 0.38, above which chemical
disorder alone can allow sufficient structural &tem to amorphize silicon carbide, in agreement

with previous model

There is a significant difference in relaxed chahutisorder between the quenched and
the chemically-disordered model structures, imgydifferent ultimate amorphized structures
accompanying the two different mechanisms of amagpion. This conclusion is supported by
further structural analysis based on local clust€essoff [24] suggests that graphitization may
be a result dependent on the kinetics of quenchiegause carbon segregation is possible in the
melt. Graphitization is apparent in the simulasicaand could be attributed to kinetic factors
because of the short timescales; however, the presef ther* peak in the experimental ion-
amorphized specimen cannot be attributed purekyretic factors in the same way. Presuming
a melt-quench model of heterogeneous amorphizatithin a collision cascade, the quenching
rate in a cooling cascade is orders of magnitudeesl than the one simulated yet results in a
carbon K-edge ELNES spectrum similar to that derifrem the simulation. The stability of this
structure over the ensuing recovery period implies it is astable amorphous structure, and
that the observed $ponding is not purely an inherited artefact ofieakinetic history.

The presence of & peak in the experimental ion-amorphized specinseavidence of
graphitic sp bonding between carbon atoms. It has been denavedtrthat direct C-C
homonuclear bonding exists in amorphized SiC, astidased on the results of other electron
energy-loss fine structure (EXELFS) measuremeras fivhich a pseudo-radial distribution
function may be extracted [35,36,62] and resultdRaman scattering measurements [41-44].
However, there had previously been no direct ewaddor specifically graphitic bonding. Muto
et al. [35,36] observed a* carbon K-edge ELNES peak that disappeared ddtirtber electron
irradiation while collecting ELNES spectra. Theyriauted its appearance to a graphite layer
forming on the surface, which subsequently evapdrat the electron beam. Their observations
led them to conclude that only tetrahedral Ispnded carbon-carbon is present in amorphous

silicon carbide. Their samples were amorphized gudinMeV electrons in thin foils, which
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represent a fundamentally different damage protzesisat of the ion irradiation in comparative
bulk used in this work. The different amorphizatjgrocesses (single-atom displacements, with
added potential for radiolytic contributions, inetltase of electron irradiatiovs. collision
cascades in heavy ion irradiations) may explaindifferences in their and our observed spectra
and the probable differences in amorphous strustimferred from these spectral differences. It
is worth noting that neutron irradiation-inducedaaphized structures, arising in the context of
fusion and fission reactor applications for SiCowdld be closer to those resulting from our ion
irradiation-induced amorphization than to thoseultesy from electron irradiation-induced
amorphization involving serial single-atom displaents.

Agreement between the ELNES spectra from the marphized SiC and the melt-
guench simulation suggests that their structuregdcbe similar. The 3-coordinated C atoms,
with their co-planar bond angles separated by aqmately 120° (highlighted in red in Figure
3b) are a consequence expected frorh lsmd hybridization, as found in graphite. This
hybridization is the origin of the* peak observed for both experimental spectra amdlated
spectra from amorphized models. Its co-appearantte the carbon chains observed in our
amorphized model structures agrees with the medtxgu simulations of Finocchi [63,64], who
interpreted the C chains as arising from €pC bonding, based on structural geometry alone.
Agreement between the experimentally derived amaulsited ELNES spectra suggests that
some features of melt-quenched and ion irradiagiorphized structures are shared. However,
the overall structures are not necessarily idehtaral there is at present little direct informatio
about intermediate-range structure collectable exgatally. The discrepancy between the
present results and those reported from electradiation-induced amorphization experiments
begs further questions relating to the probablecsiral differences in amorphized forms arising
from different amorphization processes.

Those C atoms adopting “spond hybridization and 3-coordination contribugavér
structural constraints to a structure, thus pemgttearrangement into aperiodic arrangements.
The formation of sphybridized carbon bonds necessitates homonuclearcBnfigurations in
SiC, and chemical disorder is one inescapable coesee of this bonding change—one which
was earlier proposed [25] as one explanation feratiomalous ease of SiC amorphization. The
presence of significant homonuclear bond fractionall modelled amorphous silicon carbide

structures, whether achieved in this work or thokethers, suggests that they are a necessary
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(and even perhaps also sufficient) requirementSi® amorphization, in keeping with the
demonstrated geometrical inability to structuraligorder silicon carbide models in the absence
of homonuclear bonding, without creating severelgar-connected structures [14]. Indeed, the
presence of $ghonded C atoms alters the connectivity by allowingler-connection relative to
perfect [SiG] tetrahedra. Maintenance of tetrahedrattspnded C atoms would require that
connectivity be maintained, but only with unaccéptdarge internal strains from unrealistically
extended bond lengths or rotated bond angles. Targgenents suggest that chemical disorder
renders amorphization possible through alteratiathe chemistry of C atoms in close proximity
with neighboring C atoms, resulting in lowered aboations and reduced connectivity.

Reduction in connectivity is one vital step in fangn amorphous SiC structures. Jiatg
al. [32] suggest that C-C homonuclear bonding is maessary for amorphization of SiC, based
on simulations where half the carbon atoms are vechdrom a SiC supercell (carbon vacancies,
but no anti-sites are introduced), followed dyinitio MD relaxation. This is an alternative—
albeit unphysical (as overall stoichiometry is moaintained)—way of introducing under-
connection to SiC crystalline structures, providirsyfficient structural freedom for
rearrangement into an aperiodic state, supportiagtiesis that reduction in connectivity is vital
to amorphization of SiC. Certainly, chemical ddgar enables sufficient structural freedom by
allowing sp hybridized homonuclear C-C bonds to form while mining stoichiometry. The
threshold level of chemical disorder could alteivedy be considered as a threshold level of
additional degrees of freedom enabled by formatdn3-coordinated carbon atoms. This
mechanism of increasing degrees of structural &eedluring irradiation may explain the
anomalously easy amorphization of SiC relative tttentetrahedral ceramics which are unable
to change their bonding hybridization. The low fatian energy of anti-sites in SiC allows for
sufficient homonuclear bonding, with an allowablen8d length similar to that of graphitic
carbon to enable anomalously easy amorphizationedaction in coordination, relative to other
carbon-containing ceramics, such as ZrC, whichemssa higher barrier to anti-site formation,
and exhibits longer bond-lengths in the crystalichin turn is energetically unfavorable to’sp
C-C bond formation [32].

A second, and no less important, requiremestachastic. The displacive and chemical
disordering sequences involved in amorphizationtmameversed if there are simple low-energy

pathways to reconstructing structures originalgréhand strong driving forces arising from deep
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crystalline wells in the structural energy landseapmpediments to reconstruction are crucial to
promotion of persisting amorphous transformatioms. aperiodic silicas [15,65], local
polymorphic rearrangements involving alteration @imitive ring structures provide the
requisite impediment to prevent re-establishmentrgétalline precursors, just as they do for
transformations between crystalline silica polyni@gsuch as between quartz and cristobalite).
Other modelling of amorphization in more complexaceic structures, such as zircon (ZrgiO
[15,59] has shown that segregation of chemicalispesuring irradiation can lead to a sort of
incipient decomposition—in the case of zircon, very localigdase separation into Zr@nd
SiO, structural motifs—that does not proceed very famlyoon the scale of a unit cell or,
topologically, of a local cluster) but is sufficierand sufficiently irreversible, that the disorder
induced by irradiative (or other) perturbations rain be reversed without wholesale
recrystallization at very high temperature. Tie key observations in irradiated or quenched
SiC of 1) C-C-C strings and even formation of mrtgraphitic networks, and 2) [SiPi
tetrahedron formation and the beginnings of a hetlaal silicon network, each represent the
same sort of incipient decomposition that providasfficiently strong impediment to
reorganization into the original structure, andifficgiently stochastic progression that cannot be
operated in reverse, ensuring maintenance of stgideiodic structures once formed at low
homologous temperature.

Significant additional bond breakage and sufficiectl diffusion of Si and C atoms are
required to overcome such impediments to dynanaigystallization, and both appear to occur in

SiC only if irradiated at temperatures in excessaff K.

6. Conclusions

The modelling and experimental work reported hdém@asthat amorphization in silicon
carbide occurs through a mechanism involving bagainanges in carbon atoms and incipient
local structural segregation of both Si and C ataimst are only made possible in the presence
of initial chemical disorder, whether imposed by single atodisplacements (Frenkel pair
production), a collision cascade, melt-quenchingadificial atom-swapping. The ability to
reduce C coordination lowers connectivity and exygsldhe anomalous ease of silicon carbide
amorphization compared to expectations based sofetire constraints imposed by its structural

connectivity. This conclusion is arrived at onlydhgh the use odb initio molecular dynamics
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modelling, where coordination number and bondirmgetghanges are more accurately described
than possible using empirical interatomic potensti@ classical molecular dynamics. Thus, a
more confident basis for understanding the strestwf amorphous silicon carbide, and the

chemical and topological progressions responsdi¢hiem, has been achieved.

Structural differences emerging from different apfozation routes, identifiable through
topological connectivity analysis, have implicasoffior the use of ion-beam or electron
irradiations to model neutron irradiation damage siticon carbides destined for nuclear
applications. A deeper understanding of damage ess®s and their effects on resultant
structures is required before relying on any singidiation type to provide relevant insights.
The present investigation further discredits a alewt misconception that the amorphous state is
some unique entity, rather than presenting a rahgelymorphic structural possibilities that are
sensitive to the mode of amorphization. Distisgable and characterizable aperiodic structures

are revealed only when appropriate yardsticks gmelied to elucidate intermediate-range
topology.
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Highlights

» Additional structural freedom is required for {4,dpnnected networks to
amorphise

» Structural freedom in SiC is achieved by C-C bogdrhemical disorder)

* C-C homonuclear bonding allows for sp2 bond hybaidg 3-fold connected
carbon

» Local clusters and primitive rings can identifyfdiences in aperiodic
structures

*  “Amorphous” structures are identifiably differerggending on how they are

created



