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Multimillion-atom molecular dynamicssimulationsof silicon diselenidenanowiresare usedto
study mechanicalpropertiesand changesin nanowire structure under strain. The nanowires
transform from a body-centeredorthorhombicstructureto a body-centeredetragonalstructure
underuniaxial strain,which causesanunexpecteelongationin oneof thetransverselirections.For
largerstrains,the nanowiresundergoa procesf local amorphizationfollowed by fractureat one
of the resulting crystallineBamorphousinterfaces.The critical strain for fractureis 15%. Local
temperatureandstresdistributionsafter failure areinterpretedn termsof the local amorphization.
© 2001 Americanlinstitute of Physics. #DOI: 10.1063/1.137423%

The study of mechanical properties and failure of
nanowireds becominganincreasinglyimportantareaof ma-
terials science.Carbon nanotubes,as well as nanowires
formedfrom othermaterials arecurrentlybeinginvestigated
for their possibleuse as reinforcing Pbersin high-strength/
light-weight compositematerialst Self-assemblingprotein
nanotubesnay eventuallybe usedfor molecularelectronics
applicationsand in novel drug-delivery systems. Stress-
engineeredyallium arsenidestripedmesasand quantumdots
arethe basisfor nanoscaleptoelectroniadevices®

Silicon diselenide(SiSe) providesaninterestingoppor-
tunity for nanowireresearchlt hasa one-dimensionathain-
like structurecomposedf exclusivelyedge-sharingetrahe-
dral units, sothata nanowireis easily constructedy simply
removing a well-dePnednumber of thesechainsfrom the
bulk crystal. SiSe nanowireshave not yet beenproduced,
thoughit is an active areaof researchRecently,1 %m long
crystalline seleniumnanowireswith 60 nm diameterswere
experimentallyproduced

Crystalline SiSe is orthorhombicwith lattice constants
al 9.669 , b! 5998 , andc! 5.851 , with four SiSe
tetrahedrgper unit cell 'seeFig. 1". The chainaxisis along
the bulk ¢ axis. In this letter, we reportsimulationsof SiSe
nanowireshaving circular cross sections,one having 128
chainsand an initial length of 895 ¢, and anotherhaving
1204 chains and an initial length of 3580 . The wiresO
diametersare 65 and210 ¢, respectively.We havecharac-
terized the nanowires@nechanicalpropertiesunder strain
and have observedan interesting strain-inducedstructural
transformationWe havealsocharacterize@ procesf local
amorphizatiorandfractureusinglocal temperaturendpres-
sureproblesat critical strain. Previoussimulationsof SiSe
nanowiresused smaller wires with rectangularcross sec-
tional shapes.

Theinteratomicpotentialusedto characterize&siSe con-
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tains two-body steric repulsion, screenedCoulomb, and
chargéxdipole interactions Covalentbondingeffectsarede-
scribedby three-bodybond angleterms.The potentialgives
good resultsfor structuralcorrelationsand thermodynamic
propertiesof SiSe suchas the calculatedmelting tempera-
ture and static structurefactor?®

The 128-chainwire consistedof 117504 total atoms,
while the 1204-chainnanowire contained4 465152 atoms.
The nanowireswere relaxedfor 3000 time stepsat 0.01 K
and againat 10 K before gradually heatingto 100 K over
5000time steps.The wires werethenthermalizedfor 30000
time steps.A MD time stepof 1.5 fs was usedthroughout.
Periodic boundaryconditionswere usedin the ¢ direction.
Thewires@rosssectionakshapeshangedslightly duringthe
relaxation,so that the effective lattice constantshecamea
& 10.4¢ andb& 5.86¢ . This wasa resultof the large sur-
face areaof the nanowires After the thermalization tensile
strain was applied to the wires by uniformly scaling the
atomic coordinatesalong the ¢ axis in incrementsof 1%.
Eachextensionwas followed by a 3000time stepthermali-
zation.

A structuraltransformatiortook placeunderstrain. The
peaksin the SibSi pair distributionfunction correspondingo
the lattice parameterga! 9.669¢ andb! 5.998¢ " merged
into one peakby 15% strain, correspondingo the new ef-
fectivelattice constantsa& b& 7.2« !Fig. 2". Thisis essen-
tially a shift from orthorhombicto tetragonalstructure.The
resultingcrosssectionalshapeis shownin Fig. 1. The over-
all crosssectionalshapechangedirom circular to elliptical,
with the somewhatremarkableresultthatthe wire expanded
in oneof the transversalirections.With the strainrate used
in thesesimulations,the structuraltransformatiorhappened
gradually over severalvaluesof strain. In otherwords, the
transformatioris sluggishin comparisorto the currentstrain
rate.Simulationsusinga muchslower strainrate are needed
in orderto determinethe precisestrainat which the transfor-
mationoccurs.The structuraltransformatioris currently be-
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FIG. 1. !Color" Top: schematioof SiSe crystalline structure,showingthe
unit cell in the abb plane and the edge-sharingchain structurein the ¢
direction. Bottom: crosssectionsof the 1204-chainwire at 0% strain !bot-
tom left" and at 12% strain !bottom right’. The nanowireextendedn one
transverselirectionwhile contractingin the otherso thatthe initially circu-
lar crosssectionalshapebecameelliptic. Theredboxesillustratethe change
in the underlyinglattice structureunderstrain.

ing studiedin more detail usingbulk SiSe aswell asaddi-
tional nanowiresimulations.

The nanowiresremainedcrystalline and elastic up to
15% strain. The virial stresswas usedto derive a tensile
stressversus strain curve for both wires, and a YoungQOs
modulusof ' 130 GPawasobtainedrom the slopesof those
curves.

At 15% strain,one of the SibSe tetrahedrabondsin an
outer chain broke and the undercoordinatedsilicon atom
bondedwith a seleniumatom belongingto a neighboring
chainin a corner-sharingonbgurationThis causedanother
SibSe bondin the neighboringchainto break,settingoff a
chainreactionof this processhroughoutthe transverseaxis
of the nanowire.The structureof amorphousSiSe is known
to consistof edge-sharingchain fragmentscrosslinked to
each other by corner-sharingtetrahedralunits, which is
thoughtto occur during melting due to the interaction of
chain ends® Thesesimulationsshow how a similar amor-
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FIG. 2. IColor" SibSi pair distributionfunctionfor 0 K crystallinenanowire
Itop" and 100 K nanowireat 15% strain !bottont. Shifts in the a and b
lattice parameterainderstrainareindicated.
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FIG. 3. IColor' Time progressiorof the atomic conbguratiorfor the 128-
chain nanowire after reachingcritical strain. Only the silicon atomsare
shown.
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FIG. 4. !Color" !a"' Time progressiorof local tensilestresof the 1204-chain
nanowire; !b" time progressionof local kinetic temperatureof the 1204
chainnanowire.
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phizationprocesanoccurunderthe applicationof uniaxial
strain.

The relationship betweensolid-stateand quench-melt
amorphizationis still under debate.Experimentalobserva-
tions of solid-state amorphization include silicon,
germaniun? (-quartzl® and berlinite!* Solid-stateamor-
phizationhasbeenstudiedin MD simulationsof (-quartZ?
andberlinite 1* Okamotoet al. havedevelopeda unibedcon-
ceptualframework for heat-inducednelting and solid-state
amorphizatiort* The seleniumnanowiresecentlyfabricated
developedamorphougegionswhen exposedo radiation?

Figure 3 showsthe changein atomic conbguration®f
the silicon atomsin the 128-chainnanowire with time at
15% strain. The disorderedregionis clearin contrastto the
orderedchainsof the crystal. The amorphizationbranches
outin two directions.Theresultis a largely crystallinecen-
tral sectionthatis separatedrom the restof the wire by the
amorphougegions.Individual chainsbreakon eachside of
this central region until only a few chains remain intact.
Thesebnal chainsbreakon one side, completelyfracturing
the wire.

The fracture processis similar in the 1204-chainnano-
wire, but local statisticalquantitiescanbe shownwith much
greatemresolutiondueto the largersize.Thelocal stressdis-
tribution was obtained by dividing the wire into 10" 10
" 10+ 3 cells and computingthe virial from the atomsin
eachcell. Thelocal kinetic temperaturavas calculatedsimi-
larly from the sum of the particlesinetic energiesin each
cell. Figure4!a" showsthelocal stresdistributionafter criti-
cal strainis reachedMost of thewire is stableat 18620 GPa
tensilestressAt ' 1.5 psafterreachingl5%strain,the stress
abruptly dropsin a small outer section of the wire. This
regionspreadsapidly andby 27 psthereis a distinctcentral
region wherethe tensile stresshasvanished.This regionis
almostcompletelycut off from the rest of the wire. Figure
41h" showsthe correspondingpikesin the temperaturedis-
tribution. The temperaturespikesare associatedvith the re-
coil causedy brokenedge-sharingponds,andmaytherefore
be usedto follow the progressiorof thelocal amorphization.
Therearetwo main branchesf amorphizationwhich form
the two crystallinePamorphousnterfaces.Multiple second-
ary branchesf amorphizationare also visible, but are con-
tained betweenthe two main branchesAs in the caseof
128-chainwire, thereis no well-debPneccrackfront. Rather,
individual chain endssnapon either side of the centralre-
gion, with the bnal fracture occurring at one crystallined
amorphousnterface.A similar phenomenonNcrackpropa-
gation preceded by meltingNhas been observed in
intermetalliccompoundsand alloys *°?Y/

In summary,multimillion-atom MD simulationsof 128-
and 1204-chainSiSe nanowireswith circular crosssections
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were performedin order to study structural characteristics
understrain and the dynamicsof strain-inducedamorphiza-
tion and fracture. The SiSe unit cell transformedfrom a
body-centerearthorhombicstructureto a body-centerede-
tragonalstructureunderstrain, so that the overall crosssec-
tional shape of the wires becameelliptical. A YoungOs
modulus of 130 GPa was obtainedfrom the stres®strain
relationshipfor both wires. The wires remainedcrystalline
and elasticup to 15% strain, after which atomic conbgura-
tions, local stressdistributions,and local temperaturedistri-
butionswere usedto characterizeéhe developmenof amor-
phousregionswith time. There was no well-debnedcrack
front. Local stressdistributionsafter critical strainshowthat
a centralregionnearlybecameseparatedrom the restof the
wire beforebnalfracturetook place.Finally, the branching
patterngn theamorphizatiorwererevealedhroughthelocal
temperaturelistributions.
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