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Abstract:MonteCarlo(MC)simulationtechniquesforthestudyofelectroninteractionwith
solidshavebeensuccessfullyappliedtoobtaintheline-scanprofilesincriticaldimensionscanning
electronmicroscopy(CD-SEM).However,previousstudieshavebeenmostlyconcernedabout
thesampleofsimplegeometrieshavingsharpedges.Thesimulationwasextendedtothestudyof
wave-typestructureswithsmoothcurvedshapes.TheMCmodelisbasedonusingtheMott
cross-sectionforelectronelasticscatteringandthefullPennalgorithminadielectricfunction
approachtoelectroninelasticscattering.TheCD-SEMline-scanprofilesofwave-typestructures
havebeencalculatedbytakingintoaccountsuchexperimentalfactorsasprimarybeamenergy,

geometryparametersandmaterialproperty.Itisshownthatbydecreasingtheheightofthe
structure,thedoublesidepeakscanshrinktomergeintoasinglepeak.Thischaracteristicwill
poseachallengetotheCDcharacterizationforthesmoothedlinestructure.
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波型结构样品二次电子发射的 MonteCarlo模拟
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摘要:用于研究电子与固体相互作用的MonteCarlo(MC)模拟技术已成功应用于获得测长扫描电子显微镜

(CD-SEM)中的线扫描轮廓曲线.以前的研究主要关注具有尖锐边缘的简单几何形状的样品,为此将相应的



模拟扩展到具有平滑弯曲形貌的波形结构样品.MC模拟模型用Mott截面描述电子的弹性散射以及基于

完全Penn算法的介电函数理论描述电子的非弹性散射.综合考虑了不同实验因素,如电子束能量,几何参

数和材料性质对波型结构样品CD-SEM线扫描曲线的影响;计算表明,随着样品结构高度的降低,二次电子

的两个侧边峰可以合并成一个中心单峰,该特征为平滑线状结构样品的关键尺寸表征带来了新的挑战.
关键词:扫描电子显微镜;MonteCarlo;二次电子

0 Introduction
Introduction
The technology and metrology of new

microelectronic materials are playing a very
importantroleintheresearchanddevelopmentof
upcomingsemiconductormanufacturing.Themost
criticalchallenge willbethe measurementof
dimensionslikecriticaldimension(CD)andfilm
thickness[1].Forthis,criticaldimensionscanning
electron microscopy (CD-SEM)has been a
conventionaltoolfor measurementof CDsof
nanostructuresintheintegratedcircuitindustry
duetoitshighresolutionandhighefficiency[2].
Usually,linewidthisevaluatedfromline-scan
profilesofsecondary electronimage with an
empiricalmethod,asthesharplinestructurewill
presentanedgebloomoftheintensityduetothe
edgeeffectofsecondary electron emission[3].
However,atnanometerscaletheCDmeasurement
needsastricterrequirementonthemeasurement
uncertaintythantheexpanding ofthe bloom
region;therefore,amodel-basedlibrary(MBL)
methodbasedonMonteCarlo(MC)simulations
hasbeenproposedtocopewiththechallenge[4-9].

MonteCarlo(MC)simulationtechniquesin
electron spectroscopy and scanning electron
microscopyhavebeeninusefordecades[10-12].A
lotofworkinboththeoreticalandexperimental
fieldshasbeendoneaimingat moreaccurate
estimationoftheCDbyusingMCsimulation.The
biasoflinewidthdependsonmanyexperimental
parameters,includingelectron beam (primary
energy,beam diameterandfocusing),sample
structure (structural shape and related
parameters,e.g.linetopandbottomwidths,line
height,sidewallangles,toproundingandfooting

for a trapezoidalline structure). However,

previousstudieshavebeenentirelyfocusedonthe
sampleofsimplegeometrieshavingsharpedges,
liketrapezoidalline,prepared bytheetching
technique.Whileforotherlinenanostructures,for
examplethesmoothlinestructurepreparedbyan
atomicdepositiontechnique,thestructuralshape
isasmoothlyvariedcurveandhasnosharpedges.
Then the corresponding line-scan profiles of
secondaryelectronsinanSEM image willbe
significantlydifferentfromthecaseofatrapezoidal
linestructure.Inthiswork,wewillpresenta
primarystudyontheline-scanbehaviorofthese
linestructures.Firstly,thewave-typestructureis
constructed withtheaid ofcomputergraphic
technique.Afiniteelementtriangulatedmeshis
constructedbyusing Gmsh,afreelyavailable
GNU (general public license) meshing
software[13];combinedwithaspatialsubdivision
methodtheMCsimulationofCD-SEMimagecan
beaccelerated[7,14-15].Itisshownthattheshapeof
line-scanprofileofsecondaryelectronimagesfor
thewave-typestructurecanbechangedfromtwo
sidepeakstoasinglepeak,dependingonthe
experimentalfactorsandmainlytheheightofthe
structure.

1 SimulationMethod
1.1SimulationModel

MonteCarlocalculationofSEM imageis
based on the simulation ofincident electron
trajectoriesandthegeneratedsecondaryelectron
trajectoriesinsidethesolidtargetbyarandom
samplingtechniqueforelectronscatteringevents
includingelasticscatteringandinelasticscattering.
ThepresentsimulationisbasedonMCsimulation
models[12,16].InsteadofusingPenn’ssingle-pole

08 中国科学技术大学学报 第49卷



approximationdielectricfunction[17],wewilluse
thefullPenn’salgorithm[18]forthecalculationof
electroninelasticmeanfreepaths.Tocalculatethe
electronsteplength,araytracingtechniqueis
used[14].
1.2 ElectronElasticScattering
Inordertodealwiththeelectronelastic

scattering,theMott’scross-section[19]withthe
Thomas-Fermi-Diracatomicpotentialisused,

dσe

dΩ= fθ  2+ gθ  2 (1)

wherethescatteringamplitudes,

fθ  =
1
2ik∑

∞

l=0
{l+1  e2iδ

+
l -1  +

le2iδ
-
l -1  }Plcosθ  (2)
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arecalculatedbypartialwaveexpansionmethod[20],
whereδ+

landδ-
larespinupandspindownphase

shifts of thelth partial wave,respectively;
Plcosθ  andP1

lcosθ  aretheLegendreandthe
first order associated Legendre functions,
respectively.
1.3 ElectronInelasticScattering

Anelectronmovinginsideasampleinteracts
withotherconstitutingchargedparticlesthrough
Coulomb’sinteraction.Anychangeintheenergy
ofamovingelectroncausestheexcitationofthe
internalelectrons,andhencethelossofenergyof
movingelectron.Suchaneventisknownas
inelasticscattering.Theexcitation ofinternal
electronstwomodes:singleparticleexcitationand
plasmonexcitation.
Inadielectricfunctionapproachtoelectron

inelasticscattering,thedifferentialcrosssectionis
calculatedaccordingtoPenn’salgorithm[17].The
algorithmisquiteusefulbecauseofits wide
applicabilityforvariousmaterials;withtheuseof
experimentalopticalconstants,thecalculationis
muchmoreaccurateforrealisticmaterials.The
double differentialscattering cross section is
expressedin terms of energy lossfunction,
Im-1/εq,ω    ,as

d2λ-1
in

dћω  dq=
1

πa0EIm
-1

εq,ω    1q (4)

wherea0isBohrradius,ћωisenergyloss,ћqis
themomentumtransfer,Eisthekineticenergyof
movingelectron,εq,ω  isadielectricfunctionof
solidandλ-1

in istheelectroninelasticmeanfree
path.In orderto calculatethe energy loss
function,wehaveusedthefullPennalgorithm
(FPA)[18]insteadoftheconventionalsingle-pole
approximation(SPA).Theenergylossfunctionis
expandedasfollows:

Im -1
εq,ω    =∫

∞

0
gωp  Im -1

εL q,ω;ωp    dωp

(5)
wheregωp  istheexpansioncoefficientwhichis
obtainedfrom opticalenergylossfunctionas
gω  = 2/πω  Im-1/εω    ,εL q,ω;ωp  is
Lindharddielectricfunctionoffreeelectrongas
havingplasmonenergyћωp .Sinceεω  isrelated
to optical constants which have been
experimentallymeasuredinawidephotonenergy
rangeandforavarietyof materials[21-22],the
differential cross section can be calculated
convenientlyanditsintegrationleadstoenergy
lossdistributionandangulardistributionforthe
MCsimulation.
1.4 GeometricalRepresentation

3D specimen structure modelling and
optimizationofthesimulationaretwomainaspects
concernedina3D MCsimulationforacomplex
geometrystructureandhence,itisessentialtoCD
metrologybytheMBLmethod.Fraseetal[6]have
reviewedtheavailableMonteCarlosimulatorsfor
thesimulationofsecondaryelectronimagesand
describedhowtheMBLmethodcanbeusedtotest
andauthenticatetheCD metrologyalgorithms.
Variouskindsof3Dstructuralmodellinghavebeen
proposedintherecentyears.The geometric
structureusedinthisworkismainlybasedonour
previous works[7,15].Forgeometricalstructure
descriptionvariousapproaches,likeconstructive
solid geometry[23-25],finite element triangular
mesh[7,14-15], height maps[26] and tetrahedral
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mesh[27]havebeenused.Herewehaveemployed
thefiniteelementtriangularmeshmethodforthe
construction ofthe wave-typestructure.The
reasonforadoptthisfiniteelementtriangularmesh
methodisthatitisapopularmethodusedinmany
3Dgraphicssoftware.Whenanelectrontrajectory
penetratesintoasamplesurfaceoremitsfromthe
surfaceitiseasiertojudgeintersectionpointsofa
velocityvectorwithalocaltriangularplane.In
ordertoconstructthewave-typestructurehavinga
smoothlycurvedsurface,weshouldusetriangles
asmuchaspossible.Hence,thecomputationtime
inanMCsimulationwillalsobeincreasedlinearly
withthenumberoftriangles.Forthisreason,we
haveadoptedanoptimizationtechnique,i.e.the
spacesubdivision,toacceleratecalculation[14].
Onlythosetriangulatedsurfacesincubesalong
electronvelocityraydirectionwouldbeinvolvedin
thesamplingprocedure.

The geometric structure of a wave-type
specimenisshowninFig.1;Thestructureis

constructedbyusing Gmsh,afreelyavailable
GNU meshingsoftware[13],asshowninFig.1.
Thestructureis described by the following
parameters:heightH,bottomwidthW,bottom
circulararcs1withangleα1andpeakcirculararcs2
withangleα2.Inordertohaveasymmetrywe
haveconstructedthestructure withthesame
parametersfortheleftandrightsidesofthe
structure.Thestructurepeakisconstructedby
threepoints:themiddlepointisexactlyatthe
peaktopposition,andtherightandleftpointsof
thepeakareattheendofacirculararcs2having
angleα2.Theleftandrightbottomsofthe
structure are constructed by two points
individually.Thefirstpointisattheboundaryof
thestructureandthesecondpointisattheendof
circulararcs1 havingangleα1.Thenwehave
employedGmshsoftwaretojoinallthesepointsby
asplineanddevelopafiniteelementtriangular
meshformodelingofasamplesurfacewithwave-
typegeometry.

Fig.1 Thegeometricstructureofawave-typespecimen

1.5 BoundaryCorrection
In a sampling of scattering events,an

importantstep is to determine the electron
transportsteplength betweentwo successive
collisions.Inabulksamplecasethisissimple
becauseonly one materialisinvolvedinthe
scattering mean free path. However,for a
structuremadeofalineplacedonasubstrate,
different mediums are contained in different
structuralpartsorelementalzones;theboundary
correctionusedforthetransportsteplengthshould
be made.Weusearaytracingtechniqueto
determine exact electron step length passing
throughdifferentelementalzonesbyrecordingthe

locationoftheintersectionofvelocityvectorwitha
boundary,whichiseithertheinterfacebetween
different elemental zones or the material
surface[23,28].ThesteplengthSiscalculatedby

∑ili/λi=-lnR,S=∑
i
li (6)

whereRisarandomnumber,liisthepartialstep
length within theith elementalzone whose
transportelectronmeanfreepathisλi.

Refractionofanelectrontrajectoryatalocal
triangularsurfaceiscalculatedinthreesteps:
firstly,transformingthedirectionofanelectron
velocityvectorfromold x,y,z  -frameofaxes
toanewframeofreference,(x',y',z'),having
z'-axisperpendiculartoatriangularplane,
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v'x

v'y

v'z  = cosθNcosφN cosθNsinφN -sinθN

-sinφN cosφN 0
sinθNcosφN sinθNsinφN cosθN  vx

vy

vz  
(7)

where (vx,vy,vz) and φ(vx',vy',vz') are
respectivelytheunitvectorsintheoldandnew
framesofreference;θN andφN arepolarand
azimuthalanglesofthesurfacenormalvectorN.
Secondly,whenanelectronisejectedfromthe
samplesurfaceandentersthevacuumaquantum
mechanicaltransmissioncoefficientisapplied,
T E1,ϑ1  =                 

4 1-U/E1cos2ϑ1
1+ 1-U/E1cos2ϑ1  2

,ifE1cos2ϑ>U

0,otherwise

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁

(8)
  Thenthelawofrefractionisappliedandthe
electronchangesitsmovingdirectionaccordingto

E1sinϑ1= E2sinϑ2,whereE1andE2represent
electronenergies,andϑ1andϑ2arethepolarangles
ofmovingdirectioninsideandoutsideofthesolid,
respectively.

2 ResultsandDiscussion
Inourpreviouscalculations[16,18,29]satisfactory

resultsonsecondaryyieldandenergydistribution
curvesalongwithbackscatteringenergyspectra
havebeensuccessfullyobtained,whichhasproven
theaccuracyofthisMCsimulation.Inthiswork
wehaveusedFPAinsteadofSPAforthemodeling
ofelectroninelasticscatteringandtheassociated
secondaryelectronexcitation.Thesecondaryyield
obtainedbySPAinthebeamenergyrangeof
100eVto2keVishigherthanthatofFPA,while
thesecondaryelectronenergyspectrumcalculated
byFPAisclosertotheexperimentaluniversal
curveshapethantheSPA.

Forsimplestructureshavingsharpedges,e.g.
trapezoidal shape line structure,the signal
intensityofline-scanincreasessignificantlyatan
edge,whichisduetotheextrasecondaryelectron
emissionfromnearbylocalsurfacesandcalledas

theedgeeffect.Whileforthelinestructureof
wave-typeshapethereisnosuchashapeedgeand
theSEMline-scanprofilesareunknown.Forthis,
wehavesimulatedtheline-scansforawave-type
lineplacedonabulksubstrate,i.e.Au/SiandSi/
Si,andbychangingelectronbeamenergyand
geometryparameters.Fig.2showsthesimulation
resultsforbeamenergyof1and5keV;thebeam
size(FWHM)is5nm.Thebottomwidthofthe
wavestructureisW=100nm;thetotalsizeofthe
substrateplaneforthesimulationis400nm×400
nm. We have scanned the structure atthe
midpoint(200nm)ofthestructuralcrosssection
sothattheelectroncannotescapefromtheside
surfaceofthestructure.Theline-scanshapeis
verysensitivetotheheightofthestructure,and
alsosignificantchangeofpeakintensitieshave
beenobservedwiththechangeofthestructure
height.Atthelargestheightconsidered,70nm,
forbothAu/SiandSi/Sisamplesweobserveda
sideeffectinsteadofanedgeeffect:theemission
ofthesecondaryelectronshasamaximumaround
themidofthesideslopeofthesmoothlyvarying
structure.Thiscanbeexplainedbytheinverse
cosinelaw,1/cosnθ,oftheangulardistributionof
secondaryelectronemission,whereθisthetilt
anglebetweenelectronincidentdirectionandlocal
surfacenormal,andnvariesfrom1.3forlight
elementsto0.8forheavyelements[30]:Nearthe
topandbottomregionthelocaltiltangleissmall,
whileitisthelargestatthemidofslope.
Bydecreasingtheheight,thesidewallangle

andhencethemaximumtiltanglereduce;this
resultsinsmalleremissionintensity.Thepeak
intensity for the side peaks also decreases
gradually,andfinallyatH=40nmforAu/Siin
Fig.2(a)andH=30nmforSi/SiinFig.2(b)for
theprimaryenergyof1keVtheyemergetogether
tobecomeasinglepeakatthelinecenterposition.
Byfurtherdecreasingtheheightthistoppeak
becomes sharper. The main reason of this
sharpnessisthatthetoppeakappearsatexactly
thecenterofthestructureandtheheightsofboth
sidesportionsofthestructurearesmallcompared
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Fig.2 MCsimulationresults

withthelengthofthestructure.Twomaterialsfor
thelinestructure,i.e.AuandSi,giveasimilar
variationtrendbutindifferentmagnitudes;thisis
becausethesecondaryelectronemissionfromAuis
higherthanthatfromSi[31]duetothelargerβ-
factorforAuforthegreatercontributionfrom
backscatteredelectron[32],wheretheβ-factoristhe
ratioofthesecondaryyieldperbackscattered
electron to the secondary yield perincident
electron[33].Althoughasignificantnumberof
primary electrons can penetratefrom the Si
substrate,andtheemittedsecondaryelectronsare
almostfrom the verythin region underthe
surface[34];hence,thesubstratehasplayedonlya
minorroleinsecondaryemissionintensity.
Thebeamenergyalsoplaysanimportantrole

inthequantitativeline-scanprofilesthroughits
influenceonsecondaryemissionintensity.Figs.2
(a)and2(c)comparetheline-scansofanAu/Si
wave-typespecimenatprimaryenergiesof1keV
and5keV,respectively;similarly,Figs.2(b)and

2(d)comparetheline-scansofaSi/Siwave-type
specimen.Withtheincreaseinprimaryenergy,
therangeoftheintensityenhancementfortheline
structureisnarrowed,whichisrelatedtothe
smaller secondary emission by backscattered
electronsathigherenergy because ofdeeper
penetrationintothespecimen.However,the
sharpnessoftheimageorthetopographiccontrast
ofthelineisblurred.Thenthelowerenergiesare
morepreferableforthemeasurementoflinewidth
viaSEMimagecontrast.
Inordertoobservetheeffectofdifferentline

heightsontheline-scanofwave-typespecimenbut
atsmallerwidths,wehaveperformedsimulation
underthesameconditionsasinFig.3butatthe
smallerbottomwidthofthewavestructure,W=
50nm.Whereasthetotalsizeofthesubstrate
planeforthesimulationis350*350nmwehave
scannedthestructureatthemidpointof175nm.
Duetothereductionofwidth,forthesameheight
oflinethesidewallangleisincreasedsothatthe
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sidepeakintensityisenhanced.However,onthe
otherhand,reducingthelinewidthtosuchasmall

size may alsoreducethesecondary emission
intensity.

Fig.3 SimulatedSEline-scansofawave-typelinestructureonasubstrateatdifferentheights
forthebottomwidthofW=50nmandα1=α2=100

  Thereareotherminorparametersthatcan
alsoaltertheline-scanshape,likeelectronbeam
size and focusing distance,incident angle,

roughnessofthestructuresurface,bottomand
peak circular arcs.In CD-SEM the normal
incidenceisusedbutmayhaveaslightinclined
angle.SignalnoiseinanCD-SEMimagecanalso
producemeasurementerrors.Thequalityoffocus
isalsoimportantfortheshapeoftheline-scan
profile.However,thebiggestmeasurementerror
ofthelinewidth willbethechoiceofwidth
determinationalgorithm.Hereinthisworkwe
havedemonstratedthatthesignalintensityline-
scanprofileandtheimagecontrastrelyonmany
experimentalparametersrelatedtotheelectron
beamandstructuregeometry.Thus,itisvery
hardtofindasuitableanalyticalformforwidth
determination.Accordingtothemethodologyof
MBL,amodel-basedalgorithmshouldbethebest
waytoperformanaccurate3Dmeasurementofthe
trapezoidallinestructure.Thepresentexampleof
wave-typelinestructurehaspresentedaneven
greaterchallengetotheCDcharacterizationofthe
smoothlineshapesastheirline-scanprofilesof
secondaryelectronsinaCD-SEMhavenosharp
edgepeakbehavior.MBLmethodisperhapsstill
theverynecessarytoolforthisend.
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