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\ Sketch of the talk I

Introduction

Examplel: Erosionby ion-beansputtering
J. M. ALBELLA, C. BALLESTEROS, A.-L. BARABASI, M. CASTRO, R. GAGO,

M. M. GARCIA HERNANDEZ, M. MAKEEV, M. VARELA, L. VAZQUEZ
— Experimentalesults

— Discreteapproach

— Continuumapproach

— Discussion

Examplell: Dynamicsof stepsonvicinal surfaces

T. ALA-NISSILA, M. CASTRO, |. KOPONEN, M. RUSANEN

Conclusions
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\ Intr oduction.

System®f nanoscopiadimensiondeature:
Fluctuationsthermalorigin or externallydriven( ux of aggr@atingunits)
Instabilities patternformation

Theoryof growth hasto studytheinterplaybetweerbothtrends

Tools: Non-equilibriumStatisticalMechanics

Focus:Coarse-grainedescriptionsensitve to uctuation effects

Outcome:Universalpropertiegscalingof uctuations);alsopreasymptotideatures,
relevantto systemspeci cs
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Examplel: Erosionby ion-beamsputtering

Remaal of materialfrom surfacesthroughtheimpactof enegetic particles

S

Employedtraditionallyfor
Im fabrication
surfaceanddepthmicroanalysis
surfacecleaningandmicromachining

Expect‘patternremoal’ : ::
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\ Pattern formation '
| 6 0=)

ripples|

HABENICHT ET AL, PRB™99: 5 keV Xe™ graphite

RUsPONI ET AL, PRL™98: 1 keV Ar* Cu(110)



0=) dots|

RodolfoCuerno,UniversidadCarloslll de Madrid

FACSKO ET AL, Science99:420eV Ar™ GaSb

FACSKO ET AL, PRB'02: Art GaSh

Talk deliveredat Universitat Gottingen,May 2003
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Also obtainedon Si

GAGO ET AL, APL "01:1.2keV Ar™ Si
Times:6min[(@):1 1 m?];960min[(b): 3 3 m?]

(c), (d): two-dimensionahutocorrelatioriunctionsover400 400 m? areas



GAGO ET AL, APL "01:1.2keV Art Si

RodolfoCuerno,UniversidadCarloslil de Madrid Talk deliveredat Universitt Gottingen,May 2003
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Canalsobeobtainedfor rotatingtamgetsand 6 0O

N

FROST ET AL, PRL "00: 500eV Ar* InP
Times:10s(a); 40s(b); 9600s(c)

(d) two-dimensionahutocorrelatiorfunction
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‘ Micr oscopicapproach'

Highly complex mary-body process

Typical scalean MolecularDynamics
Time 10 1 —-10° ps
Length 10-100A

Numberof atoms 10°

Typical scalesn experiments
Time 1-10°s
Length 10-100nm

BRINGA ET AL, PRB 01: MD simulation100keV Xe ontoAu
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\ Kinetic Monte Carlo I

P
Trans.probabilitiesw (conf ! conf) = N_ RyV2(conf! conf9)

KOPONEN ET AL, PRB 96: 5 keV Ar ontocarbon
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Typical scalesn kinetic Monte Carlo
Time 1 s( 10° cascades)

Length 30nm

KOPONEN ET AL, PRL "97: KMC simulation5 keV Ar ontocarbon
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More coarse-gainedapproaches

H
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€002 Ae\'usbumoo 1aIsIanuN Tepalaniap el

“Linear cascadeapproximationf. SIGMUND, PR(1969)

Erosionprobability/ Total enegy



(a) 3ML removed

(b) 30 ML
(c) 300ML
(d) 10* ML

HARTMANN ET AL, PRB 02

RodolfoCuerno,UniversidadCarloslil de Madrid Talk deliveredat Universitat Gottingen,May 2003
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‘ Mesoscopiadescription I

Goal: Computelocal erosionvelocity

@

v= —=V(; a;;

@

Incident lon

Performexpansionfor smallslopegr hj

1

ol N I

)

V=2p

Z

E(x5Y%529) = sz exp

R

(ZO+ a)Z

dr ( r)E(r)

2 2
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Two importantfacts:

a) convex

b) concave

Surfacefeaturesareamplied instability

Effective angleof incidencevariesacrosshesurface
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| Surfacediffusion| (MULLINS, HERRING “50's)

| Noise|

~

Fo= o

/ (curvature) ' r 2h

@
- j— r

a N

= r (r %h)=r *h

In general maybeanisotropidmetals)

%: F(h;r h;::)+ (r;t)

hi = J (ux)
hr:;t) %t 3 ¢ O @t tY
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‘ Full dynamicsI
(Anisotropic,stochasticKuramoto-Srashinsk equation

@
@ - @h+ r}wlex@h Dy%zh ny@@m x(@h>2 y(@h)2
\surface tension" \surface di usion" Iateral ngWth
| Comments
All coefcients ( x, Dy, x) arefunctionsof parameters,a, , ,T,J.

y <0 8 () instability); « changesignwith

D = d +K h dij / ,indep.of T
2SR 1 Lexp( Ej ke T)

For = 0symmetryisrestoredn (X;y) plane

) x = z X = Y O = dyy; dxy -

i, Dij, k!
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‘ Linear theory for 6 OI

@ _
@

J

ir °h Dr “h
h(k;t) / exp(! t)
= jk2 DKk
Thereexistsk P j j=D suchthat:
k > k stablemodes
k < k unstablemodes
ko = k P 2 hasamaximalgrowth rate! |,

Theamplitudeof kg dominates
exponentiallyfast) dotstructue

No hexagonalordering
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‘ Linear theory for 6 OI
(Bradley & Harper JVSTA "88)

h(k;t)/ exp ( xkg+j yjki Kkt
Small : y< <0

Lage : < yxand y <O



RodolfoCuerno,UniversidadCarloslil de Madrid Talk deliveredat Universitat Gottingen,May 2003
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‘ Effects of anisotropy I

COSTANTINI ET AL, JPC01: 1 keV Ar™ Ag(110)

When surface diffusion is thermally actvated
(dj = 0), anisotropiedE; (T)] allow selection
of ripple directionby tuning T
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‘Limitations of BH (linear) theory'

Theactualsurface(rms)roughnessaturateswith time, ratherthandiverge exponentially

T T TS T T T Ty T T T T T T T T T T T

oy

GAGO ET AL, APL "02: 1.2keV Ar, Si ERLEBACHER ET AL, JVSTA "00: 750eV Ar, Si
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‘Limitations of BH (linear) theory'

Theactualripple amplitudecoarsenswith time, ratherthanstayconstant

HABENICHT ET AL, PRB02: 30keV Gaonto Si
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‘ Non-linear dynamics( 6 0) I

|xy>o|

T T T T T T T T

1

PARK ET AL, PRL 99

Crosseertime = onseffor kineticroughening
) 9
@ (@h?) ¥ ) W, = )

Wo exp( =) -

)

0 10000 20000 30000 40000 50000

K log( = )
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Kinetic roughening

GAGO ET AL, APL "02: Ar onto Si
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‘ Kinetic roughening(Z)I

HABENICHT ET AL, PRB™99: 5 keV Xe™ graphite

S(k,)

10

10

parallel

_A,_—A\A_AAHAA
- (@]

—=a (=2 5510
o -— =2 7x10
A— 4 =9 2x10

t=9.3x1d ey

itk

0.1

HARTMANN ET AL, PRB 02: MD simulations
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| x y < OJRipplesprevail with large roughnessshadowingeffectsmay berelevant

PARK ET AL, PRL 99

GAGO ET AL, Nanotechnol.02
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Non-linear dynamics( = 0)

Dotsareformed,but notwith the properordering

KAHNG ET AL, APL 01

FAacskoO ET AL 00
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Othersputteredsystemsanight be describedy the nKS equation:
Amorphouscarbon Ims (KoroNen ET AL, JAP "97)

Gebombardedtlow enegy (CHey ET AL, PRB"95)
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Othersputteredsystemsnight be describedy thenKS equation:
Siwithin amagnetror{(with M. Castro, M. G. HERNANDEZ, L. VAZQUEZ)



relevanceof noise

Cell (*dot”) coarsening

(M. CASTRO)
Dot statisticd

RodolfoCuerno,UniversidadCarloslll de Madrid

Talk deliveredat Universitat Gottingen,May 2003
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‘ Continuum description of IBS (a summary) I

Full dynamicequationcannotbe describedut of symmetryarguments:
(cf. @h=j j@h+ (@h)?+ ,Kardag Parisi,Zhang)

(Qualitatve) Agreementn termsof enegy and ux dependencies
(for thermallysuppressediffusion)

Agreementn termsof patternformation+ stabilization
Universalityclassfor kinetic rougheningd{needextremelylong experiments)

Disagreements:
Dot formation: Rippleformation:

— In-planeordering — Wavelengthcoarsening

Mechanismsot consideredhusfar mayplay arole
(viscous o w, shadaving effects,: : )
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‘ Examplell: stepdynamicson vicinal surfaces'

Vicinal surface:orientationcloseto thatof a high symmetrysurface steps

Stepshave equilibriumroughnessthatcanbe characterized

WANG ET AL. 90 TUNG ET AL. 90

d)Si[2 1 1]; (€)1 ML; () 2 ML

Undergrowth conditions stepsmove andtheir roughnes&volves
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‘ Negligible nucleation: step ow I

/ j+1

|

Velocity v n=n (Drc

q))+

Adatomdensityc(r;t) onterrace
%: Dr2c £+J r q+]

g = uctuationsin diffusioncurrent

] = ucts. adsorption/desorption

Attachment/dettachmeat steps

n (Drc Q)jstep:k (c Ceq"'j )

n

M + = atascendingtep
/ \

= atdesdendingtep

k = kinetic coefs. for attachment

(Drc )i + rgs
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‘EHRLICH-SCHWOEBEL barrier ) instability I

If attachmentdepend®nsideof step(ks 6 k )) meanderingnstability in steppro le

BALES, ZANGWILL, PRB90

Protrusions screeri indentations
Analogousto Mullins-Selerkainstability
In solidi cation (snow akeg

Evolution equationfor a singlestepis the Kuramoto-Srashinsl equation

(KARMA, MISBAH, PIERRE-LOUIS, :: :, late90's)

Canbegeneralizedo trainsof stepsho desorptiongetc.
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MAROUTIAN ET AL, PRB01: Cu(1117)

SAITO & UwaHA, PRB94: kineticMC

Agreements notcompletethough(wavelengthdependencwith ux, :::)

furtherwork is needed
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\ ConclusionEI

Toolsdevelopedin the studyof non-equilibriumsystemsanbe employedfor the
studyof growth systemswith nanometesizefeatureggrowth, erosion,micro uids)

Althoughtheformalismis adaptedo the studyof asymptoticoroperties
(esp.in the caseof scaleinvariance) equationannotbe derved merelyfrom
symmetryarguments

Carefulattentionmustbe paidto systemspeci cs

Still, advantagecanbetakenfrom developmentson universalor genericmodels.
Speci cally, thelatterstudiescanassesparameteregionsfor patternformation,or
e.g.surfacedisordering



