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Sketchof the talk

� Introduction

� ExampleI: Erosionby ion-beamsputtering
J. M. ALBELLA, C. BALLESTEROS, A.-L. BARABÁSI, M. CASTRO, R. GAGO,

M. M. GARCÍA HERNÁNDEZ, M. MAKEEV, M. VARELA, L. VÁZQUEZ

– Experimentalresults

– Discreteapproach

– Continuumapproach

– Discussion

� ExampleII: Dynamicsof stepsonvicinal surfaces
T. ALA-NISSILA, M. CASTRO, I . KOPONEN, M. RUSANEN

� Conclusions
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Intr oduction

Systemsof nanoscopicdimensionsfeature:

� Fluctuations:thermalorigin or externallydriven(�ux of aggregatingunits)

� Instabilities patternformation

Theoryof growth hasto studytheinterplaybetweenbothtrends

Tools: Non-equilibriumStatisticalMechanics

Focus:Coarse-graineddescription,sensitive to �uctuation effects

Outcome:Universalproperties(scalingof �uctuations);alsopreasymptoticfeatures,
relevantto systemspeci�cs
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Example I: Erosionby ion-beamsputtering

Removal of materialfrom surfacesthroughtheimpactof energeticparticles

q

x

y

h

Expect“patternremoval” : : :

Employedtraditionallyfor

� �lm fabrication

� surfaceanddepthmicroanalysis

� surfacecleaningandmicromachining
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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)
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Also obtainedonSi

GAGO ET AL, APL `01: 1.2keV Ar+ Si

Times:6 min [(a): 1 � 1 � m2]; 960min [(b): 3 � 3 � m2]

(c), (d): two-dimensionalautocorrelationfunctionsover400� 400� m2 areas
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Canalsobeobtainedfor rotatingtargetsand� 6= 0

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

(d) two-dimensionalautocorrelationfunction
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Micr oscopicapproach

Highly complex many-bodyprocess

Typical scalesin MolecularDynamics

� Time � 10� 1 – 102 ps

� Length� 10– 100 	A

� Numberof atoms� 105

Typical scalesin experiments

� Time � 1 – 103 s

� Length� 10– 100nm

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

Trans.probabilitiesW (conf ! conf0) =
P N

a=1 RaV a(conf ! conf0)

KOPONEN ET AL, PRB`96: 5 keV Ar ontocarbon
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Typical scalesin kineticMonteCarlo

� Time � 1 � s (� 106 cascades)

� Length� 30nm

KOPONEN ET AL, PRL`97: kMC simulation5 keV Ar ontocarbon
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Morecoarse-grainedapproaches

E(x0; y0; z0) =
�

(2� )3=2� � 2
exp

�
�

(z0+ a)2

2� 2 �
x02 + y02

2� 2

�

“Linear cascade”approximation,P. SIGMUND, PR(1969)

Erosionprobability/ Total energy
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Mesoscopicdescription

Goal: Computelocalerosionvelocity

v =
@h
@t

= V('; a; �; � ; T; J; : : :)

s

m

P

Incident Ion

h(x,y) O

a E(x0; y0; z0) = �
(2 � ) 3= 2 � � 2 exp

�
� (z0+ a)2

2� 2 � x 02 + y02

2� 2

�

v = p
Z

R
dr �( r ) E (r )

Performexpansionfor smallslopesjr hj � 1
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Two importantfacts:

b) concave

a) convex

BeamIon

A

A'

j
j '

� Surfacefeaturesareampli�ed  instability

� Effective angleof incidencevariesacrossthesurface
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�
�

�
�Surfacediffusion (MULLINS, HERRING `50's)

~| = �r �

� / � (curvature) ' �r 2h

@h
@t

= �r � ~|

= �r � (rr 2h) = �r 4h

In general� maybeanisotropic(metals)
�
�

�
�Noise

@h
@t

= F (h; r h; : : :) + � (r ; t)

h� i = J (
ux )

h� (r ; t)� (r 0; t0)i ' J � (r � r 0) � (t � t0)
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Full dynamics
(Anisotropic,stochastic)Kuramoto-Sivashinsky equation

@h
@t

= � x @2
x h + � y @2

y h
| {z }
\surface tension"

� Dxx @4
x h � Dyy @4

y h � Dxy @2
x @2

y h
| {z }

\surface di�usion"

+ � x (@x h)2 + � y (@y h)2

| {z }
lateral growth

+ �

�
�

�
�Comments

� All coef�cients (� x , Dxx , � x ) arefunctionsof parameters� , a, � , � , T , J .

� � y < 0 8� () instability); � x changessignwith �

� D ij = dij + Kij with
�

dij / � , indep.of T
Kij / 1

T exp(� Eij =kB T)

� For � = 0 symmetryis restoredin (x; y) plane
) � x = � y ; � x = � y ; dxx = dyy ; dxy = 0

� � i , D ij , � k / �
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Linear theory for � 6= 0

@h
@t

= �j � jr 2h � D r 4h

h(k; t) / exp(! k t)

! k = j� jk2 � Dk4

Thereexistsk� �
p

j� j=D suchthat:

k > k� stablemodes

k < k� unstablemodes

k0 = k� =
p

2 hasamaximalgrowth rate! k0

Theamplitudeof k0 dominates
exponentiallyfast) dot structure

No hexagonalordering
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Linear theory for � 6= 0
(Bradley & Harper, JVSTA `88)

h(k; t) / exp
�
(� � x k2

x + j� y jk2
y � Kk4)t

�

Small� : � x < � y < 0

Large� : � y < � x and� y < 0
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Effectsof anisotropy

COSTANTINI ET AL, JPC`01: 1 keV Ar+ Ag(110)

When surface diffusion is thermally activated
(dij = 0), anisotropies[Eij (T)] allow selection
of rippledirectionby tuningT

R
odolfo

C
uerno,U

niversidadC
arlosIII

de
M

adrid
Talk

deliveredatU
niversiẗatG
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Limitations of BH (linear) theory

Theactualsurface(rms)roughnesssaturateswith time,ratherthandiverge exponentially
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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

Theactualrippleamplitudecoarsenswith time,ratherthanstayconstant

HABENICHT ET AL, PRB`02: 30keV GaontoSi
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Non-linear dynamics(� 6= 0)

�

�

�

�
� x � y > 0

lLn|    |

Ln
 W

2

    

t

(a)

40000 500003000020000100000

PARK ET AL, PRL`99

Crossover time � = onsetfor kinetic roughening

� @x h � � (@x h)2 ) � W 0
` 2 � � W 2

0
` 2 ) W0 � � =�

W0 � exp(� � =`2)

9
=

;
) � � K

� log(� =� )
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Kinetic roughening
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GAGO ET AL, APL `02: Ar ontoSi
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Kinetic roughening(2)

0.1 1
k

10
2

10
3

10
4

10
5

10
6

S
(k

,t)

t=9.3x10
7

t=2.5x10
5

t=2.7x10
4

t=9.2x10
3

parallel

HABENICHT ET AL, PRB`99: 5 keV Xe+ graphite HARTMANN ET AL, PRB`02: MD simulations
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�

�

�

�
� x � y < 0 Ripplesprevail with large roughness: shadowingeffectsmayberelevant

PARK ET AL, PRL`99

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

Dotsareformed,but notwith theproperordering

KAHNG ET AL, APL `01

FACSKO ET AL `00
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Othersputteredsystemsmightbedescribedby thenKSequation:

Amorphouscarbon�lms (KOPONEN ET AL, JAP `97)

Gebombardedat low energy (CHEY ET AL, PRB`95)
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öttingen,M
ay

2003



Othersputteredsystemsmightbedescribedby thenKSequation:
Si within a magnetron(with M. CASTRO, M. G. HERNÁNDEZ, L. VÁZQUEZ)R
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Continuum description of IBS (a summary)

� Full dynamicequationcannotbedescribedoutof symmetryarguments:
(cf. @t h = j� j@2

x h + � (@x h)2 + � , Kardar, Parisi,Zhang)

� (Qualitative) Agreementin termsof energy and�ux dependencies
(for thermallysuppresseddiffusion)

� Agreementin termsof patternformation+ stabilization

� Universalityclassfor kinetic roughening?(needextremelylongexperiments)

� Disagreements:
Dot formation:

– In-planeordering

Rippleformation:

– Wavelengthcoarsening

� Mechanismsnotconsideredthusfarmayplaya role
(viscous�o w, shadowing effects,: : :)
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Example II: stepdynamicson vicinal surfaces

Vicinal surface:orientationcloseto thatof a highsymmetrysurface steps

Stepshave equilibriumroughness, thatcanbecharacterized
WANG ET AL. `90 TUNG ET AL. `90

d) Si [2 �1 �1]; (e)1 ML; (f) 2 ML

Undergrowth conditions,stepsmove andtheir roughnessevolves
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Negligiblenucleation: step�o w

j-1
j+1

j

x

y

F

Adatomdensityc(r ; t) on terrace

@c
@t = Dr 2c � c

� + J � r � q + j

q = �uctuationsin diffusioncurrent

j = �ucts. adsorption/desorption

Attachment/dettachmentat steps

� n � (D r c � q)jstep = k� (c � ceq + j � )

+ = atascendingstep

� = atdesdendingstep

k� = kinetic coeffs. for attachment

Velocity v � n = n � (D r c � q)j+ � n � (D r c � q)j� +
�
r 2

s � s
�
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öttingen,M
ay

2003



EHRLICH-SCHWOEBEL barrier ) instability

If attachmentdependsonsideof step(k+ 6= k� ) ) meanderinginstability in steppro�le

step
motion

BALES, ZANGWILL, PRB`90

Protrusions“screen” indentations
Analogousto Mullins-Sekerkainstability
in solidi�cation (snow�akes)

Evolutionequationfor asinglestepis theKuramoto-Sivashinsky equation
(KARMA, MISBAH, PIERRE-LOUIS, : : :, late90's)

Canbegeneralizedto trainsof steps,no desorption,etc.
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MAROUTIAN ET AL, PRB`01: Cu (1 1 17) SAITO & UWAHA, PRB`94: kineticMC

Agreementis not completethough(wavelengthdependencewith �ux, : : :)
 furtherwork is needed
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Conclusions

� Toolsdevelopedin thestudyof non-equilibriumsystemscanbeemployedfor the
studyof growth systemswith nanometersizefeatures(growth, erosion,micro�uids)

� Althoughtheformalismis adaptedto thestudyof asymptoticproperties
(esp.in thecaseof scaleinvariance),equationscannotbederivedmerelyfrom
symmetryarguments

� Carefulattentionmustbepaidto systemspeci�cs

� Still, advantagecanbetakenfrom developmentsonuniversalor genericmodels.
Speci�cally, thelatterstudiescanassessparameterregionsfor patternformation,or
e.g.surfacedisordering
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