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Ag/Ag(111) film
3 Monolayers (ML)
Deposition @ 150K

Flux = 0.004 ML/s
STM image size:
125 x 125 nm?

Surface Science Reports 61 (2006) 1-128
J.W. Evans, P.A. Thiel, Maria C. Bartelt

M. Li et al. PRB 77 (2008) 033402; JPCM 21 (2009) 084216.




Basic concepts and modeling strategies:

Atomistic processes underlying epitaxial growth (LG models).
Far-from-equilibrium growth requires accurate description of kinetics
Modeling strategies: atomistic vs. step-dynamics vs. 3D continuum

Successes for predictive atomistic modeling:
Homoepitaxy (A on A): Ag/Ag(111); Ag/Ag(100).
Heteroepitaxy (A on B; A on BC): Ag/NIAI(110)
Homoepitaxy of alloys (A+B on AB): Ni + Al on NiAl(110)

*Fundamental open issues for theory & modeling*
Submonolayer island formation:

analytic theory, step dynamics and other modeling strategies

Multilayer kinetic roughening:

step dynamics modeling + coarse-graining to continuum PDE’s




ATOMISTIC PICTURE OF EPITAXIAL

FILM GROWTH AND OF LG MODELING

crystalline surface = period lattice of adsorption sites on which ad-atoms reside ~ 4fh
= LATTICE-GAS (LG) MODEL ...or discrete Interacting Particle System

™ Top view: fcc(100) surface
presenting square array
of 4-fold hollow (4fh)
adsorption sites

Also shown: 1 adatom; 1 island

pEPOSITION | NUCLEATION

DOWNWARD TRANSPORT
INHIBITED BY STEP-EDGE BARRIER

hdown (<h) .

: DOWNWARD
| FunnveLing (DF)

EAE <N~ DIFFUSIC WL~ \GGREGATION +
— P EDGE DIFFUSION (hg,.)

Critical size i1:
islands with >i
atoms are stable

F = deposition flux
h = lateral in-layer hop rate
hyown = downward hop rate (<h)

DISSOCIATION ?

Arrhenius form of rates for hopping: KMC simulation:

h =vexp[-E,./(KT)] etc E, =activation barrier Stochastic implementation of processes
v~ 10" s attempt frequency with probabilities proportional to their rates




DIFFERENT MODELING FORMULATIONS

O MOUND
e CY) AggrEQFtion ATOMISTIC

(LATTICE-GAS MODELS)

9000800
Top layer nucleation (non-trivial) :"'EUN_E 2D CONTINUUM
— T — l—‘iﬁ (STEP-DYNAMICS MODELS)

[ | [
Step velocities, v, from BCF. Topological complexity treated via level set or phase field.

3D CONTINUUM
ohiot=F- VJd+n

» X noise

h(x,t) I

Schematic from: Evans, Thiel, Li in Perspectives on... Crystal Growth, 13" AACG Summer School AIP Conf. Proc. (2007)



HOMOEPITAXY (A on A): UNSTABLE GROWTH = MOUNDING

INSTABILITY DUE TO AN EHRLICH-SCHWOEBEL (ES) BARRIER = STEP EDGE BARRIER (SES)
Michely & Krug, Islands, Mounds, and Atoms (Springer 2004) JE, Thiel, Bartelt, Surf. Sci. Rep. 61 (2006)

SMALL ES BARRIER (Lgg<<Li) LARGE ES BARRIER (Lgs>>L )
I—isI ) I—isI
— — — — — __ 2Dislands — — —
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ﬂ ﬂ steep “wedding-cakes”
flatter mounds — e
— 1 l_l;l—l [ ] [ — ] [ ]
II I II : I I I I II II _III IIII IIII Ill_
slope selection & significant mound coarsening dramatic steepening & slow mound coarsening
Growth instability due to ES barrier Downward funneling (DF) produces smooth growth at low T
Jacques Villain, J. Phys. | (1991) l and counterbalances the effect of ES barrier at higher T
JE, Sanders, Thiel, DePristo, Phys. Rev. B (1990)
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Top View of o “close-packed”
(100) Surface open [011]

ATOMISTIC MODELING of Ag/Ag(100) GROWTH

...PROTOTYPE FOR SMOOTH GROWTH @ 300 K
DUE TO SMALL ES BARRIER (also FAST EDGE DIFFN)

.0 Y 00 +
.66600 +
GJ.......O

Deposition Irreversible Nucleation of Stable Islands (i=1)
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Metal(100) homoepitaxy: i=1 (irreversible island formation) typical for lower T; i=3 (stable tetramers) for some higher T

Stoldt et al. PRL 85 (2000) 3088; Caspersen et al. PRB 63 (2001) 085401; PRB 65 (2002) 193407 (lowa State University)



| SUBMONOLAYER ISLAND FORMATION AT 300 K (50x50 nm?) E,=0.43 eV




| Ag/Ag(100) @ 300K: UNEXPECTED VERY ROUGH GROWTH FOR >30ML

Film Rouahness W (in units of interlaver spacin Elliott, Miceli, et al. PRB 54 (1996)
g ( y P g)A/ Surface X-ray Scattering Study

10 —Ag/Ag(1 00) Miceli af al. 300K

L] GROWTH REGIMES:
[ SELECTED :
[F=0.02ML/s | SELC ~ |
i 230K () INITIAL QUASI-LBL
W I 230K ...expected behavior
: MOUND 260K - .
M NDS FORM
STEEPENING \ SECECTED | (i) MOUNDS FORM &
SLOPE/SHAPE SIDES STEEPEN
! 230K 300K
INITIAL 300K
20 250K ‘
MOUND STEEPENING
1 300K .
\ ONSET OF ] (iii) SELECTED SLOPE /
INITIAL GROWTH INSTABILITY 1 SHAPE + COARSENING
2D 300K
raal 1
10 1[]0e (ML) 1000 1

Modeling with small non-uniform step-edge barrier (E_ .= 0.07eV)
Symbols = experimental data (STM); Curves = model predictions

Caspersen, Layson, Stoldt, Fournee, Thiel, JE, PRB 65 (2002) 193407




ATOMISTIC MODELING OF WEDDING-CAKE
MORPHOLOGIES IN AG/AG(111) GROWTH

...PROTOTYPE FOR A LARGE ES-BARRIER

Maozhi Li, C.Chung, E.Cox, C.Jenks, P.Thiel, J.Evans
Phys. Rev. B 77 (2008) 033402; Surf. Sci. Rep. 61 (2006) 1

Goal: Develop predictive atomistic LG model for unstable
growth in classic M/M(111) systems with large ES batrrier:
(i) extract key energetics; (ii) predict morphologies versus T

Step 1: describe submonolayer island shapes (slow edge diff?, anisotropic corner diff")
Step 2: treatment of interlayer transport (non-uniformity and magnitude of ES barrier)

E STME 300x300,11m? -
W >

e

Cox et al. (ISU) PRB 71 (05)

§ o8

135 K: A DENDRITES




| Ag/Ag(111): ATOMISTIC MODEL FOR ISLAND GROWTH SHAPES
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CORNER DIFFUSION ANISOTROPY

cf. Hohage et al. Pt/Pt(111) PRL 76 (96); Ovesson et al.
Al/Al(111) PRL 83 (99); Brune et al. Ag/Pt(111) SS 349 (96)
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= hexagonal equilibrium shapes
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Non-uniform
ES Barrier...
this effect wins

O

Cox, Li, Chung, Ghosh, Rahman, Jenks, Evans, Thiel, PRB 71 (2005)



3ML Ag/Ag(111)
F=0.003ML/s

T=150K

STM image
86x86 nm?2

KMC simulation (b) l" —

ES barrier
=0.08 eV (B step)
=2x0.08 eV (A step)

...need non-uniform
step-edge barrier

KMC simulation
ES barrier = 00

Must accurately
treat nucleation
(i=2) for consistent

results at 150+180K |

3ML Ag/Ag(111)
F=0.003ML/s

T=180K

STM image
140%140 nm?

KMC simulation
ES barrier

=0.08 eV (B step)
=2x0.08 eV (A step)

KMC simulation
ES barrier = o0

- cf. analytic work
by Krug, Politi,
Maass, et al.



|Ag on NiAI(110): BILAYER GROWTH DRIVEN BY QSE |

Top view: NiAl(110) Top view: Ag(110) Side view: Ag(110) bilayer on NiAl(110)

0.33 nm

expt/DFT
island [~

28 hEIght

DFT analysis of structure

0.2 BL Ag/Ag(110) homoepitaxy

100x100 nm?

Yon

«Q

Han et al., Phys. Rev. Lett. 100 (2008); PRB 81 (2010) - ISU 0.15nm height (1 1ayer)




ATOMISTIC LG MODELING OF BILAYER ISLAND FORMATION ‘

Terrace
Diffusion
E,=0.27ev

Han et al. PRL 100 (2008) 116105; PRB 81 (2010) 115642
Slow horiz. 100x100 Nnm?2
Edge diff Detach

Deposition Eei=0.29ev  Ey+Ey, ' . ‘

Ag/NiAI(110) 200 K 20% covered
Island Height: 0.33nm @ all T

Diffn
Eef:

A ' 0.13ev

Detach Hop up l

E +E,, E,+tE,,, 0 Mot -

] f stronger adsorption
E,. = 0.09eV (stronger attraction) AEqse = 0.04-0.05ev
E,, = 0.03eV (WEAK attraction) <——/C{1:yer land

..all energies from DFT analysis substrate



STM VS. KMC SIMULATION OF BILAYER ISLAND FORMATION

STM & KMC images of Ag islands on NiAl(110) are 27x19 nm?2 | Han etal. PRL 100 (2008)
KMC images: grey = 1t layer; white = 2" layer Ag adatoms PRB 81 (2010)

TOP: DEPOSITION OF Ag ON NiAI(110) AT 140K WITH LOW F =0.003BL/S
STM: 0.2BL KMC: 0.1BL KMC: 0.2BL KMC: 10 min later

STM: 0.14BL KMC: 0.07BL KMC: 0.14BL KMC: 10 min later
BOTTOM: DEP.N OF Ag ON NiAl(110) AT 130K WITH HIGH F =0.03 BL/S




Ni + Al DEPOSITION ON NIiAI(110): ISLAND SHAPE & ORDER

Complications: 2 distinct adsorption sites; multiple diffusion pathways; non-trivial
island nucleation; vast number of edge diffusion configurations;...
< input to KMC = vast data set of DFT interactions and barriers for realistic kinetics

Ni 400K 4

KMC ST™M

Al 300K

Multi-site atomistic lattice-gas model with DFT-based

_ _ _ determination of hopping barriers for terrace diffusion
Han, Unal, Jing, Thiel, and JE, submitted (2010) and vast number of edge diffusion configurations




‘SEQUENTIAL CO-DEPOSITION OF Ni + Al ON NiAl(110) AT 300K

KMC

25 %X 25 nm*
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Duguet, Yuen, Han, Jing, Unal, Evans, and Thiel, Proc. Nat. Acad. Sci. (2010) Special Issue.
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SUBMONOLAYER 2D Ag-islands on Ag(100) @ 300K

ISLAND FORMATION | SE

(NUCLEATION
AND GROWTH
OF 2D ISLANDS)

...analytic theory &
step-dynamics +
geometry-based
simulation

Mean island size & density?

Island size distribution?

Island spatial distribution?

6100 % 7000 A

STM: 0.61 x 0.70 um!'
=610 x 700 nm2'
= 2100, %2420 a?y

2D island density: --F
NiSl w 000_6 nm'2 -|
= 5x10“ per site:

Average-island sizés"
S,,.~ 600 atoms* *




ANALYSIS OF SUBMONOLAYER ISLAND FORMATION

Rate Equation Theory (traditional mean-field theory 1960’s- Zinsmeister, Venables,...)

N, = TOTAL density of ALL stable islands (counting all sizes s>i where | = Critical size)
N, = density of adatoms

d/dt Nii,;, = o; h Ny N; (= K, ,c) where N, = exp[E/(kT)] (N,) (1)
VAT “critical cluster”

d/dt N, - Oig NNy Nig - (I+DKp (2)

where the “capture number” o; applies for islands of size i, and o, applies for stable islands

stable cluster

Quasi-steady-state analysis:

Rough balance between adatom gain & loss: d/dt Nl ~ O SO F~ 0' sl h N lel from (2) given small K.

Substitute N, = F/(c;;hN,) into (1) and integrate:
Central result... Nig; ~ expr-a+201£/x7)] (F/h)i/(i+2)




ANALYSIS OF SUBMONOLAYER ISLAND FORMATION

Rate Equation Theory (traditional mean-field theory 1960’s- Zinsmeister, Venables,...)
N, = density of stable islands of size s>i where | = critical size; N; = density of adatoms

d/dt N, =o,, h N; N.; -o,h N; N, ...for s>i+1
hlU V51 U\ s

where o, = “capture number” for islands of size s (increases with s...bigger islands capture better)

N, o< f(s/s,,); o < c(S/S,,); Sy ~ 2 = (1-22) f(x) —z-x d/dx f(x) = - d/dx[c(x)-f(x)]
= f(x) = f(0) explloydy {(22-1) - c'(y)¥{c(y) - zy}] Bartelt & Evans (BE) PRB 54 (1996)

Successes of KMC & failure of MF theory ~ N orf N orf , ---dependsoni
Precise KMC results for ISD showing failure of KMC
traditional Venables-type mean-field (MF) theory

BE PRB 46 (1992) 12675; SS (1993) S orsis,, S or sis,

c,0rc / G Or C 4
~cl/2

Explanation of MF failure BE PRB 54 (1996) 17359 > _/

KMC results for size-dependence of capture numbers KMC

H »Sorsls,, ———————>Sorsls,,
@ theory assumes all islands have local environment

...but shows bigger islands have CAPTURE ZONES (C2)




ANALYTICAL DEVELOPMENTS BEYOND-MF THEORY

JE & Bartelt, PRB 66 (2002) 235410; pPrB 63 (2001) 235408; SSR (2006) ...motivated by Mulheran & Robbie EPL (2000)

Ng o = Joint probability distribution (density) for islands of size s and CZ area A

d/dt NS,A =-FA Ns,A +FA Ns—l,A - I:)s,A Khie b I:)S,A+Asubnuc K

nuc

...K,,c=nucleation rate

(a) (b) (c)
Growth = easy
_ — A 4 Rate « CZ area
A —
(a) Loss-Growth (b) Gain-Growth

A+A

subnuc

(c) Loss-Nucleation (d) Gain-Nucleation

PS,A PS,A+ASUanC

Nucleation = tricky

Probabilities Pg ..
depends on spatial
details of the
nucleation process,
especially location
relative to CZ bndry




CAPTURE-ZONE AREA DISTRIBUTION: THEORY AND SIMULATION |

e r . week ending
PRL 99, 226102 (2007) PHYSICAL REVIEW LETTERS 0 NN 07

c , -
Capture-Zone Scaling in Island Nucleation: Universal Fluctuation Behavior POpUIatlon Of CZ S Wlth area A

Alberto P'lmpin:‘.llil'g'* and T. L. Einstein™" NA ~ N |SI/AaV g (A/Aav)

'LASMEA, UMR 6602 CNRS/Université Blaise Pascal—Clermont 2, F-63177 Aubiére Cedex, France
*Department of Physics, University of Maryland, College Park, Marvland 20742-411]1 USA
(Received 15 December 2006; published 27 November 2007) Heuristic theOI’y (Generalized W |g ner Surm ise)

In island nucleation and growth, the distribution of capture zones (in essence proximity cells) can be

described by a simple expression generalizing the Wigner surmise { pewer-law rise, Gaussian decay) from GWS - - b 2
b b il exprssion sncaliving e Winer e (pomcrow s y > g(a) o< af exp(-ba

random matrix theory that accounts for spacing distributions in a host of fluctuation phenomena. Its single
adjustable parameter, the power-law exponent, can be simply related to the critical nucleus of growth

maodels and the substrate dimensionality. We compare with extensive published kinetic Monte Carlo data With B _— i+ 1 (ﬁ— 2 fo r i —_— 1)

and limited experimental data. A phenomenological theory elucidates the result.

Fundamental Theory for N, and g
iIncorporating spatial aspects of nucleation

g(a) ~ obf exp(-baM) with n ~ 1.5 for i=1
B~4 (KMC i=1); p~3 (KMC i=0) B ~ 3i/2 + 3

A

o new islands g(a)

...all islands

Maozhi Li, Y. Han, JE,

= 29() + o d/da g(a) = - M(e)g(a) + M<(L+ala)q(otar)glotar)> + - SEPAT - & (80



STEP-DYNAMICS MODELING OF 2D ISLAND FORMATION

<§l + island
y nucleation

o/t N*, = F-DV2N*,

+
agg

e.g., UCLA
Level-set approach
(Caflisch, Ratsch,..)

Blot N, =F-D V2N, ~0

N*, = adatom density on upper/lower terraces

J*,99 = IDVN* | = aggregation fluxes; Jo4, = step edge diffusion flux

Normal velocity of island edge: V= J7 o +J%,55 - Vs Jegge

BC for PDE: D n-VN*, = Ki(Nil-Neq) + permeability term  K* = kinetic coefficients

Traditional BCF theory: K* =oo if NO barrier to attach to step edge = Dirichlet BD N*;=N,
But really K* are finite & depend on step orientation etc. (Margetis & Caflisch 2008; Ackerman & JE 2010)

Edge diffusion: Jegge= Jequil™ Inon-equil Where Jequi = -OstepVHstep With pge, o curvature

But ‘Jnon-equil = ... not fully understood (heuristic expressions available). JE et al. Surf Sci Rep (2006)



GEOMETRY-BASED SIMULATION OF ISLAND FORMATION

Maozhi Li et al. PRB 68 (2003) R121401; Surf Sci 546 (2003); SIAM MMS 3 (2005); Evans et al SSR 61 (2006)

GBS strategy: simulation based on CZ tessellation of surface (stochastic geometry) using
CZ areas to determine island growth, and physics-guided nucleation near CZ boundaries

1.8
(a) ® KMC (b) " KMC
1.5 < Rasic GBS | < Basic GBS
& Refined GBS & Refined GBS
o ]2 i=1] i=2
T 12
Lol "

5 e STABLE | _\
“ul A% 00| f

o
i 0.0 = . %"w o <
b et oot i c " KMC
";“‘"‘;" !.Ei-E,-.-‘!'-..'.!.!:..I ] W i*! 1.5 & Basic GBS ] =
' W e T ' A Refined GBS o 5
L'_'!"; ol .?-*!"'-:'“:'“ e ] o 121 i=A ] &
» STABLE
: _1 A 04 STABLE OO
= _ 88 -, OO0
Li et al Surf Sci 546 (2003) 0 1 o OO
Evans et al Surf Sci Rep 61 (2006) 03 5 % |:3 ) . |:6
i i h = “r
0.0 4 : '%wmnm_ﬁrr— P I Gy ',] 1

s/ S, 8/5,,
Key: realistic incorporation of island nucleation along CZ
boundaries, probability weighted by distance from island edge




‘STEP-DYNAMICS MODELS FOR MULTILAYER GROWTH

TRADITIONAL SD MODELING: NO DF
Politi & Villain, PRB 1996; Krug JSP 1997 etc.

J.(L)+J(L)=FL

F ‘J(I—+) fF —
JuL) ° ‘

<« L

< > |_+

V=J,L) +I(L)

Annihilation of steps at valleys
between mounds unless P =0, c=0

P.=1, P=0, W=0 o ES barrier WO

Zeno effect no DF

O
T i \
— V —p ! L+
L W
o <=

MODIFIED SD MODELING INCLUDING DF
Li & Evans, PRL 2005, PRB 2006, Surf Sci Rep 2006

V=J,L)+J(L,)+wF ©of

Nucleation of new islands at
the peaks of mounds (Krug)

E"R<R

top

& ! —>

> Rtop— R. (thres

5 size |

4/—<:|/ <:I|:> \:>—Lnuclee
& =

hold
or
ition)




STEP DYNAMICS SIMULATION

Tu

o
=

(=]
o
pul
:
~
(@]
N
e

50 -

Ft=40 ML

Ft=30ML

200 400

Height h (in units of b)

0 10 20 30 40 50 60 |70
Distance (in a) from center of mound

Height of valley between mounds
~ 13 layers above substrate @ 20 ML

Li, Han, JE, J. Phys.: Cond. Matt. (2009)

Alternative: use standard step-dynamics
model with cut-off when bottom terrace
width falls below 1 lattice constant (Krug)

2+1D step dynamics with circular islands




SD ANALYSIS OF SHAPE SELECTION FOR FINITE MOUNDS ‘

Left: Selected Mound Shapes versus
Threshold Radius for top layer nucleation

nucleate

\A

-/

For small R

top

> \

cf. J. Krug
Physica A (02)

'R=R..

/IR: m=m¢ (infinite mound)

top

SMALL R.=R,
(threshold size)

SELECTED
SLOPE
corresp. to
flux balance

LARGE R_=R

SELECTED
SHAPE with
side slope
smaller than
selected value

top

Mound Height (dh)

Right: (Micro) Net Step Attachment Flux
= 2 fluxes from right - 2 fluxes from left

DF <;:.'T°
mound valley DF [%E = -
Md peak

Key result: <K,,>=0 (zero time-average)

90 —————— _— B0,
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.‘: "‘: \‘ x
{ : : 3
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0 250 500 750 1000 0 1 2 3
Lateral Position o0

Li & Evans PRL (2005)




3D PHENOMENOLOGICAL CONTINUUM THEORY (PCT)

FOR MOUND FORMATION IN MULTILAYER METAL HOMOEPITAXY

COARSE-GRAINED EVOLUTION EQUATION FOR FILM HEIGHT: ) 1 l’ F
h = h(x,t) = film height at lateral position x & time t; m = Vh = local slope \

0/ot h = F (deposition flux) - V-Jpc1 (lateral mass current) + i (noise)

where phenomenological Jpe1 = Jdg; ope(M) + Jrgpax + dgg +---

T T

v, (DK V(VAkh  VA(mM?) «— up-down symmetry breaking

Jsi ope = Jes(uphill-destabilizing) + Jp(downhill-stabilizing)

selected

Jgs oc terrace width Jor oc step density mound
ocm J1 slope

oc 1/m ]
. + 0T ,// >m = '/ .
0W:m |\ : \ "

downward funneling

ES barrier: reflection ‘9 ’9 PCT: Martin Siegert, PRL, PRB
— Stroscio, Sander, Zangwill,...PRL
—e W j | Politi & Villain, PRB, Krug et al.

_ Leo Golubovic,... , PRL, PRE
Villain J. Physique (91) JE et al. PRB (90) Growing applied math literature:

Bo Li, Kohn, Wise, Yagi, et al.




COARSE-GRAIN SD = EXACT 3D CONTINUUM PDE

Fit smooth curve, h(x,t), through SD configuration
so h, = h(x,,t) and od/ot h(x,,t) = -V, d/ox h(x,,t)
and take small-slope continuum limit to obtain...
S — Aot h(x,t) = Fb - 8/6x Jgyacr Where
Xn-1 Xn Xner X
cf. W. E & Yip JSP 104 (2001) ‘]EXACT = [‘JES: FbA(l/m = Ca)/Z] + [‘]SB: — Fbm'3mxxl6]
Kohn et al. MRS Proc. (2002)

NO Jpr OF Jgg ax t€rms ! cf. Politi & Villain PRB (96)

For selected mound shape:
Solve Jeyacr = const. with suitable BC’s at mound valley (selected slope) and peak

60 —_— _— 40 _
) (b) z BC at valley:
e L .
< P,=0.55 10 2 | Imposing selected slope
& w0} P.=0.45 2 | accounts for effect of DF
T o
- 120 &
c = | BC at peak from <K, >=0:
é 20 S
=3 j— f—
R,/R = 0.005 R, /R=01710 = 6h = mR —1(A) Ryp
Step Dynamics Model Step Dynamics Model 1 1 1
0 l----lExa'::tlgontin.uum Mlodel l----lExaF::t .():,ontin'uumM.odel 0 reﬂeCtS prescrlptlon Of nuc
0 100 200 300 0 100 200 300 ..."Imposes relaxation

Lateral position Lateral Position Li & JE PRL 95 (2005) 256101" 96(E)



CONCLUSIONS

¢ A on A Homoepitaxial Growth: simple systems, complex behavior

Ag/Ag(111), Ag/Ag(100): Models developed with predictive
capability describing diverse growth morphologies vs. T

¢A+B on AB Homoepitaxial Alloy Growth: ordering vs growth
Ni+Al on NiAl(110): realistic models of alloy self-growth kinetics

¢ Heteroepitaxial Growth: complex systems with novel behavior
Many studies of strain effects (e.g., SK growth); we focus on lattice-matched systems

Ag on NIAI(110): growth mediated by Quantum Size Effects
Explain bilayer island growth with facile upward mass transport
¢ Challenges for theory and modeling (homoepitaxy)

SU b Mono | ayer |S I an d fO 'm a.t| on. analytic beyond-MF theory; efficient simulation
M u |t| I a.yer k| N et| Crou g h en | N g : rigorous coarse-grained PDE? stochastic models?







I GROWTH AND RELAXATION OF EPITAXIAL METAL FILMS: simplest case low surface energy / low-strain wetting films# I

G ROWTH (during deposition)

RE LAXAT I ON (post-deposition) EQU I I_ I BR I U M

DECAY OF TOP-LAYER ISLANDS

ad “NUCLEATION THEORY” REDUCTION IN NUMBER SINGLE LARGE ISLAND
LL] OF ISLANDS (COARSENING) COEXISTING WITH VERY
> | sipe ropview | | DILUTE “GAS” OF DIFFUSING
< | view DEPOSITION ADATOMS ( BELOW T,)
- OSTWALD N
@) RIPENING T DISORDERED
Z (island dissolution)
O ISLAND DIFFUSION Tof-—=
E 1 )OO0 PHASE
SEPARATION
M AGGREGATION ~ NUCLEATION SMOLUCHOWSKI one island + dilute 2D gas J
D) AND GROWTH RIPENING (island 0 1
N diffusion & coalescence) 0
UNSTABLE GROWTH SMOOTHENING OF ROUGH THERMAL ROUGHENING
x & “MOUND” FORMATION MULTILAYER FILMS TRANSITIONS #
LL] SIDE TOP VIEW
- “ROUGH” FILMS
— @ @ Tpf————————————-
— | ReFLECTION
- | FROM DOWNWARD “SMOOTH” FILMS
2 DESCENDING FUNNELING ’/\/ —
STEPS AT STEP EDGES

System driven far-from-equilibrium System returns to equilibrium  Simple equilibrium morphologies




ATOMISTIC VS. CONTINUUM MODELING STRATEGIES

99) 171-294

m.x — 3D
~ \ CONTINUUM
I\ aloth(xt) =...

— 2D
CONTINUUM:
(i) sharp steps

(e.g., level-set)
(if) smeared steps
(i.e., phase-field)

ATOMIS

~ Continous Step



st rEELT

..............

-wa

(d) STM 150K




FLUCTUATION-MEDIATED COARSENING OF MOUNDS

PREDICTIONS from REALISTIC ATOMISTIC MODEL (i=1; non-uniform ES barrier; DF, etc.)

¢ Mounds order into a 1x1 pattern for long times

¢ Strong up-down symmetry breaking (all upward no inverted pyramids)
¢ Fluctuations initiate mound disappearance, then concerted rearrangement




EXAMPLES: VAPOR PHASE DEPOSITION OF METAL FILMS

HOMOEPITAXY (crystal self-growth):

Ag films on Ag(111) etc. [A on A]

-Far-from-equilibrium morphologies (mounds) controlled by
Step-Edge (ES) Barriers inhibiting downward transport
- Predictive atomistic models; coarse-graining challenge
Alloy self-growth: Ni+Al on NiAl(110) [B+C on BC]

-Explore interplay between film growth & alloy ordering
- Predictive atomistic modeling (of complex alloy system)

HETEROEPITAXY:

Ag on Pt(111); Fe on Cu(100); Pb on Cu(111);... [A on B]
- Strain; exchange with substrate; quantum size effects;...

Ag films on binary alloy NiAl(110) [A on BC]

- No lateral mismatch = no lateral strain !
- Quantum Size Effects drive bilayer-by-bilayer growth

- atomistic modeling of facile upward transport at low T PRL 100 (2008) 116105
ISU NSF CHE-0809472
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