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Crystals in and out of equilibrium

Part 2: Growth modes
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Kinetic Monte Carlo




Kinetic Monte Carlo
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Kinetic Monte Carlo
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Equilibrium shapes
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High temperatures

eq R T “exp [3E/(kgT

Low temperatures
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When crystals grow unstable

Spontaneous structural pattern formation at the
nanometre scale in kinetically restricted homoepitaxy
on vicinal surfaces

N Néel. T Maroutian. L. Douillard and H-J Ernst

CEA Saclay. DSM/Drecam/Spesi, 91191 Gif Sur Yvette, France

Cu (0,2,24) Cu (1,1,17)

(a)Cu(0224)

(b)Cu(l117)
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Ehrlich-Schwoebel effect
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Net current “up”: leads to curved steps and/or 3D islands (mounds)



2D to 3D: interlayer transport barriers
(“Schwoebel”)
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Real out of equilibrium surfaces

Cu vicinals — unstable growth: curved step + 3D pyramids



BEN-HAMOUDA et al. PHYSICAL REVIEW B 77, 245430 (200¢

Cu (0 2 24) Cu (11 17) Cu(l117)

800x800, L=5, T=285K, F=5e-2ML/s,
Ep=0..07eV, E;=0.4eV, E,;=0.12¢V,
40 ML

800x800, L=15, T=250K, F=5e-3ML/s 360x360, L=5, T=280K, F=5e-3ML/s
Ep=0.1¢eV, E;=0.4eV, E,=0.15¢eV, Ep=0..07¢V, E;=0.4eV, E,=0.12¢V,
20 ML 20 ML



BEN-HAMOUDA et al. PHYSICAL REVIEW B 77, 245430 (200¢

Cu (0 2 24) Cu(l117) Cu(1117)
(h}

r

800x800, L=5, T=285K, F=5e-2ML/s,
Ep=0..07eV, E;=0.4eV, E,;=0.12¢V,
40 ML

800x800, L=15, T=250K, F=5e-3ML/s 360x360, L=5, T=280K, F=5e-3ML/s
Ep=0.1¢eV, E;=0.4eV, E,=0.15¢eV, Ep=0..07¢V, E;=0.4eV, E,=0.12¢V,
20 ML 20 ML
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Inverse Schwoebel effect

600 layers

0 500 100 150 200 250 300 350 400

Jdown > Jup

200 layers

surface profile
=)

Net current “down”

0 50 100 150 200 250 300 350 400

Leads to step bunching

0 50 100 150 200 250 300 350 400
perpendicular to steps direction

R.L. Schwoebel, J. Appl. Phys. 40 (1968) 614.



Common wisdom is:

» Surface current “up”: step meandering;

* Surface current “down”: step bunching



Common wisdom is:

» Surface current “up”: step meandering;

* Surface current “down”: step bunching

Common wisdom is wrong
, dJ(?)
dt

(step meandering if < 0) (step bunching if < 0)

I/H=fj(f) I/J_:_f



Complex growth: multiple components
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Epitaxy on a crystal
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Low 1, high T and intermixing




Very low T, high and low growth rate:
Instability nucleated by pyramid growth
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Shell Growth and Morphology in S
Synthesis of Core-Shell Nanocrystals 3

Vyacheslav Gorshkov,’ Vasily Kuzmenko,” and Vladimir Privman®

J. Phys. Chem. C 118 (43), 24959-24966 (2014) DOI 10.1021/;p506331u



Chemistry: the role of precursors

Synthesis of Al nanocrystals

A 90:1 100:1 500:1




Chemistry: the role of precursors

Synthesis of Al nanocrystals




Chemistry: the role of precursors

Synthesis of Al nanocrystals

A
RICE UNIVERSITY

Shape-Controlled Synthesis of Aluminum Nanocrystals —\

by _-N=AlH, » Al Octopods
\O/\/O\/\o/
100:1 DMEAA:Tebbe
15 min,120 °C

Benjamin Daniel Clark







Stacking 1 over 2: wetting &
elasticity




Contact angles on flat and patterned surfaces in an ESEM

Increasing condensation Increasing evaporation
flat

e Bade. R...a
Static contact angle (98°) Advancing contact angle (101°)  Receding contanct angle (95°)
S-um diameter, 10-um height,and 12.5-um pitch pillars

Wetting

’ o - :
Static contact angle (129°) Advancing contact angle (132°) Receding contanct angle (127°)



Solid wetting

Oqubstrate
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Interface
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Solid wetting

Oqubstrate

T —
AF = (zgﬁlm — Ogubstrate — Ofilm T Ginterface)

Ofilm .

QQ{ / Oqubstrate




Solid wetting

Oqubstrate

T —
AF = (zgﬁlm — Ogubstrate — Ofilm T Ginterface)

= o (Gﬁlm T Ointerface — substrate)

Oflm .

QQ{ / Oqubstrate




<0 2D growth

Ofilm T Ointerface — Osubstrate —

Oqubstrate Z Ofilm T Ointerface




<0 2D growth

Ofilm T Ointerface — Osubstrate —

I Osubstrate > Ofilm T Ointerface

3D growth
Ofilm T Ointerface — Osubstrate > 0 9

Ogubstrate < Ofilm T Ointerface




Reconsider

= ? 2D growth

/
Ofilm T Ointerface — Cfirst layer — °

/
ey Cfirst layer 2 film ¥ Cinterface

/
Ofilm T Ointerface — Ofirst layer > 0 2D+3D growth

/
Ofirst layer < Ofilm T Ointerface




Crystal-crystal interface misfit create strain: larger in the (thin)
film than in the substrate

Coherent interface

O O O Semi-coherent interface
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Epitaxial growth modes

L L L L L L L L L L

VAR SRR LR LR LR LR L A Ay 4

Frank-van der Merwe mode Volmer-Weber mode Stranski-Krastanov mode

(2 dimensional growth mode) (Island growth mode)



Epitaxial growth and elasticity

Growing deformable layers over a deformable substrate



The harmonic crystal

surface

volume < [

surface k.

E({e)) =33~ -2 ](%)
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The elastic crystal

{6} (Zeaa) -l-uZei},

Fy = JC/ o ({e(r)}) d’r

Stress 0jj = E Ciiki€ii; €ij = E SiikiOr1 Strain
k] k]

| 1 /0u,; 5’uj
P — — i1 /7 _— — I
52" VT2 (axj ﬁxi)



The elastic crystal
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The Shuttleworth Equation



The Shuttleworth Equation

* Solids are not Liquids



The Shuttleworth Equation

* Solids are not Liquids
 What is surface tension?




The Shuttleworth Equation

* Solids are not Liquids
 What is surface tension?
 Why we should never speak of surface tension for solids




Applying a tensile stress on a liquid

A ‘C};S — y()A

-————s—

0F . = 0(YgA) = Y 0A



Applying a tensile stress on a solid

g =7A
0F . = 0(yA)

oy
—56 Ap + y0A
o0€...

where 0A = Ayoe€,.,



The Shuttleworth Equation: surface stress

0F ;= 5, OA Work of the surface stress

oy
= Sy = VT T
o€,
n®, O (A,Czr—o———o-
O O !o O
| 3 3
O O oi O O gfl‘\é_ffl



In a liquid, the surface energy does not depend on the strain

Sex — 70

5¢OJ;S — SXX 5A — ]/0514

In a liquid, the surface free energy can be called “surface tension”



Elastic instabilities: Grinfeld
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(b)

0 Solid adsorbate

Solid substrate




Contributions to the free energy of the undulating film 6Z(x,y) = Z(x,y) - Z
0Z(x) = hcos(gx)

1) d.% cap / d.of = ah2q2 / 2 Capillarity (surface free energy)
curvature ~ 0°z/0x* — quz ~ hg*
dV = hdsf

T ~ Relaxation, proportional to elastic
2) dF relax/dA ~ —hpoe energy and to volume change

dV = hdsf

I ~ 2 Elastic energy cost proportional to
3) d.F | / do/ =~ Ce / (261 ) penetration length of the strain 1 ~ 1/¢g



Minimizing 2 and 3 with respect to € yields:

e ~ hqpo/C

The total free energy in the undulating film is the sum of 1), 2) and 3):

dF /dof = ah*q*/2 — h*p3 q/(2C)

dF
dof

2
od
Umostiunstable ~ \ —
q a



Kinetics 2D to 3D: misfit-induced, layer-dependent
interlayer transport barriers (“effective Schwoebel”)




Intensity [arb.units]

E, =0,n<3
E,>0,n2>3

EUROPHYSICS LETTERS 1 February 2004

FEurophys. Lett., 65 (3), pp. 372-378 (2004)
DOI: 10.1209/ep1/i2003-10090-6

Temperature dependence of the 2D-3D transition
in the growth of PTCDA on Ag(111): A real-time X-ray
and kinetic Monte Carlo study

B. KrRAUSE!(*), F. SCHREIBER "% (**), H. DoscH 2,
A. PiMPINELLI® and O. H. SEECK?
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