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Patterning of Heteroepitaxial Overlayers
from Nano to Micron Length Scales
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Overview

Part 1: Multiscale Modeling

mechanical properties - elasticity, dislocations,
grain boundaries, polycrystals, ...

Phase field crystal Amplitude
\/\/\/\/\/\/\M\,V_ \/ / >
Ax ~ al10 Ax ~ W/10

~0.1A > ~1 A
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Overview

Part 1: Multiscale modeling

mechanical properties - elasticity, dislocations,
grain boundaries, polycrystals, ...

Phase field crystal Amplitude Continuum
\/\/\/\/\M \/ j >
Ax ~ al10 ~O.1 A Ax ~W/10 ~1 A AX ~W/10 ~1 A
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Part 1: Multiscale Modeling: PFC

AF RN dy
kK,TVp V 2

T
2V? + Vi|n =t

"B + B

Dissipative dynamics

on _py? 3F _ py2 g g oV V- Ly
ot dn 2 3

Example — growth of a solid drop in supercooled liquid

supercooled liquid
n = constant

T ~ crystal geed _
n = varying ~ lattice constant

Time Scales/computational speed Comparison: Molecular Dynamics Gold T = 800°C

vacancy diffusion time 10—100 vacancy diffusion time
numerical time step numerical time step

- ~ Billion times faster!

-~ 1011
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Part 1: Multiscale Modeling: PFC applications
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Part 1: Multiscale Modeling: PFC applications
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Figure 1.2: Experimental viscosity of glass forming liguids versus inverse temperature,
from [1]. Time scales vary from ~ 1ps at the lowest viscosities to ~ 10%s at T,. The

inset shows the ratio of liguid and crystal specific heats.
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PFC to Amplitude
expansions

PFC free equation of motion

— =TV [(AB+B"

Amplitude formulation:

IPAM 10/22/2012

Phase field crystal = Amplitude

(LLTTyve—

1+ V2)2)n —tn°+v n3]

Q¢

G, G>, G|

—_—
P—

nl =

Goal - derive

= 1q, + mq, + nq,
principle reciprocal lattice vectors
b m b

Miller indices

J

W
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* Amplitude expansion: multiple scales approximation

2 fields (n, n_) — 2 length scales (a,W)
Consider schematic of liquid/solid interface

I

L

Density
n

- _— Amplitude
| "\ e

™
' \

ALLLULD
L h\lnl‘"?'r*-n—r_-..

Lattice spacing —

=da

Interface width
=W

Multiple scales approximation

W > a

IPAM 10/22/2012
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* Amplitude expansion: multiple scales approximation

Multiple scales approximation
W > a = |Phase field limit

Expand amplitudes (n) around lattice sites, i.e.,

TI@(F) ~ Y]% + (?n’é ) : (F—}_éi)—l—...

A

X X Oakland

‘??c|
o X X, X3 X, X5 X

LININVERSITY
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* Amplitude expansion: multiple scales approximation

Expand amplitudes (n) around lattice sites, i.e.,

TIE;(F> ~ 1’]% + (?nlé ) : (F—ﬁi)-l-...

—i(_jéﬁ’

Multiply equation of motion by e
eg., in one dimension

1 f dx e "9 on

ot
Eg, left hand side

x+al2

l —iQx
, f dx e 5

and average over one unit cell

1+ VZ)Z)H —tn’+v n?’]

= IV’ [(AB+B"

x;—al2
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* Amplitude expansion: Two dimensions to lowest order

2d: triangular lattice, principle reciprocal lattice vectors :

> 1 R N R

G = —53%+3 ;4 =7
on; . OF . *
- =3 6n?;d~—l(AB+B \512.+3V(A2—|nj|2))nj—2tgni

2 ~ _ 2 .o e
, 3, =V +2iq-V

where A° = 22 uy

— Now 6 equations (3 complex)

— Still includes elasticity, dislocations, multiple crystal orientations _

Oakland

LININVERSITY
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* Amplitude expansion: applications

Polycrystals — (®,u) — adaptive mesh refinement

Athreya, Goldenfeld, Dantzig, Greenwood, Provatas, PRE 76, 056706 (2007)

FIG. 12. (Color online) The above grid spans roughly three

orders of magnitude in length scales, from a nanometer up to a
micrometer. The leftmost box resolves the entire computational do-
main whereas the rightmost resolves dislocations at the atomic

scale.
IPAM 10/22/2012




* Continuum limit of amplitude equations
Limiting case: n;, = ¢ e'“" where,i= displacement field

Small deformation limit

¢ — 1% order liquid/solid transition, t — continuum elasticity theory:

_

-~

1st order Liquid/Solid surface energy continuum elastic energy
phase transition

1/0u; du; 1 Ou, duy,
Where U, = —|—+—+=
e P 210x; 0x; 2 0x;0x;

elastic constants
C,, = 9B"¢*
c, =C, = C,/3
Again note:
¢ liquid: ¢ = 0, elastic energy = 0
solid: ¢ # O, elastic energy > 0
IPAM 10,




* Continuum limit of amplitude equations
Limiting case: n; = ¢ no deformations

F,o= | dF|3AB¢” — 4t¢* + %vq)HGB"W)F
Dynamics
09 _ _MOJF
ot 6 00

= M2B'V*¢—AB¢+2t¢°—15v¢’]
~ Model A

Phase field model of liquid/solid transition
order parameter - ¢ - amplitude of density fluctuations

T

IPAM 10/22/2012



* Continuum limit of amplitude equations
Repeat for binary alloy model:
- substitutional binary alloy A and B atoms, densities p, and p, define two fields,
¢ = 2c—1,n = (p—1p,)/p,, where p=p,+ ps, C=p,/p

- free energy (see Elder, Provatas, Berry, Stefanovic, Grant, PRB 75, 064107 (2007))

B 2 xn 2% 72 474 t 3 | |
dr|—n"+ B*=12R°V° "+ R"V n——n’+ < +—LIJ+ LIJ+—VLIJ
Kg T Py = | 2 2 | | 3 472 4
o usual PFC model - Model B/Cahn Hilliard
where B' = B, + By + By’ + ... — eutectics phase diagrams etc.
B*=B,+ Bjy + By’ + .. — elastic moduli ~ function of y
R =R,+ Ry + R2L|}2 + ... — lattice constant ~ function of
- dynamics, for mobilities M, and M,
on O F
E_M VZ—n+M Vz—w where
_ 2
oy MV26F V26F M, = (M, + My)lp,
_ 2
ot MZZ(MA_MB)/DI

IPAM 10/22/2012



* Amplitude expansion: Binary alloys, statics
Small deformation limit m; = & exp(i éj'a)
) = concentration difference, ¢ = liquid/solid order parameter

Elder, Huang, Provatas, PRE, 81, 011602 (2010)

- 2
F,, = f d7|3ABd° — 4td° + 4—25v<|>4 + 6BV | +
) . . 2
+ ((o + 6B’2¢2)%+%q;4+3|Vq1| + 120(13;;(-+-)q)
A
First Order Liquid/Solid Elastic energy
transition with surface energy

Vegard's Law

Phase Segregation, eutectic solidification,
grey a=a(1+a¥)

spindodal decomposition, etc..
with surface energy cost

Segregation at surfaces,
dislocations, etc.

IPAM 10/22/2012



* Amplitude expansion: Binary alloys, dynamics
Small deformation limit m; = & exp(i éj'a)

= concentration difference, ¢ = liquid/solid order parameter

Elder, Huang, Provatas, PRE, 81, 011602 (2010)

- 2
F2d=fd7 3AB<|>2—4t¢3+4—;vc|>4+ 6BV ¢| + 3B ¢’

3 2 2 2
E; U;+U,U, +2U,

+o + 6B’2¢2)q’72+%q;4+§ﬁ o + 1248

~Vip+ 3 2Uiic|>2)q1

o _ _O6F = Model A
ot S ~ Allen/Cahn
o Model C
0 SE Model B
Sr = V2T cahniliard
v Hillert
Z 0 8F _ 0 ] Mechanical ABC's of pattern formation

~ 0x; 8 U, ~ Equilibrium

IPAM 10/22/2012



Overview

Part 1: Multiscale Modeling

mechanical properties - elasticity, dislocations,
grain boundaries, polycrystals, ...

Phase field crystal Amplitude Continuum
Ax ~ al10 Ax ~ W/10
~0.1A > ~1A >

Part 2: Applications
Island formation on
nano-membranes

Mounding instability

e
e)
Pattern + Length Selection Oakland

Wavelength Selection Long range order?
LUNIVERSITY
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* Amplitude expansion: applications

Mounding instability: stability of strained surface
Huang and Elder, PRL 101, 158701 (2008), PRB 81, 165421 (2010)

Pt

Misfit strain €,;, =(a,—a)/a

a, = lattice constant of stress-free bulk film
a = lattice constant of strained film

Surface Profile: H(x,t)
H(x,t) = A(t) exp(iQx)

A A®®) = A(0) exp(w(Q)Y)

Q" most unstable
wavevector

1) Convenient to expand around strained state
iG . T i(1-8)G -7
HZZﬂje j —>an€( )G,
j j
where €, =06/(1-3)
2) Perturb around 1-d profile,n;(y)

n,(x,y,t)=n’(y)+8n(y,t)e

3) Numerically solve for,

Sn(y,t)



* Amplitude expansion: applications

Mounding instability: stability of strained surface
Huang and Elder, PRL 101, 158701 (2008), PRB 81, 165421 (2010)

Pt

Misfit strain €,;, =(a,—a)/a

a, = lattice constant of stress-free bulk film
a = lattice constant of strained film

Surface Profile: H(x,t)
H(x,t) = A(t) exp(iQx)

f\ A(t) = A(0) exp(e(Q)Y)

Q" most unstable
wavevector

—_—
1

il

o

o
—
4

-

2

length, time scales

1 ~0.8 um
-1~0.5s

length ~
time ~

1/Q° e
1/’ . :

~7 nm |
~1 ms

Gold, 800°C
a ~ 4A, T, ~0.26 ms

4
€y (1072)




* Amplitude expansion: applications

Mounding instability: stability of strained surface
Huang and Elder, PRL 101, 158701 (2008), PRB 81, 165421 (2010)

crossover : Continuum - Discrete

—— — i - .
L 5 -
° Continuurn Limit
-{Grinfeld /Asaro+Tiller)
< i
4 - —
Q = 4 E (eu)z
. - 37
> L < _

Misfit strain €,;, =(a,—a)/a

a, = lattice constant of stress-free bulk film
a = lattice constant of strained film

Surface Profile: H(x,t)
H(x,t) = A(t) exp(iQx)
A A®) = A0) exp(w(Q)Y)

Qh = qaeu _-

"Perfect Relaxation' |

discrete dislocations _

Q" most unstable
wavevector




* Amplitude expansion: applications

Mounding instability: stability of strained surface
Huang and Elder, PRL 101, 158701 (2008), PRB 81, 165421 (2010)

universal scaling Q=Q/Q., ¢ =¢,l¢,

—— = B f
L, e
0.4 8
/\/-V\_/
< s @/
—p - 0.2 Ff
—p - B
| I |
> L ‘ 0 02 04
. . . 2
Misfit strain €,; = (a,—a)/a o (€.)

a, = lattice constant of stress-free bulk film

"'0.8 ——

T I T T :/:]9 ]

Interface Width

a = lattice constant of strained film oW = 1.5a
Surface Profile:  H(x,t) aW =4050a -
H(x,t) = A(t) exp(iQx) W = 65a
A A® = A(0) exp(w(Q))
“(Q) +W = 95a
Q" most unstable
wavevector | |
R 4 6
—— €
Q




Epitaxial growth: stability of strained surface

Si_ Ge grown on Si: back to back papers

Sutter/Lagally, PRL, 84, 4637 (2000)

ment with all theoretical models for the morphological
instability_of _strained layers.

A o g (1L0Z00)

Our LEEM and AFM results are in obvious qualitative
disagreement with simple models [8,18] that predict a
functional form for the wavelength A(e) of the instability

0.4

£ [107]

From Fig. 4 we deduce

0.3

02F

A [pm]

0.1F

0.1

FIG. 4. Dependence of the wavelength A of the initial cell pat-
tern on Ge concentration, x, of the alloy film. Points denote
values measured from LEEM images. The line is a calcula-
tion according to the model of Ref. [19]. using a dimension-

less growth rate v = 107 and soyuie expansion coefficient

Guyer + Voorhees, PRL 75, 4031 (1995)
IPAM 10/22/2012 -- compositional inhomogeneities

n" = 0.5.

2
X

.3

0.4

TABLE L.
as a function of Ge concentration x. Experimental uncertainty
inxis *10%, in A = 10%, in T *= 15%.

Roughening length A and roughening thi

Tromp/Ross/Reuter, PRL, 84, 4641 (2000)

ckness Tg

Ge Concentration Roughening Roughening
X length A thickness Ty
0.25 200 nm 11.6 nm
0.34 150 nm 6.8 nm
0.40 125 nm 6.0 nm
0.47 115 nm 6.4 nm
0.53 115 nm 5.9 nm
Y
: perfect
0.25 .
— I relaxation
& [ ] °
= 02 A 55A
< - £
0.15
01|
G,-ll oz 03 o2  o0s Io-.s



* Amplitude expansion: applications

Island Formation on Nano-membranes
Elder, Huang J. Phys.: Condens. Matter. 22 , 364103 (2010).

Why on a hano-membrane?

e Maximum island size ~ 1/(hano-membrane thickness)

o Ge N G
Si Si Si

e Nanomembrane ~ induce island ordering

4 4 A
Si
w W W W

Ordering - modulated strain in Si nanomembrane
- modulated electronic band gap

Exploit - nanoscale photonic and electronic devices

IPAM 10/22/2012



Island Formation on Nano-membranes

Huang, Ritz, Novakovic, Yu, Zhang, Flack, Savage, Evans, Knezevic, Liu, Lagally,
ACS Nano 3, 721 (2009)

150nm

IPAM 10/22/20



Island Formation on Nano-membranes
Kim-Lee, Savage, Ritz, Lagally, Turner, PRL 102, 226103 (2009)

FIG. 1. (a) A Scanning electron micrograph of Sip36Geg e
islands on a 23 nm thick S1 membrane. The average hut size 1s
about 70 nm, nearly three times the membrane thickness. The
ordering 1s better on the freestanding region than the supported
region. (b) The 1mage in (a) with huts on the *‘top” and
“bottom™ of the freestanding region marked with O and X,

respectively.
IPAM 10/22/2012



Island Formation on Nano-membranes

Binary Amplitude Model simulations

density concentration

llllll
k]

R L R LRI LR LR R R LR LI PR Rl
L L L RS E N IR R R E L R T R ERT
FEFE I FE A E R F NN RN R NN R R EF RN
FEEREFF A FR R EN A RS BN R R
...................................

Film thickness
~ 6 layers
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Island Formation on Nano-membranes

Binary Amplitude Model simulations

densit concentration ener

Film thickness
~ 6 layers
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Island Formation on Nano-membranes

Binary Amplitude Model simulations

density concentration energy

.......
........
llllllllll
|||||||||
11111111
SRSl W R s B SRS
llllllllll
llllll
llllll

llllllllllllllllllllllllllllllllll
LELE R R R L R R e Rl

Film thickness
~ 17 layers
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Island Formation on Nano-membranes

Binary Amplitude Model simulations

densit concentration ener

Film thickness
~ 17 layers

IPAM 10/22/2012



Island Formation on Nano-membranes: size

XM vs. flux membrane
thickness
I | | T ] 1 1 1 1 | “‘ L]

Maximum Island size A
X, = before dislocation formation - |
or membrane break . v

25 | .
~ 90 % increase

120 b

Y/ 84q

110 b

Xu/ Beq
|
/#

20 10 1

I —"‘\—\15_

15 . . g . T 20
30

105 |-

|

/

0.045 0.05 0.0565 0.086
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Island Formation on Nano-membranes: ordering?

a)

IPAM 10/22/2012



* Amplitude expansion: applications
Patterning in Ultrathin Films

Example: Cu on Ru (0001) surface
Misfit strain 5.6%

0.193 pm

<8

/4)» ‘
RIS

- i
RSl

angstrom sized atoms forming
nanometer sized objects
ordering on micron scales

Oakland

LININVERSITY
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* Amplitude expansion: applications
Monolayer(s) ordering: Cu on Ru (0001)

Elder, Rossi, Kanerva, Sanches,Ying, Granato, Achim and Ala Nissila
PRL, 108, 226102 (2012)

sublattice

o o ) o &) &) o o &) o o
ordering

(A 90000
top .. . '? : '? N A é é. ... QHCP sites
view . : & “’“’ @ FCC sites

SCRRRRREC ...,
,”9,5

Ru (0001)
substrate

Cu binding sites } two ~ equivalent sublattices
Oakland

LINNVERSITY
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* Amplitude expansion: applications
Monolayer(s) ordering: Cu on Ru (0001)

Elder, Rossi, Kanerva, Sanches,Ying, Granato, Achim and Ala Nissila
PRL, 108, 226102 (2012)

#) o =) &) o ) =) o | #) o o
strain

Cllee®)nan o amzznd
D’D’D. €=5.6%

o OO
o ' I o v \ . A A » A doll_“ain Wal!s
C,c, . . ' ’,. relieve strain
r.. 900000000
Ru (0001) .-
substrate

Cu bhinding sites } two ~ equivalent sublattices
Oakland

LINNVERSITY

IPAM 10/22/2012



Monolayer ordering: Fixed substrate potential

Approximate: substrate = fixed potential of the form

v Z RLTR Two |mp_or?ant p_arameters
; Misfit strain, €
add to Free energy, i.e., Substrate coupling, V

l
%n2+...+Vn

= [dF
where Z]’f“ = reciprocal lattice vectors for triangular lattice

New amplitude model

on.
Sali l(AB + B3 +3v[A =y m, - 2[ [+
ot i# ]
where‘S V* +2iag} V+i-d ‘ )
misfit strain e = 1 — o Oakland
LNIVERSITY

IPAM 10/22/2012



Equilibrium states (6F/6n,=0)
A) Uniform states

commensurate incommensurate
""f""' AA_A A 111)
Y T T T T T T ot

200.000000.

V?Tffffff

. OO OO v..,..,»._,».,.:__..
PO PO VW, . ,V,.T,_‘,TII :
It At

i

large V_

Free energy difference substrate coupling elastic energy
o / . J
~N N
AF. = F - F=-3®9)V_ + (12B*®?)¢?
where @ = amplitude of density fluctuations
Commensurate lowest energy state if

V_2V_= (4B*®)¢?

IPAM 10/22/2012




Equilibrium states (6F/6n,=0)
B) Periodic states

stripes honeycomb

50 ° substrate
OO . © HCP sublattice

. . [y . FCC sublattice

] @ @ incommensurate

intermediate V_ small V_
Commensurate to Stripe transition (V)

simplify free energy — Sine Gordon model _
Wavelength selection

V_, = (91*B*/5) €2 A =-Win(AV)

Where W = domain walls width, AV _=(V_-V)/IV_

Stripe to Honeycomb transition (V)

numerical solution ....

IPAM 10/22/2012



Phase Diagram

Cu,/Ru(0001) Cu/Pd(111)

20 -

15

10 [~

V. (x 109)

Commensurate .

Honeycomb

IPAM 10/22/2012

40
(Mismatch Strain £%)?

Commensurate

!?!f?f!ff

YTYYYYTYT
TTYf?ffff

O e e ah At e oL
| (N0 ) (N5 (NI R N8 (N % ¢
(00 (U (N (N (N (N, (N (N o




Comparison with experiment
Pattern selection / Length scales

Theory: patterns controlled by V_or g, or

where, E. = substate/film interaction energy
E_ = strain energy

str

Experiment controlled by number of layers (N)

E.
—  versus N?

str

IPAM 10/22/2012



Cu/Pd semi-emperical calculations (G. Rossi)

0.5 T T | -
£ ¢ 5 _
=041 \ - S E Experiment
Eosk E increasing layers
2 F . -> decreases ratio
Loz . -
= - = .
201 b - E Theory
S F | | ] decreasing V_
0 ——+—+— —t— — _
5 | | | 1  ->decreases ratio
af -
g3 E E decreasing V
SHPA: = versus N 1 . : >
< F t 1 ~ increasing number
- Str —
1 F = of layers
G - ] 1 1 | 1 1 1 | I ] 1 -
0 2 4 6

Number of Layers (N)

IPAM 10/22/2012



Periodic equilibrium states

Stripe superlattice Honeycomb superlattice
hase density phase

‘a"a"a".
\V'a"a"a
'Y ¥ ¥

AP aPaVba
Length scale?
Natural length scale
2TT
LM ~ " Ru Cu L >
9 —49 TV v *
iIncommensurate

commensurate

IPAM 10/22/2012



Monolayer ordering, Comparison with experiment

Gunther, Vrijmoeth, Hwang and Behm, PRL 74, 754 (1995): Cu/Ru(0001)

STM images

40 nm

S 14.1 nm
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Monolayer ordering, Length scales, Cu/Ru

Figuera, Schmid, Bartelt,
Pohl, Hwan
PRB 63, 165431 (2001)

60

~ 55-60 A

Schmid, Bartelt, Hamilton,
Carter, Hwang,
PRB 78, 3507 (1997)

Length scale (A)

Gunther, Vrijmoeth,
Hwang ,Behm, /

/L Second
PRLv 74, 754 (1995_) /

Layer

A~ 45A

Gunther, Vrijmoeth,
Hwang ,Behm,

a ~ 50.7 A
substrate coupling, V_ (x 10°%)
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Monolayer ordering, Dynamics: Adding Layers

IPAM 10/22/2012

Add layers, stop/relax in Striped state
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Monolayer ordering, Dynamics: Adding Layers

Add layers, stop/relax in Striped state

Oakland

LININVERSITY
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Monolayer ordering, Dynamics: Adding Layers

Add layers, stop/relax near Stripe/[Honeycomb transition
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Monolayer ordering, Dynamics: Adding Layers

IPAM 10/22/2012

Add layers, stop/relax near Stripe/[Honeycomb transition
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Monolayer ordering, Dynamics: Adding Layers

Add layers, stop/relax in Honeycomb state
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Monolayer ordering, Dynamics: Adding Layers

Add layers, stop/relax in Honeycomb state
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Monolayer ordering, Dynamics: Adding Layers

IPAM 10/22/2012

Adding layers, summary
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Monolayer ordering, Dynamics: Adding Layers

comparison with experiment

triangular honeycomb
. 353m N AN
a) Kftr?‘vﬂrfl IS - . § =
N - % & 141 nm
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New results:

Compressive case
(tensile PRL, 108, 226102, 2012)

< compressive —» < tensile

Commensurate

New phase

[ Honeycomb

‘triangular phase'

_ Honeycomb]

-40 -20

0
e/ el
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Triangular phase — contains dislocations (unlike other phases)
HCP/FCC

SOEC, 4+ 1-ML Thick
Ag Island

Exposed Cu Ag slond Edge
McMahon etal, Umezawa etal, Bendounan etal

Surf Sci Lett, 279, PRB 63, 035402 (2000)  App Sur Sci, 212, PRL, 75, 489 (1995
L231 (1992) 33 (2003) 75,489 (1999)
IPAM 10/22/2012




- no island/mound formation

Two dimensional simulations
- stacking ....

Monolayer ordering

IPAM 10/22/2012



Monolayer ordering
three dimensional stacking

Choice 1

one monolayer
two choices
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Monolayer ordering
three dimensional stacking

Choice 1 Choice 2

one monolayer
two choices
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Monolayer ordering
three dimensional stacking

two monolayers
four choices
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Monolayer ordering
three dimensional stacking

Choice 2
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Monolayer ordering
three dimensional stacking

Choice 2

two monolayers
four choices

Choice 1 Choice 3
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Monolayer ordering
three dimensional stacking

Choice 2 Choice 4

two monolayers
four choices

Choice 1 Choice 3

IPAM 10/22/2012



Final comment

amplitude description as reformulation of continuum elasticity theory

complex amplitudes (v, ) instead of  vector, tensor fields (@,5)

Niim ™ q)exp(i@)

allows for accounts for
phase slips displacements
eg., dislocations (and rotations)

(and surfaces, cracks,
grain boundaries ...)

IPAM 10/22/2012
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