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Step dynamics on crystal surfaces
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I. Equilibrium with gas phase
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Vacancies in solids and the
stahility of surface morphology
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tion) on the (110) surface of an ordered nickel-aluminium
intermetallic alloy does not occur over the entire surface, but
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surface phase transition
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Area change rate of 2D island
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Decay of 2D islands on Si(111)
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Decay of 2D islands on Si(001)

Si(001)-2x1 » Attachment/detachment limited

T=670°C
FOV 5.5um

N. C. Bartelt et al., Phys. Rev. B 54, 11741 (1996).
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Asymmetry in the kinetic coefficient
(Ehrlich-Schwoebel effect)

T. Maroutian L. Douillard, and H.-J. Ernst,
Phys. Rev. Lett. 83, 4353 (1999).

8L 1BSi(111)

¥ Asymmetry in the terrace size

Y. Homma, P. Finnie, and M. Uwaha,
Surf. Sci. 492, 125 (2001).

Si(111)-“1x1”

Step-down current at 950°C

K. Yagi et al., Surf. Sci. Rep.
43, 45 (2001).
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Linear stability analysis
eD

="k’ -DIlk* = ok® — pk* =
) MK -k = \|a/p

QFI° el - ﬁchgq
KgT

E =

X =+Jex, C=H/Je, T=¢

\4
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Reduction of mobility due to
the crowding of the deformed steps
O. Pierre-Louis et al., PRL 80, 4221 (1998). 36
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The main reason for this “singular scaling” of { with
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with the occurrence of instability. This appeared above
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the case where a finite critical flux exists.
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Nonlinear equation
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Linear stability analysis
Most unstable mode (in phase) A = 47;{F(§)[DS| +D, (g)a]/QFI 2 }1/2
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Kink Ehrlich-Schwoebel effect
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0.4

I

0.2

0.0 0.2 0.4 0.6 0.8 1.0

H. Hibino et al. , Surf. Sci. 527, L222 (2003).
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Si(111)RE CODSiRE
SEMZDIRERES
20 nmfNREDRE
(K’i AFM &)

T [112]

H. Hibino et al., Surf. Sci. 527, L222 (2003).

y __;'.ii,::'- i: 5_;',.-.,_1__:'__‘_-

before growth 6 Nm 10 nm 15 nm
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Si(111)RE CDSiRkE
AR P DLEEMERES

Substrate preparation
¢ After Co deposition at 780°C, annealed at 800°C.

Growth conditions

¢ Substrate temperature = 780°C
¢ Growth rate = ~0.5 BL/min

| OBL —

~12BL
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H. Hibino et al., Surf. Sci. 527, L222 (2003).

Si(111)ZRE CDSikE SEMZDISEEL
SN
t=3.7nm

Bending instability?
D.-D. Liu et al., PRL 81, 2743 (1998).

n+1_ o
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d%c azc) D.F dc
D + — — = (). 2
S(HIE dy? kT oy 2)

Sxn(y,1) = D Sx(g, dp)e'wTindte@dl 4 ¢ ¢
q.¢

xle100) — eI (NI =i IO (0)). ()
J.y) = —Dy(~a/ax.~a/ay + fle(e.y). &)

vy = a’i - [ y) — I )]
= Dya’[2¢%(y) — c(x.y) — cx;. )], (5)

C—'iq(}’) = C:;q eXp( Mn‘\yﬂiT_ #C)* Mn = (.IZ[V!(W.':) - l"’J”'('”*’."z—l) + Bazxn/ayz] T uc.
(7)

D.-D. Liu et al., PRL 81, 2743 (1998).
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...........................

oo by = 2Dt AL ad sind + a.4)]
2Ayd cosh(Agwo) + (AZd? + 1) sinh(A ywo)

(8)

where

g(q. &) = g.(1 — 2cos ¢ + cos2¢p) — g,q° cos ¢
+ [gyq® + 2g,(1 — cos )]
X [cosh(A wo) + Aydsimh(Aywe)].  (9)

Aq = w‘qz + ifq, (10)
and
a’ d*v Ba?
. = — , , = . 11
2 kT dw? |,,—y, &y kT (11)

f >0 (+y direction)

Rew>0for—-7<¢<0

N
7

Maximally unstable when ¢ =—7/2

lower terrace

.-D. Liu et al., PRL 81, 2743 (1998).

101



GaaDPDSi(11) AT v TARLZEIL

Phase diagram of Ga/Si(111)
(6.34@6.3&“)

o ———
b —
S —

00 02 04 06 08 10 12
Ga coverage (ML)
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Ga

Ex-situ AFM images
after Ga deposition at 581°C

um

1.00

0 0.50 1.00 1.50

H. Hibino et al., Surf. Sci. 602, 2421 (2008).
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M
5

Ga

1NN

9 Si(111)V3xV3-Ga
Ga T4 adatom model

Ga coverage: 0.33 ML
= Si atom density: 2.0 atoms/(1x1) unit

9 Si(111)6.3x6.3-Ga

Ga-Si double layer structure model

- Ga coverage: ~0.7 ML
Si atom density: ~1.3 atoms/(1x1) unit

mp S atom density:
~0.94 atoms/(1x1) unit
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Ga

Step
() V3§V3

O 0 O -0 -0 -0 IGa\  V3xV3
a X

. .
0°0°0°90°0°0°0°0°0°0°0°0°0°0°0°0c°0
©O 00 O0O0OOOOO0:0:00000O00O0

Sk
D ition
Phase boundary Step epositio

(b)
copieinisssy 4|

0.0 0.0 0.0 .0.0.003063 =Z%0%
0°0°0°0°0°0°0°0°0° 0% 0% 0#6%%0° 0% 0
O 0O 0O0OO0OO0OOOOOOOOOO0O0 0

<111>
(c) 3} Step L <112>

- - - Q
96°0°0°0°c° 0s0s0s0io ‘

0°0°0°0°0°0°0°0°0°%0° 04

O 00 OO0 0 0O O o0 OO0

O#0+0O
O O O

[CRDBEEICET IV

H. Hibino et al., Surf. Sci. 602, 2421 (2008).
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Pattern formation induced by moving linear source

B Solid atom

o8 ora

B Step atom [L::l]
® Adatom v [11]
TR R TR T T T T
i =
H_ |
| L
 (a)
Eﬁ\,\}\- B V]-_._ 1/2
E‘x‘
B,
(g .
100F . m
/A B
N =
0.001 0.01 0.1
Vi

256 512 TeB 10N
£

S. Kondo et al., PRB 84, 045420 (2011).

]
TER L[=FE}

o #a
x
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E=2-2.7 eV

=581°C

0.02 04 0.06 0.08

0.
\Y 1/tdepo (3_1/2)

H. Hibino et al., Surf. Sci. 602, 2421 (2008).
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TTDMFE

vicinal face

INIF T
bunching

IHEDT NT-4ET
bending

http://www.slab.phys.nagoya-u.ac.jp/uwaha/gairon08.pdf
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Dé,c—c/z=0

N
One-sided model
(2 p Kk =0

aZC_ =0 (K_ :O) é/rr:]—l é/:m é/m+1 Z>
C, =Cq (K, =)

where ¢" =¢’ 1+QA b1
“ T i

c(z)=Ce”*s +Ce V"

e'm/xs _e—|m/xs Cl _ 0 . Cl _ 2(:;‘1 e—|m/xs
1 1 C, Ceq C,) cosh(l_/x. )\ em’*s

V, = Dd,c,| =(2D/x)C,~C,)=—(&Xnx, /7 )tanh(l,,/x,)

eq”s

V (31, DBIBEIEIM=2F v TEOESSEERINYF V)

11C
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Linear stability analysis

z, =ml+Vt+¢,

oth order in {
V = (QCO X /T)tanh(lm/xs)

eq”s

st order in C

g.m = ane(gm _gm+1)_aeq(2§m _§m+1 _gm—l)

Y ~ ~~ '
diffusion elastic interaction
stabilizing destabilizing

where a  =-0V /ol =(chq/r)cosh_2(l/x )>0
a,, =32, /7)tanh(1/x, )Ax, /1* >0
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Linear stability analysis

Cos = J dtY e, (1)
d_a) d¢ |cot+|m¢
)= 15 e,

é/m = a‘ne (é/m _ §m+1)_ a'eq (2§m o é/m+1 o é/m—l)
— iw=|a, - 2a,, (1—cosg)-ia,,sing

When a, >2a,, Reliw]>0 —> Instability

A\

Y

r=1°/3A(x,/1)sinh(21/x,)> 1

The most unstable mode ¢ =7
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oo J S e —e)-te. e

X, $ + d—‘ cosh(lr‘*) +| 1+ d.d, sinh(lr”)
X, X X, X, X

where X = \/E, dJ_r = D/Ki gm—l gm é/m+l z

Linear stability analysis (ym (t) = v,t +ml + gy, e )

2 2
P R Sl VT DE S 0 kﬂnwp—lwnﬂk
21 2d,+d_ 2(d, +d_) 6

+

25 v T DR DIEE w_m@wmzémyw

7’ ld —d,
2l 2d +d_

d<d,,v'>v, — —[ Olj >0 —> Instability

kK IFESIER (K, /K_=d_/d,) DAL BRBEEREICY T ~

LIRER | BREEURDY 1 FIDRE/NI -V (BRELE. 2008)
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=

FERAT v T DREM(

5 (cosh(l;i j + (3(1 sinh(l)”(i))(cw —c,)-(c, —c.)

Ve =42 d d | | | d_d |
o 1% O cosh| e 4] 14 —* |sinh| ™=
XS XS Xs XS XS

0.05 (a)  0.40

y 1.25 8t

M. Sato and M. Uwaha, Phys. Rev. B 51, 11172 (1995). 114



Benny/J32T\

(COSh(Ini ) + ﬂﬂ? Silllh(lni )) f, — 1:nJ_rl

— n

V., = :
"~ (A, +2_)cosh(l ,)+(1+ 2,4 )sinh(l ,)

Linearized equation for the step density variation

op_ (d& 12 -2 f10°p 1f,0p (1 1dé 124-4 1 )0
ot dp, 2A.+A p; )0z 6p, 02> \A, +A_ p,dp, 24/1++/1_pg oz

d_é:_|_lﬂ’—_/1+ fO]k 1 1 dé: k* 1 fo K3

dpo 2 ﬂ’+ +ﬂ’— ,Og 6p)

Dispersioneq. @, = —
g o ( A, + A p, dp, 6,00

A, +A ,dE

fo < 1 :_2/1 ) Po —dp —> Instability
— + 0
f
c=1---C > 7 =.Jgz7. T=¢t
f, k. ~+e, Rew, ~¢&’ e ¢
5583/2N
>

N 1 A+ 12N I 10N N 424 1 oN
53 T 51 T A52 N5 |=
SN A=A py 0L \ A, +A_ p,0Z* &7 L ~A, p, ©OZ

M. Sato et al., Europhys. Lett. 32, 639 (1995). 115



Benny/J32T\

Benny equation

ON 0°N o°N 0°N oN 1d_+d, |[d_+d, 1
t——y+0 -5+ -5 +N-—-=0| where o= 0
oT oz oZ° o7 0Z 3d_—d,\ n'x? e
IR : BREEDY A FIVRE/ S — VR (ERLE. 2008)
4.0 — S 0.5P

z

M. Sato et al., Europhys. Lett. W

32, 639 (1995). S e

|

5.0 0.0 ¥ 40

2y

KS equation 0.0-
@__a2y_a4y_l @2 . a)": a2yr_a4yr_ ,8y’
ot ox* oxt 2\ox ot ox*  ox* OX

KS equation=Benny equation with 6=0

When ¢ is large,

4 3 2 3
8N+6I\4I+56I\3I+8I\2I+N@:O > aN+5a|\3I+N®:O
ol o7 ol oy4 o0z oT o0l o0l

Korteweg-de Vries (KDV) equation
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1000|
800 |

600 |
400 2
2001 °

P, time

REFEZRDBenny;

og_ o
ot 0z*

0¢  0°¢
b _
¢+ +822

JIZI\

In the limit of large desorption length and weak ES effect,

(%)

Amplitude ~ t
Wavelength ~ t'2

1 1
10 100 1000

F. Gillet et al., PRB 63, 241401(R) (2001).

117



BRERPDRAT Y ITINIF VT (EER)

Anti-ES effect?

_Saltace

Growin Direclioh

!
|

1.0 um

&nm
—i

M. Kasu and N. Kobayashi, Appl. Phys. Lett. 62, 1262 (1993).

-

InAs cantilevers

/j\\

_\‘_—k—\‘_‘—‘—-—_
® T

H. Yamaguchi and Y. Hirayama, J. Crystal Growth 251, 281 (2003).
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STM images of Si(111)

| 1245 °C, 1 min

945 °C, 2 hrs 1190 °C, 15 min_

6000 nm X 6000 nm

Y. N. Yang et al., Surf. Sci. 356, 101 (1996)
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AFM images of Si(111)

910°C § &
100 errr T T g g
T
: E I '
7) - -
i 2_ ]
Ea"}'? 11 E
20 | ]
510'3:— INP ld-:mn Iﬂ:p—:
AL

104
800 900 1000 1100 1200 1300 1400

Temperature (°C)

Y. Homma and N. Aizawa, Phys. Rev. B 62, 8323 (2000). 120
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EEN0ZN
2N ittt
E ol : ¢ ﬁt}j Surfac

e melting?

N

F> 0

o - : : : Taee T f 1180°C §O® 1200°C
1950 [ R et 1200 250 [RICH .
' Temperature (“C) g ]
7 101 F 'V
= = 3
S f my | °
.E i -
= 102 —
b ~ 11 ]
£ i il i
5 10-3 I' up dowr v
E ldﬁ'ﬂ‘ﬂ E

10 _r_]_ [l I 0| |ﬂl [ | Idl [ ]

800 900 1000 1100

Temperature (°C) Y. Homma, H. Hibino et al., Phys. Rev. B 55, R10237 (1997).
Y. Homma and N. Aizawa, Phys. Rev. B 62, 8323 (2000). 121
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Step Antibanding Instability
: I'I" '|l" \'|,||||‘
‘\\1}.‘ it 1,1\'

| i 84 |L||I i .I|“ 'l",\".-:
\'n ll}ﬁ:l]'t '|{ :I | hllnm'h il,l:-llllll,';
'|"lﬂ|||l {i 'H!,qu il ‘ lh\ nt“

| |,|I|| “1 l' \*l‘ “F II
IR AL mtw |
I
'ﬂ' ]_ =40 nm ! .H,n hl Ml h'

! ”Il

Step -
bunches ¢l mig. Force —»

K. Thurmer et al., PRL 83, 5531 (1999). 199
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j+.ﬁ:—D82C++DC+/§:_K(C+_Ceq) where f:kBT/QEE

J -fi=-Do,c +Dc /£=K(c -c,)

V=03, -J ) n=akle —c,)+(c ~co)|-20K(e-cq)  Bunching
@ ) |
Dd,,¢ —(D/&)0,c =0 WWLI
J 0 —> —-0,c+¢/£=0 \_' ——
C~C 0,c=Cp ) —— c=cp(1+2/¢) NOR

€q

C = Coy(1+(1.=1,)/48)

V= Qe K 261 —1,) = (@l K /26 (S + €t = 261) Debunching
C. Misbah et al., Rev. Mod. Phys.
82, 981 (2010).
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e 02 %y, o
E _— _ =

oz ‘oz

Impermeable step - (Cnevelln/D — G Ny

> -In =K Ih/D Ih/D
No ES effect (e“d P l)K + (evd Py 1)\/d
Vn :‘Q(jn—l _ Jn)

TEROQEDOHRNVY, >0 TE |, >, DEE |, > |, > ATV IINIFID

EIREX  BEBERDODT A FIDRE/NI -V (IBRELE. 2008)
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Hierarchical bunching M. Sato, M. Uwaha, Surface Science 442 (1999) 318-328. 1,4
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C. Misbah and O. Pierre-Louis, PRE 53, R4318 (1996).
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where p=1/(1+28,¢)

No tangential matching (faceting)

J. Chang et al., PRL 96, 195901 (2006). 19¢
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Balance between drift and wind forces
D. Kandel and E. Kaxiras, Phys. Rev. Lett. 76, 1114 (1996).

0.6
Surface melting i=--—--------
0.4 | & :Drift force
: )
02 | . d-n; DEFd-"Iﬁ Mg
Drift force : ) — ——
e »
0.0 — = dx? kT dx 1.
02|  Windforce :
:Wind force
0.4 | e
T, T T T Incorporation of advacancy
sl ] | J C. Misbah et al., Phys. Rev. B 51, 17283 (1995).
8w 1000 1200 1400 ....... .a. .(.j.\./.é.é.é.l:i.c..)./. .......
T(C) (111) Si S
— T T
Lp =1 A =L ................................... .-

2 ne
Aarna N_ a® ng DS rnnay g

Changes in permeability

An isolated bunch of permeable steps is stable with the step-up drift.
Impermeable in ranges | and Il
Permeable steps in range Il

S. Stoyanov, Surf. Sci. 416, 200 (1998); M. Sato et al., Phys. Rev. B 62, 8452 (2000).
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direction
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M. Deagawa et al., Surf. Sci. 461, L528 (2000).
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Step-up current

J. J. Metois et al., Surf. Sci. 440, 407 (1999).
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Si(111) REM images

sublimation

> DEAR

Temperature domains

Current direction®

Deposition
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Low Temperature {data from Ref. [2])
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Bunching

J. J. Metois et al., Surf. Sci. 440, 407 (1999).

Ap ok

sublimation
0

sublimation

=
L J
E4

Au A

b) \_//_:x _\_/

Ap .T
) 0 : > x
Aﬁi
Growth

Bunching

g

C. Misbah et al., Rev. Mod. Phys.
82, 981 (2010).
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TABLE 1. Conditions to mduce mstabilities.

Growth condition  Permeability Terrace Kinetics Drift Instability
sublimation permeable 1solated tast/slow down wandering
I/lx.<1 tast/slow down wandering
not too slow (A<€x,//) | up bunching |<\
immpermeable 1solated tast/slow down wandering
al/x,>1  fast/slow up bunching
down wandering
al/x, <1  fast/slow >| down  wandering/bunching
growth permeable 1solated tast/slow up wandering
I/x,, <1  fast/slow up wandering
not too slow (A<%x.//)| | down bunching /
impermeable 1solated fast (A<<1) up wandering
slow (A>1) down wandering
al/x,>1  fast (A<€l/x,) down bunching
slow (A>1/x,) down  wandering /bunching
al/x,<1  fast (A<€//x,) up wandering
>| down bunching |
slow (A>1/x,) down  wandering/bunching

X, =~Dz, d,=D/K,, A4, =d,/x
M. Sato et al., PRB 62, 8452 (2000).
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|

1
T
1_1
Ir? Ir?+1
>

=0

)

B2 v T DXUHZEK

=8

Do,c, —?g A —ceq)+ v,(c, —¢c_)

z

!:{Dazc—g} —{D@ZC—B}
Q S 1, ¢l

Refiw]=2[1-cos¢]|B, —4[l —cosg]' B,

O. Pierre-Louis et al., PRL 93, 165901 (2004).
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-1
£ =F /KT
l | 1/ Ak |
SteP Pairs stablcé :pairs :C : bunches stable : bunchc:s
— = e -
0 F IFP s}
bunches | stable bunchgs EC .~ pairs E stable
I | I : I
d >0 _ d <0
0 d, =D/v, 0
W] A |/
Stepydown ©~ |
bunches bunches stable bunches
0 o 0 B G
bunches C pairs | stable
Steptup |
Regime | Regime Il

O. Pierre-Louis et al., PRL 93, 165901 (2004). 133



Si(001)Z

D, 5)0 o) (X, 1) = —

bxxa

a

cr(x')=cli D,

v, =QD, G_CS(XQ )_

OX

c"(x)=c, D,Z2

eq.b a

TDRT Y ITARLZEIL(—RIT)

% (i) = v]es ()i

oc, ([,
o, i)

n+1 n
¢ =0p, % (x;)-aD, 7 (x;)
n QC.A(1 1 /
Ceq,b:Co"' kB'(l)' E_h?_l) | ////////
.~ QCA(1 1 e g
Ceaa = Co kB% I |§J

T. Frisch and A. Verga, PRL 94, 226102 (2005). 134



Si(001)ZR

1
o= AR =BK, o =Sfk—CfE (1)

f=FR/vE. a, = vl,/D,. and a, =vl,/D,.
1 (a, + a, +3)
16 (a, + a) + 2)?
1
B = 3
1536(a, + a, +2)
+192(ar, + ap)? — 24(8 + 6a, + l4ay + a2

where

A

X [768(1 + a, + ap)

+ 6a,ap + 5a2)f — (72 + 86(a, + ay) + 1942
+ 80a, ) — 11a2)f?]
1 8a, +8a;, +16 —9(a, — a;)f

TDRAT Y ITARER

C —
384 2 +a, +a r
Rs Omaz 108 0 s
i o sl
0.05 + /E\ (a) man ;, =
I, 1 -5 =
0 : : i Kmaz, : 0.2 ~ f4 | ]
05 10 15 20 \2..-3 k _10 : R e
—U.U:'I - . = - I\;‘_m:u L [ =
S ! L
s ~2.5 -1 0 - 3 -
0.1 log f - g
oo (v) £
0.6 1 L
0.3 1":n ] - ms‘.p 3 [ _ulu_‘_ ™
0 I I ; 0 | JI "
0 1 2 3 R 0 0.5 1.0 f
FIG. 3. The growth rate s versus &, (a) real and (b) imaginary .
parts, for the Iy branch with a, =1, e, =01, and f=1.2<f_. T. Frisch and A. Verga’ PRL 94’ 226102 (2005) 135
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2

° D g
Si(001)Z<[E
(1)
P e n
D,d7C% + Dyd;Ch = —F, — S é(z,r)

D,o:C" + D,d>C! = —F

T T
Sa Db\ibm
""--.HH

Crp) = Cil ) = Cly 4
xa HHH“--.‘_H‘-/

" n
Cpat) = Clyy  Chlag) = C ) X
ng.ﬂ = CﬂFaKE, C:q,b = Cﬂrbf(g,

i = Q[D,0,C} — D (9,xM)a,Cy] — [D,,Cr

— Dy (f‘J'},.,Tﬁ ) H}.’ Ca ]}x=x§ ’

=W[D,0,C™ = Dy(9,xp)d,Coar ] —[Dyo,CY

—D_( {)‘ xb)o‘ R s ]}x —1-

T. Frisch and A. Verga, PRL 96, 166104 (2006).
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Si(001)ZR

d,u = —a}%[{l—:(fa +128)u + d5u + 1’1—2(&},;;)2}

20

CDOATWY

fo = foe = —12a¢8¢/(ag — 1),

Conserved version of the KS equation
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T. Frisch and A. Verga, PRL 96, 166104 (2006).
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Step-Bunching Instability of Vicinal Surfaces under Stress
(transcription of Asaro-Tiller-Grinfeld instability)

101}

Force per unit length on the mth step
1 . L:“‘I,-"I“: 2.2
fm — L T 20 ~30
1.6
o oosl e L J/L=16
0L e e}
) Yt Y ar 0 10 20 30
0= e seos(Zm s 2T ), ot -
0.00 pe '
where [ oL /1=07
Bai L% gt 1 025 20 10 60
r m( ) 3 o R N
4] LEW N- N -
L%wz( 21 )}
-1+ = - —=|t,
L2 N N N2 N
(8) g
g
Minimum energy separation for an isolated pair L0 = /i a, /052 )

Iis sensitive on L /L,,.

Forlarge L,,, r >0 for all N.

av’

>

(a)
. _
1 o kY
'\x__
F=0 '
1.2
1/4 (b)
o <n>oct/ .
= 0.8
7. o
or 0.6 | P
To0ap e F=0
B L l
R a— 0.5 1.1 1.7
Log .t
0.60
055 F=25 a0
0.50 | 7
/"/y
0.45 - 7t 1/6
0.40 | /,./-"/ <n> oc 1
0‘35 l L 1 " | i 1 s
0.7 -04 -0.1 0.2 05 0.8
Log ,t

J. Tersoff et al., PRL 75, 2730 (1995).
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Drift due to elastic interaction
(similar to an effective ES effect) o
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Elastic interaction between adatom and step
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e L— 7, Adatom is attracted to the upper or lower
terrace because of elasticity.
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C. Duport et al., PRL 74, 134 (1995).
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