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Motivations

@ Molecular Beam Epitaxy (MBE) is widely used to grow various
semiconductor or metal nanostructures (quantum dots, wells, wires,
etc.)

@ If the substrate on which the crystal grows is a vicinal (misoriented)
surface, then for metals or semiconductors the growth proceeds in
step-flow mode

@ Anisotropy of step energy, or tension (a dependence on orientation)
has been shown to have a major effect on step morphology (.
Saito and M. Uwaha, 1996). However, these authors considered
weak anisotropy only. In this work, analysis is extended to strong
anisotropies.

Mikhail Khenner The effects of anisotropic step energy (tension)...



Introduction, part |
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Introduction to Step Dynamics and Step Instahilities

Ficure 2. Atomic processes at a step: Attachment (A) and de-
tachment (D) of terrace atoms; step crossing (5C); kink crossing
upper terrace is shaded.

(KC); and one-dimensional nucleation (1DN). As in Fig.1, the
(From: J. Krug (2004))

Let the step profile be z = h(x, t)
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Introduction, part Il

FIG. 4. Summary of various atomic processes on a vicinal sur-
face. Deposition (with a flux F), diffusion (with D as the diffu-
sion constant), desorption (with rate 1/7), and step attachment
or detachment (with rate », from each side) is shown. D rep-
resents the line diffusion along the step.

FIG. 1. Schematic view of a vicinal surface. /7 is the diffusion
constant. & is the deposition Alux. & is the desorption time. and
., are step attachment coefficients from the lower and upper
sides. respectively. The potential barrier to jump owver the step
is denoted as

(From: C. Misbah et al. (2010))
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Example system

MBE growth of refractory metals (niobium, molybdenum, tantalum,
tungsten, and rhenium)

These metals are extraordinarily resistant to heat and wear

step bunches)

Notice distinct faceting of steps (light lines: individual steps; dark lines:
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(Growth of Nb on Nb(001) substrates; from: M. Ondrejcek et al. (2002))
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Formulation of one-sided model, part |

X,y 1)
i)
(From: C. Misbah et al. (2010); adapted from J. Krug (2004)) *
Let C: atomic concentration; z = h(x, t): the step profile
DV?*C—77'C=-F,
z=h(x,t):
Q - K’ K
C=Cyq|l+—= -0 o
|14 g {55000 (5 +22) 4]
z—oo0: C=71F
Vo = hecost = QD (VCopx,y-n), cosf = (1+ h§)71/2,
—hyx 0
n = (—hXCOSG,COSG), R = W, % :(Cosa)a
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Formulation of one-sided model, part Il

B = Bo(l+ acosdd), (good model for fec-crystals)
B=B+Bw = Po(l—15acos4h), |a|>1/15

« is the anisotropy strength, § is the regularization parameter
Mooty C=Co |1t b (54
z=h(x,t): =G, = —o(la]) [ = K

’ q kg T 2 K

This b.c. has the highly nonlinear regularization term; k is the step
curvature.

Reg. term IS REQUIRED when the step energy /3 is strongly anisotropic
and therefore the step stiffness < 0 for some orientations: || > 1/15

Negativity of 3 for some 6 signals that the corner has formed at this orientation on the
equilibrium crystal shape; in the dynamical situation, this corresponds to the evolution
PDE becoming backward parabolic; thus it is ill-posed and unstable to
short-wavelength perturbations. Inclusion of the regularization term restores
well-posedness of the evolution PDE by imposing small radius of curvature at the
corners; see A.A. Golovin et al. (1998)

Mikhail Khenner The effects of anisotropic step energy (tension)...



Saito-Uwaha model for weak anisotropy (3 > 0V 6), part |

Longwave perturbations (0 < k < k) are known to be the most
dangerous in the isotropic and weakly anisotropic cases

-
x = VX, t=To+ 2,

€
h = eHy(X, To, To) + €Ho(X, To, T2) + ...,

Co(X,Z, T()7 T2) —|— GC]_(X,Z, To, T2) —|— 62C2(X7Z, To, T2)

Since h is assumed O(e), that expansion results in the weakly nonlinear
evolution PDE for the step profile: the weakly anisotropic
Kuramoto-Sivashinsky equation (waKS) (Y. Saito and M. Uwaha, 1996)

1 , 3 1,
hy = 2(1 8AhR, ) hyx 8hXXXX + 2hx,
A = au€?, au>-1/25a|<1/15<5>0

The PDE we derive is valid for large step deformations and for strong
anisotropies, and it is more nonlinear and complicated than the waK$S
equation
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Saito-Uwaha model for weak anisotropy, part Il
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Fig. 1. Time evolution of a step profile with a stiffness anisotropy (a) A = 0 (isotropic), (b) A =0.2, (c) A= 0.5 and (d) A= 1.0.

From: Y. Saito and M. Uwaha (1996) o = S =
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Saito-Uwaha model for weak anisotropy, part Il
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From: Y. Saito and M. Uwaha (1996)

Implicit in the derivation is that straight step is long-wave unstable when:

20
F > Fc = Feq (1 + 2 ) > Feg, since g > 0; here x; = (D)2,
XskBT

Feg = Ceq/T: the equilibrium flux (sufficient for steady growth of
straight step)

Notice independence of F. on anisotropy strength !
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Our model for strong anisotropy (3 < 0 for some ), part |

Introduce “stretched” variable X, the “fast” time Ty and the hierarchy of
“slow” times Tp, Ts,...:

X . T
x ==, t_T0+ +—3+ where e<1

Also expand the concentration in powers of €:
C= Co(X,Z, To7 Tz, ) + 62(:.2()<,Z7 To, Tz, ) + ...

Note: h(X,T) is not expanded, meaning large step deformations are
allowed: h(x,t) = O(1)

Substitute variables and expansions, collect the like powers of ¢ and

obtain a sequence of coupled, exactly solvable problems at €, €2, €*, ...

At each order, a problem is an ODE boundary value problem: a 2nd-order
ODE in z subject to two b.c.'s, one at z — oo and another at z = h(X)
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Our model, part Il: Derivation of the evolution PDE

@ Solve the BVP ODE problems at orders €°, €2, €3, €*

@ Transfer to the reference frame moving in the z > 0 - direction with
the speed of straight (unperturbed) step: hr, = Qxs (F — Feq),
where Foq = Coq/T is the flux at the equilibrium, and x; = V7D is
the diffusion length

@ Combine the time derivatives:
he = €hr, + €hr, + €*hr,

@ Introduce the original variable x; this eliminates 62,63 and €* from
the PDE

@ Make the PDE dimensionless by chosing xs as the length scale and
T as the time scale
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Our model, part Ill: Evolution PDE

Keeping same notations for dimensionless variables:

ht = (ml - m2) hxx - m3hXXXX + @hxxhi +
my <;hi - h>2(> F mahyochy, (1)
1 FeqQ2?BoT Fog276(|a])
= = m3 = —

my = - (Feq — F)Qr, m (15a-1), >0

2 kB TXs kB TXS
my measures the deviation of the flux from the equilibrium value, my measures the
strength of the anisotropy, and m3 measures the effect of the regularization (corner
rounding)

+: a>1/15

—: @< —1/15 [will choose + < « > 1/15 in the analysis (stiffness J is

|
JVIT
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minimum in the growth direction 6 = 0)]




Our model, part IV: Analysis of the evolution PDE

@ Straight step is long-wave unstable, iff

2Q
m1m2<0<:>F>FC_Feq<1 ﬁQ(lSal))

XsKB

ke = AV (m2 - ml)/m3: Kmax = kc/\/i Wmax = (m2 — m1)2/4m3

Let a > 1/15, then:
@ Fc < Fey

@ Fc=0ata=ac=1/15+r, where r = xskp '7'/309,80. Thus at a > ac any
flux destabilizes the step. r ~ 0.01 — 0.1

@ At F > Feq > Fc the step is unstable and grows (in the frame moving with
non-zero speed h-,—o); similar to isotropic and weakly anisotropic cases

@ At Fc < F < Feq, the step is unstable and it grows; (no analog in isotropic and

weakly anisotropic cases) (h7, = 0)
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Computational results for strongly anisotropic PDE, part |

Random initial condition h(x,0) = 1 + noise on the large domain (0 < x < 100\ max),

periodic b.c.’s

2; time increases from the bottom to the top

a=1.6, F/Feq

A quasi-steady state emerges: Hills and valleys ceased coarsening, but the

long-wavelength median (envelope) perpetually coarsens



Computational results for
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Coarsening of the long-wavelength median step position; time increases from the
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Computational results for strongly anisotropic PDE, part |1l
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Coarsening of the hill-and-valley structure for various « values
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Step speed vs. the time for various « values
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Summary

@ A longwave PDE is formulated for the description of the strongly
anisotropic step dynamics within the framework of a one-sided
model

@ The linear stability of a step depends not only on the strength of
the adatoms flux from the terrace to the step, but also on the
strength of the step energy anisotropy parameter «

@ The critical atomic flux from the terrace that destabilizes the step is
less than the equilibrium value, and it is even possible to destabilize
the step by anisotropy alone by taking « large enough. That is, the
flux and the anisotropy complement each other in destabilizing the
step.

THE END
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