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Abstract

We have studied the evolution of sinusoidal profiles
and the motion of paralle like steps below the roughening
temperature using Monte Carlo smulations on a solid-on-
solid model. The two step separation follows| ~ 22092 gnd
is consistent with a theory of their separation driven by the
entropic repulsion, i.e., the cubic term G, in the projected
surfacefreeenergy. For sinusoidal profileson asurfacewith
the average orientation corresponding to afacet, wefind that
the wave-length scaling exponent n depends on the
temperaturebelow T, for therange of wavelengthsstudied (L
= 10-40 lattice units). Close to the roughening temperature,
theamplitudein sinusoidd profilesof wavelength 10-40 | attice
unitsdecayswith t/L* scaling approximately. Well below T,
theamplitudedecay insinusoidal profilesover thesamerange
of wavelengths follows h, ~ (1 + At/L°)*. We discuss
possible causesfor deviationsfrom perfect wavel ength scaling
inthe evolution of amplitudein sinusoidal profiles.
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Introduction

Relaxation of a rough surface towards equilibrium
during growth, etching or annealing can significantly effect
the propertiesof thinfilmsand patternsbeing fabricated. Mass
transport can occur through several mechanisms including
surfaceand bulk diffusion and evaporation-condensation. At
thetypical length scales (nm-pm) and temperaturesinvolved,
surface diffusion often dominates the smoothing processdue
to lower activation barriers. Above the roughening
temperature (T ) of the surface, the Herring-Mullins theory
provides a good description of mass transport driven by
surfacediffusion (Mullins, 1963). Thedescriptionislessclear
below the roughening temperature due to the existence of a
cusp (anon-analytic point) in the projected surface freeenergy
at low index orientations. Thishasled to the development of
several analytical models (Hager and Spohn, 1995; Ozdemir
and Zangwill, 1990; Rettori and Villain, 1988; Straley and
Kolomeisky, unpublished) and Monte Carlo smulation studies
(Erlebacher and Aziz, 1996; Jiang and Ebner, 1996; Murty and
Cooper, 1996; Searson et al., 1995; Selkeand Duxbury, 1995)
of sinusoidal profileevolutionbelow T,.. We have performed
Monte Carlo simulations on asolid-on-solid (SOS) model to
study profileevolutionbelow T,.. For sinusoida profilesona
surfacewith the average orientation corresponding to afacet,
we find that the wavelength scaling exponent n depends on
thetemperaturebelow T, for therange of wavelengthsstudied
(L =10-40 lattice units), with nincreasing from 4 to 5 asthe
temperatureisdropped from T_t00.54 T_. Deviationsfrom
perfect wave-length scaling in the evolution of amplitude are
observed and possible causes are discussed.

Solid-on-Solid M odel

The simulations were performed on a square lattice
withtheHamiltonian

€
H=§Z|hi'hj|
ij

wherei and j are nearest neighbors. Here, h isthe height at
sitei and € isthe bond energy. The roughening temperature
of thismodel isT_=0.62¢e/k, (Shugardetal., 1978). Blow T,
theprojected surfacefree energy G can be expanded interms
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of thesopeh as(Tsao, 1993):

G=G,+G,[h[0+(U3)G,[h P+.. @
The coefficient of the linear term G, represents the step free
energy and the cubicterm G, arisesfrom the entropy reduction
of steps due to the condition of no overhangs.

Each Monte Carlo step consists of picking a site at
random and moving an aom to an adjacent sitewith probability
©)

p = (1/4) exp(-AE/K,T), forAE>0

and p=(V4) for AE<O;

where AE is the difference in binding energy between the
present site and the new (adjacent) site. Thus, the barrier for
edge diffusion at a step is the same as the barrier for terrace
diffusion for an adatom and smaller than the barrier for
detachment from astep. Thereisno additiona barrier at the
edge of astep and we expect diffusion-limited kinetics. Time
is measured in units of Monte Carlo steps per site. The
evolution of unidirectional sinusoida corrugations and the
separation of two parallel like stepswasfollowed asafunction
of time. We notethat the simulation cell must be sufficiently
wideinthedirection perpendicular to the corrugationto alow
for several collisions between steps. A large number of
collisionsbetween stepsisnecessary to represent the entropic
repulsion and the distribution of idand shapes at the extrema
of sinusoidal profiles by averagesin continuum theory. Itis
noted that the wavelength scaling exponent and the time
evolution of the amplitudein sinusoida profilesin our study
differ significantly from a previous study using the same
kineticsbut employing small smulation cells(Jiang and Ebner,
1996).

Evolution of Corrugated Surfaces

According to analytic theory, the amplitude of a
sinusoidal profile should follow an exponential law h/h, =
exp(—at/L?) above T, (Mullins, 1963). Below T, there
are conflicting predictions for the time evolution and the
wavelength scaling exponent for a unidirectiona
sinusoidal profile. A power law decay hh ~(1+AtUL"is
predicted in Ozdemir and Zangwill (1990), wheress, alinear
decay h~h, - Bt/L2is predicted in Hager and Spohn (1995)
and Straley and Kolomeisky (unpublished). It is noted that
these analytic expressions were derived in the limit of small
dopeswhereastheinitial (maximum) slope of the sinusoidal
profilesin our smulations exceeds 45°. Thiswas necessary
dueto computing limitations. Figure 1 showsthe evolution of
the amplitude h of sinusoidal corrugationsat T = 0.8 T, and
0.54T_ forwavelengthsof L = 10-40|atticeunits. Theinitial
height (h)) and width (W) were 4 and 1000 lattice units,
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respectively. Periodic boundary conditionswereemployedin
the transverse directions. The amplitude h represents an
average over one or two rows at the extrema of the starting
sinusoidal profile. The data shown is averaged over severd
periods and includes at least 5000 columns. Below the
roughening temperature, thetime evolution of the amplitude
showsashift from the exponential law toward apower law as
thetemperatureislowered. At T=0.8 T, thefunctional form
of amplitude decay isintermediate between the two, and the
wavelength scaling exponent isn = 4.1 £ 0.1, in agreement
with the previously reported value of 4.0+0.1 (Searsonet al .,
1995). AtT=0.54T,, theamplitudedecay followsapower lav
Wh, ~ (1+AUL")* with thewavelength scaling exponent n ~ 5.
The parametersa and A were chosen to give agood fit to the
initial 25% of the amplitudedecay. A power law functionwas
foundto giveabetter fit totheamplitudedecay at T=0.54 T,
compared to an exponentia function. Theamplitudeevolution
aT=0.54T_ agreeswith the analytically predicted form of
Ozdemir and Zangwill (1990) for profileevolutionbelow T_. It
is noted that A is proportional to the initial height h, in the
analytictheory of Ozdemir and Zangwill (1990). Theplateaus
in the decay function (marked by horizontdl linesin Fig. 1c)
correspond to integer heightsh. The plateaus would be less
prominent for higher valuesof theinitial amplitudeh,.

Figure 2 showsthe separation| withtimet of twolike
steps that were initially together, i.e., formed a double step.
Screw periodic boundary conditions were employed in the
direction perpendicular to the steps. The surface was 500
lattice unitswide in the direction parallel to the steps and 60
lattice unitsin the orthogonal transverse direction. The data
shownisaveraged over eight suchsimulations. AtT=0.8T,
thiswidth of 500 lattice unitsis sufficient to provide several
collisions between steps for separations up to eight lattice
units. The average position of steps was determined by
counting the number of atoms at each level. Thisintroduces
an error due to the presence of adatoms and vacancies.
However, the fluctuations in their populations are small and
should not influence the results discussed here. The step
separationa T=0.8 T follows| ~ 2202 Thedriving force
for the step separation comes from the entropic repulsion
between steps (cubic term G,; Rettori and Villain, 1988). A
larger separation between steps alows them to wander more
and reduce their free energy. The results in Figure 2 agree
with the expectation of | ~ t¥* for diffusion-limited kinetics
(Bartelt et al., 1994; Hager and Spohn, 1995; Ozdemir and
Zangwill, 1990; Rettori and Villain, 1988). Experimentd studies
of theevolution of step buncheson Si(111) have shown| ~t?
with 3 ~0.2-0.3 and are cons stent with either diffusion-limited
or interface-limited kinetics (Fu et al, 1996).

The two step separation in Figure 2 is driven by
entropic repulsion aone and hence follows| ~ t¥> even close
to the roughening temperature. For sinusoidal profiles, the
wavel ength scaling exponent isseen to shift gradually from 4
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Figure 1. (a). A discretized sinusoida profile with initial
amplitude h,, width W and wavelength L. Evolution of
amplitudehwith scaledtimeat (b) T=0.8T_ and (c) T=0.54
T,. Thehorizontal dashed lines correspond to integer values
of theamplitudeh.

to 5 as the temperature is lowered from T, 10 0.54 T... In
addition, we do not see perfect wavelength scaling toward
the end of sinusoidal profile decay atthe T =0.54 T_.. The
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Figure 2. The separation | in lattice units of two like steps
withtimea T =0.8T,.. Timeismeasuredinnumber of Monte
Carlo steps per site (MCS). Thetwo stepsweretogether, i.e.,
formed adoublestep, att=0. Thevariaioninl isshownfrom
t = 1000 MCS after the evolution has reached a steady state.
The analytically expected formis| ~t¥ (Bartelt et al., 1994;
Hager and Spohn, 1995; Ozdemir and Zangwill, 1990; Rettori
andVillain, 1988).

evolution of sinusoidal profilesbelow T, occursthrough both
entropic repulsion and linetension as pictured in Figures 3a,
3b, 3c and 3d (Murty and Cooper, 1996; Rettori and Villain,
1988; Selkeand Duxbury, 1995). Initialy, thestepsA and A’ at
theextremaaredriven towardseach other by entropicrepulson
from steps B and B’ respectively (Fig. 33). There is no
interaction between stepsA and A'. This continues until the
two steps touch each other as in Figure 3b. The contact
between the steps leads to the formation of islands which
now decay through both enropic repulsion and line tension.
After the idands have evaporated, the process repeats with
the steps B and B’, and so on. A theory of sinusoidal profile
evolution based on entropic repulsion aone yields a power
law decay with t/L° scaling Ozdemir and Zangwill (1990).
Evolution of aunidirectional sinusoidal profiledominated by
line tension is predicted to yield a linear decay with
approximately t/L° scaling (Hager and Spohn, 1995; Straley
and Kolomeisky, unpublished). The observation of t/L°
scalingat T=0.54T_ suggeststhat theisland decay in Figures
3cand 3disdominated by entropic repulsion. Onesourcefor
an enhanced entropic repulsion between the islands and the
penultimate step isasfollows. At low temperatures, thereis
less step wandering due to alower excitation probability of
kinks. As aresult, the points of contact of the steps at the
extrema are far apart resulting in islands with highly non-
equilibrium shapes(Figs. 3band 3c). Theseidandswill try to
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Figure3. A schematic of thedecay of sinusoidal profiles. (a).
Thetwo stepsat theextremaA and A" movetoward each other
dueto repulsion from steps B and B’, respectively. (b). The
two stepsA and A’ at thetimeof contact. (c). Thisleadstothe
formation of islands and their subsequent decay. (d). The
two steps A and A’ have vanished and the process repeats
with stepsB and B’, and so on.
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attain equilibrium shape (approximately square with rounded
cornersat low temperaturesin thisSOSmodel) asthey evolve.
Thisis aided by fast edge diffusion which pushes the long
straight edge of the island closer to the penultimate step
resulting in an enhanced entropic repulsion.
Thewavelength scaling at T = 0.54 T, isnot as good
(Fig. 2c) toward the end (h/h, < 0.25) when only one pair of
stepsis left. On one hand, this may be due to a finite size
effect arising from aninsufficient number of collisonsbetween
the (last pair of) steps over the width W. On the other hand,
this behaviour of the amplitude decay appears similar to the
amplitude evolution in bidirectional sinusoidal corrugations
below T (Murty and Cooper, 1996). Here, the amplitude
evolutionat T=0.54 T, wasobserved to changefrom apower
law decay to alinear decay with a corresponding shift in the
wavelength scaling exponent from 5 toward 3 as the
wavelength of the corrugation wasincreased. It wasproposed
that thismay result fromtheincreasein therel ativeimportance
of the linetension contribution to the step chemical potential
compared to theentropic repulsionwith increasing wavelength
(Murty and Cooper, 1996). It is conceivable that a similar
trangition to linear decay with t/L® scaling (Hager and Spohn,
1995; Straley and Kolomeisky, unpublished) will occur for
unidirectional sinusoidal profiles (of initial height h) for
wave-lengthsmuch longer than those considered in thisstudly.
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Conclusion

In conclusion, we have studied the evolution of
sinusoida profilesand themotion of parallel like stepsbelow
the roughening temperature using Monte Carlo smulations
on asolid-on-solid model. The two step separation follows|
~ 1020002 gnd js consistent with a theory of their separation
driven by theentropic repulsion, i.e., the cubicterm G, inthe
projected surfacefree energy (Rettori and Villain, 1988). For
sinusoidal profiles on a surface with the average orientation
corresponding to afacet, wefind that the wavelength scaling
exponent n depends on thetemperaturebelow T, for therange
of wavelengths studied (L = 10-40 lattice units). Closetothe
roughening temperature, the amplitudein sinusoidal profiles
decays with t/L* scaling approximately. Well below T, the
amplitude decay in sinusoidal profilesfollowsh/h ~ (1 + At/
L9 Thisisinagreement with an andytictheory whichtrests
only the entropic repulsion between steps (Ozdemir and
Zangwill, 1990). We have discussed possible causes for
deviations from perfect wavelength scaling in the evolution
of amplitudein sinusoidal profilesbelow T.
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Discussion with Reviewers

A. Zangwill: The analytic theory involves “red” time not
“Monte Carlo” time (seg, eg., Kang and Weinberg, 1989).
The relationship is not obvioudly linear and so might affect
the result presented here.

Authors. For theatom dynamicsinthe SOSmodel, wehave
assumed that the energy of the transition state between any
two neighboring sitesi and j is€, higher thanthe higher of the
two states i and j. This leads to the jump probabilities
mentioned in eg. (3). Thetime corresponding to one Monte
Carlostep per siteis{v exp(-¢ /k,T)} * wherev istheattempt
frequency. Hence, the time scale in the Figures 1 and 2 is
indeed linear and corresponds to “real time”. We have
performed kinetic Monte Carlo smulationsand they yield the
same results as discussed in this paper.

M.J.Azizand J. Erlebacher: Canyou offer areasonfor the
disagreement between theresults of your simulation and those
of kinetic Monte Carlo ssimulations of the same physical
process (Erlebacher and Aziz, 1996) inwhich hisfoundto be
afunction of t/L*with 3.4 < a <4.0rather than o =57

Authors: Erlebacher and Aziz (1996) found a different
wavelength scaling exponent for sinusoidal profile decay
bel ow the roughening temperature. They employed thesame
SOSmodd discussed inthispaper but with different dynamics.
An important difference was in the activation barriers for
hopping for an atom attached to astep with onebond. Intheir
model, the activation barrier for the atom to detach from the
step (= € + ¢ ) wasthe same asthe barrier for diffusion along
thestep. In our model { see eg. (3) and reply to Prof. Zangwill
above}, the detachment barrier is € + €, whereas the edge
diffusonbarrierise . Forany given configuration, thedriving
force(chemica potentia gradient) for decay might beexpected
to be the same for both models as the thermodynamic
parameters (step free energy and step-step interaction energy)
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arethe same. The difference must, therefore, arise from the
different dynamics. At present, we do not understand why
thetwo modelsshould give different wavelength scaling laws.
It is noted that analytic theories frequently use only one
diffusion constant, namely, the terrace diffusion constant of
an adatom. Thefast edge diffusionin our model followsthe
assumptions of anaytic theory more closely.
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