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We



demonstratethat for surfacesthathavea nonzeroSchwoebelbarriertheapplicationof an acfield
parallelto thesurfaceinducesa netelectromigrationcurrentthatpointsin thedescendingstepdirection.
The magnitudeof the current is calculatedanalytically and comparedwith Monte Carlo simulations.
Sincea downhill currentsmoothesthe surface,our resultsimply that the applicationof ac fields can
aid the smoothingprocessduring annealingand can slow or eliminate the Schwoebel-barrier-induced
moundformationduring growth. [S0031-9007(97)05220-4]

PACSnumbers:68.35.Ct,68.35.Md

Growing
�

epitaxialfilms with smoothsurfacesis oneof
theongoingchallengesof thethin film community. How-
ever,thisgoalis hamperedby aseriesof basicphysicalef-
fectsthat leadto the developmentof unavoidablesurface
roughnessduringgrowth. In particular,thereis abundant
experimentalandtheoreticalevidencethat during deposi-
tion thediffusion biasgeneratedby theSchwoebelbarrier
(seeFig. 1) resultsin a net uphill current, which in turn
leadsto the formation of moundsand to a fast and un-
wantedincreasein the interfaceroughness[1]. As Fig. 1
demonstrates,the Schwoebelbarrier introducesspatial
asymmetryin the otherwisesymmetric lattice potential.
Interestingly,in recentyearsit hasbeenrecognizedthat
in suchperiodicandspatiallyasymmetricsystems(ratch-
ets) nonequilibrium fluctuations can rectify Brownian
motionandinduceanonzeronetcurrent[2]. Thisfluctua-
tion driven transport is believedto play an essentialrole
in the operationof motor proteinsor molecularmotors,
andmight resultin newseparationtechniques[3]. In this
paperwe proposethe first nanoscaleapplicationof this
transportmechanismbasedon theatomicelectromigration
on vicinal surfacesinducedby alternatingelectric fields.
We demonstratethattheSchwoebelbarrierinducedasym-
metry in the lattice potential can be usedto generatea
downhill current,aiding thesmoothingof surfacesduring
growthor annealing.

Atom diffusion on crystal surfaces is a thermally
activatedprocess:atomscan hop from their position to
a neighboringoneby overcominga potentialbarrier ��� .
The hopping rate is given by the Arrhenius law ������ exp� ��� �������! #"%$ , where " is the temperatureand ���
is
&

the vibration frequencyof the surfaceatoms. Figure1
illustrates the lattice potential of a vicinal surfacethat
consistsof long flat terracesseparatedby monatomic
steps. The barrier height for diffusion on a flat surface
is denotedby � � . Near a step atoms form additional
lateral bondsof energy � � with' the step atoms,leading

to a deeperpotential valley. Finally, jumping over a
step requirespassingan additional potential barrier, the
Schwoebelbarrier, �)( [4].

For most metals and semiconductorsthe otherwise
randomsurfacediffusion of the atomscan be biasedby
an externalelectric field applied parallel to the surface,
a phenomenonknown as surface electromigration[5].
The effective force, * , acting on the surfaceatoms is
proportional to the field + , *,�.-0/1+ , where / ( 2.3 )
is the elementarychargeand - is the effective charge
numberwhich consistsof two terms,-4�.-65�78-69 . The

FIG. 1. Schematic illustration of the cross section of a
vicinal surfacecontaining two monatomicsteps(A) and the
asymmetric lattice potential (B) experiencedby an atom
diffusing on this surface. Note that if the Schwoebelbarrier:<;>=@?

, the lattice potentialneara stepis spatiallysymmetric,
while this symmetryis brokenfor

: ;BA ?
. A downhill (uphill)

current points to the right (left) on this figure. As (C)
illustrates, if there is a mound on the surface at C =D? , a
downhill current indicatedby the arrowswill tend to decrease
its height; i.e., it smoothesthe film by the reorganizationof the
materialon the surface.
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“direct” term F6G (
�IH.J

) is associatedwith theelectrostatic
interactionbetweenthe atomandthe electricfield, while
the“wind” term F6K (

�ILMJ
) isgeneratedby thescatteringof

the currentcarryingelectronson the surfaceatoms. The
competitionbetweenthesetwo termscanresult in either
positiveor negativeeffectivecharge[6].

Theconstantelectricfield inducesasurfacecurrentpar-
allel to the field. However,it is expectedthat a periodic
field with zeromeandoesnot createa net currentover a
full period,sinceit simply amountsto biasingin anequal
mannerthe motion of the atomsin two opposingdirec-
tions. In contrast,next we demonstratethat for systems
that havea nonzeroSchwoebelbarrier the asymmetryin-
ducedby thebarrierrectifiesthediffusion process,gener-
ating a net currentalongthe surface,evenif the external
field hasa zeromeanvalue. Most important,the induced
currentis alwaysdownhill; i.e., it points towardsthe de-
scendingstepdirection, independentof the steporienta-
tion or the effective charge. Sincethe downhill current
actsto smooththe surface,it hasthe potentialto acceler-
atethesmoothingprocessduringannealingandto slow or
eliminatetheSchwoebelbarrierinducedmoundformation
duringgrowth. Consequently,thisnanoscaleratcheteffect
canhaveimportanttechnologicalapplicationsfor thin film
growth.

Considera vicinal semiconductorsurfacewith terraces
of equalwidth N in an alternatingexternalelectric field
(with zeromean)perpendicularto thestepsandparallelto
thesurface.Thelatticepotentialof this systemis periodic
and spatially asymmetric, and the alternatingfield acts
as a zero-meannonequilibriumfluctuatingforce. In the
presenceof suchfield (or ac current)a directednet flow
of the diffusing atomson the surfaceis expectedfrom
the theory of fluctuationdriven transport[2]. A simple
explanationof the effect responsiblefor this current is
given in Fig. 2. To evaluatethe net current we first
considerthe motion of a single atom on a fixed vicinal
surfacewith terracesof width N . Since the diffusion
parallel to the stepsis not affectedby the electric field
we can neglectthe transversedirection and considerthe
motion in onedimension,perpendicularto thesteps. The
one-dimensionallattice potentialfor thediffusing atomis
similar to the potentialof Fig. 1, but it is periodic with
period N , eachperiod containing O valleys and barriers,
where OQP.NSR�T is the dimensionlesssizeof the terraces
measuredin theunitsof thelatticeconstantT . Associated
with the steps,every (OVU.W )th X#Y barrier

Z
is followed

by a higher Schwoebelbarrier X)[ and� a deepervalley
X]\ representingbinding to the step. The system can
be reducedto one period of the potential with periodic
boundaryconditions,in which the motion of the atom is
describedby themasterequation^�_]`badcfe

^gc P.hji`lk \ adcfed_ `lk \ adcfenm h
k`
i \
abcfed_ `

i \
adcfe

U4ophji` adcfenm h
k` adcfebqd_ ` adcfesr (1)

FIG. 2. The effect of a uniform electricfield on the potential
landscapeexperiencedby an atom diffusing on the surface.
The line A correspondsto the lattice potential in the vicinity
of a step for tDu@v [see also Fig. 1(B)]. Assuming wVxyv ,
a large enoughfield to the right ( t@xyv ) “tilts” the potential
landscape,eliminating the minima of the potential,biasingthe
adatommotion to the right (seeB). On the other hand,as C
illustrates,an inversefield ( t@zDv ) of thesamemagnitudedoes
not eliminate the minima in the vicinity of the step (marked
by an arrow), locally trappingthe particle. Consequently,the
current to the left in C is smaller than the current to the right
in B, and a periodic externalfield will result in a net current
to the right, i.e., a downhill current. For smaller fields there
are minima in both cases,but the minimum correspondingto
C is deeperthan that of B, againresulting in a more efficient
trapping of the atoms moving uphill, and to a net downhill
current. Note that thedirectionof thenetcurrentis determined
only by the steporientation,andnot by the sign of w .

where' Wn{}|]{MO with periodic boundary conditions,_)`badcfe
denotesthe probability that the atom is situated

in the | th valley at time
c
. h

k`
and� h i` denote

~
the

hopping ratesfrom the | th valley to the left and to the
right, respectively,where h

k` adcfe P���Y��
k��������� is�

�s� � ���������I�
,

and h i` adcfe P�� Y �
k o ���s�� k �

�s� � � q �������
, ��X

k
\ P�X Y , ��X i\ P

X Y m X]� , ��X
k� P4X Y m X]\ m X]� , ��X i� P4X Y m X]\ ,

and ��X
k� P���X i� P4X Y for ��{� ¡{¢O are the

heights of the barriers of the lattice potential. Fi-
nally, £¤X adcfe P4¥ adcfe T¦R�§ is the change in the barrier
heightsassociatedwith the force ¥ abcfe P4F0��X adcfe induced
by theelectricfield X adcfe .

If the period of the electric field is much larger
than the relaxationtime ¨�©MO � exp� a X#YªR�h¬«s­ e Rª��Y of® the
probability distribution

_]`dadcfe
,
_]`badcfe

is “slaved” by the
electric field and the solution of the master equation
reducesto the stationarysolution with constantelectric
field X . If the period of the field is much smaller than
¨ , _]`dadcfe has no time to adjust to the field, resulting in
a very small net current. Thus ¯%°BP�WªRª¨ is the upper
limit of the frequency, since exceedingit the current
goes to zero. Therefore, in the following we assume
that the frequency ¯ of the alternating field is below
the upper limit ¯¤° , so that the stationarysolution of the
masterequationapplies. In this caseEq. (1) reducesto
a systemof (O±U�W ) independentlinear equationswith
the normalizationcondition ² `�³ \ _ ` P�W , giving the O th
equation. The solutionprovidesthe stationarycurrentas
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´gµf¶¸·p¹]º¼»�½�¾¿ ·p¹]ºdÀ ¿ ·p¹]ºBÁ8½�ÂÃ ·p¹]ºdÀ Ã ·p¹]º
» Ä sinh

·ÆÅgÇ%È�É�½¬ÊsË%º%Ì�ÍÏÎ Â1ÐÒÑ�Ó�Ô�ÕIÖ
·bÎ Ð¬×ÆÓ�Ô Õ Ö Á.Ø�º%·dÎ Ð<Ù Ó�Ô Õ Ö ÁMØ�º�Î�Ú ¿ ÂÒÛbÜÞÝ�ÐÒÓ�Ô Õ Öàß�á Å ß ·bÎ Ð!×lÓ�Ô Õ Ö Á.Ø�º ß ·dÎ Ð<Ù Ó�Ô Õ Ö Á.Ø�ºbâ sinhÚ Û�Ý�ÐÒÓ�Ô Õ Ö�Ü

sinhÚ Ý�ÐÒÓ�Ô Õ Ö�ÜQã
(2)

For simplicity we restrict the calculation to the case
when the field is as a symmetricsquarewave; i.e., the
forcealternatesbetweenß ¹ and

Á0¹
atconstantintervals.

In this case,when äyåæä¤ç , the net current
´ Í

canè be
calculatedfrom (2) as

´ Í » á ´ µf¶ · ß ¹]º ß ´ µf¶ ·�Áé¹)ºÞâ�É Ä .
If the interactionbetweenthe diffusing atoms is ne-

glected, the averagenumber of atoms that are able to
move(i.e., thatarenotpartof a terrace)is

Ø ßyêìë in
&

each
period. The first term indicatesthe edgeof the terrace,
andthesecondterm, ê ë »�·ÆÅàÁ.Ø�º�É á Ø ß exp

·íÈ ¿ É�½¬ÊsË6ºbâ ,
is theaveragenumberof diffusing atoms(adatoms)on the
surface. Thusthenetparticlecurrentis
´î»4´ Í ·í¹)º%·bØ ß8êìë ºï».´ Í ·í¹)º Ø ß ÅVÁMØ

Ø ß Î Ð<Ù Ó�Ô Õ Ö ã (3)

Equation(3) providesthe downhill current generated
by the interplay betweenthe ac field and the Schwoebel
barrier. The terracesize dependenceof this current for
two different temperaturesis shownin Fig. 3(A).

Thepreviouscalculation,while correctlydescribingthe
natureand the qualitativefeaturesof the net current,ne-
glectstheatom-atominteractionandthestepfluctuations.
Sincethe sourceof atomsare the steps(adatomsdetach
from stepedges),the steplength is not fixed, but it fluc-
tuates. To incorporatetheseeffectsandto checkthe va-
lidity of the analytical prediction, we performedMonte
Carlo(MC) simulationswith activateddiffusion alongthe
surface. In thesimulationswe startwith a seriesof steps
of length

Å
. Every surfaceatom that has less than two

neighborsin the samelayer is allowed to diffuse with a
probability

ÀMð
exp

·�Á¼ñ�È�É�½óò�Ëjº
. In the presenceof an

electric field
Ç%È

the activationenergyis reducedor in-
creasedwith

Ç%È
, dependingon whetherthe direction of

thehopis alongor againstthefield. In thesimulationswe
usea periodicsquarewavewith frequencyäyåôä ç , and
determinethenetcurrentdefinedasthenumberof excess
hopsin thedownhill directionin theunit time,normalized
to thesystemsize.

As Fig. 3(A) indicates, the net current obtained in
the Monte Carlo simulationqualitatively agreeswith the
prediction(3) of themasterequation. Furthermore,there
is excellent quantitative agreementat low temperature
(900 K) while (3) overestimatesthe currentat higher

Ë
.

Note that thefit doesnot requireanyfitting parameter.
To pinpointthetemperaturerangefor whichtheanalyti-

cal solutionprovidesa goodapproximation,in Fig. 3(B)
we plot the temperaturedependenceof the net current
for

Åõ» Äªö and
Å�» Äªö�ö . We find excellentagreement

betweenthe theory and the MC simulationsfor
ËD÷}Ë�ø

(
��ù Ø öªöªö K), while for

Ë@úûË ø
the
ü

currentpredictedby (3)
systematicallyexceedsthe numericalresult. Indeed,in-

creasingthetemperaturealsoincreasestheadatomdensity
on thesurface,andconsequentlythe role of theneglected
atom-atominteractionsalso increases[7]. The value ofË ø

depends
~

only on the energybarriers
È Í

,
È ¿ , and

È)ý
.

In somematerialsthe bondingenergiesmight be higher
thanthequotedvalues,which furtherincreases

Ë ø
and� the

rangeof applicabilityof theanalyticalsolution. Notethat
the agreementbetweenthe analyticalpredictionsand the
MC simulationsis better for

Å�» Äªöªö than
Å�» Äªö , un-

derlying the larger impact of step fluctuationon shorter
steps[8].

Since in the typical electromigrationexperiments[5]Ç¤È
is muchsmallerthan

½ ò Ë
, we canexpandthe current

FIG. 3. (A) The ac field induced downhill current as a
function if the averagestep size þ . The lines correspondto
the analytical results (2) and (3) for ÿ�� ����� K (continuous
line) and ÿ������ �	� K (dashedline), while the circles (900 K)
and triangles (1200K) are the currentspredictedby the MC
simulations. (B) The temperaturedependenceof the net
current for averagestep sizes þ
��� � and þ���� �	� . The
continuous(þ��
� � ) and dashed(þ���� ��� ) lines correspond
to the analytical predictions,while the circles (þ��
� � ) and
triangles(þ���� �	� ) are the result of the MC simulations. In
the simulationswe used the parameters����� �	���

eV, ������	���
eV, ���
� �	� ��� eV, ��� ��� � , ����� �! V " m, and # � �� � ��$ s% � . The systemsize is &'��� �	��� , and the resultswere

averagedover 20 independentruns.
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(�)+*-,/.
into Taylor seriesin termsof

*10�24365�798:.
, obtaining

that the net currentis a secondordereffect, proportional
to
*-;<0�2=.?>

. The MC simulationsconfirm this prediction,
providing a quantitativeexpressionfor tuning the current
with

2
[9].

In conclusion,we havedemonstratedboth analytically
and numerically that the Schwoebelbarrier, in the pres-
enceof a periodicexternalelectricfield, leadsto a down-
hill current. Sincemostmetalandsemiconductorsurfaces
do havea nonzeroSchwoebelbarrieranddisplayelectro-
migration, we expect that the appearanceof such a net
currentis relevantfor a largeclassof technologicallyim-
portantmaterials. Thus the applicationof an ac current
during eithergrowth or annealingcanleadto a nontrivial
smoothingeffect, andaid the growth of smoothsurfaces.
This consequenceof the ratcheteffect can thushaveim-
portantpracticalapplicationsin thegrowthandprocessing
of high quality thin films.
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