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Current-Induced Step Bending Instability on Vicinal Surfaces
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Motivated by recent experiments on current induced step bunching on Si(111) surfaces, we study
a generalized 2D Barton-Cabrera-Franck model, where adatoms have a diffusion bias parallel to the
step edges and there is an attachment barrier at the step edge. We find a new linear instability with
novel step patterns. Monte Carlo simulations on a solid-on-solid model are used to study the instability
beyond the linear regime. [S0031-9007(98)07177-4]

PACS numbers: 68.35.Ja, 05.70.Ln, 68.10.Jy, 68.55.Jk

Vicinal crystal surfaces can exhibit a number of differentstep pairing modep = 7. Examples include the step
morphological instabilities that may be important in crystalbunching instability due to either the Ehrlich-Schwoebel
growth and device fabrication. One of the most interestbarrier [7,8], impurity adsorption [9—11], or the usual
ing of these instabilities arises from the biased diffusion ofelectromigration instability with the current normal to the
adatoms under the influence of an external driving forcesteps. Stoyanov [2] used a 1D model to study the latter in-
as illustrated by the step bunching instability on Si(111)stability in detail. He showed that a vicinal surface can be
surfaces [1] induced by heating with a direct electric cur-unstable towards step bunching when adatoms have a dif-
rent. Many different aspects of this so-called electromifusion bias in the step-down direction and there exists an
gration problem have been investigated when the drivingxtra barrier for attachment to step edges. The step pair-
force is normal to the steps, e.g., the microscopic origin oing mode ¢ = ) gives the maximum instability unless
the driving force on adatoms, the effect of temperature orthere are very strong repulsions between steps [12] or sig-
the instability, and the resulting step patterns [2—5]. Waenificant direct interterrace diffusion [13,14].
show here that, when the relative orientation of the external Quantitative studies of electromigration based on a gen-
driving force and the miscut angle of the vicinal surface iseralized 1D step model have shown very good agreement
varied, there exists a qualitatively different instability thatwith many aspects of the experiments [13]. However, a
can be explored both experimentally and theoretically. more general perspective is required to understand some

Because of the intrinsic anisotropy of a stepped surfacegcent surprising results by Latyshet al.[15]. They
kinetic instabilities can usually be associated with one obbserved the sudden appearancestefp bendsn certain
the two principal axes normal to and along the averageegions of the surface, where the step edges are nearly
step orientation (the andy directions, respectively). It parallel to the electric current, leading to the formation of
is convenient to describe step positions in Fourier spaceantistep(down-step) bunches as well as the usual (up-)step
From a linear stability analysis, the evolution of small bunches. Motivated by this result, we study here a 2D step
perturbations in the positions of the steps away from anodel with biased diffusiomparallel to the step edge di-
uniform step traindx,(y, t) can be written as rection, and indeed find an instability. This new instability

L requiresboth finite ¢ and finite ¢ and reaches its maxi-
8xu(y,1) = D 8x(q.p)e P Tind+ @ 4 cc (1) mum when the phase shigi = +/2 at smallg, unlike
2.4 any other surface instability we are aware of.
whereg is a wave number along the step direction, and Figure 1 gives a schematic view of the surface and intro-
¢ is a phase factor relating consecutive steps. Wheduces the notation. As in Stoyanov’s model [2], adatoms
Rew(gq, ¢) > 0, a perturbation of that mode will grow have a drift velocityD,F /kT, whereD is the adatom dif-
exponentially. fusion rate on flat terraced is the magnitude of the exter-

One class of instabilities involves the growth of finite nal force acting on adatoms, and we assume in this case it
g perturbations along the (step) direction, as illustrated is in they direction. For simplicity, here we ignore evapo-
by the Bales-Zangwill [6] instability. In this example it ration and deposition of adatoms on terraces; this does not
is sufficient to taked = 0, since this (in-phase) mode is affect the basic instability we find. We make the usual qua-
maximally unstable and will dominate. Indeed, the undersistatic approximation [16], settingc /97 = 0 in the dif-
lying (Mullins-Sekerka) instability can be understood by fusion equation describing the adatom concentration field

considering a single interface. c¢(x,y) on the terraces:

Another class of instabilities involves the relative mo- 5 )
tion of neighboring steps, and can usually be understood D <£ + E) _ DsF 9c _ 0 )
using a one-dimensional (1D) model wigh= 0 and the Nox2  9y2 kT dy '
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boundary conditions [Eq. (3)] into Eq. (1). Keeping terms
linear in 6x, we find for the growth rataw(q, ¢) the
following:

—2D; c azA [fquIn(;b + g(q, d)]
2A,d cosr(Aqwo) + (A2d% + 1) sinh(A wo) ’
(8)

(g, ) =

where

2(q, ) = g.(1 — 2cos¢ + COS2¢p) — g,¢* COSP
+ [gyq® + 28:(1 — cosg)]
X [coslA,wo) + AgdsinhAgwo)],  (9)

FIG. 1. Schematic view of a vicinal surface with an external A, = 1/q? + ifq, (10)
force parallel to the step edge.
and
The boundary conditions are given by linear kinetic expres- a? d*v Ba®
sions with a parametex governing the rate of exchange 85 = 4T aw? ’ & = wr - (11)

of atoms between steps and terraces: . W=Wo . .
In the above equations there is an important length scale

Tk[c®(y) — clxy (y),y)] =h - J(x. (y),y), (8 d = D,/k, the ratio between the adatom diffusion rate
and the attachment rate, as introduced by Pimpieée#il.
where the surface adatom flUxs given by [20]. g(q, ®) is the stabilizing term from the line tension
and step repulsions; it reduces to the known result of
JOe,y) = =Ds(=9/9x, —a/ay + fle(x.y), (4) Pimpinelli et al.[20] in the case wherng, = 0 (i.e.,

= 1 indi L i tep repulsions) antl— 0.

and f = F/kT. The(+) [(—)] indicates the ascending Ignoring s : .
(descending) terrace next to stepas shown in Fig. 1. 1€ flrstltterfrr:hln the squ?:re b>raocket tOf E?f(s) is the
cn'(y) is the local equilibrium adatom concentration of,[mh"’”?rr rgsu to '; paper t(f . _(exgrna<o(;ce g‘
stepn at positiony, andi is the unit vector normal to the '€ 7 dIr€c ion), Rew is positive for—z < ¢ an

step edge. Through microscopic mass conservation, tH§ maximally unstable whegp = —a/2 for a particular
normal velocity of step: can be written as wave numberg that is not too large [for large enough

q, the relaxation terng(g, ¢) will dominate]. This is
v, =a*h - [J(x,y) — J(x, . y)] quite different from the usual step pairing instability with
- N B maximum instability at$p = 7 if the bias is in the step-

= Dsa’[2¢;4(y) — c(x,.y) = c(x,,¥)]. (5)  down direction. Figure 2 is an illustration of a step train
with ¢ = —7 /2. For several neighboring steps, the hills
and troughs are shifted in their positions and form regions
of high step densities (narrow terraces) that extend along a
certain direction. Changing the sign ¢f(the direction
of the external force) makes modes with< ¢ < 7

whereaq is the lattice constant in the-y plane, assuming
a square lattice.

To take into account the stabilizing effects of the line
tension and step repulsions, we write

cap oy — od o {Ha(y) = Mc)

i) = eiten{ L ZRC) ()
where the step edge chemical potential),(y)—the
change in free energy per atom for adding atoms to the
step at positiory—is given by [17,18]

Mn = az[vl(wn) - Vl(Wn—l) + Ba2xn/ay2] + uc.
(7)

Here we assume there is a nearest-neighbor repulsive
interactiorV (w) between steps separated by a terrace width
w and V/(w) = dV/dw. B is the step edge stiffness
and uc is the equilibrium atom chemical potential of the
crystal.

To carry out a linear stability analysis [19], we sub-FIG. 2. Illustration of a step train with sinusoidal fluctuations
stitute the solution of the diffusion equation [Eq. (2)] with with phase shift-¢ = = /2.
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unstable. Note that, if the attachment rate is very fast (sber g, we have
that k — «© or d — 0), the mass transport is limited by 2Dscgqaz
the diffusion rate and the instability disappears. Thus the @ = 2d + wo
extra barrier for adatom attachment to step edges is crucial
for the existence of the instability. _ i _
We can gain a better understanding of the physical origin fyqdsing — g(q. ¢)} - (19
of this instability from the following qualitative picture. where f.(,) = Fy(,)/kT is the x(y) component of the
Figure 3 draws three steps with perturbations in the forn{reduced) external force. The term proportionaftchas
of sinusoids with a phase shiff = —# /2 (steps are out the familiar (1 — cos¢) form for the pairing instability
of phase with every other step). We assume there is for an external force normal to the steps.
very strong barrier for adatom attachment to a step edge. These results may help us understand the origin of the
The direction of the atomic flux on a terrace driven by anantistep bunches seen by Latystetval. [15] on Si(111)
external force parallel to the average step edge directioat elevated temperatures. Initially the current direction
is then approximately the average of the directions of thés perpendicularto the average step direction and step
two steps bounding the terrace. bunching occurs in the usual way. Because of sublimation,
From microscopic mass conservation [Eq. (5)], the venearly uniform arrays ofrossing stepsorm between the
locity of a segment of a step is given by the difference ofstep bunches [4]. As the system coarsens and the distance
the normal components of the two surface atomic fluxebetween bunches gets larger, the inclination angle of the
at the two sides of the step. For segmeafsC, andE  crossing steps increases and becomes nearly perpendicular
in Fig. 3, the two fluxes cancel and the velocity vanishego the step bunches, and thus parallel to the current direc-
at those points. However, for segmeBtandC, there is  tion. Itis at this stage that Latyshetal. [15] observe the
a net contribution from the two fluxes that makes the ste@ppearance adtep bendsn the crossing arrays that grow
move in the direction shown. Thus the amplitude of thein size and accumulate into an antistep bunch, i.e., a step
perturbation will increase and the step train is unstablebunch in the opposite direction to the initial orientation of
Changing the direction of the external force will reversethe vicinal surface.
the direction of the motion and stabilize the perturbation of Since the physical model discussed in this paper also
Fig. 3, but will destabilize a perturbation with phase shiftgives good agreement with the initial step bunching be-
¢ = 7 /2. Thus a vicinal surface is unstable when therehavior of Si(111) [13] when the current is normal to the
is driven diffusionparallel to the step edge direction. This steps, it seems quite likely that the instability discussed
picture is only correct when there are no efficient channelabove is responsible for the appearance of the step bends
for adatoms to hop directly from one terrace to another. in the crossing arrays. However, a detailed analysis of the
From Eq. (8), using parameter sBtof Ref. [13] for  antistep bunch formation in the experiments necessarily
realistic values for Si(111) at 90C, we estimate that involves the nonlinear regime and a treatment of interac-
the typical wavelength2@r/q) that gives the maximum tions with the preexisting step bunches, which is beyond
instability is abouB X 10° A, and the time constant("!)  the scope of this Letter.
is about 5 h. These time and length scales suggest thatTo get some information about the nonlinear behav-
experiments are feasible. ior, we carried out kinetic Monte Carlo simulations of a
It is natural and straightforward to extend the linear stasolid-on-solid (SOS) model [13] that incorporates the es-
bility analysis to an external force in a general direction.sential physical features of biased diffusion with attach-
The general solution is too complicated to write here, butment barriers at steps. The external force is mimicked by
in the limit of weak external forces and small wave num-an asymmetry in the attempt frequencies for the exchange
of surface atoms between nearest-neighbor sites. The en-
ergy barrier is simply the binding energy of the surface
upper terrace atom in its initial site, except that there is axtra barrier
when the movement causes a change in total energy, and
hence for attachment at steps (see Ref. [13] for more de-
tails). Figure 4 is a snapshot of a simulation with the driv-
ing force parallel to the average step edge direction. The
initial step edges are in the vertical direction and adatoms
have a downward diffusion bias. The dark regions are step
bunches formed by step segments bending in the opposite
direction to the individual steps (black lines) on the terrace.
lower terrace Note that only a relatively small region of each step lies
within the step bunch, in contrast to the usual step bunches

FIG. 3. lllustration of the atomic flux induced by an external tf hen th ti | to the step directi
field parallel to the average step edge direction on two terracediat form when the current is normal to the step direction.

bounded by three steps with sinusoidal perturbations and phaselis general feature is already suggested from the patterns
shift ¢ = —7 /2. in Fig. 2.

1 — cos¢

—2f.d
|: / 2d + wy
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Note added—After submission of this Letter, a study
of instabilities resulting from an external force in general
directions for an isolated step was published [24]. The
physical model and resulting instability is very different
from that discussed here. For example, a purely parallel
force does not induce any instability, and either growth or
evaporation is necessary for their instability to occur.
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with a diffusion bias parallel to the step edge direction. The o
initial steps are along the vertical) direction. [1] A.V. Latyshev, A.L. Aseev, A.B. Krasilnikov, and S.1.

Stenin, Surf. Sci213 157 (1989).
[2] S. Stoyanov, Jpn. J. Appl. Phy30, 1 (1991).

. . . 3] C. Misbah, O. Pierre-Louis, and A. Pimpinelli, Phys. Rev.
The earlier SOS simulations of Dobbs and Krug [21] 13l B 51, 17 283 (1995). P Y

gave very different results. They used Metropolis dynam- 4] p. Kandel and J.D. Weeks, Phys. Rev. Leld, 3632
ics, which does not incorporate the step edge barrier, an (1995).
the resulting step patterns contained several artifacts angis] D. Kandel and E. Kaxiras, Phys. Rev. Left, 1114
did not compare well with experiments on Si(111). (1996).

Dobbs and Krug [22,21] also introduced a continuum [6] G.S. Bales and A. Zangwill, Phys. Rev. B1, 5500
model that showed that a surface is quite generally unstable  (1990).
under an external driving force when the adatom mobility [7] G- Efhrlich and F.G. Hudda, J. Chem. Phy#, 1039

: - : 1966).
has a slope dependence. This prediction, unlike other fea- ( .
tures, e.g., the orientation of selected facets and the coars[-s] I(?l.gLG.GS)chwoebel and E.J. Shipsey, J. Appl. PI8&.3682

ening rate, is independent of the underlying physical origin P] F.C. Frank, inGrowth and Perfection of Crystalgdited

of the slope dependence (in our case, the step edge barrier) by B.W.R.R.H. Doremus and D. Turnbull (Wiley, New
and is thus robust. Indeed, one can make a connection vyork, 1958), pp. 411-419.

between the step model and the continuum model by tak10] J.P.v.d. Eerden and H. Miiller-Krumbhaar, Phys. Rev.

ing ¢ — q.wo and g — ¢, and expanding Eq. (12) for Lett. 57, 2431 (1986).
small gy y): [11] D. Kandel and J.D. Weeks, Phys. Rev. ®, 2154
(1995).

2 -1 4
w ~ + (2d + wo)w ! ,+ 0@@hH. @13 [12] M. Sato and M. Uwaha, Phys. Rev.H, 11172 (1995).
fxqx 0Wo fyqxqy q (13) [13] D.-J. Liu and J.D. Weeks, Phys. Rev. B7, 14891

Except for an anisotropic ratio that is absent from their 4 (Slggt%)yanov Surf. ScB70, 345 (1997)

model, thls_equatlon is qu_alltatlvely the same as the_resu[ 5] ALV. Latyshév, A.B. Krasilnikov. and A.L. Aseev. Surf.
of the continuum model in Ref. [21] for a surface tilted Sci. 311 395 (1994)

away from a high symmetry plane with the broken symmeyyg 3, S Langer, Rev. Mod. Phys2, 1 (1980).

try of the underlying crystal structure along thelirection.  [17] p.-J. Liu, J. D. Weeks, M. D. Johnson, and E. D. Williams,
Although their continuum model does not capture all of the Phys. Rev. B55, 7653 (1997).

essential physics of a vicinal surface below the roughengig] J.D. Weeks, D.-J. Liu, and H.-C. Jeong, Dynamics of
ing temperature, e.g., the anisotropy in the adatom mobility ~ Crystal Surfaces and Interface, Fundamental Materials
and the singularity in surface stiffness at zero slope, it does  Research, edited by P.M. Duxbury and T.J. Pence
give an idea of the instability at very large length scales. (Plenum Press, New York, 1997), p. 199.

In conclusion, we report a new linear instability on al19] See, e.g., Rgf. [6] for det_ails of a linear stabi!ity analysis.
vicinal surface that arises from the interplay between 42 JA-Vﬁ:gg'“f";h;sEg‘érr‘]?jrghsAM Et?éTSéG(i (1'\352)"’“1' and
e e st ool Do 3 3 g ) Py | (Franeodta 550

) ? . ?2] J. Krug and H.T. Dobbs, Phys. Rev. Leff3, 1947
yet to be resolved. The study of the instability beyond (1994).
the linear regime is needed to understand the coarsenifgz] A v. Latyshev and E.D. Williams (private communica-
behavior and antistep bunch formation. The effect of a  tjon).
current along the step direction is also being investigate¢b4] M. Sato, M. Uwaha, and Y. Saito, Phys. Rev. L&,
experimentally [23]. 4233 (1998).

2746



