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Microscopic Theory of Electromigration on Semiconductor Surfaces
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Electromigration has a dramatic effect on the morphology of semiconductor surfaces, inducing, f
example, step bunching instabilities. To explain these phenomena from a microscopic point of vie
we study self-diffusion on Si(111) through first principles calculations, and propose a mechanism f
diffusion bias induced by external electric fields. A competing, wind-force effect arises from enhance
surface electron density, due to incomplete melting. The competition leads to two transitions in surfa
kinetics with increasing temperature, in agreement with experimental observations.

PACS numbers: 68.35.Ja, 68.35.Rh, 68.55.Jk, 73.20.–r
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Electric current flow through a solid can produce lar
atomic motion, referred to as electromigration. On the s
face of a solid, this phenomenon can even lead to morp
logical instabilities. Surprisingly, this effect is observ
not only on metal surfaces, but also on semicondu
surfaces. Electromigration phenomena are of tremend
practical importance, since they affect growth and ann
ing of thin films as well as the performance and stabi
of electronic devices, which typically operate in the pr
ence of electric fields. A well documented case of surf
instabilities due to electric currents is the step motion
Si(111) surfaces, observed [1] during annealing of the s
ple at high temperatures and in the presence of an ele
field perpendicular to the step edges.

Stoyanov [2] introduced the idea that the diffusi
of surface adatoms may be biased by the electric fi
and showed that step bunching instabilities can re
from such a model. By proposing a step flow mod
that takes this biased diffusion into account, Kandel a
Weeks [3] were able to achieve excellent agreement w
experiment in terms of step patterns and their dynam
While this theory was very successful in reproduc
qualitatively the experimental behavior, it did not addre
the crucial link between microscopic atomic motion a
electromigration effects.

In the case of Si(111), the issue of the microsco
mechanism(s) responsible for electromigration is es
cially intriguing because of the complicated temperat
dependence of the effect. The phenomena of inte
take place at temperatures greater thanTr ø 830 ±C, the
s7 3 7d $ s1 3 1d phase transition temperature, abo
which the surface loses its long-range periodic rec
struction. Experiments indicate [1] that there are t
transitions atT1 ø 1000 ±C and T2 ø 1175 ±C. For
Tr , T , T1 andT . T2 the steps are uniformly space
when the current is in the step-up direction, but when
current is in the step-down direction a kinetic instabil
occurs that leads to step bunching. In the intermed
temperature regimeT1 , T , T2 the effect is reversed
i.e., the step-bunching instability occurs only when
current is in the step-up direction. In this Letter we p
pose microscopic explanations of these phenomena.
0031-9007y96y76(7)y1114(4)$06.00
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The effective forceF acting on the diffusing atoms
is proportional to the electric fieldE. We define an
effective chargeZ for the atoms (measured in units o
the electron chargee) such that

F  eZE . (1)

The effective charge is a sum of two terms,Z  Zd 1

Zw. The “direct term” Zd is associated with the force
due to electrostatic interactions between the atom a
the electric field, whereasZw is a charge associated wit
the scattering of atoms produced by the electron curre
leading to the so called “wind” force. A comparison o
the theories of Stoyanov [2] and Kandel and Weeks [3]
experiments [4] yields an estimate of the effective char
Z ø 20.1 at T  1130 ±C.

We attribute the instabilities discussed above tosur-
face direct and wind force effects which we now ana
lyze. Specifically, we will examine surface effects o
both Zd and Zw as well as the competition between th
two. To understand the direct surface effect we exam
the charge distribution around Si adatoms on the (1
surface in configurations which are relevant for adato
diffusion. The stable (T4) and metastable (H3) positions
of adatoms on the surface are shown in Figs. 1(a) a
1(b), respectively. The adatom diffuses by hopping b
tween theT4 andH3 positions. In each such hop it passe
through the saddle-point (SP) position shown in Fig. 1(
A homogeneous electric fieldE can bias the diffusion in
the following way: Consider two configurations that di
fer from one another by the position of a single adato
which is at theT4 position first and then moves to theH3
position. The charge densities of the two configuratio
are rsrd and r0srd, respectively. The energy differenc
between the configurations in the absence of a field is
noted byD ; ´sH3d 2 ´sT4d. Treating the electric field
effect classically, we obtain for the energy differenceD

between the two configurations in the presence of a fie

D  D 2 E ?
Z

rfr0srd 2 rsrdg d3r . (2)

We ignore the effect of the electric field on the char
distribution itself, because the electric fields involved
© 1996 The American Physical Society
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FIG. 1. A portion of the top bilayer of the supercell for thre
configurations (only ten of the twelve H atoms attached
surface Si atoms are shown): (a) TheT4 configuration, (b) the
H3 configuration, and (c) the SP configuration. Open circl
denote Si atoms while H atoms are represented by full circl
Adatoms are marked byA and rest atoms byR.

electromigration are very weak (few Vycm). Zd can now
be calculated as if it originated from the motion of
point charge from theT4 position to theH3 position:
eZdE ? a  D 2 D, with a being the vector between
the T4 and theH3 positions. A nonvanishingZd leads
to a bias in the diffusion, since the energy barrier f
hopping from oneT4 position to the next in the direction
of the field is smaller than the barrier for hopping again
the field by an amount2sD 2 Dd. This is because, for
a given geometry, the charge transferred along the p
between theH3 andT4 positions is identical to the charge
transferred in the reverse path. This symmetry is brok
only by the electric field, which is too weak to affect th
charge distributions (as we assumed above).

The result of this calculation depends, in principle, o
the arrangement of other adatoms around the hopp
adatom. In order to calculateZd one should therefore
repeat the calculation for all possible environments a
average the results, weighing each configuration with
probability of occurrence. This is a very difficult, if no
intractable, task. Instead, we calculateZd from a single
representative configuration. Our result will therefore b
an estimate of the order of magnitude ofZd rather than an
exact value.

To calculate the charge densities involved in Eq. (2), w
performed first principles calculations within local densi
functional theory. Our supercell consists of a slab of thr
bilayers of Si atoms with as4 3 4d surface unit cell. This
supercell is large enough to avoid finite size effects;
borders can be chosen so that no significant charge tran
occurs at the boundaries during the hop of the adato
This condition must be satisfied in order for the integr
in (2) to be well defined. The experimental density o
adatoms on the Si(111) surface is about 1y4. Accordingly,
in a typical configuration, charge associated with surfa
Si atoms whose distance to the hopping adatom is t
lattice vectors or more is bonded to other adatoms.
to

s
s.

r

st

ath

en

n
ing

d
its

e

e
y
e

ts
sfer
m.
l
f

ce
o
o

mimic this effect, 12 of the 16 dangling bonds of the to
layer were passivated by attaching H atoms to them (
Fig. 1). This leaves four unsaturated Si atoms in the t
layer, each having one dangling bond. The presence
one Si adatom saturates three of these surface dang
bonds in theT4 and H3 positions. The atom with the
remaining unsaturated dangling bond is called a rest ato
The bottom layer was fully hydrogenated to terminate t
slab. The positions of all atoms except those in the botto
layer were fully relaxed during the calculation. For eac
relaxed configuration we calculated the charge density, a
then used Eq. (2) to calculateZd for an electric field in the
direction of the adatom hop (the line from theT4 position
to theH3 position). The result is

Zd  10.05 6 0.006 . (3)

We obtain the error estimate by performing the integr
in Eq. (2) over different, but equivalent by periodicity
regions. Thus this error is a measure of finite size effec
but does not take into account inaccuracies associated w
the approximations made in deriving Eq. (2). The positi
effective charge of the adatom can be interpreted as be
due to backflow of electronic charge induced by the h
of the adatom [5].

The direct electromigration effect is demonstrate
schematically in Fig. 2 for a one-dimensional energ
landscape along a diffusion path. The solid line is th
energy landscape in the presence of an electric field,
the dashed line in the absence of a field (the differen
between the two curves is amplified for illustratio
purposes). The electric field distorts the energy landsca
and most importantly induces abias. The energy barrier
for a hop to the right (from aT4 position to the next) is
thus lower than the one for a hop to the left.

Next we consider surface effects on the chargeZw

associated with the wind force. For simplicity, this i

FIG. 2. Schematic representation of a one-dimensional ene
landscape along the adatom diffusion path in the presence (s
line) and in the absence (dashed line) of an electric field. T
equilibrium, metastable, and saddle-point positions are mark
as T4, H3, and SP, respectively.D and D are defined in the
text. The arrow at the top corresponds to the direction of t
electric field.
1115
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estimated using a ballistic model with bulk parameters

Zw  2nls, (4)

wheren is the density of free electrons,l is the electron
mean free path, ands is the transport cross section of a
atom at the Fermi energy. For bulk Si atT  1150 ±C,
n ø 1025 Å23 [7], l ø 3 Å (since l  76 Å at 27 ±C)
and s ø 1 Å2, a typical atomic cross section. The
estimates giveZw , 1024, which is negligible compared
to the surface direct effect calculated above. This estim
raises the question: Is there a surface effect that
enhance the wind force? In certain materials, a surf
phase transition occurs at a high temperature ab
which a few monolayers near the surface melt. T
phenomenon, first predicted by Chernov and Mikhe
[8] on the basis of thermodynamic arguments, is kno
as incomplete surface melting. The thickness of
molten layer remains finite as the temperature is furt
raised until the bulk melting temperature is reach
There exists both theoretical and experimental evide
for such a transition in Ge: On the theoretical sid
Takeuchi, Selloni, and Tosatti [9] reported first principl
molecular dynamics simulations of Ge(111), showi
that only the first surface bilayer melts atTc, and that
the surface starts behaving as a conductor (similar
bulk liquid Ge). On the experimental side, McRae a
Malic [10] and Denier van der Gonet al. [11] have
observed incomplete surface melting in Ge(111), with
Tc ø 780 ±C, about 150± lower than the bulk melting
temperatureTm  937 ±C. Modestiet al. [12] measured
the surface conductivity, which is proportional to th
surface density of free electronsns. Their experiment
shows that below thecs2 3 8d $ s1 3 1d reconstruction
transition temperature (Tr ø 325 ±C), ns is negligible and
the surface is an insulator. ForTr , T , Tc, ns rises
linearly with temperature from zero to0.13 Å22 just
below Tc. At Tc, ns jumps to 0.58 Å22 and remains
constant betweenTc andTm. The surface is metalliclike
in this regime.

The structural similarity between Si and Ge, in bo
their bulk and surface features, leads us to postu
that similar phenomena should occur on the Si(1
surface. Specifically, we assume that the Si(111) surfa
just like the Ge(111) surface, has an enhanced den
of free surface electrons above thes7 3 7d $ s1 3

1d reconstruction transition (Tr ø 830 ±C). We also
assume that the Si(111) surface undergoes incomp
melting at a T

s111d
c of a few hundred degrees belo

Tm  1415 ±C. Indirect experimental evidence exists
support this assumption. Anomalously fast diffusion h
been observed on Si(111) surfaces at high temperatu
which was interpreted as being due to the presence
a 2D fluidlike layer of Si atoms on the surface [13
Moreover, incomplete melting has been observed on
Si(001) surface with x-ray photoelectron diffraction
T

s001d
c ø 1125 ±C [14]. Since the surface energy of th
1116
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Si(111) surface is lower than that of the Si(001) surfac
we expect that the (111) surface would exhibit incomple
melting at someT s111d

c bounded byT s001d
c , T s111d

c , Tm.
We emphasize that even though aboveTc the surface
is molten, surface steps are still well defined. Th
reason for this is that only one bilayer melts at th
temperature range betweenTc and Tm, while the rest of
the material retains its crystalline properties and surfa
features.

The enhanced electron density at the surface, which
a consequence of the loss of an ordered reconstruc
(i.e., for T . Tr), leads to a pronounced wind forc
that competes with the direct electromigration effect w
calculated above. When the direct effect dominates,
effective charge is positive [cf. Eq. (2)], leading to a
instability when the current is in the step-down directio
[3]. When the wind force dominates, the effective char
becomes negative and the morphological instability occ
with the current in the step-up direction. Thus th
competition can explain the transitions in the behavior
the system as a function of temperature.

To see how these transitions come about, an ansatz
the dependence ofZd andZw on temperature is required
In what follows we make the simplest plausible ansa
which can explain the origin of the transitions atT1 and
T2. The ansatz is by no means unique; what actua
happens in Si(111) will have to be determined by mo
involved theories and experiments. First, we use the re
from our first principles calculations and assume th
Zd  0.05 below Tc [see Eq. (3)]. AboveTc, however,
Zd should be larger and closer to the actual valence cha
of a Si atom, since the surface at these temperature
molten and metalliclike. We will assumeZd  0.5 in this
regime. This dependence ofZd on temperature is plotted
in Fig. 3 as a dashed line.

FIG. 3. Effective adatom charge as a function of temperatu
Zd (the charge associated with the direct effect) is shown
a dashed line, andZw (the contribution of the wind force) is
the dash-dotted line. The solid line corresponds to the to
effective chargeZ. It crosses zero at two temperatures—T1
andTc. Tr andTm are defined in the text.
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To estimateZw we use Eq. (4) withl  3 Å and
s  1 Å22, independent of temperature. We assume t
the surface electron densityns rises linearly from zero
to ns  0.1 Å22 at Tc  1175 ±C and jumps tons 
0.5 Å22 for T . Tc, by analogy to what was observe
experimentally for Ge(111) [12]. To getn we divide
ns by 4 Å to account for the thickness of the molte
layer. The resultingZw is plotted in Fig. 3 as a dash
dotted line. The total effective chargeZ is the solid line
in Fig. 3. As is readily seen from this plot,Z changes
sign at two temperatures. The lower one at1060 ±C
corresponds to the first experimentally observed transit
at T1  1000 ±C, and the second atTc corresponds to the
experimental transition atT2 ø 1175 ±C. Note that this
value ofTc is between the incomplete melting temperatu
of Si(001) and the bulk melting temperature, as expec
from the surface energy argument. The typical value
Z in the intermediate regime betweenT1 and T2 is Z ø
20.02, not too far from the experimental estimate ofZ ø
20.1 [4]. Considering the fact that the approximation
we made allow us to estimate only orders of magnitu
the experiment and the theory are certainly in go
agreement.

In conclusion, we investigated surface effects on
effective charge of adatoms associated with electro
gration phenomena. Our first principles calculations
veal a significant direct effect, which has its origin
electronic charge transfer between different sites as
adatoms diffuse on the surface. Electronic charge tra
fer is not the only mechanism one may try to invoke
order to address the direct effect. A vast amount of
erature exists on diffusion mechanisms in bulk Si [1
some of which may be relevant to surface diffusion a
perhaps even to the direct electromigration effect. In t
work we have shown that the relatively simple and phy
cally motivated effect of electronic charge transfer arisi
from adatom motion induces electromigration effects
the right order of magnitude to account for experimen
results.

We have also shown that the hypothesis of incompl
surface melting in Si(111) leads to the prediction of
enhanced wind force at higher temperatures. The com
tition between these two effects induces sign change
the effective charge as a function of temperature. T
explains the two transitions in the morphology of the su
face that were observed experimentally. It is hoped t
this work will motivate detailed experiments to test th
hypothesis of enhanced surface electron density and
complete melting of Si(111) surfaces.
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