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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, for
example, step bunching instabilities. To explain these phenomena from a microscopic point of view,
we study self-diffusion on Si(111) through first principles calculations, and propose a mechanism for
diffusion bias induced by external electric fields. A competing, wind-force effect arises from enhanced
surface electron density, due to incomplete melting. The competition leads to two transitions in surface
kinetics with increasing temperature, in agreement with experimental observations.

PACS numbers: 68.35.Ja, 68.35.Rh, 68.55.Jk, 73.20.—r

Electric current flow through a solid can produce large The effective forceF acting on the diffusing atoms
atomic motion, referred to as electromigration. On the suris proportional to the electric fields. We define an
face of a solid, this phenomenon can even lead to morpheffective chargeZ for the atoms (measured in units of
logical instabilities. Surprisingly, this effect is observedthe electron charge) such that
not only on metal surfaces, but also on semiconductor F — eZE @
surfaces. Electromigration phenomena are of tremendous _ _ '
practical importance, since they affect growth and anneailhe effective charge is a sum of two tern¥s,= Z; +
ing of thin films as well as the performance and stabilityZw- The “direct term”Z, is associated with the force
of electronic devices, which typically operate in the pres_due to electrostatic interactions between the atom and
ence of electric fields. A well documented case of surfacéhe electric field, whereas,, is a charge associated with
instabilities due to electric currents is the step motion orfhe scattering of atoms produced by the electron current,
Si(111) surfaces, observed [1] during annealing of the sanféading to the so called “wind” force. A comparison of
ple at high temperatures and in the presence of an electrfbe theories of Stoyanov [2] and Kandel and Weeks [3] to
field perpendicular to the step edges. experiments [4] yields an estimate of the effective charge

Stoyanov [2] introduced the idea that the diffusionZ =~ —0.1at7 =1130°C.
of surface adatoms may be biased by the electric field, We attribute the instabilities discussed abovesto-
and showed that step bunching instabilities can resuf@ace direct and wind force effects which we now ana-
from such a model. By proposing a step flow modellyze. Specifically, we will examine s_u_rface effects on
that takes this biased diffusion into account, Kandel andPoth Z; and Z,, as well as the competition between the
Weeks [3] were able to achieve excellent agreement witfWo. To understand the direct surface effect we examine
experiment in terms of step patterns and their dynamicghe charge distribution around Si adatoms on the (111)
While this theory was very successful in reproducingswfaf?e in configurations which are relevant for_ _adatom
qualitatively the experimental behavior, it did not addresdliffusion. The stableZ;) and metastableHs) positions
the crucial link between microscopic atomic motion andof adatoms on the surface are shown in Figs. 1(a) and
electromigration effects. 1(b), respectively. The adatom diffuses by hopping be-

In the case of Si(111), the issue of the microscopidween thel; andH; positions. In each such hop it passes
mechanism(s) responsible for electromigration is espethrough the saddle-point (SP) position shown in Fig. 1(c).
cially intriguing because of the complicated temperaturé® homogeneous electric fielff can bias the diffusion in
dependence of the effect. The phenomena of interedbe following way: Consider two configurations that dif-
take place at temperatures greater tifan= 830°C, the ~ fer from one another by the position of a single adatom,
(7 X 7) < (1 X 1) phase transition temperature, aboveWwhich is at theT, position first and then moves to tig
which the surface loses its long-range periodic reconPosition. The charge densities of the two configurations
struction. Experiments indicate [1] that there are twodre p(r) and p’(r), respectively. The energy difference
transitions at7; ~ 1000°C and 7, ~ 1175°C. For between the configurations in the absence of a field is de-
T, < T < T, andT > T, the steps are uniformly spaced noted byA = &(H3) — £(T4). Treating the electric field
when the current is in the step-up direction, but when thé&ffect classically, we obtain for the energy differenke
current is in the step-down direction a kinetic instability etween the two configurations in the presence of a field:
occurs that leads to step bunching. In the intermediate _
temperature regim@&, < T < T, the effect is reversed, A=A-E- f"[ﬁ/(") — p(r)]d’r. (2)

i.e., the step-bunching instability occurs only when the
current is in the step-up direction. In this Letter we pro-We ignore the effect of the electric field on the charge
pose microscopic explanations of these phenomena. distribution itself, because the electric fields involved in
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mimic this effect, 12 of the 16 dangling bonds of the top
layer were passivated by attaching H atoms to them (see
Fig. 1). This leaves four unsaturated Si atoms in the top
layer, each having one dangling bond. The presence of
one Si adatom saturates three of these surface dangling
bonds in theT, and H3 positions. The atom with the
remaining unsaturated dangling bond is called a rest atom.
The bottom layer was fully hydrogenated to terminate the
slab. The positions of all atoms except those in the bottom
layer were fully relaxed during the calculation. For each
relaxed configuration we calculated the charge density, and
then used Eq. (2) to calcula for an electric field in the

FIG. 1. A portion of the top bilayer of the supercell for three direction of the adatom hop (the line from tifg position
configurations (only ten of the twelve H atoms attached toto the H; position). The result is

surface Si atoms are shown): (a) THe configuration, (b) the
H3 configuration, and (c) the SP configuration. Open circles

denote Si atoms while H atoms are represented by full circles.
Adatoms are marked b& and rest atoms bR

Z4 = +0.05 * 0.006. 3)

We obtain the error estimate by performing the integral

in Eq. (2) over different, but equivalent by periodicity,

regions. Thus this error is a measure of finite size effects,
electromigration are very weak (few/¥¢m). Z, can now  put does not take into account inaccuracies associated with
be calculated as if it originated from the motion of athe approximations made in deriving Eq. (2). The positive
point charge from thely position to theH; position:  effective charge of the adatom can be interpreted as being
eZ4E - a=A — A, with a being the vector between due to backflow of electronic charge induced by the hop
the 74 and theHs positions. A nonvanishing, leads  of the adatom [5].
to a bias in the diffusion, since the energy barrier for The direct electromigration effect is demonstrated
hopping from one7, position to the next in the direction schematically in Fig. 2 for a one-dimensional energy
of the field is smaller than the barrier for hopping againsfandscape along a diffusion path. The solid line is the
the field by an amoun2(A — A). This is because, for energy landscape in the presence of an electric field, and
a given geometry, the charge transferred along the paihe dashed line in the absence of a field (the difference
between the; andT, positions is identical to the charge petween the two curves is amplified for illustration
transferred in the reverse path. This symmetry is brokepurposes). The electric field distorts the energy landscape
only by the electric field, which is too weak to affect the gnd most importantly induceskdas The energy barrier
charge distributions (as we assumed above). for a hop to the right (from & position to the next) is

The result of this calculation depends, in principle, onthus lower than the one for a hop to the left.

the arrangement of other adatoms around the hopping Next we consider surface effects on the chage

adatom. In order to calculatg; one should therefore associated with the wind force. For simplicity, this is
repeat the calculation for all possible environments and

average the results, weighing each configuration with its
probability of occurrence. This is a very difficult, if not
intractable, task. Instead, we calculatg from a single
representative configuration. Our result will therefore be
an estimate of the order of magnitudeZf rather than an
exact value.

To calculate the charge densities involved in Eq. (2), we
performed first principles calculations within local density
functional theory. Our supercell consists of a slab of three
bilayers of Si atoms with & X 4) surface unit cell. This
supercell is large enough to avoid finite size effects; its
borders can be chosen so that no significant charge transfer
occurs at the boundaries during the hop of the adatom.
This condition must be satisfied in order for the integralFIG. 2. Schematic representation of a one-dimensional energy
in (2) to be well defined. The experimental density oflandscape along the adatom diffusion path in the presence (solid

: : : line) and in the absence (dashed line) of an electric field. The
adatoms on the Si(111) surface is abo#.1 Accordingly, equilibrium, metastable, and saddle-point positions are marked

in a typical configuration, charge associated with surfacgg Ty, H,, and SP, respectivelyA and A are defined in the

Si atoms whose distance to the hopping adatom is twexxt. The arrow at the top corresponds to the direction of the
lattice vectors or more is bonded to other adatoms. Telectric field.

Ty T, T,
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estimated using a ballistic model with bulk parameters [6]Si(111) surface is lower than that of the Si(001) surface,
we expect that the (111) surface would exhibit incomplete
Z, = —nlo, (4)  melting at som&"'") bounded byr ™V < 71V < T,
We emphasize that even though abdie the surface
is molten, surface steps are still well defined. The
reason for this is that only one bilayer melts at the

wheren is the density of free electrons,is the electron
mean free path, ana is the transport cross section of an

atom at the Fermi energy. For bulk SiAt= 1150°C,  tomperature range betwedh and 7,,, while the rest of

~ =5 -3 ~ H — o
n=10"A ) [7, 1 ~3A(sincel =76 A at27°C)  ipe material retains its crystalline properties and surface
and o = 1 A%, a typical atomic cross section. These taatures.

- - 74 - . . - . i X
estimates giveZ,, < 10, which is negligible compared g enhanced electron density at the surface, which is
to the surface direct effect calculated above. This estimatg consequence of the loss of an ordered reconstruction

raises the question: Is there a surface effect that c e., for T > T,), leads to a pronounced wind force

enhance the wind force? In certain materials, & surfacg,r competes with the direct electromigration effect we
phase transition occurs at a high temperature abovg,icated above. When the direct effect dominates, the
which a few m_onolayer; near the surface melt._ Thissfrective charge is positive [cf. Eq. (2)], leading to an
phenomenon, first predicted by Chernov and Mikheey,qahility when the current is in the step-down direction
[8] on the basis of thermodynamic arguments, is know 3]. When the wind force dominates, the effective charge
as incomplete surface melting. The thickness of thggcomes negative and the morphological instability occurs
molten layer remains finite as the temperature is furthef . the current in the step-up direction. Thus this

raised until the bulk melting temperature is reachedyqmnetition can explain the transitions in the behavior of
There exists both theoretical and experimental evidencg,, system as a function of temperature.

for SUCh. a trans_ition in Ge:_ On the thepreticgl gide, To see how these transitions come about, an ansatz on
Takeuchi, SeIIonl,_and '_I'osatt! [9] reported first prmmpl_esthe dependence &f; andZ,, on temperature is required.
molecular dynamics simulations of Ge(111), showing, \yhat follows we make the simplest plausible ansatz,
that only the first surface bilayer melts &, and that =\ pich can explain the origin of the transitions &t and

the surface starts behaving as a conductor (similar t%_ The ansatz is by no means unique: what actually
bulk liquid Ge). On _the experimental side, McRae andhappens in Si(111) will have to be determined by more
Malic [10] and Denier van der Gomt al.[11] have i, olved theories and experiments. First, we use the result
observed incomplete surface melting in Ge(111), with &y our first principles calculations and assume that
T. = 780°C, about150° lower than the bulk melting Zs = 0.05 below T, [see Eq. (3)]. Abovel., however

temperaturd’, = 937°C. Modestiet al. [12] measured 7 opq1d pe larger and closer to the actual valence charge
the surface conductivity, which is proportional to the ot 5 sj atom, since the surface at these temperatures is

surface density of free electrons. Their experiment ,q1ten and metalliclike. We will assuni, = 0.5 in this

shows that below the(2 X 8) < (1 X 1) reconstruction oqime ~ This dependence &f on temperature is plotted
transition temperaturdl{ ~ 325 °C), n, is negligible and ;, Fig. 3 as a dashed line.

the surface is an insulator. Fat. < T < T,, n, rises
linearly with temperature from zero t0.13 A2 just
below T,.. At T., n, jumps t00.58 A=2 and remains
constant betweefi, and7,,. The surface is metalliclike

in this regime. o
The structural similarity between Si and Ge, in both 04 L

their bulk and surface features, leads us to postulate

that similar phenomena should occur on the Si(111) 0.2 -

surface. Specifically, we assume that the Si(111) surface, 00 | —m=====—=-—————

just like the Ge(111) surface, has an enhanced density
of free surface electrons above thHé X 7) « (1 X 02}
1) reconstruction transition7{ =~ 830°C). We also

assume that the Si(111) surface undergoes incomplete

. (11 T, T T T
melting at aTc of a few hundred degrees below 06 | | | | |
Ty = 1415 C. Indlr_ect experimental ewdenc_e exists to 200 000 1290 200
support this assumption. Anomalously fast diffusion has T(©

been observed on Si(111) surfaces at high temperatures,
which was interpreted as being due to the presence ¢fiG. 3. Effective adatom charge as a function of temperature.
a 2D fluidlike layer of Si atoms on the surface [13]. Z: (the charge associated with the direct effect) is shown as
Moreover, incomplete melting has been observed on thﬁ] dashed line, and,, (the contribution of the wind force) is

- . . . e dash-dotted line. The solid line corresponds to the total
S'((()g)gl) surface with x-ray photoelectron diffraction at effective chargeZ. It crosses zero at two temperaturefr—

Tc = 1125°C [14]. Since the surface energy of the and7.. T. andT,, are defined in the text.
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