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Abstract
A (001) surface of silicon consists of terraces of two variants, which have an identical
atomic structure, except for a 90° rotation. We formulate a model to evolve the terraces under
the combined action of electric current and applied strain.

The electric current motivates

adatoms to diffuse by a wind force, while the applied strain motivates adatoms to diffuse by
changing the concentration of adatoms in equilibrium with each step. To promote one variant of
terraces over the other, the wind force acts on the anisotropy in diffusivity, and the applied strain
acts on the anisotropy in surface stress. Our model reproduces experimental observations of
stationary states, in which the relative width of the two variants becomes independent of time.
Our model also predicts a new instability, in which a small change in experimental variables (e.g.,
the applied strain and the electric current) may cause a large change in the relative width of the
two variants.
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1. Introduction
The dynamics on crystalline surfaces has long been a subject of basic research. Basic
processes include adsorption of atoms, diffusion of adatoms on terraces, and attachment of
adatoms to monatomic steps; see Burton et al. (1951), Zhang and Lagally (1997), Pimpinelli and
Vilain (1998) and Jeong and Williams (1999) for reviews. This paper focuses on the dynamics
of terraces on a vicinal (001) silicon surface, when the crystal is subject to a direct electric
current and an applied strain. We formulate a model that reproduces existing experimental
observations and predicts an instability that has yet been reported.
As illustrated in Fig. 1, a (001) surface of silicon is anisotropic. Upon reconstruction,
atoms on the surface pair into dimers, which in turn form rows. Along the dimer rows surface
stress is compressive and adatoms diffuse fast, while normal to the dimer rows surface stress is
tensile and adatoms diffuse slowly (e.g., Alerhand et al., 1988; Mo and Lagally, 1991). Figure 2
illustrates a surface, vicinal to (001) and tilted towards [110], consisting of alternating terraces of
two variants, T A and T B , and alternating monatomic steps of two kinds, S A and S B (Chadi,
1987). The two variants of the terraces have an identical atomic structure, except for a 90°
rotation; the dotted lines on each terrace represent dimer rows. The two kinds of monatomic
steps, however, have dissimilar atomic structures.
When the crystal is subject to an applied strain (Men et al., 1988) or a direct electric
current (Latyshev et al., 1988; Kahata and Yagi, 1989; Ichikawa and Doi, 1990; Natori et al.,
1992), atoms may detach from one step, diffuse on a terrace, and attach to another step, so that
some terraces may grow at the expense of others. We will only consider the case when the strain
and electric current are applied along the [110] direction. The effect of the applied strain is due
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to the anisotropy in surface stress (Alerhand et al., 1988).

Because the surface stress is

compressive along the dimer rows and tensile normal to the dimer rows, a tensile strain promotes
the T B terraces, and a compressive strain promotes the T A terraces. The effect of electric current
is due to the anisotropy in diffusivity of adatoms (Latyshev, et al., 1988; Stoyanov, 1990). The
electric current leads to a “wind force”, motivating adatoms to diffuse in the direction of the
wind, a phenomenon known as electromigration. Because adatoms diffuse faster along the dimer
rows than normal to the dimer rows, adatoms predominantly diffuse on the T B terraces. A stepdown wind force relocates atoms from the S A steps to the S B steps, enlarging the T B terraces.
Conversely, a step-up wind force relocates atoms from the S B steps to the S A steps, shrinking
the T B terraces.
When the crystal is subject to both the applied strain and electric current, the two effects
can act either in competition or in concert (Tamura et al., 1997).

We summarize the

experimental observations on a coordinate plane spanned by the applied strain ε and the wind
force F (Fig. 3). In the first quadrant, the tensile strain and the step-down wind force act in
concert to enlarge T B terraces. In the third quadrant, the compressive strain and the step-up
wind force act in concert to enlarge T A terraces. In the second and fourth quadrants, the applied
strain and the wind force compete. We will show that in the second quadrant the surface will
reach a stationary state, in which the relative width of the two variants of terraces becomes timeindependent. In the fourth quadrant, however, we will show that the surface may undergo an
instability, in which the relative width of the two variants may change drastically when
experimental variables (the applied strain, the wind force, or the miscut angle) only change
slightly.
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2. Concentration of adatoms in equilibrium with a step
As illustrated in Fig. 2, we label terraces as … TnA , TnB , TnA+1 , TnB+1 ,…, and take each step
to be a straight line, with steps S nA and S nB at the two ends of terrace TnB . Denote the positions
of the two steps at time t by xnA (t ) and xnB (t ) , the width of terrace TnA by lnA , and the width of
terrace TnB by lnB .
Let Ea be the formation energy per adatom (i.e., the difference in energy between a
crystal with an adatom and a crystal without any adatom). In this paper, we will neglect the
elastic field in the crystal associated with adatoms, so that when N adatoms are on the surface,
the formation energy is NEa .

This gain in energy is compensated by a gain in entropy

associated with distributing a small number of adatoms to a large number of sites on the surface.
In classical treatments (e.g., Pimpinelli and Vilain 1998), the tradeoff between the formation
energy and the entropy gives the equilibrium concentration of adatoms.
We next consider the equilibrium concentration of adatoms in the presence of the
monatomic steps. An adatom on terraces can attach to a step and becomes part of the crystal.
Conversely, an atom can detach from a step and becomes an adatom on terraces. In these
processes, the step either advances or recedes, but the overall atomic structure of the step
remains invariant.
The surface energy of a crystal, Γ , depends on the applied strain in the surface, ε αβ .
Expanding the function Γ(ε αβ ) into a Taylor series to the first power, one writes that

Γ(ε αβ ) = Γ0 + sαβ ε αβ , where Γ0 is the surface energy in the absence of the applied strain, and sαβ
is the tensor of surface stress; see Cammarata (1994) for a review. With reference to Fig. 2, let
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the surface stress along the direction of the dimer rows be s B , and that perpendicular to the
dimer rows be s A , their difference being s = s A − s B .

We next examine two distinct effects of

this anisotropy on the concentration of adatoms in equilibrium with a step.
First, for a crystal subject to an applied strain ε , when a S A step moves by a unit area in
the step-down direction, while all other steps remain fixed, the surface energy of the crystal
increases by sε . Similarly, when a S B step moves by a unit area in the step-down direction,
while all other steps remain fixed, the surface energy of the crystal decreases by sε .
Second, the discontinuity in the surface stress at each step, s, induces an elastic field in
the crystal. The reduction in the elastic energy in the crystal associated with a step advancing per
unit area defines a driving force on the step. This force causes the steps of the same kind to
attract one another, and steps of different kinds to repel one another. The magnitude of the force
is s 2 (1 −ν ) / πμl , where μ is the shear modulus, ν Poisson’s ratio, and l the distance between two
steps (Marchenko and Parshin, 1980; Alerhand et al., 1988; Kukta and Bhattacharya, 2002;
Kukta et al. 2002).
Combining the effects of surface energy and elastic energy, we obtain the driving forces
on steps S nA and S nB :
f nA = − sε +

f nB = sε +

+∞
s 2 1 −ν ⎛ ±∞
1
1 ⎞
⎟,
⎜⎜ ∑ A
−
∑
A
B
π μ ⎝ m=±1 xn+m − xn m=−∞ xm − xnA ⎟⎠
+∞
s 2 1 −ν ⎛ ±∞
1
1 ⎞
⎜⎜ ∑ B
⎟,
−
∑
B
A
π μ ⎝ m=±1 xn+m − xn m=−∞ xm − xnB ⎟⎠

(1a)

(1b)

The terms ± sε are associated with the change in the surface energy caused by the applied strain

ε, and the terms quadratic in s are associated with the elastic field in the crystal caused by the
discontinuity in the surface stress at all steps.
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The free energy of the system (i.e., the combination of the crystal, the surface, and all the
adatoms) is

G = ∫ WdV + ∫ ΓdA + Ea N − kT [N log N + ( N 0 − N ) log( N 0 − N )] .

(2)

The first term is the elastic energy stored in the crystal, and W is the elastic energy per unit
volume. The second term is the surface energy, and Γ is the surface energy per unit area. Both
integrals are carried out in the undeformed configuration. The third term is the formation energy
of adatoms. The fourth term is the temperature T times the entropy of distributing N adatoms to
N 0 sites on the surface, and k is Boltzmann’s constant. Because we take the steps to be straight,
and do not allow the steps to be destroyed or created, the self-energy of the steps does not vary,
and need not be included in the free energy.
When δN number of atoms detach from step xnA , and the step moves by δxnA , while all
other steps are kept still, the free energy of the system varies by
⎛

N ⎞
⎟⎟δN ,
−
N
N
0 ⎠
⎝

δG = − f nAbδxnA + EaδN − kT log⎜⎜

(3)

where b is the thickness of the crystal in the direction along the step. Let Λ be the area per
atomic site on the surface, so that bδxnA = −ΛδN . Setting δG = 0 , we obtain the concentration of
adatoms in equilibrium with step xnA :
⎛ E + Λf nA ⎞
⎟⎟ .
cnA = exp⎜⎜ − a
kT
⎝
⎠

(4a)

A similar expression holds for the concentration of adatoms in equilibrium with step xnB :
⎛ E + Λf nB ⎞
⎟⎟ .
cnB = exp⎜⎜ − a
kT
⎝
⎠
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(4b)

Note that exp(− Ea / kT ) is the equilibrium concentration of adatoms in the absence of the steps.

3. A model that evolves terraces
On terraces, let c( x, t ) be the concentration of adatoms (i.e., the fraction of sites on the
surface occupied by adatoms), and J ( x, t ) be the flux of adatoms (i.e., the number of atoms
crossing unit width per unit time). As reviewed by Hong et al. (2006), to attach to a S A step,
adatoms on both sides of the step must overcome excess energy barriers, known as the ErlichSchwoebel barriers (Ehrlich and Hudda, 1966; Schwoebel and Shipsey, 1966). Due to the

( )

barrier at the step xnA , the concentration of adatoms on the lower terrace near the step, c xnA+ ,
differs from the concentration of adatoms cnA in equilibrium with the step. Their difference,

( )

c xnA+ − cnA , drives the attachment of adatoms to step xnA . Following Schwoebel (1969), we

adopt a linear kinetic law, i.e. the number of atoms per length per unit time attaching to the step

[( ) ]

is given by k +A c xnA+ − cnA , where k+A is the rate constant for adatoms to attach to the step from
the lower terrace. Near the step xnA , the diffusion flux on the T B terrace equals the rate at which
adatoms attach to the step, namely,

( )

[( )

]

J xnA+ = −k +A c xnA+ − cnA .

(5a)

Similarly, the diffusion flux on the upper terrace equals the rate at which adatoms attach to the
step xnA , namely,

( )

[( )

]

J xnA− = k −A c xnA− − cnA ,

(5b)

where k−A is the rate constant for the adatoms to attach to the S A step from the upper terrace..
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Both ab initio calculations (Zhang et al. 1995; Jeong and Oshiyama, 1999) and
experimental observations (Mo and Lagally, 1991) show that there is a low or even negative
barrier on both sides of S B steps. We therefore assume that, on both sides of a S B step, the
concentration of adatoms on the terraces is in equilibrium with the step:

( )

c xnB = cnB .

(6)

Equations (5) and (6) establish the boundary conditions.
The flux of adatoms on terraces are driven by the gradient in the concentration of
adatoms, ∂c / ∂x , and by the wind force F. A combination of Fick’s law and Einstein’s relation
gives
J = −D

∂c cDF
,
+
∂x kT

(7)

where D is the diffusivity of adatoms, taking values D A and D B on the two variants of terraces.
We will focus on the case that the rate of deposition or evaporation is negligible.
Furthermore, the movements of the steps are slow compared to diffusion of adatoms so that the
quasi-steady state is reached, ∂c / ∂t = 0 . Consequently, the flux J is constant on each terrace.
Integrating the first order ordinary differential equation (7), we obtain the distribution of the
concentration

⎛ Fx ⎞ kTJ
c( x ) = C exp⎜ ⎟ +
,
⎝ kT ⎠ DF

(8)

where C is the constant of integration.
The constants C and J are specific to each terrace, and are determined by the boundary
conditions at the two ends of the terrace, (5) and (6). Consequently, the flux of adatoms on
terrace TnA is

11/3/2006

8

( )

Ea
exp − kT
D A F exp
J =
kT
A
n

( )exp(− )− exp(− ) ,
)
exp( ) − (1 −

(9a)

( )
(

(9b)

Λf nB−1
kT

FlnA
kT

Λf nA
kT

FlnA
kT

FD A
k−AkT

Similarly, the flux of adatoms on terrace TnB is

( )

( )

Ea
exp − kT
D B F exp − ΛkTfn − exp FlkTn exp − ΛkTfn
J =
.
B
B
kT
1 − kFDAkT + 1 exp FlkTn
B
n

B

+

B

)

A

The difference between the fluxes from two sides of a step gives the velocity of the step.
Thus,
dxnA
= J nA − J nB
dt

(10a)

dxnB
= J nB − J nA+1
dt

(10b)

Starting from a set of initial positions of all the steps, this set of ordinary differential equations
evolves L , xnA−1 , xnB−1 , xnA , xnB , xnA+1 , xnB+1 , L

4. Stationary state
Due to the translational symmetry, the surface may reach a stationary state, in which all
steps stop moving: all T A terraces are of the same width l A , and all T B terraces are of another
width l B . Define an order parameter by the relative width of the two variants:

p=

lA −lB
.
lA + lB

(11)

The parameter varies between − 1 < p < 1 . The surface is dominated by T A terraces when p > 0 ,
and dominated by T B terraces when p < 0 . The average width of terraces, L, equals the height

(

)

of a monatomic step divided by the miscut angle. Note that L = l A + l B / 2 , l A = (1 + p )L and
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l B = (1 − p )L . The average width L, the applied strain ε , the wind force F, and the temperature
T, can be controlled experimentally.
When all T A terraces are of one width, and all T B terraces are of another width, the
driving force on every S A step is the same, and the driving force on every S B step is the same.
The two forces, f

A

and f B , have opposite signs; (1) reduces to
f B =−f

A

= sε +

s 2 1 −ν
πp
tan .
2
2L μ

(12)

In the absence of the wind force, F = 0 , the stationary state reduces to an equilibrium
state, balancing the effect of the surface energy, which favors one variant of the terraces over the
other, and the elastic interaction, which causes the neighboring steps to repel each other. Setting
the force on every step to zero, f A = f B = 0 , we obtain that

ε =−

s (1 − ν )
πp
tan .
2 Lμ
2

(13)

This result was obtained by Alerhand et al. (1988), and was matched to the ε − p relation
experimentally measured by Men et al. (1988) and by Tamura et al. (1997), using s = 1.1N/m
and μ / (1 −ν ) = 51 GPa. One may interpret this match as an experimental method to determine s.
In the presence of the wind force, F ≠ 0 , the stationary state is reached when the flux of
adatoms on all terraces are the same.

Equating (9a) and (9b), we obtain the equation of

stationary state:

(

) ( )

(

)

− 1 − DD B exp FlkT − DD B exp( 2kTFL ) 1 + kFDAkT + 1 − kFD
A
πp kT
s (1 − ν )
+
− kT
ε =−
.
tan +
log D A
B
A
A
B
2 Lμ
2 Λs
− exp( 2kTFL ) + 1 − DD B − kFDAkT − kFDAkT exp FlkT
DB
A

A

A

(

−

A

+

) ( )

A

(14)

This expression gives the applied strain needed to maintain a relative width p for a given wind
force F, average terrace width L, and temperature T.
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Write
⎛ EA ⎞
⎛ EB ⎞
⎟⎟ , D B = exp⎜⎜ −
⎟⎟ ,
D A = exp⎜⎜ −
⎝ kT ⎠
⎝ kT ⎠

DA a
⎛E ⎞
= exp⎜ − ⎟ ,
A
k− L L
⎝ kT ⎠

DB a
⎛E ⎞
= exp⎜ + ⎟ . (15)
A
k+ L L
⎝ kT ⎠

Following Hong et al. (2006), we will use the following values: E A = 1eV , E B = 0.7eV ,
E− = E+ = 0.4eV, and Ea = 1eV . The distance between two neighboring atoms along the [110]

direction is a = 3.84 × 10–10 m, and the area per atom on the (001) surface is Λ = 1.47 × 10–19 m2.
We compare our model with the experiments of Tamura et al. (1997), the only
experimental study on the combined effect of applied strain and electromigration.

The

experiments were carried out at 600°C, with surfaces of two average terrace widths, L = 0.13μm
and L = 0.4μm, and with direct electric current in either direction. The current density used in
the experiment was 1×106Am-2.

Taking the intrinsic resistivity of silicon at 600°C to be

1 × 10−3 Ωm (Sze, 1981), we estimate that the electric field is E = 103Vm-1.
Figure 4 shows the relative terrace width as a function of the applied strain. The data
points are from Tamura et al. (1997), and the curves are predictions of our model. To fit our
model to the four sets of experimental data, we find that the magnitude of the wind force is

F = 500 eV/m. The wind force is proportional to the electric field, F = ZeE , where e is the
magnitude of the elementary change, E is the electric field, and Z is the effective valence. The
comparison between the model and experiment gives that Z = 0.5. This value is within the order
of magnitude reported in the literature (Stoyanov, 1991; Kandel and Kaxiras, 1996).

5. Instability of stationary state
Figure 5 plots the relative width p as a function of the applied strain ε, under various
wind forces. The terrace width is L = 0.4μm, and the temperature 600°C. Under a step-up wind
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force, F < 0, p decreases as the strain increases, as expected from Fig. 3. Under a step-down
wind force, F > 0, the wind force favors T B terraces. When the step-down wind force is strong
enough, p becomes a multi-valued function of ε . We will examine the physical origin of this
loss of uniqueness shortly, but on the basis of Fig. 5 we expect a hysteresis loop as ε varies
while holding F constant. For example, let us hold the step-down wind force at F = 1000eV/m
and trace the curve, starting from the lower shelf where the surface is T B dominant. When the
applied strain is compressive and its magnitude increases ε ~ −0.025% , the surface switches to
the upper shelf and becomes T A dominant. As the applied strain decreases to ε ~ −0.01% , the
surface switches back to the lower shelf and becomes T B dominant. While this instability has
not been reported, the large scatter in the data of Tamura et al. (1997) at strain ε ~ −0.005% , as
reproduced in Fig. 4b, may as well be indicative of this instability.
To understand the origin of this instability, we simplify (14) under the following
conditions. First, we assume that the process is diffusion-limited rather than attachment-limited,
namely, D A / k −A L << 1 and D B / k +A L << 1 , so that the concentration of adatoms near step S nA is

( )

in equilibrium with the step, c xnA = cnA . Second, the diffusivity along the dimer rows is much
larger than that perpendicular to the dimer row, D B >> D A , so that we neglect diffusion on

T A terraces and assume that J = 0 on all terrace in the stationary state. Under these conditions,
the equation of the stationary state (14) becomes

ε =−

πp FL
s 1 −ν
( p − 1) .
tan
+
2L μ
2 2Λs

(16)

Given the numerical values for quantities in (15), the plot of (16) is almost indistinguishable
from (14). Of the two terms on the right side of (16), the first is a decreasing function of p, and
the second is an increasing function of p. Consequently, when F or L is large, ε ( p ) will not be
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monotonic function.

Equivalently, p will be a multi-valued function of the experimental

variables ε , F , L .
We next examine the physical significance of the two terms on the right side of (16). The
first term is due to the elastic field in the crystal and causes the neighboring steps to repel each
When p → +1 or p → −1 , steps form closely spaced pairs, so that the repulsion

other.

dominates. The first term also dominates when either L or F is small. When the first term
dominates, the repulsion between the neighboring steps stabilizes the stationary state.
The second term in (16) is due to the wind force. When the neighboring steps are not too
closely spaced, and when either F or L is large, the repulsion between steps becomes negligible,
and the second term dominates (16). Recall that L(1 − p ) = l B , when the first term in (16) is
neglected, we obtain that

ε =−

Fl B
.
2Λs

(17)

Under a step-down wind ( F > 0 ) and a compressive strain ( ε < 0 ), corresponding to the fourth
quadrant of Fig.3, the wind force and the strain compete. On a T B terrace, the compressive strain
lower the equilibrium concentration of adatoms at step S A , and increases the equilibrium
concentration of adatoms motivates adatoms S B . The difference motivates adatoms to diffuse in
the step-up direction, so that the compressive strain favors the T A terrace. On the other hand, the
wind force motivates adatoms to diffuse in the step-down direction, and favors the T B terrace.
The effects of the strain and the wind force balance each other to cancel the net flux of adatoms,
and select the stationary width l B .
This stationary state, however, is unstable under a step down wind force and compressive
strain. The applied strain sets the equilibrium concentration of adatoms at the two steps, which
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in turn sets up the concentration gradient. Consequently, the applied strain is more effective in
motivating the diffusion of adatoms on a narrower terrace, while the wind force is effective
regardless the width of the terrace. When l B is larger than the stationary value, the strain is less
effective in motivating diffusion, which will make l B even larger. Conversely, when l B is
smaller than the stationary value, the strain is more effective in motivating diffusion, which will
make l B even smaller.
The same line of reasoning will show that (17) also describes the stationary state under a
step-up wind and tensile strain (i.e., the second quadrant in Fig. 3). Under these conditions, the
stationary state is stable: when l B is larger than the stationary value, the strain is less effective in
motivating diffusion, which will make l B smaller.
Now return to (16). The first term stabilizes the stationary state, but the second term
destabilizes the stationary state for step-down wind. Consequently, when F or L is large, the
stationary state will be unstable.
Under the simplifying conditions leading to (16), temperature plays no role in this
instability. Temperature, however, determines how fast this instability occurs. We simulate the
dynamical process by integrating Eq. (10) directly, setting F = 1000eV/m (step-down),

L = 0.4μm and 600°C. Figure 6 shows the result of one simulation, with the positions of steps

(

)

as a function of time τ in units of L2 / D B exp(Ea / kT ) , which is 6 minutes using the values

given above. At time τ = 0 , all steps are equally spaced, and a strain of ε = −0.025% is applied.
The surface evolves to a T A -dominant stationary state. At time τ = 1000 , we change the strain
to ε = −0.015% , and the surface evolves to a stationary state with a slight gain in the T B
terraces. At time τ = 2000 , we change the strain to ε = −0.01% , and the surface evolves to a
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T B -dominant stationary state. The large change in the relative width associated with a small

change in strain corresponds to the downward arrow from the upper shelf in Fig. 5. After an
even longer time under the strain -0.01%, the stationary state becomes unstable, so that some T B
terraces grow at the expense of other T B terraces, and multiple steps bunch.
To simulate the behavior starting from the lower shelf in Fig. 5, we first prescribe a stepdown wind force F = 800 eV/m and zero strain (Fig. 7). The surface evolves to a stationary state
dominated by T B , as expected. At time τ = 1000 , we change the strain to ε = −0.01% , and the
surface evolves to a stationary state with a slight gain in the T A terraces, but the surface is still
dominated by T B terraces. Meanwhile some T B terraces begin to expand at the expense of
other T B terraces. At τ = 2000 , we apply a strain of ε = −0.02% . Some T A terraces start to
grow, but the stationary state becomes unstable. Multiple steps start to bunch and some large
T B terraces persist.

Figure 8 shows evolution of terraces subject to a step-down wind force held at F =
1000eV/m and several levels of the applied strain. At time zero, all terraces have an equal width
and no strain is applied. The T B terraces grow at the expense of T A terraces. After a strain of

ε = −0.01% is applied, the relative width of the two variants of terraces changes slightly.
However, steps start to bunch, so that the system is left with even larger T B terraces separated
with bunched steps. Such a bunched state is unchanged even after the applied strain is changed
to ε = −0.03% .
Step bunching instability due to electromigration is an active field of research; see
Popkov and Krug (2006), Zhao and Weeks (2005), and Thurmer et al. (1999). The above
simulation has shown the interplay of the step bunching instability and the new instability
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discovered in this paper. A detailed study of this interplay, however, is beyond the scope of this
paper.

6. Concluding remarks
We have formulated a model to evolve terraces on a vicinal silicon (001) surface under
the combined action of applied strain and direct electric current. A terrace on silicon (001)
surface is anisotropic. Of particular significance to this work is the anisotropy in surface stress
and in diffusivity. The model incorporates the effect of the surface energy and elastic field on
the concentration of adatoms at steps, and the effect of electromigration. Our model reproduces
exiting experimental observations of stationary state, in which terraces of two variants maintain a
constant relative width. Our model also predicts a new instability, in which a small change in the
control parameters (i.e., the applied strain, the wind force, and the average terrace width) may
lead to a large change in the order parameter (i.e., the ratio of the terraces of two variants). This
finding calls for new experimental study.
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Fig. 1 Silicon has the crystalline structure of diamond. Upon reconstruction, atoms on the
surface pair into dimers, which in turn form rows. Depending on the exact atomic plane, the
dimer rows can be in either one of two directions.
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Fig. 2 A surface of silicon, vicinal to (001) and tilted towards the [110] direction, consists o two
variants of terraces of the same atomic structure, except for a 90° rotation. Atoms on the terraces
pair into dimers, and the rows of dimers are represented by dotted lines. Along the direction of
the dimer rows, the diffusion of adatoms is fast, and the surface stress is compressive. Normal to
the direction of the dimer rows, the diffusion of the adatoms is slow, and the surface stress is
tensile.
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Fig. 3 Depending on the sign of the applied strain ε , and the direction of the wind force F, they
can act either in concert or in competition to set a ratio of the widths of two variants of terraces.
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Fig. 4 In the stationary state, the relative terrace widths, p = l A − l B / l A + l B , is a function of
the applied strain. The experimental data are taken from Tamura et al. (1997), carried out at
600°C and electric current density of 106 A/m2 . The curves are the predictions of our model. (a)
The average terrace width L = 0.12μm. (b) The average terrace width L = 0.4μm.
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Fig. 5. The relative width of the terraces, p = l A − l B / l A + l B , as a function of the applied
strain and the wind force. When the wind force blows step-down and is sufficiently high, e.g.,
F = 1000eV/m , the stationary state has an instability, in which a small change in the applied

strain may lead to a large change in the relative width of the terraces. The dotted lines with
arrows indicate a hysteresis loop.
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Fig. 6. Simulated evolution of terraces subject to a step-down wind force held at F = 1000eV/m
and several levels of the applied strain. At time zero, all terraces have an equal width, and the
applied strain is ε = -0.025%.

Terraces T A grow at the expense of terraces T B . After the

applied strain changes from -0.025% to -0.015%, T B terraces grow slightly. However, after the
applied strain changes from -0.015% to -0.01%, the surface switches to predominantly T B
terraces. After an even longer time under the strain -0.01%, the stationary state becomes
unstable, so that some T B terraces grow at the expense of other T B terraces, and multiple steps
bunch.
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Fig. 7. Simulated evolution of terraces subject to a step-down wind force held at F = 800eV/m
and several levels of the applied strain. At time zero, all terraces have an equal width and no
strain is applied. The T B terraces grow at the expense of T A terraces.

After a strain of

ε = −0.01% is applied, T A terraces grow slightly. After the applied strain changes to -0.02%,
some T A terraces begin to grow substantially. However, before this transition is completed,
steps start to bunch, so that some large T B terraces persist.
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Fig. 8. Simulated evolution of terraces subject to a step-down wind force held at F = 1000eV/m
and several levels of the applied strain. At time zero, all terraces have an equal width and no
strain is applied. The T B terraces grow at the expense of T A terraces.

After a strain of

ε = −0.01% is applied, the relative width of the two variants of terraces changes slightly.
However, steps start to bunch, so that the system is left with even larger T B terraces separated
with bunched steps. Such a bunched state is unchanged even after the applied strain is changed
to ε = −0.03% .
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