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Revealing electromigration on dielectrics and metals through the step-bunching instability

Victor Usov ,1,2,* Cormac Ó Coileáin,1,2,3 Alexander N. Chaika,4 Sergey I. Bozhko,4 Valery N. Semenov ,4

Sergey Krasnikov ,1,2 Olzat Toktarbaiuly,1,2,5 Stoyan Stoyanov,6 and Igor V. Shvets1,2

1School of Physics, Trinity College Dublin, Dublin 2, Ireland
2Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN), Trinity College Dublin, Dublin 2, Ireland

3School of Chemistry, Trinity College Dublin, Dublin 2, Ireland
4 Institute of Solid State Physics RAS, Chernogolovka, Moscow district 142432, Russian Federation

5Nazarbayev University, 53 Kabanbay Batyr Avenue, Astana 010000, Kazakhstan
6Institute of Physical Chemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria

(Received 3 July 2019; revised 5 June 2020; accepted 12 June 2020; published 6 July 2020)

Electromigration, due to its technological and scientific significance, has been a subject of extensive studies for
many years. We present evidence of electromigration in dielectric materials, namely C-plane sapphire, obtained
from direct experimental observation of an atomic step-bunching instability driven by electromigration. We
further expand upon our previously reported findings of electromigration induced step-bunching transformation
of a metal surface. The only system where electromigration driven step bunching has been observed and
comprehensively investigated is the low index surfaces of silicon. In this study we show that electromigration
driven SB can be induced on a variety of crystallographic surfaces, including metals and insulating oxides, and
may be more prevalent than previously thought. Electric fields were applied at high temperature to W(110) and
Al2O3(0001) crystals whereupon their surface reordered to a morphology closely resembling that of Si(111) with
atomic steps bunched by electromigration. This suggests that the mechanism of step bunching on the W(110),
Al2O3(0001), and Si(111) can be fundamentally the same. Annealing W(110) offcut in the [001] direction with
an up-step current produced a morphology with the bunch edges composed of zigzag segments meeting at a right
angle.

DOI: 10.1103/PhysRevB.102.035407

I. INTRODUCTION

Mass transport under the influence of an applied electric
field has been a subject of extensive studies for decades
due to its technological and scientific significance. It has
an impact in many fields including electrophoresis, resis-
tive switching, electrochemistry, and electromigration [1–9].
Electromigration is driven by continuous momentum transfer
from electrons to the lattice ions, known as the electron wind
[8,9], or by direct electrostatic force on surface atoms with
an uncompensated positive effective charge [10]. The former
dominates in metals and results in formation of voids and
hillocks which are mainly responsible for interconnect failures
in integrated circuits [9]. The latter is known to produce
significant transformations of surface morphology by means
of a coarsening step-bunching instability. The step-bunching
instability transforms vicinal surfaces of single crystals by
aggregating monoatomic steps into micron-scale step bunches
comprised of tens or hundreds of densely packed atomic steps
separated by wide flat terraces. Step bunching (SB) driven
by electromigration has been extensively studied since its
discovery although the only system where it was has been
conclusively observed was the vicinal low index surfaces of
silicon [11], especially Si(111), which became the prime sys-
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tem for studying SB instabilities. In this paper we demonstrate
that under the appropriate conditions electromigration can
manifest itself in terms of coarsening SB on vicinal surfaces
of metals and dielectrics.

Vicinal crystal surfaces play an important role in techno-
logical applications and in condensed-matter studies because
atomic steps on these surfaces affect dynamics of multiple
processes such as atom or molecule adsorption, thin-film or
crystal nucleation and growth, and surface chemical and cat-
alytic reactions [12–14]. Vicinal surfaces of high uniformity
and regularity can be created simply by offsetting the surface
of a single crystal by a small angle from a low index crystal-
lographic plane. This has led to the widespread use of vici-
nal surfaces in solid-state studies as they provide atomically
uniform nanostaircase structures that can be created at length
scales which are not feasible with conventional lithography
techniques [15].

Vicinal surfaces can also be used to control surface reac-
tivity, as atoms at the step edge and kink positions have lower
bond saturation than atoms on terraces and can potentially
demonstrate increased reactivity [16]. Also, substrate atomic
steps provide favorable positions for adatoms during epitaxial
film growth, which makes vicinal surfaces ideal as templates
for directing ordered growth of thin films and nanowire arrays
[17–20]. In addition, the stepped morphology of surfaces
creates active sites for catalytic reactions to occur at the step
edges. For example the N2 dissociation on Ru(0001) is wholly
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dominated by atomic steps with the adsorption rate at the
steps being at least nine orders of magnitude higher than on
terraces at 500 K and the corresponding difference in activa-
tion energy is 1.5 eV [21]. Furthermore, catalytic reductions
or molecule dissociation predominantly occur at particular
sites and stepped surfaces of metal oxides can expose chem-
ically diverse surface terminations [22,23]. Aside from cat-
alytic reactions, vicinal surfaces allow a degree of anisotropy
to be introduced into magnetic properties of heteroepitaxial
ultrathin films. Atomic steps locally break films’ rotational
symmetry forcing additional in-plane step-induced uniaxial
anisotropy between magnetically equivalent crystallographic
directions or can rotate the original magnetic easy axes to-
wards other directions [24–28].

Confinement of atomic steps to smaller areas can be po-
tentially advantageous for many applications that rely on the
size, shape, height, and interstep distance [29–37]. In this
regard, SB driven by surface electromigration is of particular
interest as it provides an additional degree of dynamic control
to modify the surface structure through the strength and
orientation of the applied electric field in addition to various
process parameters such as annealing temperature and time,
the heating and cooling rates, and slope and crystallographic
direction of the miscut [37–41]. However, the exclusive focus
of studies on the SB phenomenon to silicon has limited its
research use and potential for applications.

In this study we show that electromigration driven SB
can be induced on a variety of crystallographic surfaces,
including metals and insulating oxides. This is demonstrated
on W(110) and Al2O3(0001) where surface morphologies
created by electric field at high temperature closely resemble
Si(111) with atomic steps bunched by electromigration, sug-
gesting that the mechanism of SB on Si(111), W(110), and
Al2O3(0001) can be fundamentally the same. The similarities
include, in particular, the scaling relationships between the
step bunch height and its slope, atomic steps crossing wide
terraces gradually changing shape towards formation of an-
tibands, the existence of a critical field (Ecr ) below which
the step-bunching process ceases, and dependence of the SB
morphology on the miscut direction [40–42].

We discuss a unique feature of SB behavior on W(110). It
is well known that SB on Si has quite complex temperature
and electric current orientation dependencies [11,38–44]. In
particular, SB can be realized on Si(111) by electric current
driven along the miscut in only one particular direction, while
the surface remains stable against step bunching when the
current is reversed. Moreover, annealing a bunched surface
with current of the opposite direction results in de-bunching,
i.e., dissociation of step bunches towards a single step con-
figuration. We observed this on Al2O3(0001) but discovered
that on W(110) SB takes place for both up- and down-step
directions of direct current.

II. EXPERIMENTAL PROCEDURE

SB on sapphire and tungsten became possible due to a
specially designed experimental vacuum setup (base pressure
of 2 × 10−10 Torr) combining independent thermal annealing
and voltage control across the sample [44]. The heat is sup-
plied by an empty effusion cell employed as a heating shroud,

surrounding a customized sample holder connected to a dc
power supply. The annealing temperature was measured and
controlled by a thermocouple placed next to the crucible.

Sapphire 10 × 1.5 × 0.5 mm rectangular strips were cut
from single-crystal C-plane Al2O3 substrates (MTI Corp.)
with a 2 ° miscut off the (0001) plane in the [1-210] direction,
with the long side aligned to the miscut direction. Samples
were sonicated in acetone, isopropanol, and ethanol before
they were mounted on a sample holder and transferred into
the annealing chamber. The sample temperature was gradually
raised to 1500 °C and maintained for several hours. Voltages
to create electric fields E from 0 to 140 V/cm were applied
along the miscut in either the up- or down-step direction.

Preparation of tungsten samples was much more complex
and involved a multistep fabrication process. First, a single-
crystal W ingot with dislocation density of 2 × 104 cm−2 was
grown by the floating zone technique. Small-angle boundaries
and dislocations were removed from the ingot by subjecting
it to an overcritical plastic deformation, followed by recrys-
tallization at high temperature. Lattice parameters were mon-
itored by x-ray diffraction and rocking curves with 50 angular
seconds at full width at half maximum were recorded for
the (110) reflection (CuKα ). 10 × 1.5 × 0.5 mm rectangular
strips were cut by spark cutting at different miscut angles β

off the W(110) surface with the long side along the miscut
direction (β = 0.8◦, 1.1 °, and 2.6 ° in the [1-1-2] and β =
0.8◦ in the [001] direction). The strips were polished with
SiC 240–2000-grit sandpapers on the top side and 240–600
grit on the flip side, and finished by electropolishing cycles
of 30 s at 15 V in 2% NaOH solution. Cleaning was per-
formed in a designated ultrahigh vacuum (UHV) system with
a base pressure 2 × 10−10 Torr to remove carbon impurities
prior to sample transfer to the annealing setup. The cleaning
process consisted of alternate cycles of oxidation and flash
annealing in an electron bombardment heater. During each
cycle, the surface was first annealed at 1300 °C (measured
with an infrared pyrometer Ircon UX20P, emissivity 0.35)
in a 1 × 10−6 Torr oxygen atmosphere for 60 min. The re-
sulting oxide layer was then removed from the surface by
repeated flash annealing to 2100 °C for 15-s intervals. The
pressure rose to 1 × 10−8 Torr during the flashes but rapidly
recovered to the base pressure. This procedure was repeated
until carbon and oxygen impurity levels were below the auger
electron spectroscopy detection limit (<1 at. %) and the
surface produced a sharp (1 × 1) low-energy electrondiffrac-
tion (LEED) pattern, consistent with the bulk termination of
vicinal W(110). Surface morphology was analyzed in situ by
scanning tunneling microscopy (STM). Finally, a protective
WO2 layer was grown by annealing samples at 1200 °C in
oxygen atmosphere at P = 5 × 10−7 Torr for 60 min before
removing them from UHV.

These samples were mounted on a holder between two
electrical contacts and placed into the annealing chamber
where they were first outgassed at 700 °C and then the
protective oxide was removed by annealing at 1300 °C for
1 h. Finally, the crucible temperature was gradually raised to
1500 °C and the SB morphology was produced by passing
6- or 12-A direct current through the samples for several
hours along their long side perpendicular to the orientation
of the atomic steps. A high annealing temperature was chosen
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in order to ensure high mobility of the surface adatoms but
still considerably lower than the melting point of tungsten at
3422 °C. After cooling to room temperature, samples were
removed from UHV for ex situ atomic force microscopy
(AFM) characterization.

III. RESULTS AND DISCUSSION

A. Step bunching on Al2O3(0001)

The nature of dielectric materials is to prohibit direct
currents and it is not intuitive that any effect of electromigra-
tion should be observed in such systems, as opposed to the
integrated circuits where electromigration results in the clear
formation of voids and hillocks. However, with the assump-
tion that atoms on a crystalline insulating surface can develop
an effective charge at high temperatures, an applied electric
field may be sufficient to bias surface atom diffusion and elec-
tromigration may be manifested through SB transformation
of the surface morphology. In this regard, highly ionic solids,
such as alphasapphire (α-Al2O3), are particularly attractive
as most of them are electrically insulating and their surface
atoms are likely to have an uncompensated effective charge at
high temperatures. The basal plane of α-Al2O3 appeared to be
an excellent candidate for studying effects of electromigration
on dielectrics due to its high melting point (2030 °C), low
volatility, and high electrical resistivity of 1016 � cm.

In α-Al2O3O2− anions are organized in a hexagonal-close-
packed lattice while Al3+ cations occupy two of the three
available octahedrally coordinated interstitial sites between
oxygen planes [45–47]. Oxygen and aluminum planes form
an R-Al-Al-O-Al-Al-O-R stacking sequence in the [0001]
direction with relatively well separated adjacent Al layers (R
denotes structure in perfect registry with the bulk). The (0001)
surface can be created by breaking the sequence at one of three
possible terminations of which the Al termination, Al-O-R,
with Al in one of three octahedral sites, is energetically the
most stable [48–56]. The high surface free energy of the
bulklike Al termination is lowered by the inward relaxation of
aluminum ions towards the underlying oxygen layer where the
Al3+ positive charge is screened more effectively [45,46,57–
61].

Heating to 1500 °C in UHV Al2O3(0001) undergoes sev-
eral intermediate reconstructions before it achieves a (

√
31 ×√

31)R ± 9◦ reconstruction [62–66], which is stable under
further annealing and resistant to reoxidation under vacuum
conditions [64,67–69]. R ± 9◦ denotes a 9 ° tilt with respect to
the C axis of sapphire. The onset temperature of the (

√
31 ×√

31)R ± 9◦ reconstruction varies in studies between 1000
and 1400 °C [63,64,70,71] supposedly due to differences in
surface preparation prior to UHV annealing [72]. The (

√
31 ×√

31)R ± 9◦ reconstruction evolves via sublimation of the two
topmost O planes and reorganization of three unconstrained
topmost Al layers into a well-ordered hexagonal-close-packed
surface structure with an interatomic distance of 0.30 nm.
Atoms in the two lower Al layers remain at their octahedral
sites and complete the Al-rich stoichiometric termination
(Al-Al-O-R). The Al-rich termination contains three hexag-
onal sublattices of highly symmetric bonding sites that define
the hexagonal symmetry of the Al surface, being reflective
of the symmetry of the Si(111). At the same time, periodic

FIG. 1. (a) AFM image of the Al2O3(0001) surface annealed at
1500 °C at P = 5 × 10−9 Torr with zero electric field (E = 0 V/cm).
Upon annealing the surface transforms into (0001) and (1-216) facets
with the edges running along [10-10]. Scale bar is 520 nm. (b)
Cross sectional profile along the offcut [1-210] direction of the same
surface locally plane-fitted to one of the (0001) facets. Average
“step” height is ∼10 nm.

switching of Al bonding positions between the three sublat-
tices results in the formation of a hexagonal superstructure
characterized by a 2.65 nm rhombic unit cell [64,69,73–75],
composed of three different types of Al stacking domains.
Each domain type is composed of Al cations ionically bonded
to oxygen at a particular type of bonding site: either at
triangular voids above O, voids above Al, or directly near the
top of O atoms [74].

The (
√

31 × √
31)R ± 9◦ Al2O3(0001) reconstructed sur-

face is broadly accepted as being insulating and benchmarking
experimental studies of this system have been conducted using
techniques unaffected by the insulating character of the sur-
face [69,73,74]. Although some computational studies predict
possible metallic states in the (

√
31 × √

31)R ± 9◦surface
layer [60] there is no conclusive experimental evidence to
support this claim [76,77] and a conduction current in the
system is virtually impossible. At the same time, an electric
field can influence the Al atoms due to their positive charge
developed by redistribution of the electronic density between
Al and underlying O plane. Thus, an electric field above
a certain critical strength can be sufficient to cause surface
electromigration of Al cations in the direction of the applied
field and in doing so destabilize the surface against step
bunching.

Figure 1 shows an AFM image of a control sapphire
sample thermally annealed at 1500 °C in vacuum in the
absence of an electric field where the surface transformed
into periodic ∼350-nm-wide (0001) terraces and ∼10-nm-
wide (1-216) facets with the edges running along the
[10-10] direction. Such morphology is consistent with pre-
vious studies of Al2O3(0001) surface faceting, and once es-
tablished is known to be thermodynamically stable and not
evolve with annealing time [78,79]. However, annealing with
an E field of 140 V/cm applied along the miscut in the up-step
direction creates a radically different morphology character-
ized by 1.5–2.0-µm-wide flat terraced regions separated by
step bunches with a high density of atomic steps, 0.15–0.2 µm
wide and up to 100 nm high (Fig. 2). Notably wider, up to 4
µm, terraces were also observed. The authors are not aware
of any existing studies that report a change in the surface
evolution process from faceting to step bunching induced by
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FIG. 2. 11 × 11 × 0.6 μm AFM image of Al2O3(0001) an-
nealed at 1500 °C with E = 140V/cm applied in the up-step direc-
tion (P = 5 × 10−9 Torr). Surface morphology comprises alternating
1.5–2-µm-wide terraces and 150–200-nm-wide step bunches with a
height up to 100 nm. A wider 4-µm terrace is also captured in the
image. 1 marks antibands, i.e., secondary step bunches with slopes
opposite to the slopes of primary bunches. An arrow marks a terrace
that captures evolution of individual crossing atomic steps towards an
antiband formation as the terrace widens: 2 is an atomic step curved
in a long-S shape, 3 is a step in a steady state S shape, 4 is a step that
developed a segment in the middle parallel to the step-bunch edges
indicating the onset of an antiband, 5 marks progression towards
formation of an antiband.

electric field. The transformed Al2O3(0001) surface closely
resembles the step-bunching morphology previously observed
on Si(111) which is produced by a fine balance between bi-
ased atomic drift, atomic adsorption and desorption, step-step
repulsive interaction, and attachment-detachment kinetics at
the steps. Quantitatively this morphology is described by the
scaling relationship

ym ∼ hαEq (1)

between the maximum slope of a bunch ym, the step bunch
height h, and the electric field E (α and q are positive scaling
exponents) [38–42,80]. For silicon SB morphology can be
produced, depending on the temperatures interval, by either
up- or down-step electromigration with E fields of several
V/cm, which is significantly lower than the E fields used
in this study [11,38–40,81]. For the reconstructed C-plane
sapphire, the sign of the effective charge at 1500 °C has not
been conclusively established, yet it is reasonable to propose
that the sign is positive and the step bunching is driven by the
up-step electromigration of Al cations in the direction of the
applied electric field. We propose that detachment of Al atoms
from the steps, facilitating the step movement, is accompanied
by sublimation of underlying O and development of the
(
√

31 × √
31)R ± 9◦ reconstruction on the vacated Al sites

which become part of a widening terrace.
Equation (1) implies that the bunch slope varies along

the miscut direction and reaches a certain maximum which
increases as the height of the bunch increases. The same
correlation between the height and the slope was found for
the Al2O3(0001) as demonstrated in Figs. 3(a) and 3(b) which

FIG. 3. (a) Profile and (b) the slope variation of the Al2O3(0001)
along the same line along the offcut. Annealing conditions: T =
1500 ◦C, E = 140 V/cm in the up-step direction, P = 5 × 10−9 Torr.
The higher slope maxima are located towards the middle of the
higher bunches. (c) Maximum slope ym as a function of the bunch
height h. ym increases with h. (d) Line profiles along the offcut
direction for the 82–84-nm-high step bunches produced by annealing
Al2O3(0001) with the varying strengths of the E field. Increasing the
E fields from 70 to 140 V/cm results in the tighter compression of
the monatomic steps and steeper bunch slopes. Annealing at E =
30V/cm produced a faceted Al2O3(0001) surface indistinguishable
from morphology obtained by thermal annealing alone (Fig. 1). The
cessation of SB indicates that the E field has reached the critical value
Ecr , which for Al2O3(0001) lies between 30 and 70 V/cm at 1500 °C.

shows that the slope varies along the offcut direction and
the higher maxima are somewhere towards the middle of the
higher bunches. For initial quantitative analysis the maximum
slope ym was plotted against the bunch height h [Fig. 3(c)]
and a clear trend was observed, with ym increasing with
h. The ym(h) data were fitted to the ym ∼ hα function and
although the observed trend follows the power law, the scaling
exponent α = 0.45 ± 0.06 is lower than the theoretically and
experimentally determined α = 0.6 for up-step or α = 0.66
for down-step electromigration on Si(111) [39–42,80]. Al-
though the graph in Fig. 3(c) provides strong evidence for
the ascending trend of the ym(h) dependence, more data and a
broader range of the bunch heights is desirable for an accurate
measurement of the height scaling exponent.

The other aspect of Eq. (1) concerns the relationship be-
tween the ym and the E field, which is known for bunched
Si(111). It asserts that higher slopes are created by applying
stronger electric fields during annealing. Sapphire revealed
this trend, demonstrated in Fig. 3(d), which shows line profiles
along the miscut direction for 82–84-nm high step bunches
produced by annealing the Al2O3(0001) with a variety of E-
field strengths. Clearly, increasing the applied E fields from 70
to 140 V/cm results in the formation of steeper bunches due
to greater compression of atomic steps. However, annealing
with an E field of 30 V/cm was not sufficient to initiate
an appropriate directional drift of surface adatoms, and a
faceted Al2O3(0001) surface was produced, similar to that
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FIG. 4. 3.6 × 3.6 × 0.185-μm AFM image of Al2O3(0001)
annealed at 1500 °C with E = 140 V/cm applied in the down-step
direction (P = 5 × 10−9 Torr). Annealing creates faceted surface
that cannot be distinguished from morphology created by thermal
annealing alone (Fig. 1).

obtained for thermal annealing (Fig. 1). This cessation of
bunching indicates the E field has reached the critical value
Ecr, which is an important characteristic of the SB instability
[81]. From this experiment the critical field for Al2O3(0001)
lies between 30 and 70 V/cm at 1500 °C, which is at least
a factor of 60 greater than Ecr for up-step and 20 for down-
step electromigration on Si(111) with the same degree of
surface vicinality [44,81], indicating either lower mobility or
smaller effective charge (or both) for Al surface adatoms on
reconstructed Al2O3(0001).

A distinctive feature of the Si(111) is its instability against
SB for a specific direction of electromigration but stability
for the opposing direction. Moreover, the application of an
E field in this opposing direction will result in debunching,
i.e., widening of established step bunches and their gradual
dissolution. To investigate whether this directional sensitivity
of the SB instability exists on sapphire, vicinal Al2O3(0001)
was annealed under the same conditions but with the E field
applied in the opposite, down-step, direction. In this case,
the sapphire exhibits faceted topography (Fig. 4) effectively
indistinguishable from the morphology created by thermal
annealing alone (Fig. 1). Furthermore, annealing a bunched
surface with the opposing down-step E field increases the
interstep distance within the bunches resulting in their broad-
ening (Fig. 5). This directional sensitivity to E field matches
the SB behavior on Si(111), indicating that the SB on C-plane
sapphire is also driven by electromigration. Figure 5 shows
AFM images of the same Al2O3(0001) sample annealed in the
presence of an E field of 100 V/cm first applied in the up-step
[Fig. 5(a)] and then in the down-step direction [Fig. 5(b)].
After the second annealing, the step bunches dissociated and
diminished the proportion of area occupied by terraces to such
extent that the steps could be individually resolved [Fig. 5(b)].
Notably, steps isolated from the bunch are not monatomic but
have heights between 1.1 and 10.8 nm, i.e., include one or
several c-lattice unit cells (1.29 nm high in the bulk).

Individual S-shaped steps, as shown in Fig. 2, crossing the
wide terraces and not included in the step bunches, are also an
important characteristic feature of surfaces step-bunched by

FIG. 5. AFM images of the same Al2O3(0001) sample annealed
at T = 1500 ◦C in the presence of the E field of 100 V/cm first
applied in (a) the up-step and then (b) reversed in the down-step
directions. Step bunches clearly occupy most surface after debunch-
ing and atomic steps can be clearly resolved. The width of an
85-nm-high bunch increased by nearly a factor of 4 from 220 to
980 nm. This directional sensitivity to E field matches the SB
behavior on Si(111), indicating that the SB on sapphire C plane is
driven by electromigration.

electromigration. The shape evolution of these crossing steps
gives rise to new morphologies such as antibands (marked 1
in Fig. 2), which can be described as secondary step bunches
running along the terrace edges with slopes opposite to the
surface global offcut direction [82–84]. As the terraces widen
the shape of the crossing steps gradually develops in order
to compensate for the gradient of the adatom concentration
across terraces, via the appropriate variation of the step cur-
vature [83–85]. Analysis of the shape can reveal the relative
rates of adatom surface diffusion and adatom exchange with
the crystal phase, and thus distinguish between the diffusion
and the step-kinetic limited SB dynamics [84,85]. Notably,
crossing steps on Al2O3(0001) have heights predominantly
from 2.4 to 6.5 nm corresponding to 2–5 C-lattice constants
(within 0.2 nm error) which is much higher than the 0.2–0.3-
nm typical height of monatomic steps. Higher crossing steps,
up to ∼10 nm, were also detected closer to antibands and
lower 0.4–0.5 nm further on flat terrace sections indicating
the coalescence of individual crossing step upon their pro-
gression towards the antiband instability. In depth understand-
ing of crossing steps dynamics upon their evolution towards
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formation of step bunches and antibands warrants future ex-
ploration with time resolved annealing experiments.

The terrace marked by an arrow in Fig. 2 captures all the
essential stages of crossing steps evolution driven by electro-
migration as seen on Si(111) [84,85]. Initially, the crossing
steps are curved in a long-S shape (marked 2), and in the
terrace plane, the sign of their slope remains the same along
the entire length. The adatom concentration gradient causes
the crossing steps to recede along the terraces in an uneven
manner towards a steady-state S shape (marked 3), which is
characterized by alignment perpendicular to the step bunches
and a change in sign of the slope in each half of the terrace.
This symmetric S shape can only be maintained within a
limited range of terrace widths, and as terrace widening pro-
gresses the step curvature cannot compensate for the adatom
concentration gradient. From this point the steps lose their
symmetry and develop a segment aligned parallel to the step
bunches (marked 4) marking the onset of the antiband forma-
tion (marked 5). The onset and development of the antiband
instability via evolution of crossing steps has been studied in
detail on Si(111) exclusively for the down-step adatom drift
[83–85] mainly due to a high SB rate which is faster by nearly
two orders of magnitude as compared to the SB by the up-step
electromigration [38,40]. In this case, terraces reach the width
of ∼3.5–4.5 µm in several minutes, sufficient for studies of the
antiband instability. However, for up-step electromigration, a
longer annealing time in the order of hours is required for
terraces to reach about the same width and tens of hours
to complete the antiband formation [81]. Antibands formed
by the up-step electromigration were previously observed in
the final stage of their development on Si(111) however, the
resolution of individual crossing steps was beyond capabilities
of the optical microscopy used in the study [86]. The criteria
for the onset of the antiband instability has been theoretically
established and experimentally examined for the down-step
electromigration:

L2
t

ds|qeff E |
_
β l�

� 8, (2)

where ds is the kinetic characteristic length,
_
β is the step

stiffness, l is the initial interstep distance, � is the surface area
of a single atomic site, qeff is the effective electric charge of
surface adatoms, Lt is the terrace width, and E is the applied
electric field [84]. Equation (2) suggests that the onset of the
antiband instability can be potentially established on narrower
terraces by higher applied E field. However, this is impossible
on silicon as the increased E field results in the exponential
growth of the heating current and fast transition to the next
temperature regime where Si(111) is stable against SB or
approaches the melting point of silicon (1414 °C). Sapphire,
on the other hand, has very low conductivity and allows
application of significant electric field without any risk of
increasing the sample temperature and establish the earlier
onset of the antiband instability such as in Fig. 2 where Lt ≈
2μm is sufficient to initiate the antiband formation at E =
140 V/cm. This is less than half that for Si(111) for down-step
[83–85] and a factor of 5 for the up-step [86] electromigra-
tion. This opens fresh prospects for systematic studies of the
electromigration induced surface instabilities and, possibly, an

observation of new previously unknown surface morphologies
at very high electric fields on narrow terraces at their limits
of width (Lt ), as determined by the global surface offcut.
It also remains a subject for future studies to determine the
stability of vicinal Al2O3(0001) against SB surface transfor-
mations for lower temperature reconstructions, and to estab-
lish whether change of temperature would require reversal
of the direction of the destabilizing E field, as is known for
Si(111).

B. Electromigration driven step bunching on W(110)

Due to its technological implications, the most intensively
studied effects of electromigration in metals to date is the
growth of voids and hillocks caused by the electron wind,
while electromigration driven SB effects have never been
observed in such systems. It is widely accepted that for
silicon, and now suggested for sapphire, that SB is a result
of atomic migration caused by the direct electrostatic force
acting on surface positive ions [10]. However, in the case
of metals a significant direct force cannot be applied, as the
samples act as effective shortcuts due to metal’s low resistivity
(ρ = 48 μ� cm at 1500 °C for tungsten) [87] resulting in only
small applied voltages. Moreover, the effective direct force
on atoms in metals is normally significantly reduced due to
the field screening effect [88]. On these grounds, in contrast
to silicon or sapphire, we expect the electron wind to be the
driving force responsible for SB on tungsten, just as it is
responsible for the known electromigration effects on metals.

In this study tungsten samples were annealed with direct
currents of 6 or 12 A (current densities j = 0.8 × 107 or
1.6 × 107A/m2 respectively) and with applied electric fields
of 0.04 or 0.08 V/cm respectively, which is a factor of 15 and
7.5 less than the weakest field E = 0.6V/cm ever reported
to induce a SB instability [44,81]. However, the magnitude
of the effective charge in metals can be 10–30 times the
elementary charge (e) [89,90] and even several times larger
again for step edge atoms [91,92] which is in contrast to
Si(111) where the charge of surface atoms is only a fraction
[39,40,85] or at most double [84] of e. In this case, even for
such low E fields, an electromigration force of 1 eV/cm or
higher can be easily achieved, which is known to be sufficient
to induce and sustain the SB instability on Si(111) [81].
Additionally, a large localized force enhancement is known
to be possible on metallic surfaces such as Ag(111) where
the effective charge of atoms at the kink sites is nearly two
orders of magnitude larger than of atoms on terraces (1260e
vs 17e respectively), which is mostly due to their reduced
coordination and corresponding local redistribution of elec-
tronic density [93]. Such increased electromigration force can
produce intensive atom detachment from the steps resulting in
inevitable fluctuations of the interstep distances. Potentially,
these fluctuations can grow in amplitude with the annealing
time and lead to unknown surface transformations of metallic
surfaces due to kinetic instabilities, which were previously
thought to require onerously large current densities [94]. This
was predicted in earlier studies [93] but it was only recently
that the electromigration induced SB kinetic instability was
demonstrated on W(110) [95], and now we develop on this
finding in this section.
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FIG. 6. (a) STM image and (b) LEED pattern (beam energy
62 eV) of a clean vicinal W(110), with a global off-cut of 0.8 °
in the [001] direction, after cycled oxidation and flash-annealing in
UHV. (c) STM image of an oxidized W(110) surface with the atomic
steps agglomerated into ∼2-nm-high bunches covered by a protective
WO2 layer. (d) STM zoom-in image of an oxidized W(110). The
oxide layer grows in the form of regular rows extending in the [001]
direction, with a row periodicity of 3.0 ± 0.1 nm. Annealing in UHV
at 1300 °C removed the oxide layer and restored the monoatomic
staircase surface topography as in [Fig. 6(a)].

We studied the manifestation of electromigration in metals
via SB on the W(110) surface, which was chosen due to its
quasihexagonal 2D lattice, similar to Si(111). Also, tungsten’s
high melting point allowed for annealing at 1500 °C, which is
the same temperature as was used for SB on Al2O3(0001) and
close to the temperature range 940–1390 °C required for SB
on silicon. Figures 6(a) and 6(b) show the STM and LEED
images of vicinal W(110), with a global off-cut of 0.8 ° in the
[001] direction, after cycled oxidation and flash annealing in
UHV. The bright LEED pattern in Fig. 6(b) corresponds to a
clean tungsten surface with a characteristic W(110) unit cell
while the surface topography is characterized by monoatomic
steps separated by W(110) terraces of unequal width varying
between 20 and 50 nm. Subsequent surface annealing in oxy-
gen resulted in agglomeration of the atomic steps into ∼2-nm-
high bunches covered by a protective WO2 layer [Fig. 6(c)]
[96]. The STM [Fig. 6(d)] shows that the layer grows in the
form of highly regular rows extending in the [1-10] direction
parallel to the atomic steps, with an atomically precise row
periodicity of 3.0 ± 0.1 nm. Annealing in UHV at 1300 °C re-
moved this oxide layer and restored the monoatomic staircase
surface topography [Fig. 6(a)], which remained unchanged
after a subsequent thermal annealing in UHV at 1500 °C.
However, passing a 6 A ( j = 0.8 × 107A/m2) current along
the miscut in the up-step direction under the same condi-
tions destabilized the surface and dramatically changed its

morphology, which transformed into 1.0–3.0-µm-wide flat
W(110) terraces separated by 20–100-nm-high step bunches
[Fig. 7(a)]. The same current passed in the opposite, down-
step, direction transformed the monatomic steps into a step-
density wave characterized by 2–2.5-nm-high step bands,
comprised of only a few atomic steps and not increasing in
height with annealing time [Fig. 7(b)]. Besides the bunch-
terrace morphology and sensitivity to current direction, the
transformed W(110) also demonstrated other characteristic
topological features associated with bunched Si(111), namely
crossing steps, steeper slopes for higher bunches [Figs. 7(c)
and 7(d)], and an associated power-law scaling relationship
[95].

As would be expected from Eq. (1), a higher I = 12 A
annealing current driven in the up-step direction ( j = 1.6 ×
107A/m2) produced a bunched surface with steeper slopes
[Fig. 7(e)] [95]. Notably however, the same current driven
in the opposite, down-step, direction also destabilized the
W(110) and produced a step-bunched surface morphology
[Fig. 7(f)]. At present, the surface instability against SB for
both up- and down-step currents at a single temperature is
unique to W(110) and contrasts with Si(111), Al2O3(0001),
and W(110) at lower current densities, where the SB has only
been observed for one direction. To further verify this result,
we annealed a control W(110) sample with the I = 12 A
down-step current and examined the flip side of the sample
where the same current was oriented in the up-step direction.
Both the top and the flip side underwent a SB transformation
(Fig. 8), although with a higher edge roughness on the flip side
due to a coarser surface finish after preparation.

Notably, the grain size in polycrystalline wires, including
tungsten, can reach hundreds of μm [97] while the widths
of step bunches reach a few μm. Potentially, roughening of
grain surfaces by SB could be a contributing factor in the
formation of voids and failures of hot filament electronic
devices (such as electron and ion sources, deposition sources,
pressure gauges, and incandescent light bulbs) which are
currently attributed solely to electron scattering at the grain
boundaries and other lattice defects resulting in the directional
displacement of atoms.

The presence of the SB instability on W(110) for both
opposing current directions can be explained by changes in-
duced by the electron wind to the transparency (permeability)
of atomic steps. This assumption is made on the basis of
a theoretical framework developed for Si(111) where step
transparency determines the destabilizing current direction.
The current reversals for Si(111) are assumed to originate
from temperature-dependent changes in the step transparency
which is determined by density of kink sites along atomic
steps [98]. The steps are assumed to be nontransparent when
the density of kinks is high in the generalized Burton-Cabrera-
Frank (BCF) theory [99,100], which describes SB induced
by down-step atom electromigration [41,80]. The steps are
described as transparent when the density of kinks is low
and, in this case, SB takes place only for up-step atom elec-
tromigration [42,101,102]. A recently developed numerical
model relies on the assumption that the net electromigration
on W(110) coincides with the direction of the electric current
(opposite to the electron wind) [95]. At high temperature the
atomic steps on W(110) are proposed to be transparent and the
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FIG. 7. (a) 7.0 × 7.0 × 0.3-μm AFM image of a bunched W(110) surface annealed at 1500 °C with I = 6 A I = 6 A ( j = 0.8 × 107A/m2)
in the up-step direction (P = 5 × 10−9 Torr). (b) 1.8. × 1.8 × 0.02-μm AFM image of W(110) after annealing with I = 6 A in the down-step
direction. Annealing transformed the surface into a monatomic step-density wave. (c) Cross-sectional profile and (d) slope variation along the
miscut of the bunched W(110) surface shown in Fig. 7(a). (e) 14.0 × 14.0 × 0.5-μm AFM image of a bunched W(110) surface created by
annealing with I = 12 A ( j = 1.6 × 107A/m2) in the up-step direction. (f) 10.0 × 10.0 × 0.4-μm AFM image of a bunched W(110) surface
created by annealing with I = 12 A in the down-step direction. At present, the surface instability against SB for both up- and down-step
currents is unique to W(110).

surface is unstable against SB for the up-step current, similar
to Si(111). For the down-step current a sufficiently strong
electron wind can erode the step edges and increase the kink
density to a degree where the steps lose their transparency
and take part in the SB. Although calculations based on this
model correctly reproduce SB for both up- and down-step
directions of electromigration, its basic assumption of net
atomic drift in the direction of the applied electric field is
at odds with general understandings of electromigration in
metals. A possible way to rectify this difference, such that it is
consistent with the theory of electromigration in metals, can
be found in changes of the atomic step transparency produced
by biased atom diffusion along the miscut (which in the case
of Si(111) is realized by changes in temperature [11]). It is
known that a down-step diffusional bias results in sponta-
neous deviations from equilibrium step wandering, while an

up-step bias straightens step edges [103]. Considering this
for W(110), a down-step current of sufficient strength causing
diffusion in the up-step direction could straighten atomic steps
(reduce the density of kinks) making them transparent to
the adatom flow, thus creating the conditions necessary to
destabilize the surface against SB.

Another explanation for the dual direction SB on W(110)
we can propose is based on the assumption that SB can pro-
ceed universally by either up- or down-step electromigration
but different strength of electromigration force is required
for the opposing directions. In other words, the value of the
critical force, below which the SB ceases, is different for the
up- and down-step directions. This assumption is made on
the basis of previous studies, which revealed that qualitatively
the same morphology is created on Si(111) by annealing with
E fields below critical (Ecr) and any studied field applied in
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FIG. 8. W(110) instability against SB for both up- and down-step
currents demonstrated on the opposite sides of a W(110) rectan-
gular crystal. (a) 10.5 × 10.5 × 0.4-μm AFM image of the step-
bunched top side after annealing at 1500 °C with I = 12 A ( j =
1.6 × 107A/m2) in the down-step direction relative to the atomic
staircase. (b) 13.0 × 13.0 × 0.5-μm AFM image of the flip side
of the same W(110) sample where the same current was oriented in
the up-step direction. Both the top and the flip side underwent a SB
transformation, although with a loss of the edge straightness on the
flip side due to a coarser 600-grit surface finish vs 2000-grit finish on
the top.

the opposing direction to where the surface was found to be
stable against SB [81]. Both morphologies are characterized
by formation of compressed step density waves with relatively
small numbers of steps, which are not affected by duration
of the annealing. Likewise, on sapphire, similarly faceted
surfaces stable against prolonged annealing were created on
Al2O3(0001) at 1500 °C by an up-step E = 30V/cm field
below critical and the down-step field of 140 V/cm.

Applying an E field sufficient to reach Ecr for the directions
known to be stable against SB is not trivial in the case of
Si, as a marginal increase of the electric field is coupled to
an exponential growth in joule heating, which will result in
a transition to the next temperature regime where Si(111) is
established to be unstable against SB or the melting point is
reached. Potentially, this difficulty can be overcome by simul-
taneous DC annealing and intensive cooling thus reaching a
higher electric field at the desired temperature. At the same
time, our proposition of different up- and down-step Ecr values
for SB could be tested through future work on dielectrics

FIG. 9. Effect of the offcut crystallographic alignment on SB.
(a) 17.0 × 17.0-μm AFM image of a bunched W(110) surface offcut
along the [001] direction and annealed at 1500 °C with I = 6 A in
the up-step direction. (b) 8.0 × 8.0 × 0.12-μm 3D AFM image of
the same surface. Annealing produced morphology of ∼20-nm-high
zigzag bunches with the zigzag segments aligned in the [1-12] and
[−111] directions making right angle corners pointing in the [001]
direction.

where large electric fields can be readily applied, potentially
reaching Ecr for both directions.

The crystallographic alignment of the offcut can have con-
siderable impact on SB and may lead to previously unknown
surface morphologies. For example, aligning the offcut along
the [001] direction on W(110) instead of [1-1-2] and annealing
at 1500 °C while passing a I = 6 A current in the up-step
direction transformed the monatomic topography into a land-
scape of ∼20-nm-high step bunches with a periodicity of
11.5μm along the offcut (Fig. 9). Noticeably, the bunch edges
are composed of zigzag segments aligned in the [1-12] and
[-111] directions making right angle corners pointing in the
[001] direction which is in stark contrast to the straight bunch
edges formed on the [1-1-2] offcut surface (Fig. 7). Clearly,
the step edges divert their alignment towards directions of
higher atomic density (lower step energy), while avoiding
the alignment along the initial lower density [1-10] direction.
Notably, the atomic densities along the [−111], [001], and
[1-10] directions are 2/a

√
3, 1

a , and 1/a
√

2 respectively,
where a = 0.316nm is the tungsten lattice constant. This
morphology is likely created by a combination of SB and
thermal anisotropic diffusion related to the anisotropy of the
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surface crystallographic structure. On the one hand, the SB
proceeds by atomic exchange between the steps by means of
the down-step E-field biased migration, while on the other
hand, preferential diagonal atom diffusion along more closely
spaced hopping sites in the [1-12] and [−111] directions
aligns step edges along these paths. As a result, the steps
agglomerate into step bunches while diverting their alignment
away from the [1-10] direction, bestowing the step bunches
their zigzag shape.

Visibly similar morphologies at a smaller scale can be
obtained on W(110) substrates, offcut along the [001] direc-
tion, for submonolayer films of transition metals. Specifically,
submonolayer-thick Fe films order upon annealing at 700 °C
into monolayer-thick triangles alongside the atomic steps
[19]. The triangles form continuous zigzag edges with sides
symmetric about the [001] offcut axis, aligned in the [1-12]
and [−112] directions and forming a 70.5 ° angle, indicating
the energetically favorable paths for Fe atoms attachment on
W(110). This contrasts with the bunches on W(110) where the
sides are aligned in the [1-12] and [−111] directions, making
the right-angle corners asymmetric about the [001] axis. It
is established that thermal annealing alone is insufficient to
realign the atomic steps on monoelemental W(110) or induce
three-dimensional SB growth. However, it is unknown at what
stage during electromigration this realignment of atomic steps
occurs on W(110), akin to the heteroepitaxial Fe/W(110)
system. To probe this aspect of step evolution, time resolved
annealing, or reduced current density measurements would be
desirable.

IV. CONCLUSIONS

Electromigration induced step bunching has been revealed
on dielectric and metallic vicinal surfaces and may be more
prevalent than previously assumed. Electric fields applied
at 1500 °С transformed surface morphologies of vicinal
Al2O3(0001) and W(110), so they closely resembled that
of Si(111) step bunched by electromigration. Common fea-
tures include, in particular, the scaling relationships between
the step bunch height and its slope, atomic crossing steps,
antibands, the existence of a SB cutoff critical field, and
dependence of the end surface morphology on the miscut
direction.

SB instability on Al2O3(0001) was induced at 1500 °C
by electric fields ranging between 70 and 140 V/cm applied
along the [1-210] miscut in the up-step direction. Annealing
with an E field of 30 V/cm created a faceted surface which
was reproduced by annealing with the E fields oriented in
the down-step direction or by thermal annealing alone. The
critical field in the range 30–70 V/cm is at least a factor of 60
greater than Ecr for the up-step electromigration on Si(111)
indicating either lower mobility or lower effective charge (or
both) of surface adatoms on Al2O3(0001). We suggest that SB
on Al2O3(0001) is driven by direct electrostatic force acting
on uncompensated positive charges of Al surface atoms, as
seen on Si(111).

Significant direct forces could not be applied in the case
of tungsten, as the samples acted as effective shortcuts due
to tungsten low resistivity (E = 0.04 or 0.08 V/cm along the
miscut in the [1-1-2] direction). On this ground we suggest
that the electron wind was a driving force responsible for SB
on W(110) due to a large effective charge of tens of elemen-
tary charges which could be locally enhanced for atoms at
the step-edge and kink positions. Annealing W(110) offcut
along the [001] direction with the up-step current produced
step bunches with the edges composed of zigzag segments
aligned in the [1-12] and [−111] directions making right angle
corners pointing in the [001] direction. We suggest that this
previously unobserved morphology was likely created by a
combination of SB and thermal anisotropic diffusion related
to the anisotropy of the surface crystallographic structure.

The expansion of the scope of electromigration assisted
SB to include dielectrics and metals opens opportunities for
future experimental and theoretical studies. This provides
media to comprehensively assess surface processes and trans-
formations. It opens an opportunity for future work on surface
tailoring, functionalization, and transformation, potentially
creating different surface morphologies and reconstructions,
unattainable merely by means of thermal, mechanical, or
chemical surface treatment.
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