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Various properties of Pb(111) nanofilms, prototypical quantum films, have been studied exten-
sively. However, key ab-initio-level energy barriers for Pb adatom diffusion on stepped Pb(111)
nanofilm surfaces are still not available. Using first-principles density functional theory, we calculate
these barriers for films with thicknesses of few monolayers (ML). We find that two-atom exchange
is always much more favorable than direct hopping to cross A- or B-type steps. Ehrlich-Schwoebel
(ES) barriers for downward transport to a higher-coordination step-edge site depend strongly on the
film thickness. For such transport from 2- to 1-ML terraces, or from 4- to 3-ML terraces, there is no
an ES barrier, but large ES barriers of more than 100 meV are found from 3- to 2-ML terraces. We
also obtain the barriers for diffusion along the step edges and find that these step-edge barriers are
significantly larger than terrace diffusion barriers. In addition, we analyze energetics for diffusion
on the top flat surface of a nanofilm supported on a vicinal surface, and thus having underlying
buried or ghost steps. We quantify the tilted potential energy surface in both ghost A- and B-step
regions separating 2- and 3-ML (as well as 3- and 4-ML) terraces. Consequences are discussed for
the growth kinetics of supported Pb nanofilms, where the support does not strongly effect electronic

states within the film.

I. INTRODUCTION

Energy barriers related to adatom diffusion across
steps on vicinal surfaces and more general multilayer sur-
faces control the transport of atoms over step edge. Con-
sequently, these kinetic parameters guide the evolution of
the growth morphology during physical vapor deposition.
Specifically, they impact step meandering and bunching
instabilities during step flow on vicinal surfaces, and also
kinetic roughening associated with mounding instabilities
during multilayer growth':2. Energy barriers for diffusion
along step edges control step meandering, the growth
shapes of individual 2D islands nucleated on terraces, as
well as post-deposition evolution of nonequilibrium 2D
island shapes, e.g., during sintering! .

Studies have traditionally considered thick films, where
all terraces have the same adsorption energy and the
same diffusion barrier. Then, the key single parameter
impacting interlayer transport is the Ehrlich-Schwoebel
(ES) barrier®S which is defined as the additional energy
barrier that must be overcome for downward transport
at a step edge relative to the terrace diffusion barrier.
(The ES barrier is set to be zero if there is no such ex-
cess energy.) The presence of such an additional barrier is
generally regarded as being due to such fact that adatoms
hopping across step edges have a lower number of neigh-
bors in the transition state (TS) than for hopping on a
terrace. We shall highlight below, however, the feature
that exchange as well as hopping pathways are available
for interlayer transport.

In this study, we will consider exclusively ultrathin
Pb(111) nanofilms with the film thickness L up to sev-
eral single-atom layers [or monolayers (ML)]. Our anal-
ysis will be for unsupported Pb nanofilms. However,

these might be regarded as corresponding to nanofilms
supported on a substrate which does not significantly
impact the properties of electrons confined within the
film. These films can exhibit the robust and regular
oscillations in thermodynamic stability with increasing
L, as observed in scanning tunneling microscopy (STM)
experiments” 1. Such oscillations have been attributed
to the quantum size effects (QSEs) originated from con-
finement of free electrons between two boundaries of the
potential at two surfaces of a metal film'!. QSEs reflect
a matching relationship 2d ~ 3Ap/2 between the Fermi
wavelength Ap = 0.396 nm and the interlayer spacing d =
0.284 nm for Pb(111) film'? 15, Previous first-principles
density-functional-theory (DFT) calculations'®16-18 re-
veal that the surface energy of Pb(111) films, as well as
adatom adsorption energy and diffusion barrier on flat
Pb(111) surfaces, exhibit oscillations as a function of L
often with bilayer character. Therefore, for a stepped
ultrathin Pb(111) film that we consider in the current
contribution, the adsorption energies and diffusion bar-
riers have distinct values on terraces (or regions) corre-
sponding to different L, as will be described below. For
such systems, there are different scenarios for the ES bar-
rier, naturally defined as the additional energy barrier for
downward transport relative to the diffusion on the upper
terrace.

There are two distinct cases, illustrated in Figs. 1(a)
and 1(b), where an adatom diffuses across a step between
upper and lower terraces (and where the step edge site
shown in the inset of Fig. 1 is most stable). Here, as is
expected for metals, we assume no intralayer attachment
barrier to the ascending step. For the case in Fig. 1(a)
where the TS energy for diffusion on the upper terrace
is higher than on the lower terrace, there are two quali-



TABLE I. Normal step-edge and ghost-step barriers (in meV)
corresponding to Figs. 4 and 6. The first column lists the
terrace thicknesses L, and an arrow indicates the diffusion
direction from thickness L to L — 1 or L 4+ 1. The second
column is the note for normal step-edge or ghost-step, direct-
hopping (hop) or two-atom-exchange (exc), and local or ES
barriers. A; (B.) stands for “across A (B) step”, and A
(B) stands for “along A (B) step”.

21 normal, hop, local 328 744 319 377
normal, hop, ES 141 309
normal, exc, local 76 283
normal, exc, ES 0 0

3—2 normal, hop, local 470 483 242 464
normal, hop, ES 417 441
normal, exc, local 210 158
normal, exc, ES 157 116

4 —3 normal, hop, local 220 501 131 295
normal, hop, ES 145 356
normal, exc, local 71 9
normal, exc, ES 0 0

2 —3 ghost, hop, local 221 187

4 —3 ghost, hop, local 118 89

tatively distinct scenarios ¢l and c¢2. For ¢l (red curve),
the TS energy for step crossing is higher than the TS
energy on the upper terrace, and therefore there is an
ES barrier. For ¢2 (green curve), the TS energy for step
crossing is lower than the TS energy on the upper ter-
race, and therefore there is no ES barrier. For the case in
Fig. 1(b) where the TS energy for diffusion on the upper
terrace is lower than on the lower terrace, there are three
distinct scenarios ¢3, ¢4, and c5. For ¢3 (blue curve) or ¢4
(purple curve), the TS energy for step crossing is higher
than the TS energy on the upper terrace, and therefore
there is an ES barrier. For ¢5 (orange curve), the TS
energy for step crossing is lower than the TS energy on
the upper terrace, and therefore there is no ES barrier.
For any scenario with an ES barrier (i.e., c1, ¢3, or c4),
downward transport from the upper terrace is inhibited.
For a scenario in which the TS energy for step crossing is
above the TS energies on both upper and lower terraces
(i.e., ¢l or ¢3, but not c4), the presence of an ES barrier
will impact transport between terraces, specifically it will
reduce step permeability or transparency'®.

For ultrathin Pb(111) quantum nanofilms with steps
on the surface, where adatoms can cross steps between
thicker and thinner regions with thickness L + 1 and L,
DFT analysis of minimum energy paths (MEPs) and cor-
responding step-edge barriers has still not yet reported,
although these barriers have been used as adjustable
energetic parameters to analyze the kinetics and mor-
phologies during the formation of Pb nanostructures on
stepped Pb(111) nanofilms?® 23,

In experiments probing how the physical or chemical
properties of specific atoms or molecules adsorbed on a
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FIG. 1. Schematics of the possible potential-energy-surface
forms for step crossing of an adatom when the TS energy for
diffusion on the upper terrace is (a) above and (b) below the
TS energy on the lower terrace. The deep well for the adatom
at the step edge and different scenarios (cl, ¢2, ¢3, c4, and
¢b with different colors) for the ES barrier are indicated. The
inset in the middle illustrates the stepped surface with upper
and lower terraces.
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FIG. 2. Schematic illustration of adatom diffusion on (a) a
surface with a normal step, and (b) a flat-top surface with the
“ghost” steps buried at the bottom of the film supported on
the stepped surface of a substrate.

Pb(111) film depend on film thickness, analysis for a film
morphology different from conventional vicinal surface
or multilayer film has proved particularly instructive. In
these studies, a flat-top Pb nanofilm is first grown on
a stepped substrate, e.g., on a Si(111) substrate with
staircase-like steps?* 26. Then, the flat-top Pb(111) film
possesses a stepped bottom surface in order to match
the substrate steps. Consequently, film thickness alter-
nates between odd and even number of ML across these
staircase-like steps, as illustrated in Fig. 2. For con-
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FIG. 3. Top and side views of the 30 x 5 supercell used to calculate Pb adatom diffusion on a stepped Pb(111) film surface

with the A and B steps.

venience, we describe such buried or hidden steps as
“ghost” steps. For contrast, we compare schematically a
conventional stepped surface in Fig. 2(a) with a flat-top
film including the ghost steps in Fig. 2(b). For the latter
flat-top ultrathin Pb(111) nanofilms with the thicknesses
of a few ML, the potential energy surface experienced by
an adatom above a ghost step is different from those on
other regions far from the ghost step. It is then natural
to characterize the corresponding MEPs for adatom dif-
fusion between regions of odd- and even-ML thicknesses.
One can assess whether or not there exists an additional
ES type barrier to cross ghost-step regions, as suggested
previously?®. In fact, the nucleation and growth behav-
ior during the Pb deposition (e.g., island densities and
island shapes) in the regions at and far from a ghost step
are noticeably different, as shown by the STM image in
Fig. 2 of Ref. 26. To analyze such behavior, knowledge
of the MEP across the ghost step is valuable.

In this work, we perform the extensive first-principles
DFT calculations for a Pb adatom diffusing on stepped
ultrathin Pb(111) nanofilms with both normal and ghost
steps within the thickness range from 1 to 4 ML. In exper-
iments, a Pb film is generally supported on a substrate,
but the inclusion of the substrate in the DFT calculations
is a challenge because: (i) atomistic-level structure of the
metal-substrate interface is often unknown, e.g., struc-
ture of the Pb-Si interface of relevance for this study still
remains unclear; and (ii) computations can become very
demanding upon inclusion of a substrate. Therefore, as
noted above, the present calculations only consider the
unsupported Pb films, i.e., we do not consider the con-
tribution from substrate effects.

II. METHODOLOGY

Our DFT calculations are performed using the plane-
wave-based Vienna ab initio simulation package (VASP)
code?”.  We use the Perdew-Burke-Ernzerhof form of
the generalized gradient approximation for the elec-

tronic exchange-correlation energy functional?®. The
electron-ion interactions are described by the projector
augmented-wave approach?®. The energy cutoff is taken
to be the VASP default value 97.973 eV. Increasing the
energy cutoff above this value do not significantly alter
energy differences determining quantities of interest in
our calculations. To prevent spurious interactions be-
tween adjacent replicas of the thin film system, we use a
vacuum layer with the thickness not less than 1.5 nm in
the direction perpendicular to the surface. The converged
magnitude of the forces on all relaxed atoms is always less
than 0.1 eV/nm. The optimized bulk lattice constant for
fcc Pb is @ = 0.5035 nm, as obtained previously'*. All
atoms are allowed to relax except those in the bottom-
most ML for vicinal surface are frozen with the fcc bulk
lattice. For the ghost-step calculations, we fix the two
bottommost ML. Minimum energy paths (MEPs) and
corresponding energy barriers for Pb adatom diffusion
on film surface are always determined via the climbing
nudged-elastic-band (CNEB) method3®:31.

Before analyzing energetics for stepped films, we first
perform benchmark calculations for a Pb adatom diffus-
ing between fcc and hcp sites on the surface of a flat
Pb(111) film with no steps (see Fig. S13? in Supplemen-
tary Material®?) for a comparison with previous DFT
results’®. We select a 5 x 5 lateral unit cell (in units
of surface lattice constant ag = a/v/2) with a k mesh
of 6 x 6 x 1. Very similar MEP curves are obtained to
those from more demanding DFT calculations'®, relative
to which the errors in adsorption energies and diffusion
barriers for 1- to 4-ML films are less than 10%. Thus,
the accuracy for the parameter choice described above is
sufficient for our focus in this work.

The adsorption energy E for a Pb adatom is always
calculated as F = Fiot — Feln — Epp, where Fyop is the
total energy of the film (modeled as a slab) with the
adatom, Eq), is the total energy of a clean slab without
adatom, and Epy, is the self-energy of one gas-phase Pb
atom. FEio, FEon, and Epy, are directly obtained from
DFT calculations. Note that the magnitude of the ad-



sorption energy at hcp site is always lower than that at
fee site for 2- to 4-ML films, and the transition state (TS)
corresponding to a saddle point is not at the bridge site
(for details, see Ref. 18 as well as Fig. S132). The adsorp-
tion energy is oscillatory as a function of film thickness
L due to QSEs, as mentioned in Sec. I and previously
analyzed in detail in Ref. 18.

III. DIFFUSION ON NORMAL STEPPED
SURFACES

A. Energetics

To analyze transport on a stepped film surface, we con-
sider adatom diffusion across a 1-ML strip supported on
slabs of various thicknesses using a lateral supercell size
of 30 x 5. The two edges of the strip correspond to a
{100}-microfaceted step (denoted as an A step) and a
{111}-microfaceted step (a B step). If ag is the surface
lattice constant, then the width of the strip is taken to be
W = 15ag, which is sufficiently large to avoid step-step
interactions between adjacent replicas from our tests.
The k mesh is taken to be 1 x 6 x 1 for this supercell
size. In Fig. 3, we show an example of the supercell for
a 1-ML strip with two steps on a 3-ML film, where the
3- and 4-ML regions are marked.

We analyze behavior for the three thinnest slab thick-
nesses of 1, 2, and 3 ML, for which steps separate 1- and
2-ML terraces, 2- and 3-ML terraces, and 3- and 4-ML
terraces, respectively. The MEPs of a Pb adatom diffus-
ing across and along the A- and B-step edges are shown
in Fig. 4. The local energy differences are also indicated
in Fig. 4. All energy barriers for the diffusion processes
across and along A and B steps are summarized in Table
I. DFT adsorption energies of the adatom at hcp sites
of 1-, 2-, 3-, and 4-ML regions (approximated as flat-slab
surfaces without steps in Fig. S13?) as well as at the
sites labeled in Fig. 4 are listed in Table S132. Note that
a hcp site is always more favorable than a fcc site for
adsorption of an Pb adatom!®.

For the 1-ML-strip-on-1-ML-slab system in Fig. 4(a),
the local hopping barrier of 744 (328) meV across an A
(B) step from site Al to A2 to A3 (Bl to B2 to B3) is
much larger than the two-atom exchange barrier of 283
(76) meV. Thus, two-atom exchange across either an A
or B step is always more favorable than direct hopping.
During the exchange, the adatom at site A2 (B1) pushes
the A(B)-step-edge atom S, and then the atom S moves
to site A4 (B3), simultaneously the adatom occupying
the previous position of S [see Fig. 4(a)]. The ES barrier
(as defined in Sec. I) of 309 (141) meV for hopping over
an A (B) step is large, while there is no ES barrier for
the two-atom exchange across A or B step, as listed in
Table I. In addition, we also obtain the hopping barrier
of 377 (319) meV for diffusion along the A(B)-step edge
via the path of A3—A5—A4 (B3—B5—B4), as shown
in Fig. 4(a) and listed in Table I. These barriers (377

and 317 meV) are more than three times of the barriers
(around 100 meV) on 1- or 2-ML terrace.

For 1-ML-strip-on-2-ML-slab system in Fig. 4(b), the
local hopping barrier of 483 (470) meV across A (B) step
from site Al to Ab to A2 to A3 (B1 to Bb to B2 to B3)
is three (two) times larger than the two-atom exchange
barrier of 158 (210) meV, indicating that the two-atom
exchange across either A or B step is always more fa-
vorable than direct hopping. During the exchange, the
adatom at site Ab (Bb) pushes the A(B)-step-edge atom
S, and then the atom S moves to site A4 (B3 or B4),
simultaneously the adatom occupying the previous posi-
tion of S [see Fig. 4(b)]. The ES barrier of 441 (417) meV
for the hopping over A (B) step is large, relative to the
smaller but still significant ES barrier of 116 (157) meV
for the two-atom exchange across A (B) step, as listed in
Table I. We also obtain the hopping barrier of 464 (242)
meV for diffusion along the A(B)-step edge via the path
of A3—A5—A4 (B3—B5—B4), as shown in Fig. 4(b)
and listed in Table I.

For 1-ML-strip-on-3-ML-slab system in Fig. 4(c), the
local hopping barrier of 501 (220) meV across A (B) step
from site A1 to Ab to A2 to A3 (B1 to B2 to B3) is much
larger than the two-atom exchange barrier of 9 (71) meV,
indicating that the two-atom exchange across either A
or B step is always more favorable than direct hopping.
During the exchange, the adatom at site Ab (B2) pushes
the A(B)-step-edge atom S, and then the atom S moves
to site A4 (B4), simultaneously the adatom occupying
the previous position of S [see Fig. 4(c)]. The ES bar-
rier of 356 (145) meV for the hopping over A (B) step is
large, while there is no ES barrier for the two-atom ex-
change across A or B step, as listed in Table I. We also
obtain the hopping barrier of 295 (131) meV for diffu-
sion along A(B)-step edge via the path of A3—A5—A4
(B3—B5—B4), as shown in Fig. 4(c) and listed in Table
L

B. Kinetics

First, we discuss the consequences of our energetics
results for multilayer film growth just in the few layer
regime. Of particular relevance is the consequences for
downward interlayer transport and for nucleation of is-
lands on top of terraces. For a 1-ML island on a 1-ML
film, i.e., a 2-ML terrace surrounded by a 1-ML terrace
[refer to Fig. 4(a)], there is a strong energetic preference
for atoms deposited on top of the 1-ML island to attach
at the island edge after downward transport. Given the
absence of an ES barrier inhibiting downward transport,
lateral growth of the 1-ML island is facilitated rather
than nucleation of a new island on top of the 1-ML is-
land (to create a 3-ML terrace). (The lack of an ES bar-
rier is particularly significant for low-temperature versus
high-temperature deposition.) Also, the adsorption en-
ergy is stronger on the lower 1-ML terrace versus on the
2-ML terrace, and there is additional binding at the step



edge. In addition, a 2-ML film has much lower surface
energy than 1- and 3-ML films'®. Thus, the expansion
of a 1-ML island on a 1-ML film has a strong thermo-
dynamic driving force versus the formation of a 3-ML
film. The resulting 2-ML film is stable relative to 1- and
3-ML films, as observed in low-temperature (100 K) de-
position experiments3?, where the Pb(111) films growing
on highly-ordered pyrolytic graphite substrate are quasi-
freestanding due to the very weak interaction between a
Pb film and the graphite substrate.

In contrast, for a 1-ML island on a 2-ML film, i.e.,
a 3-ML terrace surrounded by a 2-ML terrace [refer to
Fig. 4(b)], it is much more likely for atoms deposited on
top of the 1-ML island to nucleate a new island thereby
creating a 4-ML terrace. At an A- or B-step edge, there
is now a large ES barrier which inhibits the downward
transport of atoms from the top of the 3-ML island, so
nucleation and growth of a 1-ML island on the 3-ML
terrace is kinetically preferred. Also, the adsorption en-
ergy is now weaker on the lower 2-ML terrace than on
the 3-ML terrace, although binding at the A-step edge
on the 2-ML terrace is slightly stronger. In addition, a
3-ML film has much higher surface energy than 2- and
4-ML films'8. Therefore, the 3-ML island is unstable and
a "bilayer” growth (i.e., from 2 to 4 ML) should appear
during deposition, as already observed in the experiments
for quasi-freestanding Pb(111) film growth?3.

For a 1-ML island on a 3-ML film, i.e., a 4-ML ter-
race surrounded by a 3-ML terrace [refer to Fig. 4(c)],
the fate of atoms deposited on top of the 1-ML island
is analogous to that for a 1-ML island on a 1-ML film.
Downward transport and attachment to the edge of the
1-ML island to grow the 4-ML region is preferred ther-
modynamically, and aided kinetically by the absence of
an ES barrier (including for low-temperature deposition).
Indeed, stability of a 4-ML film against 3- and 5-ML
films is observed in low-temperature deposition experi-
ments for quasi-freestanding Pb(111) film growth®3. We
caution that the connection of our theoretical analysis
to experimental observations for Pb film growth on a Si
substrates” 19 is complicated by the strong film-substrate
interaction. This can result in a shift with respect to L of
basic features of the energetic parameters relative to that
for freestanding Pb(111) films'*16718 However, we be-
lieve that qualitative features of the shift in behavior de-
termined upon increasing thickness for unsupported films
will be preserved for supported films.

It is appropriate to compare the results of our DFT
analysis for ES barriers with previous modeling of exper-
imental observations?!:22. The latter included no ES bar-
rier for downward transport from terraces with a weaker
to stronger adsorption energy, consistent with our results.
An ES barrier of 0.15 eV was included for downward
transport from terraces with a stronger to a weaker ad-
sorption energy. This should be compared to our results
of 0.12 (0.16) eV for A (B) step between 3 ML and 2 ML
terraces. We caution, however, that the previous model-
ing included various other assumptions about energetics

in the Pb multilayer system.

Next, we briefly comment on behavior for step flow on
vicinal Pb(111) surfaces drawing upon our energetics re-
sults. For low temperature or broad terraces, island for-
mation occurs during deposition where the island density
is controlled by the terrace diffusion barrier. However, for
higher temperature or narrow terraces, most atoms reach
step edges leading to step flow. The presence of a signifi-
cant ES barrier between (2L)- and (2L + 1)-ML terraces,
but not between (2L —1)- and (2L)-ML terraces, implies
that step flow should lead to step pairing. Specifically,
the resulting film has significant population of even-ML
[(2L)-ML] terraces (stable) and a negligible population of
odd-ML [(2L — 1)- and (2L + 1)-ML] terraces (unstable).
Fig. 5 indicates which steps capture adatoms deposited
at various locations, and thus demonstrates the faster
propagation of steps between (2L —1)- and (2L)-ML ter-
races than between (2L)- and (2L + 1)-ML terraces.

IV. DIFFUSION IN THE PRESENCE OF
GHOST STEPS

A. Energetics

To analyze transport in the presence of ghost steps,
one can consider adatom diffusion across a flat L-ML slab
with an underlying 1-ML strip bounded by both A and B
steps. We analyze such systems for only L = 2 and 3 in
this work. For L = 3, the analysis corresponds to adatom
diffusion across the bottom surface of the configuration
shown in Fig. 3. In calculations for these systems with
ghost steps, we take the lateral supercell size to be 10 x 5
with the k mesh of 3 x 6 x 1 and the width of the 1-
ML strip to be W = 5ag. These parameter settings are
rougher than those used in calculations for the systems
with normal steps in Sec. III, but from our tests'® they
are still sufficiently accurate for our purpose in this work.

As described in the previous sections, because of QSEs,
there is a large adsorption energy difference between 2-
and 3-ML (or 3- and 4-ML) regions for a 2-ML (or 3-
ML) slab. However, for adatom diffusion on the top flat
surface of a slab with underlying ghost steps, there are
no deep wells corresponding to higher-coordination ad-
sorption sites like those at a normal step edge. Thus, the
oscillatory potential energy surface or MEP in a ghost-
step region between two regions with thickness L and
L + 1 will vary more regularly. In the zeroth-order pic-
ture, the MEP in a ghost-step region can be regarded
as a version distorted by a steep gradient relative to the
periodic MEP on a flat surface without any steps. This
behavior is revealed in Fig. 6.

Another feature is that, in a ghost-step region, there
are strongly varying local hopping barriers along a path
across a ghost step despite the feature that diffusion oc-
curs on a flat surface of the slab. There always exists a
relatively large local barrier encountered in traversing a
ghost-step region. Such relatively large local barriers for



A and B ghost steps are labeled by P and Q in Fig. 6.
These local ghost-step barriers are summarized in Table
I. DFT adsorption energies of the adatom at hcp sites of
2-, 3-, and 4-ML regions (approximated as flat-slab sur-
faces without steps in Fig. S132) as well as at the sites
labeled in Fig. 6 are listed in Table S232. Here we need
to state that, for the systems in Fig. 6, although the
local barriers at P or Q is large, there is no an ES-type
barrier because the energies at P or Q are always lower
than the TS energy on the 2- or 4-ML region, and thus
these barriers do not globally impact the mass transport
from the 2- or 4-ML region to the 3-ML region.

B. Kinetics

First, we consider diffusion on a flat slab with alternat-
ing 2- and 3-ML regions corresponding to Fig. 6(a). For
low enough temperature where transport between ter-
races is limited and island formation is irreversible, the
island density in the 3-ML region will be significantly
lower than in the 2-ML region noting that the diffusion
barrier of 39 meV on 3-ML region is much less than 102
meV on 2-ML region. The situation is more complicated
for reversible island formation. For higher temperature
where atoms deposited on the 2-ML region can reach the
3-ML region before nucleating terraces, they will accumu-
late on the 3-ML region given the significantly stronger
adsorption (by 494 meV). A similar discussion applies
for a flat slab with alternating 3- and 4-ML regions cor-
responding to Fig. 6(b). Here the adsorption energy dif-
ference is 167 meV, and the diffusion barrier of 39 meV
on 3-ML region is less than 55 meV on 4-ML region.

For a flat Pb(111) film supported on a vicinal substrate
which presents an extended sequence of ghost steps, the
alternating sequence of even- and odd-ML regions will
produce an alternating sequence of regions with higher
and lower adsorption energy, at least, if the regions are
not too thick?* 26, This type of situation has been con-
sidered in the context of directed assembly on templated
substrates®®. In general, it is not just stronger adsorp-

tion which directs nucleation, but lower diffusion barriers,
since the latter enhances the nucleation rate.

V. CONCLUSIONS

In conclusion, we have performed the first-principles
DFT calculations to obtain energy barriers of a Pb
adatom diffusing on stepped ultrathin Pb(111) film sur-
faces. To cross an A- or B-type step, the two-atom ex-
change is always much more favorable than direct hop-
ping, and the ES barrier strongly depends on the film
thickness. For steps between 2- and 1-ML terraces, or
between 4- and 3-ML terraces, there is no an ES barrier.
For steps between 3- and 2-ML terraces, large ES bar-
riers of more than 100 meV are found. Along the step
edges, the barriers are found to be significantly larger
than those for terrace diffusion on a flat surfaces with-
out steps. Barriers for interlayer transport are shown to
strongly impact morphological evolution during deposi-
tion either for multilayer growth or for step flow. We also
analyze diffusion on flat surfaces with underlying ghost
steps where difference in adsorption energies and diffu-
sion barriers for regions of different thicknesses can lead
to directed-assembly via nucleation and growth of Pb is-
lands during deposition.
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FIG. 4. MEPs calculated from the DFT plus CNEB method for a Pb adatom diffusing across A and B steps with a 1-ML strip
(light color) on (a) 1-, (b) 2-, and (c) 3-ML Pb(111) films (dark color). Insets indicate the step geometries and local equilibrium
sites (white dots with labels). For more details, see text.
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FIG. 5. Step pairing during deposition on a vicinal Pb(111)
nanofilm. The schematic illustrates which steps capture
atoms deposited at various locations, leading to assessment of
step propagation velocities indicated by thick green arrows.
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FIG. 6. MEPs calculated from the DFT plus CNEB method for a Pb adatom diffusing across A and B ghost steps with a
1-ML strip underneath (a) 2- and (b) 3-ML Pb(111) films. Colors are used to identify the different ML. Insets indicate the
step geometries and local equilibrium sites (blue lowercase letters). P and Q indicate the ghost-step barriers. Dashed blue lines
approximately mark the step positions. For more details, see text.



