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Atomic structure of a single step and dynamics of Sn adatoms on the Si(111) — 4/3 x 4/3—Sn surface
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The atomic structure of well-ordered single steps on the Si(111) — /3 x +/3 — Sn surface and the dynamics
of Sn adatoms in the vicinity of these steps was studied. The work was performed using low-temperature
scanning tunneling microscopy (STM) and ab initio calculations based on the density-functional theory. The
STM tip was used to record the tunneling current versus time on top of oscillating adatoms, keeping the feedback
loop turned off. The dynamics of adatoms, detected as the telegraph noise present in the tunneling current, was
registered near the steps at 80 K. The atomic structure model of the single steps consisting of Sn atomic chains
along the steps was developed. This structure leads to the formation of potential double wells near the steps
acting as traps for Sn atoms and explains the fluctuating current recorded in these areas.
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I. INTRODUCTION

Among other chemical elements used in silicon-based het-
erostructures for micro- and photoelectronic applications, tin
attracts particular interest since it belongs to the same group
as silicon and germanium. Although the Si(100) surface is a
primary substrate for the fabrication of functional heterostruc-
tures based on GeSn solid solutions [1], Si(111) substrates
provide a higher hole mobility for GeSn MOSFETs [2]. How-
ever, the epitaxial growth of high-quality GeSn alloys on
the Si surface is still a challenge because of the Sn surface
segregation and low solubility in the Ge matrix [1,3]. On the
Si(111) surface, GeSn structures without the Sn segregation
are observed after the low-temperature (LT) growth of a 5-nm
amorphous GeSn layer [2] or after the initial Sn film growth
followed by the Ge deposition and substrate annealing [4].
In the second case, the Sn film starting from an even sub-
monolayer thickness acts as a surface active agent affecting
the following epitaxial growth on the Si surface [5-8]. In
particular, the surfactant Sn layer enhances the surface dif-
fusion and suppresses the 2D island nucleation during the
Ge/Si [5] and Si/Si [7,8] epitaxy on the Si(111) surface and
prevents the Ge segregation in near-surface layers of the Si
substrate [6]. This modification of the atomic processes on
the growing Si(111) surface is related to the formation of
Sn-induced surface reconstructions, different from the intrin-
sic 7 x 7 dimer-adatom-stacking fault structure [9], which
changes the nature of the interaction between deposited atoms
and the substrate. The presence of preliminarily formed Sn-
induced reconstructions on the Si(111) surface also changes
the orientations of the epitaxial Sn layers growing at room
temperature [10]. The investigation of the Sn/Si(111) surface
atomic structure forming at the initial stages of Sn film growth
is a way to understand how to avoid the Sn segregation at the
following stages of GeSn structure fabrication.
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Depending on the substrate temperature and deposited
coverage, the Sn adsorption on the Si(111)-7x7 surface in-
duces the formation of the following ordered surface phases
[11-13]: @ — /3 x v/3 (/3 x +/3 shortly), ¥y —+/3 x /3
(mosaic phase), and 2\/5 x 2+/3. The structure, atomic,
and electronic properties of these reconstructions on the
Si(111) surface were well studied by the scanning tunnel-
ing microscopy (STM) technique [12-17] and by ab initio
calculations [17,18]. To reveal the properties of a perfect
reconstructed surface, these investigations were carried out
mostly on singular regions far from surface defects and atomic
steps always existing on real substrates. However, the ki-
netics of epitaxial growth and structural transitions on the
Si(111) surface are directly determined by the features of
atomic processes near the steps [19,20] depending on the
step edge orientation [21-24]. One interesting consequence
of this is the reduced symmetry island growth on the higher
symmetry substrate demonstrated in case of the Si and Ge
epitaxy on the Si(111) — +/3 x +/3 — Bi surface [21]. In the
present work, we used STM and ab initio calculations based
on the density-functional theory to reveal the atomic structure
of the steps on the Si(111) — +/3 x +/3 — Sn surface and to
study the dynamics of adsorbed atoms in the vicinity of such
steps.

The paper is organized as follows: After reviewing the
experimental and calculation procedures, we report on the
atomic structure model of the single step on the Si(111) —
V3 x /3 — Sn surface, give corresponding experimental and
calculated STM images, and show the localization of empty
and filled electronic states near the steps. In Sec. IIIB we
first review the previous results related to the Sn adatom
dynamics on the flat (111) — +/3 x +/3 — Sn surface regions
of Si and Ge and then we report the STM data related to the
adatom dynamics on the stepped Si(111) — /3 x /3 — Sn
surface, calculate the potential energy surfaces (PES) for Sn
and Si adatoms, compare the experimental and calculated
data, and explain the fluctuating current detected near the
steps.
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II. METHODS

A. Experimental procedure

The experiments were carried out using an ultrahigh vac-
uum system (base pressure 1 x 107!9 mbar) equipped with
a LT-STM (Omicron) and a low-energy electron diffraction
(LEED). Silicon substrates were cut from Si(111) n-type
wafers with resistivity 4 mS2 - cm. The sample preparation
started from clean Si(111) surfaces. The Si(111) —7 x 7
clean surface was prepared by the annealing at 900 °C and
flashing the sample at 1250 °C for about 1 min. The samples
were resistively heated by a direct current. The 7 x 7 surface
reconstruction was confirmed by LEED and STM before the
Sn evaporation. Sn was evaporated from a Knudsen effusion
cell. The effusion cell was thoroughly outgassed before its use
in order to maintain the pressure in the 10~' mbar range dur-
ing the metal deposition. The evaporation rate was measured
by using the quartz crystal thickness monitor. A nominal 1/3
monolayer Sn deposition was performed at room temperature,
followed by the sample annealing at 650 °C. After that the
formation of the o — +/3 x +/3 — Sn, reconstruction was con-
firmed by LEED and STM. Electrochemically etched tungsten
STM tips were used after a cleaning procedure by electron
bombardment. The reported STM images were recorded at
80 K in the constant-current mode. The STM scanner was
calibrated by using the Si(111) — 7 x 7 surface as a reference.

Tunneling current versus time traces (“‘current traces’ ’
hereafter) were acquired concomitantly to the acquisition of
constant current STM images by interrupting the tip scan
every five points and five lines over the chosen area. At every
single grid point, the STM feedback loop was switched off
and the tunneling current was recorded with a sampling rate
of 33kHz. In this way, we could observe steps in the current
trace if an adatom underneath the STM tip is unstable, i.e.,
moves horizontally or vertically. Furthermore, it is possible to
exactly locate the position of moving adatoms on the STM
images. To show where such traces were recorded on the
sample surface, we calculated the standard deviation (o) of
all the current traces and reported these values on the z axis
of a grid. The resulting images (hereinafter called “o maps’ *)
show a brighter color for higher o values, evidencing where
the adatom movement occurs. It is important to emphasize
that, with such an acquisition method, the uncertainties of
the actual tip location during the current trace acquisition
are greatly reduced because the STM image and the current
traces are acquired concomitantly. The maximum limit of the
detectable frequency in the current traces in our STM system
is estimated to be ~5kHz, while the lower limit is about
100 Hz. The method was successfully applied to the study
of Sn atom dynamics on flat Si(111) — V3 x /3 = Sn and
Ge(111) — /3 x +/3 — Sn surfaces at LTs [25,26] and was
described in detail in Ref. [27].

B. Computational details

The calculations were carried out using the pseudopoten-
tial [28] density-functional theory SIESTA code [29] within
the generalized gradient approximation (GGA) to the ex-
change and correlation interactions between electrons [30].
We did not consider the corrections to GGA, which could

help to better describe the electron correlation effects in the
Si(111) — ﬁ x +/3 — Sn system. Such corrections, although
having some influence on the calculated electronic structure
[31-34], are expected to have a small impact on the calculated
total energies and forces, and the resulting atomic structure,
studied in this work. The valence states were expressed as
linear combinations of the Sankey-Niklewski-type numerical
atomic orbitals [29]. In the present calculations, the polarized
double-¢ functions were assigned for all atom species; this
means two sets of s and p orbitals plus one set of d orbitals on
silicon and tin atoms and two sets of s orbitals plus a set of p
orbitals on hydrogen atoms. The electron density and potential
terms were calculated on a real-space grid with the spacing
equivalent to a plane-wave cutoff of 200 Ry.

In our calculations we used (111)-slabs with single steps
in the [112] step-down direction ([115]-steps in short). The
dangling bonds at the slab’s bottom side were saturated by
H atoms, while the top (111)-terraces were constructed ac-
cording to the +/3 x +/3 — Sn atomic model consisting of
Sn-adatoms on Ty-sites [12]. The slab thickness was about
14 A (four Si-bilayers), and the 26 A -thick vacuum layer
was used. The positions of all slab atoms (except for the
Si atoms in the bottom bilayer and all H atoms) were fully
optimized until the atomic forces became less than 0.01 eV /A.
Two different calculation cells were used in this work. For
the calculation of relative formation energies and PES maps,
we used slabs with 11.6 x 18.2 A2 lateral dimensions and a
grid of 4 x 3 x 1 k-points in the Brillouin zone [35]. Larger
slabs with 11.6 x 58.4 A2 lateral dimensions and a grid of
4 x 1 x 1 k-points were used for the calculation of STM im-
ages. Si and Sn chemical potentials were calculated using bulk
unit cells and 10 x 10 x 10 k-point grids. The Sn chemical
potential was calculated using the bulk a-phase of Sn having
the diamond structure and known as gray tin. The calculated
Si and Sn bulk-lattice constants are as; = 5.50 A and as, =
6.73 A, which are close to experimental values as; = 5.43 A
and ag, = 6.46 A, respectively. The constant-current STM
images were produced based on the Tersoff-Hamann approx-
imation [36] using the eigenvalues and eigenfunctions of the
Kohn-Sham equation [37] for a relaxed atomic structure. Ex-
perimental and calculated STM images were processed using
the WSXM software [38].

In this work, we compared the relative formation energies
of the stepped Si(111) — +/3 x +/3 — Sn surface according
to different atomic configurations of the step edge. The
Si(111) — \/§ X «/_ — Sn surface having an unreconstructed
step edge (described in the text) after the structure relaxation
was treated as a reference surface. The relative surface forma-
tion energies (per unit area) were calculated according to the
procedure described in Ref. [39]:

Ay = (Emodel — Funree — UsiANs; — tisn ANsn)/S, (D
where S is the unit cell area of the slab in the xy plane, Eygrec
refers to the total energy of the reference slab containing the
unreconstructed step after the structure relaxation, Epogel 1S
the total energy of the slab according to the trial step model,
and ANs; and ANg, account for the number of Si and Sn
atoms in the trial model in excess of those in the reference
model.
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The wsi and pg, are the chemical potentials of Si and Sn,
which are the energy per atom in the reservoirs with which the
surface is assumed to be in equilibrium. Since the surface is
in equilibrium with the bulk Si substrate, us; is the energy
per atom in bulk Si. The adsorbate chemical potential pgy,
was treated as a variable, since its exact value is unknown. It
corresponds to a real physical variable that can be externally
tuned [39]. Under thermodynamic equilibrium conditions, the
surface having the lowest formation energy will be realized.
The change of g, leads to a change of surface formation
energy, which may be followed by structural phase transitions.
The chemical potential in bulk «-phase Sn (isnpuix) may be
considered as the upper bound for the Sn chemical potential.
If tsn > Isn-buik, then bulk e-phase Sn would be energetically
more favorable than any adsorbed phase, which would lead to
the precipitation of bulk Sn on the Si surface. In the opposite
case of extreme low ug, values, the clean Si surface with no
Sn adatoms becomes the most stable. Thus, the low/high ps,
values should favor atomic structures with a low/high amount
of Sn atoms on the Si surface, respectively. In this work, we
are interested in the intermediate ug, values, when the Sn-Si
compound surface phases are stable.

The PES maps describing the energetics of adatoms on
the stepped Si(111) — /3 x +/3 — Sn surface were produced
for the positions of the adsorbed probe Sn (Si) atom within
a symmetry-irreducible half of the calculation cell. For each
xy coordinate, the adsorbed atom was initially placed approxi-
mately 3 A above the surface, and its z coordinate was allowed
to relax while the coordinates in the xy-plane were kept fixed.
The positions of all remaining atoms, but the bottom Si-H
units, were fully optimized until atomic forces became less
than 0.01 eV/A. The total of 444 points forming a grid with
about 0.5 A spacing was calculated in the calculation cell half.
The PES data for the whole calculation cell were recovered by
applying the mirror symmetry transformation to the calculated
PES data. The exact energies of local energy minima on PES
were calculated with a free-moving probe atom placed near
the local energy minima.

III. RESULTS AND DISCUSSION

A. Atomic structures of the single step on the
Si(111) — 4/3 x +/3 — Sn surface

The starting point of our investigation of the step atomic
structure is the information provided by STM images. In
Fig. 1(a) is a typical STM image of the atomic step found
on the Si(111) — +/3 x +/3 — Sn surface. Each bright spot in
the STM image represents a Sn adatom. In Figs. 1(b) and 1(c)
are the high-resolution STM images of the step edge obtained
at U =410V and U = —1.0V, respectively. It is seen in
Fig. 1(c) that the Sn adatoms at the upper terrace edge look
brighter than those far fromitat U = —1.0 V. Since this effect
was observed only at a negative bias, then it is unlikely that it
is a real topography feature. The effect is most probably due to
a charge transfer and associated higher density of filled local
electron states (electrons) at the Sn atoms located at the upper
terrace edge.

In Fig. 2(a) is the experimental STM image of the sin-
gle step on the Si(111) — +/3 x +/3 — Sn surface acquired at

FIG. 1. Experimental [(a), (b), (c)] and calculated [(d), (e), (f)]
constant-current STM images of single steps on the Si(111) — +/3 x
/3 — Sn surface. (a), (b), (d), () U = +1.0V; (¢), H U = —1.0V;
(a), (b), (¢) I = 0.3nA. The calculated STM images are based on the
“B” atomic model of the single step on the Si(111) — ﬁ x /3 — Sn
surface (see the text).

U = —1.0V after a linear distortion correction and an FFT
bandpass filtering. The key to understanding the step edge
directions is in the mutual alignment of the +/3 x /3 — Sn
lattices on the neighboring (111) terraces separated by the sin-
gle step. Accordingly, the hexagonal lattice was drawn across
the Sn adatom positions on the upper terrace [lower-right part
of Fig. 2(a)]. It is clear that the Sn adatoms on the lower
terrace [upper-left part of Fig. 2(a)] are located on the same
lines drawn perpendicular to the step edge as the Sn adatoms
on the upper terrace. Two (the only possible) models of un-
reconstructed steps on the Si(111) — V3 x /3 — Sn surface
compatible with the above observation are shown in Figs. 2(b)
and 2(c). Thus, the direction along the step edge in Figs. 1(a)
and 2(a) is of the [lTO]-type, as it follows from the models
shown in Figs. 2(b) and 2(c).

A more difficult question is the step-down direction in the
experimental STM images shown in Figs. 1(a) and 2(a). This
direction can be either [112], resulting in a step in which the
bonds configuration is the same as on unreconstructed (001)
surface [right parts of Figs. 2(b) and 2(c)], or [1 12], in which
the bond’s configuration is as on the (110) surface [left parts
of Figs. 2(b) and 2(c)]. It should be noted that these two direc-
tions are physically inequivalent for crystals with a diamond
lattice, i.e., they lead to a different step atomic structure with
different properties. To solve this problem, we note that the
bright spots (Sn atoms) on the lower terrace shown in Fig. 2(a)
are shifted from the nearest nodes of the hexagonal lattice
by about 1/3 lattice period (~2.2 A) toward the step edge.
The shift is clearly visible near the central part of the lower
terrace. The Sn atom positions on the lower terrace near the
step edge should be ignored since, in this area, the image may
be altered by an undesired tunneling through the side of the
STM tip. The same shift direction can be observed only for
[112] steps. Therefore, the steps observed in our experimental
STM images in Figs. 1(a) and 2(a) are [112] steps.

The trial atomic models of the steps for ab initio calcu-
lations were constructed in accordance with the information
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FIG. 2. (a) Experimental STM image of the step on the
Si(111) — v/3 x +/3 — Sn surface after FFT bandpass filtering, se-
lecting the frequency related to the /3 x +/3 periodicity of the Sn
adatoms lattice, U = —1.0V, I = 0.3 nA. The image was carefully
corrected for minimal distortion using the hexagonal lattice of the
upper terrace (lower-right part of the image) as a reference. The
white cross marks the position of the bright spot on the lower
terrace. (b), (c) Atomic models of unreconstructed steps on the
Si(111) — +/3 x +/3 — Sn surface with [112] and [112] steps (left
and right steps, respectively). Cyan and blue circles are Si atoms
of the lower and upper (111) terraces, respectively; yellow circles
are Sn adatoms. The hexagonal lattices (dashed lines) in (a) and
(b) are drawn across the positions of Sn adatoms on the upper terrace,
while large circles highlight the deviations of the lattice nodes from
the nearest Sn positions.

provided by experimental STM images. In this work, we
compare the stability of different step configurations by cal-
culating the relative formation energies of regular stepped
surfaces according to various step models. The step formation
energies were not calculated explicitly.

We performed an extensive search for the lowest energy
atomic configuration of the stepped Si(111) — +/3 x /3 —

|
(o)}

-8 1 1 1 1
-1.0 -0.8 -0.6 04 -0.2 0.0

Usn~Hsnou (EV)

FIG. 3. Surface-energy diagram of the stepped Si(111) — +/3 x
V/3 — Sn surface. The energies are given relative to the forma-
tion energy of relaxed surface with unreconstructed steps (see
the text) for the Sn adsorbate. The models marked as “A” (red
solid line), “B” (black solid line), and “C” (blue solid line) corre-
spond to the lowest-energy surface atomic configurations found for
—1.0eV < sy — Usnpuk < 0.0eV. The black dashed lines are from
other trial models.

Sn surface. Fifty atomic models were evaluated, and our re-
sults are shown in Fig. 3. Three solid lines—red, black, and
blue—represent the surface energy graphs for three lowest
energy atomic configurations, A, B, and C, depending on the
Wsn value, while the dashed lines in Fig. 3 are from other
higher energy trial models.

The atomic step model “B,” which is stable in a wide range
of ws, values (Fig. 3), is shown in Fig. 4. The difference
between this model and the model of the unreconstructed step
shown in Figs. 2(b) and 2(c) (left parts of these figures) is
the presence of a Sn atomic chain consisting of A; and A,
Sn adatoms decorating the step edge. The adatom A; can be
considered as the one taken from the v/3 x /3 — Sn structure
on the lower terrace by shifting from the neighboring T site
to the step edge (see the dashed circle outlining the previous
position of this adatom). The adatom A, is an additional Sn
atom, not existing in the unreconstructed step model. The
model “B” contains Si atoms with unsaturated dangling bonds
(rest atoms): R; on the upper terrace and R, on the lower
terrace. The rest atoms show the sp?-like (planar) configura-
tion of saturated bonds after the structure relaxation. While R
exists also in the unreconstructed step model, the emergence
of R, is caused by the Sn atom shift leading to the formation
of A; step edge atom. All other Si bonds in the model, except
for the bonds on Ry and R, atoms, are saturated. It is difficult
to resolve A, A, R; and R, atoms experimentally since Sn
adatoms, in the vicinity of the upper terrace edge, strongly
hinder their imaging. The possible reason of why Sn atoms
prefer A; and A, positions at the step edges is the bigger
size of Sn atoms, as compared to that of Si. As a result, Sn
atoms better fit the positions with large distances to the closest
neighbors, as it is the case for A| and A,.
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Sn atomic chains
at step edges

[111]

FIG. 4. Atomic model “B” of the step edge on the Si(111) —
/3 x /3 — Sn surface. Red, cyan, and blue circles are Si atoms
of the lower, middle, and upper (111) terraces respectively; yellow
circles are Sn adatoms. Gray-shaded rhombuses are the unit cells
of the /3 x +/3 — Sn reconstruction; the yellow-shaded rectangle
outlined by a dashed line is the calculation unit cell. A; and A, denote
Sn adatoms at the step edges forming Sn atomic chains; R; and R,
are the Si rest atoms. The site outlined by a dashed circle and marked
as T4 shows the place where the A, atom came from. (a) Top view.
(b) Side view.

Model “C” is stable at the excess of Sn on the Si surface,
just before precipitation of the bulk Sn (Fig. 3). The only
difference between the “B” and “C” models is that, in the case
of the “C” model, the Si rest atom R, is substituted with the
Sn atom. Both models result in very similar calculated STM
images. Model “A” is stable at low pg, values and contains
no Sn atoms at all. This clean Si surface model is basically
the unreconstructed step edge model shown in Figs. 2(b) and
2(c) (left parts) where all Sn atoms on the (111) terraces
are substituted by Si atoms. Thus, the terraces in model “A”
are structurally similar to the mosaic v/3 x +/3 — Sny phase
observed after the partial self-cleaning of Si(111) terraces
at elevated temperatures [11,13]. The models “A” and “C”
determine the upper and lower stability boundaries of the “B”
model, which is most likely to be relevant for the experimen-
tally observed step structure.

In Fig. 1(d) is a large-scale calculated STM image of the
Si(111) — /3 x /3 — Sn surface based on the atomic step
model “B” shown in Fig. 4. In Figs. 1(e) and 1(f) are the
STM images of the step edges calculated for U = +1.0V
and U = —1.0V, respectively. The latter two images exhibit
the same features as the experimental STM images shown
in Figs. 1(b) and 1(c); namely, the spots associated with Sn
adatoms at the very edge of the upper terrace are brighter
than other spots on the filled states STM images (U < 0).

T—Sn atomic chain

[112]

FIG. 5. LDOS isosurfaces integrated in a 1.0 eV energy window
below (half-transparent gray areas) and above (half-transparent red
areas) the calculated Fermi level. The atomic model “B” of the
Si(111) — /3 x +/3 — Sn stepped surface is overlaid. Cyan and blue
circles are Si atoms of the lower and upper (111) terraces, respec-
tively; yellow circles are Sn adatoms. A; and A, denote Sn adatoms
at the step edge forming the Sn atomic chain; R, and R, are the Si
rest atoms on the upper and lower (111) terraces, respectively.

This effect was not observed at U = +1.0 V in agreement
with the experimental data [Figs. 1(b) and 1(e)]. Thus, the
experimental and calculated STM images demonstrate a good
match, which is a prerequisite for a correct atomic model. It
should be noted that few other trial models exhibited the same
effect of bright terrace edges as the model shown in Fig. 4, but
these atomic configurations had significantly higher formation
energies.

The charge distribution near the step edge is the reason
for the increased intensity on Sn adatoms in the filled state’s
experimental and calculated STM images. This effect was
investigated in more detail. The calculated local density of
states (LDOS) isosurfaces integrated in a 1.0 eV energy win-
dow below and above the calculated Fermi level are shown in
Fig. 5. The atomic model superimposed on this pattern allows
identifying the atoms acting as electron donors or acceptors.
It is clear that the empty states are mostly concentrated on the
Si rest atoms, while filled states are mostly located on A; and
A, atoms of the Sn chain. Few filled states are also found on
the Sn atoms near the lower and upper terrace edges.

B. PES and dynamics of Sn adatoms on the
Si(111) — /3 x +/3 — Sn surface with steps

The dynamical fluctuations of Sn atoms on flat Sn/Si(111)
and Sn/Ge(111) surfaces were studied in detail in Refs.
[25,26] by recording the tunneling current as a function of
time. Vertical fluctuations of Sn atoms within the \/5 X \/5
surface reconstruction are related to the v/3 x /3 — 3 x 3
phase transition during the temperature decrease. The process
is well described within the dynamical fluctuations model, at
least in the case of the Sn/Ge(111) system. According to this
model, the static /3 x /3 structure is unstable and trans-
forms into the 3 x 3 structure with the Sn adatoms buckled
up and down [40]. The observation of the V3 x /3 structure,
according to this theory, is due to the time-averaged verti-
cal fluctuations of Sn atoms, which is 0.36 A between the
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up-and-down positions on Sn/Ge(111) [41]. The fluctuations
were observed at 80 — 220 K in the Sn/Ge(111) system and at
2.3 — 32K in the Sn/Si(111) system. While the stable 3 x 3
structure was actually observed in the Sn/Ge(111) system
at 80K, the \/5 X \/§ reconstruction on Sn/Si(111) persists
even at a very LT, down to 2.3 K [27]. The reason is a very
low-energy barrier (2.6 & 1.4 meV [26]) associated with the
phase transition on Sn/Si(111), which is much lower than
that on Sn/Ge(111) (13 &=7meV [25]). This results in the
notable quantum tunneling of Sn adatoms between two stable
positions on Sn/Si(111) and that destroys the 3 x 3 structural
order [26].

Due to the very low-energy barrier in the Sn/Si(111) sys-
tem, the frequency of Sn dynamical fluctuations at 80K is
expected to be well above the maximum limit of detectable
frequency in our STM measurements (about 5SkHz). It is
possible to estimate how high the energy barriers have to
be in order to observe the dynamical fluctuations in STM.
To this end, we make use of the frequency (f) of thermally
activated dynamical fluctuations using an Arrhenius relation
f = foexp(—E,/kT), where k, T, and f stand for the Boltz-
mann constant, sample temperature, and attempt frequency,
respectively, which can be approximated by the Debye fre-
quency of Si (14 THz). Thus, for the upper limit of detectable
frequency (5kHz), we get E, = 0.13eV and for the lower
limit (100Hz) E, = 0.15¢eV.

Figure 6(a) shows the o map acquired concomitantly with
the STM image shown in Fig. 1(a). All the current traces
recorded on the terrace show a flat profile (o & 0), consistent
with the expected high frequency of Sn dynamical fluctuations
at 80 K (see the current trace collected at point I, for example).
However, the o map clearly exhibits bright spots at the lower
side of the step edge that show the presence of current traces
with a high standard deviation value. As an example, two
stepped current traces collected at points I and III are reported
in Fig. 6(b). The observation of stepped current traces near
the step edge at 80 K indicates that the energy barrier for the
fluctuating adatoms in that area is much larger than that on the
flat Sn/Si(111) surface. It is also worth noting that, in spite
of a very regular step structure visible in the STM image in
Fig. 1(a), only a few irregular spots are visible in the o map in
Fig. 6(a). The reason will be clear from the results presented
below.

The calculated PES for a Sn probe atom on the stepped
Si(111) — +/3 x /3 — Sn surface with the atomic model “B”
overlaid is shown in Fig. 7. Bright regions correspond to the
energy minima, while dark regions indicate energy maxima.
It is clear that the Sn adatom positions on the surface are the
highest energy maxima on PES. This is because these atoms
have only one dangling bond and, therefore, these sites are not
favorable for the adsorption of an additional probe Sn atom
having four valence electrons. The positions of rest atoms also
show energy maxima, but their values are lower than those
found on Sn atoms.

All Si bonds on the Si(111) — V3 x +/3 — Sn surface are
saturated by Sn atoms making this surface inert. Thus, ac-
cording to Fig. 7, each /3 x +/3 — Sn half unit cell shows
only a single shallow local minimum on T4 site (minimum
N = 1). The energy of this local minimum is taken as the
energy zero in our calculations. The energies calculated for
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FIG. 6. (a) 0 map related to the constant-current STM image
shown in Fig. 1(a). The location of the step edge in the STM image
is indicated by a red line. (b) A collection of current traces detected
on the flagged surface spots.

different energy minima on PES for Sn and Si probe atoms are
shown in Table I. As expected, the deepest minima are located
near the step edge since this area contains many unsaturated
bonds. According to Fig. 7, each rest atom is surrounded by
four local minima on PES: N =2, 2, 3,3 for R, and N =7,
8, 9, 10 for R;. The region between A; and A, adatoms
contains three additional minima: N = 4, 5, 6. The location
of the deep local minima around rest atoms and near adatoms
is typical of the surfaces containing these atoms, and it was
also observed in other systems [42,43]. The reason for this is
that the adsorbed atom in the vicinity of the rest atoms and
adatoms may effectively saturate several bonds. According to
Table I, the two neighboring minima near R, labeled N = 3
on PES are the deepest (global) minima for the probe Sn atom
on the stepped Si(111) — \/3 x +/3 — Sn surface. Therefore,
these minima should be the preferential adsorption sites for
Sn atoms at a low sample temperature.

The calculated PES (Fig. 7) shows that the energy barrier
between two neighboring N = 3 sites is among the lowest on
the surface. As it follows from the symmetry of the computa-
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lower middle terrace

Ny

2] LSn atomic chains

FIG.7. PES of an adsorbed Sn probe atom on a stepped
Si(111) — V3 x +/3—Sn surface; the atomic model “B” is overlaid.
The contour spacing is 0.2 eV. Bright (dark) regions indicate energy
minima (maxima). Numbers indicate different local minima on PES.
White circles are Si atoms; yellow circles are Sn atoms. A; and A,
denote Sn atoms at the step edges forming Sn atomic chains; R; and
R, are the Si rest atoms on (111) terraces. The rectangle outlined by
a white dashed line is the calculation unit cell of the stepped surface;
the rhombus outlined by a white solid line is the +/3 x +/3 — Sn unit
cell on the (111) terrace.

tional cell, the saddle point between these two sites is situated
in the (110) plane crossing the A; atom. The total energy re-
lated to this saddle point was calculated by relaxing the atomic
structure while restricting the Sn probe atom movement to the
(110) plane. It was found that the energy barrier between two
neighboring N = 3 sites is as low as 0.21 eV. Thus, these two
global minima sites are separated by a low-energy barrier and
form a double well for the adsorbed Sn atoms. The calculated
energy barrier is close to the E, range, suitable for the ob-
servation of the thermally activated dynamical fluctuations in
STM (0.13 — 0.15¢eV at 80 K). Therefore, we suggest that an
additional adsorbed Sn atom should flip between two traps of
the double well at 80 K. The irregular bright spots visible on
the lower terrace near the step edge in the o map [Fig. 6(a)]
originate, most probably, from the random Sn atoms trapped

TABLE I. Relative energies (eV) of local energy minima on PES
for the adsorbed Sn and Si probe atoms on the stepped Si(111) —
V3 x +/3 — Sn surface. N is the local minimum number according
to Fig. 7.

Relative energy (eV)

N Sn Si

1 0 0

2 —0.33 —0.48
3 —0.58 —0.55
4 —0.28 —0.61
5 —0.19 —0.51
6 —0.07 —-0.23
7 —0.37 —0.52
8 —0.49 —0.68
9 —0.39 —0.47
10 —0.18 -0.23

[110]

[111]

FIG. 8. Atomic structures related to the N =3 energy min-
ima on the calculated PES. (a) Local minima configurations.
(b) Saddle-point configuration. Upper figures, top views; lower fig-
ures, corresponding side views. Cyan and blue circles are the Si
atoms of the lower and upper terraces, respectively; the yellow cir-
cle is the A; Sn adatom at the step edge; the black circle is the
probe Sn (Si) adatom. The dashed circle shows the position of the
probe adatom in the second local minima of the double well. The
arrow highlights a weak bond between the probe adatom and the Si
substrate.

in the double wells. Note that there is a good correspondence
between the positions of double wells along the step edge
(Fig. 7, between the edgemost Sn adatoms on the upper ter-
race) and the positions of bright spots in the measured o
map [Fig. 6(a)]. This observation is an additional proof of
the developed step model and proposed interpretation of the
experimental data.

The atomic configuration related to the PES energy minima
N = 3 in the double well is shown in Fig. 8(a). According to
this configuration, the adsorbed probe Sn atom is threefold
coordinated. The first bond is connected to the R, Si rest atom
on the (111) terrace; the second bond is connected to the A; Sn
adatom of the Sn atomic chain. The third bond (marked with
an arrow) shares its connection to the substrate Si atom with
the A; Sn adatom. The bond length between two Sn atoms
is 2.95 A, being very close to the calculated bond length in
the bulk a-phase Sn (2.91 A). The bond lengths between the
A; Sn adatom and Si substrate are 2.76, 2.72, and 3.02 while
for the probe Sn atom they are 2.82 and 3.06 A. The longest
and, therefore, weakened Sn-Si bonds of about 3 A in each
group are connected to the same overcoordinated Si substrate
atom. When the probe Sn atom is in its saddle position, as
shown in Fig. 8(b), the weak bond between this atom and
the overcoordinated substrate Si atom is broken. The height
change when moving the probe Sn atom from the position of
energy minima to the saddle point is 0.57 A.

For the sake of completeness, we also calculated PES for
the probe Si atom on the stepped Si(111) — +/3 x /3 — Sn
surface to check if the observed fluctuations of tunneling
current in STM can be caused by trapped Si atoms. We found
that the positions of energy maxima and minima on PES are
very similar to the ones observed for the probe Sn atom. This
is explained by the same number of valence electrons in Si
and Sn atoms. However, the values of calculated local energy
minima, in the case of the probe Si atom, are different. It is
shown in Table I that the global minimum for the probe Si
atom is on the N = 8 site, which is on the upper terrace just

125437-7



R. A. ZHACHUK et al.

PHYSICAL REVIEW B 104, 125437 (2021)

behind the A; adatom (Fig. 7). This result suggests that, unlike
Sn atoms, Si atoms must accumulate at the upper terrace edge
and be stationary at 80 K. Since this was not observed in the
experimental STM images of step edges [Figs. 1(a)—(c)], then
Si adatoms can be excluded.

IV. CONCLUSIONS

In summary, the structure of the single step and dynamics
of adatoms on the Si(111) — /3 x +/3 — Sn surface were
investigated by LT-STM at 80 K and ab initio calculations.
The atomic model of the [112] single steps on the Si(111) —
V/3 x +/3 — Sn surface was developed. The model contains
Sn atomic chains along the step edges. The adatom dynamics

was detected at the lower side of the step edge in STM at 80 K.
The PES calculated using the developed step model reveals
the presence of double wells at the lower side of the step
edge acting as traps for adsorbed Sn atoms. The random Sn
atoms trapped within the double wells and flipping between
two stable states explain the fluctuating current detected in
STM at 80 K.
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