PHYSICAL REVIEW B 90, 035420 (2014)

Initial stages of oxygen adsorption on In/Si(111)-4x1
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The In/Si(111)4x1 surface with In wires is a prototypical one-dimensional electron system showing a
temperature-induced structural phase transition. While most impurities are known to decrease the transition
temperature (7,), oxygen was reported to increase the 7. In order to understand the exceptional influence of
oxygen, we have examined the initial stages of oxygen adsorption on the surface by scanning tunneling microscopy
(STM) and density-functional theory (DFT) calculations. Oxygen molecules were found to dissociate and adsorb
as atoms on the surface. STM revealed three distinct O adsorption features as well as occasional transformations
from one to another. The high-resolution images showed that all three adsorbed O features were located at the
center of the In trimer at both edges of the In wire. This registry is in contradiction with the previous theoretical
predictions [S. Wippermann et al., Phys. Rev. Lett. 100, 106802 (2008)]. The present DFT calculations identified
two of the features as O atoms incorporated in the interstitial region between the In wire and subsurface Si layer.
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I. INTRODUCTION

The phase transitions in solids have been a subject of
fundamental research in both fields of statistical physics and
condensed matter physics. Recently, the phase transitions in
reduced-dimensional systems have attracted renewed interest
since both structural and electronic transitions were reported
in a number of metal-induced superstructures formed on the
surfaces [1-9]. The nature of the surface phase transition
and the influence of defects and impurities on the phase
transition have been the focus of intensive research in these
reduced-dimensional systems.

The In/Si(111)-4x 1 surface at room temperature (RT) is
a low-dimensional system, where its phase transition has
been studied extensively [3,10-17]. This surface undergoes
a structural phase transition to an 8 x2 structure when the tem-
perature is reduced to below 130 K [3,12,13]. A metal-insulator
transition was also reported to occur at the same temperature,
accompanying the structural phase transition [3,13]. Owing
to the (quasi-)one-dimensional nature of this surface, the
phase transition was originally interpreted in terms of the
charge-density-wave transition [3]. In contrast, other studies
proposed a different explanation [18,19].

Global characteristics such as the transition temperature
(T,) and transport property of this In/Si(111)-4x I surface have
been reported to be affected significantly by small amounts of
defects [13,20-28]. In a recent series of diffraction experi-
ments, the defects created by depositing metal atoms (In and
Na) or by exposing the surface to gases (hydrogen and oxygen)
were found to change the transition temperature [23-25,27].
Of particular interest was the adsorption of oxygen, which
increased the T, of the phase transition of the In/Si(111)-4x 1
surface, whereas the other defects reduced it. The effect of
oxygen defects increasing 7, is unique and extraordinary [24].
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Two possibilities have been suggested to explain the O-induced
increase in 7,; hole doping or a correlated arrangement of the
O-induced defects. The former possibility was based on the
property of oxygen taking electrons from the surface upon
adsorption. A theoretical calculation, however, indicated that
both electron and hole doping reduced 7, [29]. A recent
angle-resolved photoelectron spectroscopy study found that
the oxygen adsorption increases the band filling of the one-
dimensional surface metallic bands, which is in contrast to the
expected hole doping [30]. Therefore the hole doping effect of
oxygen adsorption is unlikely to account for the increase in 7.
On the other hand, the latter possibility, correlated arrangement
of the O-induced defects, requires further an atomic-level
investigations.

Knowledge of the local properties, such as the identities
of the adsorbed species and adsorption sites are essential to
understanding both the local structural changes and the role
of defects in the phase transition. While the adsorption site
and local perturbation of the atomic H have been determined
by scanning tunneling microscopy (STM) and first-principles
theoretical calculations [22], little is known regarding the
adsorption of oxygen. In a previous STM study, dark features
were observed after exposing the surface to the oxygen gas and
interpreted as vacancies due to surface etching [22]. Recently, a
theoretical study considered the adsorption of atomic oxygen
and predicted its adsorption site as well as its influence on
surface conductance [31].

In the present study, the adsorption of oxygen on the
In/Si(111)-4x 1 surface in the initial stages was examined
by STM and first-principles calculations. Experimentally,
three distinct O adsorption features were observed in the
STM images after exposing the surface at RT. All these
adsorbed features were attributed to the atomic O adsorbed
dissociatively from the molecules. Density-functional theory
calculations identified two of the features: O atoms incor-
porated in the interstitial region between the In wire and
Si substrate. The third adsorption feature remains to be
identified.
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II. EXPERIMENT

The STM experiments were performed in an ultrahigh
vacuum chamber with a base pressure below 1.0 x 10~° Torr.
The In/Si(111)-4 x 1 surface was prepared by the deposition of
1 ML of In from a Ta-wrapped In source onto a clean Si(111)
surface at approximately 700-750 K [32]. The formation of
the In/Si(111)-4x 1 surface was confirmed by STM scanned
at RT. Oxygen gas was introduced into the chamber through
a variable leak valve during scanning. This ensured that the
initial adsorption of oxygen as various adsorption features
could be identified with certainty. The partial pressure of the
O, gas, which back-filled the chamber was maintained at
2x107°=1x 1078 Torr. The amount of oxygen gas introduced
in the chamber was controlled by the continued time during
scanning at a fixed pressure and is given in units of L (1 L =
1 x 1079 Torr sec) for a relative comparison.

III. RESULTS

Figure 1(a) presents STM images of the In/Si(111)-4x1
surface exposed to 4.7 L of O, gas in total (1x10~° Torr,
4700 s). These images were taken at a negative sample bias
(Vs = —1.0 V), representing the spacial distribution of the
occupied surface electronic states. Two types of adsorption
features, one bright (B) and the other dark (D), were clearly
distinguishable. Both were attributed unambiguously to the
oxygen adsorption features, because they appeared newly in
the images [see Figs. 1(b)-1(d)] taken successively over time
during the O, dosing. These adsorption features occasionally
transform to each other, as shown in Figs. 1(b)-1(d).

Both the B and D adsorption features increased in number
as the exposure to O, proceeded, indicating that they were
certainly related to oxygen adsorption. They occupied either
side of the In chain and showed a preference for one side over
the other. A comparison with a Si(111)-7x7 surface showed
that the preferential occupation side corresponds to the side of
the unfaulted half unit of the 7x7 cell, i.e., (112) side. This
preference in the adsorption side is the same as that of the ad-
sorption of H atoms [22]. By counting the adsorption features
altogether, the ratio between the major and minor adsorption
sides was approximately 2:1. This preference indicates the
influence of the subsurface layer on the adsorption, which
is not symmetrical under the reflection with respect to the
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centerline of the In chain. The apparent glide plane symmetry
of the In wires is absent in the Si(111) substrate.

Although the dark features in Fig. 1 appear similar, they
are divided into two different types, D; and D,. This is clearly
shown in Fig. 2, where the filled- and the empty-state images of
the same area are compared. The D; and D, oxygen features,
both appearing dark in the filled state, were clearly distin-
guished in the empty-state image [see Fig. 2(b)]. D, appeared
as a bright protrusion with two bright satellites (marked with
arrowheads) at the opposite side of the chain. In contrast, D,
appeared dark (depressed than the background). The opposite
side of the D, feature within the chain also appeared bright but
it was not as prominent as the satellites of the D; feature.

The oxygen can be adsorbed on the surface both in the
atomic (O) and molecular (O,) forms. Determining unambigu-
ously whether the adsorbed oxygen is an atom or a molecule
is quite difficult. However, it has been well known that oxygen
molecules are dissociated and adsorbed as atoms on metal
surfaces at RT [33,34]. Adsorption of molecular oxygen in
physisorbed or chemisorbed form has been observed only
when the temperature was significantly reduced [35,36]. In our
case, a good agreement between the experimental adsorption
features with the calculated atomic oxygen species (as it will
be shown later) validates the adsorption of oxygen as atoms
on the In/Si(111)-4 x 1 surface at RT. Therefore we rule out the
possibility of the observed STM features as O, molecules.

Information on the adsorption sites of the atomic O can be
obtained from the high-resolution images compared with the
atomic structure model, as shown in Fig. 3. In the STM images
of the clean surface with low-bias voltages (|Vi| < 0.5 V)
[Fig. 3(a)], bright protrusions form zigzag chains. Each bright
protrusion coincides with the center of a triangle formed by
one inner-row In atom and two outer-row (edge-row) In atoms
[solid circle in Figs. 3(a) and 3(b)]. In Figs. 3(c)-3(e), which
show STM images (V; = +0.36 V) of the O-adsorbed surface,
all three oxygen features are located on the tops of these bright
protrusions. The B feature appears much brighter [Fig. 3(c)],
D, is similar [Fig. 3(d)], and D5 is slightly darker [Fig. 3(e)]
than the surrounding protrusions at this low bias. D; and D,
appear similar in that their protrusions are surrounded by dark
depressed area. On the other hand, they are distinguishable
by the relative brightness of the central protrusions, i.e., D, is
darker than D; . In the vicinity of these defects, x 2 modulations
are developed and decay with the distance along the row
from the defects. These O-defect-induced x2 modulations are
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FIG. 1. (Color online) (a) Representative STM image of the In/Si(111)-4 x 1 surface exposed to O, gas (4.7 L) at RT. Two types of adsorption
features, bright (B) and dark (D), are clearly visible. (b)-(d) STM images taken successively over time at approximately two-minute intervals
during the O, dosing with 1x 10~ Torr. During dosing, new adsorption features appeared [B (circle) and D (rectangle)] and the transformation
between the adsorption features [B-to-D (solid arrow) and D-to-B (dashed arrow)] were observed. The images were filled-state images taken

atV,=—1.0V.
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FIG. 2. (Color online) STM images taken with opposite-polarity
bias voltages over the same area: (a) filled state (V;, = —1.0 V) and
(b) empty state (V; = +1.0 V). The three distinct features are labeled
as B, Dy, and D,. One atomic H adsorption feature (cracked from
residual gas by ion gauge filament) was also observed (ellipse). The
atomic H feature was distinguished from the bright oxygen feature B
by its a distinct “seagull” shape with two side lobes in the empty-state
image (see Ref. [22]).

similar to that observed for atomic H adsorption [22]. This
confirms that the defects on the 4x 1 surface induce common
x2 modulations even at RT, which are inherently different
from the x2 structure in the 8 x2-LT phase.

The experimentally determined adsorption locations for all
three O adsorption features clearly contrast with the prediction
of the O adsorption site in the previous theoretical study [31].
Wippermann et al. reported that the minimum energy position
of the adsorbed atomic O is a threefold-coordinated site
(marked as x in Fig. 3) at the center of a triangle formed
by two inner-row In atoms and one outer-row In atom. In

FIG. 3. (Color online) (a) Experimental (top) and simulated (bot-
tom) STM images at V; = +0.2 V, and (b) atomic structure of the
clean In/Si(111)-4x 1 surface. (c)—(e) High-resolution STM images
(Vy; = 40.2 V) of the three O adsorption features, B, Dy, and D,.
The O adsorption sites are indicated by solid circles (o). A theoretical
adsorption site from the previous study (Ref. [31]) is also indicated
(x) for comparison.
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FIG. 4. (Color online) Bias dependence of the appearances of the
O-induced STM features (B, Dy, and D,) on the preferred side in the
STM images. The sample bias voltages representing for the filled
(Vs < 0) and empty (V, > 0) states are given.

the low-bias voltage STM images, the predicted O adsorption
site falls in-between (not on top of) the protrusions along the
chain as indicated by x in Fig. 3(b). Therefore there is a clear
discrepancy between the previous theoretical adsorption site
and the sites determined by these experimental observations.
Figure 4 shows the bias-dependent appearances in the
STM images of these three O-adsorption features in the
preferred side. The B feature appears bright over the whole
bias-voltage range between —2.0 and +2.0 V. In contrast,
the D features (D; and D;) show nontrivial bias-dependent
variations in the STM images. The bias-voltage regimes for
the appearance variation can be divided into three. In the
filled-state regime (—2.0V < V; < —0.2 V), both the D;
and D, features are dark and barely distinguishable. In the
low-bias empty-state regime (+0.2V < V; < 40.5 V), the
two D features appear similar, showing a localized central
ball-like protrusion with neighboring satellite protrusions. The
main difference between the D; and D, features in this bias
regime is the relative brightness of the central ball features, D
being brighter than D,. Other than this brightness difference,
it is difficult to distinguish between the D; and D, features.

035420-3



SHIM, LIM, KIM, KIM, LEE, KIM, KIM, AND KIM

NG

PHYSICAL REVIEW B 90, 035420 (2014)

| DB 24 7 A 2\ B
V% 2

7225877724

FIG. 5. (Color online) Series of STM images (V, = +1.24 V) taken successively with time over the same area, showing the mutual
transformations between the O-induced adsorption features. The B-to-D;, D,-to-B, D;-to-D,, and D,-to-D; transformations are indicated by

the arrows.

As the empty-state bias-voltage increases (V; > +0.5 V), the
D, and D, features show contrasting changes in brightness.
The central ball feature of the D; becomes continuously
brighter as the voltage is increased. The feature become as
bright as the B feature at V; > +1.7 V so that it is barely
discernible from the B feature [see Fig. 4(f)]. In contrast, the
central ball feature of the D, became dark as the bias-voltage
was increased, making the D, easily distinguishable from the
D, feature. We note that the bias voltages between +0.8
and +1.3 V were most suitable for distinguishing the three
O adsorption features without ambiguity. In particular, the
central ball-like protrusion of the D; feature with a four
neighboring satellite protrusions forms a distinct M-shaped
appearance [see the central panel of Fig. 4(e)]. This makes
the D, feature easily distinguishable from the other adsorption
features. Identification of the adsorption features at these bias
voltages is important because they occasionally transform to
each other over time, as shown in Figs. 1(c) and 1(d).

Figure 5 presents a series of STM images taken con-
secutively over the same area. The time interval between
the successive images was approximately two minutes. The
transformations between the adsorption features, B-to-Dy,
D;-to-B, D;-to-D;, and D,-to-Dj, are indicated by arrows.
The mutual transformations between the B and D, features
were observed most frequently with at an almost equal rate. In
comparison, transformations between the D; and D, features
were observed much less frequently, at one tenth the rate,
compared to the transformations between the B and D,
features. Interestingly, the D;-to-D, change was less frequent
than the reversed change. The transformations between B and
D, were also observed but they were quite rare. The oxygen
was adsorbed mostly as the B and D, features in the initial stage
of adsorption. In contrast, the D, features were formed mostly
by the transformation from the other adsorption features, and
its population grew as a result of the unbalanced transformation
ratios. A quantitative determination of the definite relative
ratio of the transformations, however, was not attempted
because several different sample surfaces showed a range of
statistics.

Educated by the experimental results, we have performed
ab initio pseudopotential calculations based on density-
functional theory (DFT) within the local density approxi-
mation (LDA) [37]. A kinetic energy cutoff of 400 eV and
a theoretical lattice constant of 5.39 A were used. A 4x2
k-point mesh in the surface Brillouin zone of the 4x9 surface
supercell (which is equivalent to a 4x 18 k-point mesh in the
4x1 Brillouin zone) was used to perform the momentum-

space integration, and the ultrasoft pseudopotentials were
used to describe the electron-ion interaction [38]. The room-
temperature 4x1 In nanowire system was modeled by a
repeated slab comprised of top surface 4x1 In wires and Si
Seiwatz chains, the three-bilayer Si substrate, and the bottom
H layer passivating the dangling bonds of the Si substrate.
The repeated slabs were intervened by a 19-A-thick vacuum
region. All the atoms, other than those in the two bottom Si
and H layers, were relaxed until the atomic forces were less
than 0.001 eV/A.

Six distinct sites (a—f) were investigated to determine
the stable configurations for an adsorbed O atom, as shown
in Fig. 6(a). Table I lists the resulting adsorption energies,
defined as

E.q = Epgr(clean surface) + Eppr(O atom)

— Eppr(O adsorbed surface).

On the surface, the f site (Sy) was the most stable, among all
the six sites, followed by the a site (S,). This is in agreement
with the experimental observation that the O-induced STM
features are located at the outer triangle (solid circle in Fig. 3),
which is in contradiction to the prediction of an inner triangle
site (the b and e sites, also x in Fig. 3) from previous DFT
calculations [31]. We have examined the convergence of the
adsorption energies with respect to the simulation cell by
varying the supercell size from 4 x3 to 4 x9, and found that the
relative stability of different configurations did not change.

More strikingly, an O atom becomes further stabilized if
incorporated into the interstitial region between the In wire
and Si substrate. The interstitial sites below a and f were
approximately 0.4 eV more stable than the corresponding
surface adsorption sites. On the other hand, other interstitial
locations below the b—e sites were either less stable than
the surface or unstable. In the interstitial region below the
a (f) site, there were two distinct stable configurations, I,
and I, (Iyy and Iy;), as shown in Table I. The interstitial
configurations below the f site were more stable than those
below the a site. This is consistent with the experimental
observation that the preferred O adsorption sites are in the
unfaulted half-unit-cell direction of Si(111)-7x7. From now
on, we will focus on the preferred (major) adsorption sites.

In both interstitial structures, I;; [Fig. 6(b)] and I,
[Fig. 6(c)], the incorporated O atom forms bonds with three
adjacent In atoms in the outer triangle and an underlying Si
atom on the substrate. Although the O atom is located at a
similar position and has the same coordination number in
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FIG. 6. (Color online) (a) Pristine In/Si(111)-4x 1 surface with
six different adsorption sites marked by a—f. The 4x 1 surface unit
cell is denoted by a dashed rectangle. (b) and (c) Two low-energy
interstitial O structures below the f site: (b) /¢ and (c) I £,. The green
and cyan circles are unreacted and reacted In atoms, respectively. The
Seiwatz Si atoms are represented by yellow circles, and the substrate
Si atoms denoted by grey and white circles. The substrate Si atom that
reacted with O is denoted by the orange circle. The arrows indicate
the reacted In atom, which shows a characteristic structural difference
between I;; and I, (see the text).

both configurations, the reacted In atoms show significantly
different structural features. In /7, the reacted inner In atom
[indicated by an arrow in Fig. 6(b)] is lifted upward, resulting
in an out-of-plane displacement, whereas the corresponding
In atom [indicated by an arrow in Fig. 6(c)] in /7, shows a
significant in-plane displacement away from the O atom. As

TABLE 1. Adsorption energy (E,s) of an O atom on the
In/Si(111)-4x1 surface referred to an isolated O atom and the
pristine In/Si(111)-4x 1 surface. Adsorption energies in parentheses
are obtained using a 4 x3 surface supercell. The adsorption sites are
designated in Fig. 6(a).

Adsorption site E.q (eV/O atom)

S, 6.75 (6.71)

Sy 6.37 (6.22)

Se 6.57 (6.51)

Surface Sy 6.60 (6.54)

S, 6.45 (6.29)

Sy 6.79 (6.74)
Ial 718
.. L 7.12
Interstitial In 704
11 7.20
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FIG. 7. (Color online) Simulated STM images of the two low-
energy structures, I7; and /¢, compared to the experimental features,
BandD,. (Left) I/ vs the B feature. (Right) I, vs the D, feature [40].

a consequence, the outer triangle formed by the three reacted
In atoms became smaller in If; with interatomic distances
(dy = 3.07 A and dr, =3.23 10\), but became larger in I, with
interatomic distances (d; = 3.68 A and d, = 3.87 A), com-
pared to the pristine case, where the corresponding interatomic
distances are 2.95 and 3.81 A. Due to the bond formation
with the more electronegative O atom, the three reacted In
atoms are expected to lose electrons compared with unreacted
In atoms. Considering the fact that the bright protrusions in
the filled-state STM images are contributed by the outer In
triangles [22], the electron deficiency at three reacted In atoms
would lead to a diminished protrusion, i.e., a dark depression.
However, such an electronic contribution will compete with a
geometric contribution of the reacted inner In atom.

Constant-current STM images were simulated for the two
stable interstitial adsorption structures, / ¢y and / s», by varying
the bias voltage in both filled- and empty-states employing the
Tersoff-Hamann approximation [39]. Figure 7 compares the
simulated STM images with the experimental images. For /1,
a bright protrusion appeared at the O site in the filled- and the
empty-state simulations, as shown in the left panel of Fig. 7,
which is of a geometric origin due to the upward relaxed
inner In atom. In addition, neighboring bright satellite features
were also visible in the empty-state image. These simulated
STM images of I were well compared with the experimental
O-induced B feature, as shown in Fig. 7.

In the case of I, in the right panel of Fig. 7, the electronic
origin (electron deficiency at the three reacted In atoms)
manifests in the filled state and the O adsorption site appears
as a dark depression. On the other hand, the filled-state dark
depression turns into a bright protrusion in the empty state,
which is in agreement with the O-induced D, feature of the
experimental STM images. In addition, the four bright satellite
features were slightly more prominent in /;, than in 7.
The simulated STM images were examined for other locally
stable configurations in Table I, but no O-induced structure
that reproduces the bias-dependence of the experimental D,
feature could be identified (see the right-most column in Fig. 4)
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Consequently, both the experimental B and D, features at
the majority side (right subchain in Fig. 6) are identified as
Iy and I, respectively. Based on the slight change in the O
location in both configurations, the transition barrier between
I7y and I7, was expected to be small, which is comparable
to the experimental observation that a mutual transformation
between the B and D, features occurs frequently [41].

Now that we identified two O-induced structures, it is
worthwhile to comment on their implication to the peculiar
T,-increasing effect of O defects. A x2 modulation was
observed near the O defects, but it differs from the 8 x2-LT
structure. Thus our RT study hardly provides insights on the
mechanism of the T, increase by oxygen adsorption. However,
we speculate that the local structural distortions around O
defects may change at lower temperature, facilitating the
formation of the 8 x2-LT phase. Further microscopic study
at variable temperatures, near the transition in particular, is
needed to investigate such a possibility

IV. SUMMARY AND CONCLUSION

The adsorption of oxygen on the In/Si(111)-4x 1 surface in
the initial stages was examined by STM and first-principles
calculations. Three distinct oxygen adsorption features were
observed in the STM images and attributed to the atomic
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O dissociatively adsorbed from the O, molecules. The
transformations among the three O adsorption features were
observed occasionally. Based on the energetics and STM
image simulations calculated by density-functional theory, two
of the features were identified as an O atom incorporated in
the interstitial region between the In wire and Si subsurface
layer. On the other hand, the third O adsorption feature in the
experiment was not consistent with any of the locally stable ad-
sorption structures considered in the calculations. Therefore
more study will be needed to identify this adsorption feature.
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