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It is well known that conversion of Si(111)-(7 X 7) into the ( V3 % V“E)R3O° phase of adsorbed Ag requires a
change in the Si density, and causes formation of islands and holes at the surface. By mass balance, the ratio
of areas of islands and holes (Ryy) should be approximately 1. However, we find that the ratio is significantly
higher, depending on preparation conditions. A possible explanation would be that there are different types of
(V“EX V3)R30° structures. However, neither scanning tunneling microscopy nor density-functional theory
(implemented as a genetic algorithm search) supports this explanation. We propose that the edges of the islands
contain excess Ag which becomes available to expand the holes, when the island perimeter decreases. Under
certain conditions, excess Ag is also made available by dissolution of small islands that are Ag rich.
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I. INTRODUCTION

Reconstructive transitions at surfaces, i.e., transitions that
require a change in surface atomic density, have long been a
subject of investigation in surface science. Before the advent
of scanning tunneling microscopy (STM), the reservoir that
supplied or consumed the “extra” surface atoms was debated.
One example was the adsorbate-induced (1X2)-to-(1X1)
transition of Pt(110), where the data showed that a half
monolayer (ML) of Pt atoms rearrange by moving over only
a few lattice constants, and models were created or rejected
accordingly.!> With STM, it was discovered that atoms pro-
duced in such a structural transition simply form new islands
on terraces.® Investigations of mass balance in systems such
as this can lead to other important results, such as differen-
tiation between proposed structural models.*

The conversion of the Si(111) surface from the (7X7)
phase to a (V3 X y3)R30° surface phase is one such transi-
tion. This conversion requires adsorption of Ag, and tem-
peratures in the range of about 500-900 K.S_When the (7
X 7) converts to the (v3 X \r@)R30_°—called V3 herein—the
change in Si density causes the y3 to partition locally into
regions above the (7 X 7), i.e., “islands,” and regions below
the (7X7), i.e., “holes.”®"!! (This assumes little or no par-
ticipation by step edges, which is valid if terraces are suffi-
ciently wide or temperatures low.!") The hole and island fea-
tures are illustrated schematically in Fig. 1(a), and by
experimental data in Fig. 1(b). A similar partitioning occurs
during development of the \3 structure of Au on Si(111).3:12

Because of Si mass balance, the areal ratio of islands to
holes (Ryy) can be, and has been, used to deduce the density
of Si in the y3 phase. (See the Appendix.) Using STM, both
Shibata et al.%° and Wan et al.' measured Rjy=1 and de-
duced the density to be 1 Si atom per (1 X 1) unit-cell area,
i.e., I ML. This means that half of the Si bilayer [plus the
adatoms of the (7 X 7)] are missing in the 3 relative to the
unreconstructed Si surface, as shown in Fig. 1(a).

These results helped to shape and support the current
model for the \6. This model is known as the inequivalent
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triangle (IET) model,'*!'* and it can be viewed as an asym-
metrical variation in the well-known honeycomb chain tri-
mer (HCT) model."

However, the issue of mass balance in this system is not
settled. Previously, McComb et al.'' reported that Ry can
exceed its ideal value by almost a factor of 2, and that Ryy
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FIG. 1. (Color online) (a) Schematic of the Si(111) surface,
illustrating the formation of \3 islands and holes from the (7 X 7),
modeled after Fig. 5 of Ref. 9. The shaded regions represent the
depth over which atoms are counted for calculating atom densities
in the Appendix, after Refs. 9 and 10. Small open circles are Ag
atoms, large white circles are Si adatoms in the (7 X 7_), and black
circles are other Si atoms. (b) STM image illustrating \3 islands, 3
holes, and (7 X 7) phase. The surface was prepared by depositing
0.69 ML Ag at 615 K and then annealing for 2 min. Image size is
25X 25 nm?. Tunneling conditions are bias voltage (V)=—1.0 V
and tunneling current (/7)=0.2 nA.
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varies with Ag coverage, for deposition temperature of 720
K. At low Ag coverage, they attributed the deviation to par-
ticipation of pre-existing Si steps, but at higher coverage the
reason for Ryy>1 was unclear. On the other hand, Wan et
al.'® reported that Ryy is independent of Ag coverage, at an
unspecified deposition temperature. This leads to the ques-
tion of whether Ryy is sensitive to preparation conditions and,
if so, why? There has been no report of how Ry depends on
thermal history, aside from a brief remark in one paper that
Ry is not sensitive to substrate temperature.'”

In this paper, we find that the value is very sensitive to
deposition temperature and/or annealing time. To understand
the thermal evolution of Ry we will draw upon previous,
extensive investigations into evolution of the V3
phase® 11618 but a new element must be introduced as well.
We will propose that the edges of the V3 islands contain Ag
at a concentration above (and Si below) that of the ideal 3.
As deposition temperature or annealing time increases, the
V3 islands become larger and more compact. Hence, the total
island perimeter decreases, which drives Ry toward its ideal
value.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The experimental ultrahigh vacuum system, including the
variable-temperature STM and Ag evaporator, are described
elsewhere.!” The Si sample is p-type with resistivity of
0.02 Q cm. Ag flux is typically 0.1-0.2 ML/min. Ag is de-
posited or annealed at elevated temperature, then cooled to
room temperature for STM imaging in constant-current
mode. Ag coverage is determined as follows. We assume that
local Ag coverage in the islands and holes is 1 ML when
Riy=1. Then the total Ag coverage is calculated as the com-
bined area of islands and holes, divided by the total surface
area when Rjy=1. Silver coverage is assumed constant
throughout an individual experiment (no loss of Ag due to
evaporation or subsurface migration). Ry is extracted from
STM data by setting a height cutoff and summing the area
(number of pixels) above or below this cutoff.?’ Images are
examined carefully to make sure that cutoffs are physically
reasonable.

Some groups report that structures with IET symmetry
transform reversibly to apparent HCT symmetry around 300
K, due to thermal fluctuations in the IET structure.2'~2 How-
ever, Zhang et al. report that the IET structure can exist
statically even at room temperature.?*? In the present work,
we observe only the apparent HCT structure.

In the computations, we implement a variable-number ge-
netic algorithm (GA) search in which both the number of Ag
and Si atoms are variable. The structures in each generation
are relaxed using density-functional theory (DFT). The cal-
culations are carried out within the local-density approxima-
tion of DFT (Refs. 26 and 27) using projector-augmented-
wave potentials,”® as implemented in the Vienna ab initio
simulation package.? The kinetic-energy cutoff is set to 250
eV and the 4 X 4 Monkhorst-Pack grid is used for the surface
Brillouin zone. The system is modeled as a periodically re-
peating slab consisting of: two fixed Si bilayers, the bottom
one hydrogen passivated; a reconstructed Ag/Si layer on the
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FIG. 2. (Color online) STM images after Ag deposition at vari-
ous temperatures. All images are 100X 100 nm?. Unless noted oth-
erwise, Vpr=—1.0 V and I7=0.2 nA. Values of Ry are averages
over multiple images. (a) T4ep=500 K, 0.49 ML Ag, Riy=5.4. (b)
T4ep=550 K, 0.46 ML Ag, Rjy=3.8. (¢) T4;p=570 K, 0.44 ML Ag,
Rpy=3.5. (d) T4p=600 K, 0.53 ML Ag, Rpy=3.0. (¢) Tyep
=700 K, 0.73 ML Ag, Ry=1.7, V=-2.0 V, It=0.5 nA. (f)
T4ep=800 K, 0.53 ML Ag, Riy=1.0, V4=-1.0 V, Iy=2 nA.

top; and a vacuum gap of ~0.8 nm. All the models are
based on a (\E X \V3)R30° surface unit cell, using a Si bulk
lattice constant of 0.540 nm. The two Si bilayers are fixed at
the bulk crystalline positions, and the Si-H distance is fixed
at 0.151 nm. The remaining Ag and Si atoms are relaxed
until the residual force is smaller than 0.25 eV/nm.

The formation energy, E; [per (1 X 1) unit cell] is calcu-
lated from Ef= (1 /3)(Et0t_Esub) _NSi X /*LSi_NAg X MAg
where E, is the total energy and E,, is the energy of the
subsurface region (two Si bilayers and one layer of hydro-
gen). The ug; and u,, are chemical potentials of Si and Ag
bulk phases, respectively, while Ng; 3 and N,, 5 are the
number of Si and Ag atoms in the surface layer per (1 X 1)
unit cell (identical to coverages in ML) on top of the fixed
substrate. See also the Appendix and Fig. 1.

III. EXPERIMENTAL RESULTS AND INTERPRETATION
A. Changes in Ry

In our STM experiments, residual (7 X 7) always coexists
with islands and holes because the Ag coverage is deliber-
ately adjusted to be in the submonolayer range, i.e., insuffi-
cient for complete conversion of the (7 X 7). The two param-
eters that we vary systematically are (i) the temperature at
which Ag is deposited, Tg.p; and (ii) the time, #,,,, of anneal-
ing after deposition ends. Focusing first on the deposition
temperature, Fig. 2 is a series of STM images after deposi-
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FIG. 3. (Color online) Ry as a function of deposition tempera-
ture. The sample was held for 1 min at Tg, after deposition fin-
ished, with the exception of the first point. There, Rjy=6.2 at 500 K,
and the ratio was measured immediately after deposition. Values are
averages over multiple images, and error bars are standard devia-
tions. If no error bars are visible, they are obscured by the symbol.

tion of 0.4-0.6 ML Ag at varying temperatures, followed by
annealing for 1-2 min. The fractional area of 7 X7 that re-
mains unconverted ranges from 0.6 to 0.4 in these experi-
ments. We count the elevated regions as islands, regardless
of the structure (or lack thereof) on top of the island. The
dark areas—holes—are so small that they are barely evident
in Fig. 2(a) but they become larger as Ty, increases.

Figure 3 shows Ry over the same range of Ty, as in Fig.
2. Ry is as high as 6 after Ag deposition at 500 K. It falls to
Riy=1 at T4,=800 K. Postdeposition annealing experi-
ments show the same trend as a function of time. Figure 4(a)
shows a case where Ry falls from an initial value of 2.7, and
approaches 1 at long t,,, following deposition at 600 K.
From both the deposition and annealing experiments, we
conclude that T4, <800 K can easily lead to Ryy>1 but
Riy=1 is the limiting value.

Shibata et al.%" have reported that Ag nucleates into is-
lands that serve as precursors to the y3. From data taken with
in situ STM, and working at temperatures of ~440—5%5 K,
they concluded that these Ag islands can convert to 3, but
only if they are above a critical size of two 7 X7 unit cells
(about 12 nm?). We therefore considered the possibility that
small islands are Ag rich, and that they can provide the Ag
needed for expansion of the holes. If this were the case, then
by stoichiometry only half of the excess Ag (the amount in
excess of the 1:1 Ag:Si stoichiometry of the ideal v3) in the
small islands could go toward hole expansion; the other half
would need to join existing large islands, in order to con-
sume Si ejected from the surface. The total island area and
the hole area would increase by equal amounts, but simple
arithmetic shows that Ryy would still decrease if its initial
value exceeds 1.

Indeed, small islands are evident in the STM images [see
Figs. 2(a)-2(d)], and they disappear during annealing. In our
experiments, the lower limit of stability is about 50 nm?
rather than 12 nm?, perhaps because the temperature is
somewhat higher than that used by Shibata er al. Figure 4(b)
shows the number density of islands below and above
50 nm? during annealing at 600 K. Most small islands dis-
appear within the first 20 min. In the same period, the change
in Ry is 40% of the total change that occurs by the end of
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FIG. 4. (a) Ry as a function of z,,, at 600 K. At t,,,=0, depo-
sition has just ended. Values are averages over multiple images, and
error bars are standard deviations over images within a single run.
(b) Densities of islands as a function of t,,, at 600 K. The diamonds
show all islands, triangles show islands with individual areas
=50 nm?, and squares show larger islands. Error bars show the
standard deviation of the island density in various images. Images
are weighted according to their size. When error bars are not vis-
ible, they are covered by the individual data point.

the experiment. We conclude that the small islands do con-
tribute some of the mass needed to reduce Ry, but not all.
More information comes from examining the evolution of
areas (A) of the islands, holes, and (7 X 7) matrix. Figure 5
shows these data for an experiment in which the surface is
annealed at 600 K, starting from an initial value of Ry
=2.7 [cf. Fig. 4(a)]. In the first 30 min, there is an initial

6000
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Area, nm?

2000
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tann, MIN

FIG. 5. Graph illustrating the change in areas of Si(111)-7X7
phase (triangles), V3 islands (diamonds) and V3 holes (circles) with
annealing time at 600 K. Values are averages over multiple images
and error bars are standard deviations. Most error bars are obscured

by the symbols.
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FIG. 6. (Color online) STM images showing the yg structure in
islands and holes, after preparation using different conditions. (a)
and (b) Prepared by deposition at 500 K, followed by 10 min an-
neal. Vy=-1.0 V and It=2 nA. (c) Prepared by deposition at 600
K, followed by 2 min anneal. Vy=-1.0 V and I7=0.2 nA.

increase in A;y,,g- This can be rationalized, as described
above, by the disappearance of small Ag-rich islands. In the
same period, there is a steeper increase in Ay, indicating
that an additional factor contributes to hole expansion. Be-
tween 30 and 120 min, Ay, continues to increase, and this is
compensated by a decrease in the area of the 7X7. The
variation in A;g,,q is much less than the other two variables.
Throughout the experiment, but especially after the small
islands have disappeared, the decrease in Ry is predomi-
nantly due to an increase in its denominator, Ap.. In other
words, the holes expand and consume the 7 X7, while the
islands do not change much in area. A reservoir of Ag must
exist that feeds Ag into the holes during annealing, and cor-
respondingly, a sink must exist that consumes the displaced
Si without increasing the sue of the \3 islands. We will
propose that the edges of the V3 islands can serve as both.

B. Characteristics of the \E in STM

Based upon the quality of the V3 in STM, two regimes
can be identified (roughly): Rjz;=3 and 3=R;=1. The de-
fining feature is the quality of the \6 which is much better in
the second regime, 3=Ry=1. In the second regime, we
observe many characteristics of the V3 that had been reported
previously, including antiphase domains within the islands
but not within the holes,'! and occupation of different types
of Si sites on the islands vs the holes.”!"3® High-resolution
examples of the V3, prepared under different conditions, are
shown in Fig. 6. The vertical separation between islands and
holes, averaged over bias voltages between =2 V and over
3 experiments where 3=Ry=1, is 0.293 £0.026 nm. This
is compatible with 0.314 nm, which is the bulk separation
between equivalent Si(111) planes, see Fig. 1(a).

In the same regime of Ry, brlght strips—rims—are often
apparent at the edges of the V3 islands, as shown in Fig. 7
and in Fig. 6(b). The rims are usually in registry with the \3
on the island. This is particularly clear in Fig. 6(b). These
rims are most pronounced when tunneling occurs into empty
surface states (negative bias). These rims have been men-
tioned explicitly,!" or shown in published data,'” by other
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FIG. 7. (Color online) STM images of islands, showing rims.
Vr=-1.0 V and I+=0.2 nA. (a) Prepared by deposition at 615 K,
annealed 2 min. 50 X 50 nm?. (b) Prepared by deposition at 800 K,
annealed 2 min. 65X 65 nm?.

authors as well. McComb, et al.!! attributed them to strain.
We hypothesize that they could be regions that are Ag-rich
and Si-deficient, relative to the ideal 3 stoichiometry. Fur-
ther discussion is deferred to Sec. IV.

In the other regime, Where Ry =3, the islands are rough
and extended reglons of V3 are rare. The holes typically
show a much better 3 structure than the islands. It is rea-
sonable to suppose that the islands have a Ag:Si ratio con-
siderably higher than 1 because of their origin as Ag islands
that nucleated at relatively low temperature.®’ Their far-
from-complete conversion to V3 accounts for the high Ry
values, for instance, at T4, <600 K in Fig. 3.

C. Computational results

Another e Fplanation for the data could involve different
types of 3 structures—perhaps including metastable
phase(s) with high Ag:Si ratios. We tested this possibility
with a GA search for different types of V3 structures. The
result is given in Fig. 8. In order to show the variation in
both Si and Ag coverage, a two-digit notation is used for the
x axis. The first digit is the number of Si atoms and the
second digit is the number of Ag atoms. In the bottom x-axis
labels, these numbers are normalized to the (1 X 1) unit-cell
area, and in the top axis they are normalized to the V3 unit-
cell area. The point with the lowest E; has x=(1,1) per (1
X 1). This is the IET structure. The energy of the (7 X7) is
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_ FIG. 8. Genetic algorithm search results, showing E for various
\3 structures. Each value of the abscissa is labeled with both the Si
coverage (first digit) and the Ag coverage (second digit) on the
bottom axis, equivalent to N 35; and N 3 »o. For each value of N 3g;
(first digit), the value of N34, ranges from O to 3. The (7X7)
energy is the dashed horizontal line. The top axis is labeled with the
number of Si and Ag atoms per 3 unit cell, i.e., each value on the
lower axis is multiplied by 3.

shown by the dashed horizontal line. [The surface energy of
(2X1) Si(111) is calculated with DFT, and the (7X7)
Si(111) is taken to be 0.33 eV/(1X 1) lower than the (2
X 1) surface.”] We conclude that the IET is the only V3
structure that is more stable than the (7 X 7), and hence is the
only viable model for the portions of the surface identified
experimentally as 3.

IV. DISCUSSION

This work shows that values of Ry up to 3 can be ob-
tained even when the islands and holes all show a reasonably
good V3 structure. A GA search using DFT shows that the
high values of Ry cannot be due to. the existence of different,
perhaps metastable, forms of the \3. Instead, we propose that
it is due to deviation from stoichiometry at the rims of the 3
islands. Specifically, we propose that the rims are Ag rich.
Under conditions where the islands become more compact,
the rims release Ag, which triggers growth of the holes. The
Ag from the islands is replaced by Si from the (growing)
holes, causing no net change in island area.

Ueno et al.3! previously proposed that edges of V3 islands
and terraces serve as reserv01rs for a two-dimensional gas of
Ag adatoms on top of the V3, and that local variation in the
density of the gas causes broadening in photoemission spec-
tra of Si. They based this upon their observation that spectral
narrowing correlates with faceting of the V3 island edges and
conversion to a 6 X 1 structure at the islands’ edges (at high
temperature, 875 K). Our model draws upon, and supports,
their conclusion about the role of 3 island edges.

In our model, Ag and Si must both diffuse across the V3
hole in order for it to expand at the border with (7 X 7) This
is illustrated schematically in Fig. 9, where the V3 hole is
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(7x7)

_FIG. 9. Schematic illustration of the growth of a hole around a
V3 island.

drawn as a “moat” surrounding the \3 island because this
configuration is often seen in the data. [§ee Figs. 3(a)-3(d).]
Diffusion of both Si and Ag on the 3 is expected to be
facile. For Si, Minami et al.>? report that the diffusion coef-
ficient of Si is higher on the 3 than on the (7X7) by a
factor of 60. For Ag, Nakajima et al.33-* have established
that a two-dimensional gas of Ag adatoms exists on the V3 at
room temperature. This implies high mobility. Furthermore,
STM observations show that Ag atoms on the V3 become
mobile, on the time scale of STM scanning, already between
6 and 60 K. In comparison, long-range diffusion of Ag
atoms on the (7 X7) is much slower. For instance, at room
temperature, a single Ag atom moves easily within a half unit
cell of the (7 X 7) but it hops between these units at a rate of
only 107 s7'.36-38 Thus, it is plausible to surmise that Ag
released from the \3 island, and Si released from the 13
hole, can quickly find sites for incorporation within the local
\3 area and do not move out into the (7 X 7).

We can now explain—at least partially—the observations
of McComb et al.'! introduced in Sec. I. They found that
Ry;> 1, at three out of four Ag coverages measured.'! Their
T4ep=720 K was too low to achieve the limiting value of
Rpy. In fact, from their data Ry varied from about 1.8 to 1.2,
at 0.4-0.8 ML of Ag. This is compatible with the value of
1.7 shown in Fig. 3, at 0.7 ML and at T4,,=700 K.

Finally, note that there is a dramatic change in island
shape and island size, between T, of 600 and 700 K, in Fig.
3. At 600 K, the islands are much smaller and more ramified.
This reflects the kinetics of nucleation, as well as limited
island reshaping and coarsening. This may be related to an
observation by Raynerd, et al.,'”'® who showed that there is
a strong increase in the measured surface concentration of
Ag, between 600 and 700 K, after a fixed Ag exposure suf-
ficient to saturate the surface with 3. We speculate that Ag
at the island rims may not be directly at the surface. If it is
slightly buried, then the apparent surface concentration of
Ag could increase as the islands become larger and more
compact. Previously, Denier van der Gon and Tromp'¢ pro-
posed that the increase in apparent Ag coverage is due to a
decrease in the occurrence of antiphase boundaries in the \3
where Ag density is low. We suggest that participation of y3
island edges may be an additional factor.

V. CONCLUSIONS

Using STM, we have shown that values of Ryy as high as
3 can be obtained under conditions where both islands and
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holes are covered by the V3 phase. However, the limiting
value of Ry is 1. This value is achieved by deposition at 800
K, and it can be approached by annealing at lower tempera-
tures. A genetic algorithm DFT search does not reveal any \3
phase that could be energetically competitive with the IET
structure. We propose that values of Ry between about 3 and
1 are due, at least partly, to the presence of excess Ag at
edges of ramified \E islands. Under certain conditions, the
higher values can also be attributed to the existence of small
islands that are Ag rich.
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APPENDIX

If both islands and holes are covered with perfect V3
phase, the density of Si in the 3 is related to Ry by> !
2Ai51and 2Ry

_=NSi7_—=NSi7_ .
Ajgtand T Anole 1+ Ry

(A1)

Here, A is area of the type of \3 indicated by the subscript
[normalized to the (1 X 1) unit cell area], and Ng; is the num-
ber of Si atoms in the structure indicated by the subscript
[i.e., (\6 or (7X7)], within the area of a (1X 1) unit cell.
The factor of 2A;..q appears because islands are higher than
holes by a bilayer of Si. See Fig. 1(a). Since it is known that
Ng;7=2.08 (vs 2.00 for the unreconstructed surface),*® ex-
perimental measurement of Ryy yields Ng; 5 from Eq. (Al).
If Ng; 5=1.00 as in the IET model, then ideally Ry
=53/45~=1.18 from exact mass balance. In the text, for sim-
plicity, the ideal value of R is given as 1. To relate surface
atom densities, /N, to notation used in the main text, note that
Ng; 3=1.00 or N,y 3=1.00 is equivalent to 1 ML of Si or
Ag, respectively.
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