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ABSTRACT: When a silver film is grown on the Si(001)
surface at room temperature, it forms a monolayer density
film with a (2 X 2) periodicity. Previous models of this (2 X
2) surface, simulated by density functional theory (DFT), are
found to be inconsistent with experimental observations. The
DFT simulations provide evidence that a new model, the
square tetramer model, describes the structure of the observed
(2 x 2)-Ag phase and is fully consistent with scanning
tunneling microscopy data. Theoretical evidence of a covalent
bond shared between the Ag and Si is found that matches
previous experiments. Interestingly, the simulations also show

that the stoichiometry between Si and Ag changes with metal coverage as adsorbate—adsorbate and adsorbate—substrate
interactions balance out. At low coverages, when individual Ag adatoms interact solely with Si, a two-to-one Si—Ag—Si
interaction scheme is energetically preferred. At 1 monolayer, when Ag—Ag interactions must be considered, a one-to-one Si—
Ag interaction scheme is preferred, as it maximizes Ag—Ag interactions.

KEYWORDS: density functional theory, scanning tunneling microscopy, Si(001), Ag, thin film, metal—semiconductor interface

B INTRODUCTION

Understanding the fundamental science of simple interfaces
drives the improvement of electronic devices and provides
insight into other more complicated interfaces. Historically, Ag
grown on Si(001) has been considered a prototypical metal/
semiconductor interface where there is an abrupt transition
from one material to the other.”” The Ag/Si(001) system is
also a common model system for metal adsorption on silicon
where there is weak interaction with the substrate.

In addition, the Ag(111) surface is an ideal weakly
interacting substrate for growing silicene® and other two-
dimensional (2D) materials like graphene® and borophene.’
Therefore, the nature of the Si—Ag interaction is highly
relevant to the understanding of the growth of silicene on silver
and its applications in novel 2D devices, such as silicene field
effect transistors.” The growth of Ag on Si(001) can also be
viewed as the inverse process of growing Si on Ag. This is
ironic, since the bulk of what is known about Ag growth on Si
significantly predates the discovery of silicene, and yet, there is
still a fundamental lack of understanding of the behavior of Ag
atoms deposited on the Si(001) surface.

For instance, this lack of understanding is as fundamental as
identifying the atomic Ag film structure on Si(001) at room
temperature (RT). This problem persists despite numerous
RT scanning tunneling microscopy (STM) studies.”~"® Unlike
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the intermixed reconstructions of Ag/Si(001) at elevated
HUISIHI9723 it i established that Ag deposition at
RT leaves the elements separated. The first atomic layer of Ag
typically grows as 2D patches with 1 monolayer (ML) of Ag
atom density, i.e., one silver atom per underlying Si substrate
atom (1 ML = 6.78 X 10"* atoms/cm?). Experimental data
shows that the 1 ML Ag film forms an ordered (2 X 2)-Ag
phase.”'"'>'° Two different experimentally derived models

temperatures,

have been proposed claiming that the (2 X 2)-Ag phase is
based on Ag dimers.'"** However, a recent low-temperature
(LT)-STM study provided evidence that Ag tetramers are the
fundamental unit of the (2 X 2)-Ag phase.”” As the Ag
coverage surpasses 1 ML, an unwetting phenomenon
occurs.">"* Ag from the 2D layer unwets from the Si(001)
surface and nucleates into three-dimensional (3D) islands. The
2D to 3D transition is not currently understood. Starr et al.”®
have suggested that the transition can be mediated by a
kinetically hindered process; however, the exact details
(energetic stabilities, diffusion pathways, and rate-determining

step) are not known. Since the ML structure plays a crucial
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Figure 1. Si(001)-c(4 X 2) and Si(001)-p(2 X 2) reconstructions. Up and down Si dimer atoms are colored black and light gray, respectively.
Common adsorption sites for adatoms are listed at the sides. The c(4 X 2) and p(2 X 2) unit cells are outlined for clarity.

Figure 2. (a—c) (2 X 2)-Ag models with two Si layers for reference, (d—f) DFT relaxed structures, and (g—i) charge density difference plots at a
cut-off of +£0.002 e/A3. Ag atoms are orange, Si bulk atoms are blue, and Si up/down dimer atoms are black/light gray. Dimers are gray if no
distinction can be made between up/down atoms. Two shades of orange are used in panel a to highlight the (2 X 2)-Ag structure. In the charge
density difference plots, green represents electron gain, and red represents electron loss.

role in understanding the unwetting process, the (2 X 2)-Ag
phase must first be understood.

To date, there is no comprehensive theoretical modeling
that explores the ML structure of Ag on Si(001). Moreover,
there is a general lack of theoretical studies on the Ag/Si(001)
system. The density functional theory (DFT) study of Ag
dimer diffusion on Si(001)-p(2 X 2) by Kong et al.”’” provided
insight into Si—Ag interaction and provided results that agree
with experiments. However, monolayer (ML) structures, as
well as Ag tetramers, were not considered. Additionally, the
p(2 X 2) reconstruction is not the ground state of the Si(001)
surface—the c(4 X 2) reconstruction has a slightly lower
energy,28 and therefore, those Ag adsorption energies are
possibly inaccurate due to different surface reconstructions.
Other modeling studies of Ag on Si(001) have either studied
flat Si dimers, an ideal Si(001) surface, or a different surface
reconstruction”>***7** and therefore do not represent the
type of Ag—Si interaction expected when Ag is deposited on
RT Si(001).

In this paper, we use DFT and LT-STM to provide a
complete description of the (2 X 2)-Ag ML structure, starting
from the Si(001)-c(4 X 2) surface. DFT relaxation performed
on previously proposed atomic structure models'** fail to
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match experimental observations. The more recent model,”
which features a Ag square tetramer placed in between four Si
dimers, produced a structure that remains topographically
consistent with experimental data. This work provides a
comprehensive view of the agreement between the DFT
calculations based on the new model and all aspects of the
experimental STM data, including the configuration of domain
boundaries in the (2 X 2)-Ag phase and a bias dependent Ag
film contrast reversal. Si—Ag interaction at 1 ML is compared
to single Ag adatom adsorption in order to provide a more
general picture of the growth behavior of Ag on Si(001) below
1 ML. At the same time, this system provides a clearer picture
of how a metal overlayer interacts with the underlying Si
reconstruction that can be relevant to the growth of metals on
this technologically important surface.

B RESULTS AND DISCUSSION

Comparison of (2 x 2)-Ag Monolayer Models. Before
we consider the behavior of Ag on Si(001), we must briefly
review the structure of the clean substrate. Si surface atoms
form dimer rows to halve the number of dangling bonds. Their
energy is further lowered by alternatively buckling along the
row to reduce surface stress. Different buckling between rows
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create the c(4 X 2) and p(2 X 2) reconstructions, as shown in
Figure 1 along with the nomenclature for specifying common
adatom adsorption sites. Experimental and theoretical
techniques agree that the c(4 X 2) reconstruction is more
stable than the p(2 X 2) reconstruction.”****® Complicating
this issue is the fact that the buckled Si dimers flip back and
forth at RT. This accounts for the 2 X 1 periodicity that is seen
by both LEED and STM.*

At low coverages (©,, < 1), the buckled Si dimers act as
reaction sites.”””” Down dimer atoms have an empty 7*-like
dangling bond state, and up dimers have a fully occupied z-like
dangling bond state. STM studies”''~'* and theoretical
modeling”” for Ag in the low-coverage limit agree that the
cave site, located between two Si dimers, is the most stable
adsorption site. At higher coverages, however, the interaction
between Ag and Si is more complex, and the question arises as
to whether the Si dimers stay buckled or become more
symmetric due to interactions with the Ag overlayer.

Figure 2 presents the three (2 X 2)-Ag models along with
their DFT relaxed structures and charge density difference
(CDD) plots (created using eq 1). The model proposed by Lin
et al."! (Figure 2a), referred to as the Ag dimer (AD) model,
places Ag dimers parallel to Si dimers in the hollow site. The 2
X 2 periodicity is said to originate from a buckling mechanism
to reduce stress or a charge transfer mechanism on every other
Ag dimer along the same Si row. The model proposed by Park
et al.”* (Figure 2b), referred to as the inequivalent dimer (ID)
model (two inequivalent Ag dimer sites), is similar to the
double layer model used to describe alkali-metal structures on
Si(001),” placing Ag dimers perpendicular to the Si dimer
bonds in the hollow and pedestal sites. The third model,
referred to as the square tetramer (ST) model,* places four Ag
atoms in a square over the hollow site with each Ag atom close
to a Si dimer atom (Figure 2c). Table 1 lists adsorption

Table 1. DFT Relaxed Values across (2 X 2)-Ag ML Models
Starting from the Si(001)-c(4 X 2) Reconstruction

square
Si(001)- Ag dimer inequivalent tetramer
c(4 x2) model dimer model model
Eag 237 2.52 243
(eV/Ag)
dg s (A) 2.36 2.47 3.28 2.44
dg_ag (A) 2.65 2.46 2.44
2.58
dpg-ag (A) 3.00 3.1 2.81
2.84
Os_s; (deg) 19.4 25 - 0.61
Opg—si (deg) Sl 41.5 59.4
323

energies, bond lengths, and relevant angles taken with respect
to the surface plane. Results presented were obtained on a
Si(001)-c(4 X 2) substrate. Little to no deviation was found on
the p(2 X 2) reconstruction. (See section S1 of the Supporting
Information for details.)

Ap = Pagsi(oor) ~ Pag ~ Psi(oor) (1)

The Si dimers in the relaxed AD structure remain slightly
buckled with Ag atoms preferring to sit closer to the down Si
dimer atoms (Figure 2d). Relaxed Ag dimers do not alternate
in height, and a 2 X 2 periodicity never develops even when an
initial height difference is included to induce a 2 X 2 structure.
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The relaxed ID structure deviates significantly from the model
(Figure 2¢). Ag dimers placed on top of the Si dimer row break
the Si dimer bond. Additionally, the Ag—Ag bond length of
~3.1 A and height difference between the “up” and “down” Ag
dimers of ~0.3 A differ from the predicted structure (Ag—Ag
bond length of 2.89 + 0.05 A and height difference of 0.57
A).** The relaxed structure of the ST model deviates little from
the initial model (Figure 2f). Si dimers sit essentially flat, and
the tetramer becomes slightly rectangular with an ~0.03 A
increase in the Ag—Ag distance perpendicular to the Si dimer
bond. The Ag—Ag distances in the ST model are similar to the
bulk Ag—Ag bond distance (2.89 A). All three models show
different electronic interactions. The AD and ID models show
a Si—Ag—Si interaction perpendicular (Figure 2g) and parallel
(Figure 2h) to the original Si dimer bond, respectively, and the
ST model shows a local one-to-one Ag—Si interaction where
electron density moves from both the Si and the Ag atoms into
the area in between the two (Figure 2i).

Of the three models, the ID model has the most
energetically stable structure, based on DFT results (calculated
from eq 2 where E,, is the energy of a single Ag atom in a
vacuum). The ID adsorption energy value of 2.52 eV is closest
to the experimental value of 2.55 eV.*® This suggests that the
ID model is best candidate structure. However, angle resolved
photoemission spectroscopy (ARPES) indicates that Si dimers
do not break apart after RT deposition of Ag."” ARPES spectra
of RT deposited Ag do not show similarities to ARPES spectra
taken on the high-temperature (2 X 3)-Ag and (6 X 2)-Ag
reconstructed surfaces where Si dimer breaking is believed to
occur.*"*” This implies that the basis of the ID model is
unphysical—Ag dimers do not sit atop the Si dimer row at 1
ML. Furthermore, given that the energy to break a Si—Si bond
is on the order of 2 €V,”" it is highly unlikely that deposition of
Ag would break Si dimer bonds.

EML/Ag = _(EAgML+Si(001) = Esio01) — NAgEAg)/ NAg 2)

To further investigate the three proposed models, STM
images were simulated at filled- and empty-state biases. STM
simulations, based on the Tersoff—Hamann theory,43 and sub-
ML experimental STM images are shown in Figure 3. The
registration of Ag features with respect to the adjacent Si
features allows for the determination of the locations of the
STM maxima and minima of the (2 X 2)-Ag phase relative to
the Si dimers underneath. All models show some type of local
2 X 2 character at certain biases in the simulated images.
However, only the ST model correctly predicts the location of
the Ag maxima and minima at all biases. The AD model
(Figure 3a) places maxima over every single hollow site, and
the ID model (Figure 3b) places maxima over pedestal and
bridge sites. For this reason, these two models can be
considered incorrect. The oval/circular maxima in the ST
model (Figure 3c) are centered in every other hollow site—
exactly where the STM maxima are located (Figure 3ef).

Domain Boundaries and Disorder in the Si(001)-Ag(2
X 2) Structure. More support for the ST model arises when
its additional features are explored. The ST model contains an
equivalent tetramer adsorption site if the model is shifted by
half of its unit cell along the dimer row. This symmetry
explains local checkboard patterns, a common type of disorder
observed in STM images between two (2 X 2)-Ag domains.
STM simulations of this shifted structure are shown in Figure
3d. A specific example of this defect is shown in Figure 4 where
a model is shown next to a corresponding STM image. The
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Figure 3. STM simulations based on the Tersoff—Hamann theory. Each simulation displays 8 4 X 2 supercells with orange Ag and blue Si dimer
atoms for reference. The red box covers the 4 X 2 supercell that tiles the image. (a) Ag dimer model, (b) inequivalent dimer model, (c) square
tetramer model, and (d) half-cell shifted square tetramer model. (e,f) Filled- and empty-state STM images of 0.15 ML of Ag on Si(001). Images
were collected at 140 K, —3.0 V (filled) and +3.9 V (empty), 10 pA and , 107 X 104 A% Grid image size is 64 X 62 A> Green lines are placed over
the Si dimer bond along the direction of the dimer row, and blue lines are placed along Si dimer bond. The 2D mesh was reproduced similar to ref

2S.

characteristic shape of the simulated STM maxima does not
change, just as they do not change in STM images.
Additionally, the adsorption energy, Enmi/ag as well as bond
lengths and angles of the shifted ST phase do not differ
significantly from the nonshifted ST phase (AEyya, < 4
meV).

Another type of disorder observed on the Ag/Si(001)
surface is shown in Figure S. From coverages as low as 0.15
ML, local areas on Ag films develop extended bright streaks
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that run along, or at a 45° to, the Si dimer row. The proportion
of the Ag films covered by these streaks as well as the size of
these streaks, increases with increasing Ag coverage, as shown
in Figure 5a,b. The smallest resolvable part, which we assign as
a Ag interstitial, is visible twice in the Figure Sa inset.

This assignment is supported by the ST model, in which an
additional Ag atom is placed in the pedestal site in between
four Ag tetramers. Figure Sc,d demonstrates the structural
change after DFT relaxation. The STM simulation in Figure Se
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Figure 4. Local checkerboard disorder on the Si(001)-Ag(2 X 2)
reconstruction. (a) Schematic diagram displaying a half-cell shifted
row. Red boxes enclose Ag tetramers and correspond to maxima in
the STM image. (b) Filled-state STM image of 0.45 ML of Ag on
Si(001). Recorded at 140 K, —2.5 V, 20 pA, and 100 X 100 A% Red
boxes enclose STM maxima and highlight the domain between two (2
X 2)-Ag domains.

Figure 5. X-type defect on the Si(001)-Ag(2 X 2) reconstruction.
(ab) STM images showing coverages of 0.75 and 0.95 ML of Ag on
Si(001) with a larger proportion of defects on the 0.95 ML surface.
The inset in panel a provides an enhanced view of single X-type
defects. (c,d) The DFT relaxed structures before and after adding an
additional Ag atom in the middle of four 2 X 2 regions. Panel (e) is a
filled-state STM simulation of the structure in panel (d). Images were
recorded at 140 K, —2.5 V, 20 pA, and 212 X 212 A? for panel a and
—2.1'V, 50 pA, and 209 X 209 A* for panel b.

is also able to reproduce the characteristic four-lobed X shape.
The additional Ag atom adsorbs with an energy of 3.81 eV, a
value much larger than the ML adsorption energy of 2.43 eV,
suggesting that this 17/16 ML structure is highly favorable.
The transformation from a square shaped tetramer to a
diamond shaped tetramer is particularly interesting, as the
tetramers retain similar Ag—Ag and Ag—Si interactions while
maximizing Ag—Ag interaction to the interstitial Ag atom. The
average Ag—Ag distance of 2.84 A and Ag—Si distance of 2.47
A among diamond tetramers is very close to the original
distances of the ST model. The 4-fold coordinated center Ag
atom has slightly larger Ag—Ag and Si—Ag distances of 2.99
and 2.92 A, respectively. Additionally, the Si(001) layer
underneath does not significantly change in Si—Si bond
distance or buckling angle, supporting the notion that the same
Si—Ag interaction is kept. In the X-type defect, the Ag
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tetramers start to approximate a close packed Ag plane. This
could be one possible explanation for the experimental
observations that 3D islands of Ag on Si(001) were found to
have the Ag(111) plane parallel to the Si(001) surface.”'*"%**

Bias Dependent Contrast Reversal of Ag Films. The
height of Ag films displays a surprisingly strong dependence on
the scanning bias. At sufficiently low positive biases
(corresponding to empty states near the Fermi level), STM
scans register Ag films as a depressed feature relative to the
Si(001) surface in adjacent areas. Figure 6a—c demonstrates
this bias dependence. Multibias scans of the same region at
+2.5 V place a Ag film above the Si(001) surface. At +1.9 V
however, the STM scan shows a striking color contrast
reversal. The Ag film has a negative height despite being
topographically higher than the Si(001) surface. Similar
phenomena have been observed on Si substrates (Br/
Si(111)* and H/Si(001)*°) and with other metallic films
(Au/SrTiO4(001)*7).

Negative Ag film height suggests that there is a high
availability of Si(001) surface states relative to Ag states for
tunneling. The projected density of states (PDOS) of the ST
model provide a clear explanation for this effect. The calculated
density of states (DOS) of the ST model and clean Si(001)
surface are displayed in Figure 6d with a PDOS zoomed in
view around the Fermi level in Figure 6e. The Si(001) PDOS
peak at ~0.9 eV corresponds to the empty dangling bond state
on down dimer atoms. The disappearance of that peak in the
ST PDOS suggests the disappearance of the empty dangling
bond state and Ag—Si bond formation. As expected, there are
very few Ag states available from the Fermi energy to ~1.2 eV
above the Fermi energy. Therefore, the STM scan in Figure 6b
is caused by the high availability of surrounding dangling bond
states versus the low availability of Ag states. Note that the
highly doped Si sample and the underestimated band gap by
the GGA functional only allows for qualitative comparison.
The scanning bias does not exactly reflect the position on the
DOS. Given that the experimental band gap of Siis ~1.1 eV, it
is reasonable to expect a shift of at least 0.5 eV (since the GGA
band gap is roughly half of the experimental value). PDOS of
the AD and ID models are discussed in section S2 of the
Supporting Information.

Coverage Dependent Si—Ag Interaction. The buckled
Si dimers change after DFT relaxation of the ST model. The
longer Si dimer bond length (~2.44 A) and decreased Si dimer
angle (~0.6°) are similar to the bond length and angle in the
H/Si(001)-(2 x 1) systern46’48’49 and therefore suggest a
comparable electronic interaction. Specifically, this suggests the
formation of a covalent bond between Si (3p orbital) and Ag
(Ss, 4p, and 4d orbitals). The disappearing dangling bond state
in Figure 6e also suggests this bond formation. Electron
localization function (ELF) plots were calculated for Si(001)-
c(4 x 2) and the ST model in order to visualize this covalent
bond. On the c(4 X 2) reconstruction (Figure 7a), the filled
dangling bond states over the top dimer atoms are visible as
protruding lobes. The sp® character of the up dimer atoms and
the sp® character of the down dimer atoms are clearly shown.
The ELF plot of the ST model (Figure 7b) displays all Si
dimers with sp® character. The lobe located in between the Ag
and Si atoms shows covalent bond formation. The small Ag—Si
lobes signify that those electrons are less localized than in Si—
Si bonds.

Weak covalent bond formation on Ag/Si(001) has been
previously predicted. Core level photoemission,”® ARPES,*!
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Figure 6. (a—c) Multibias STM images of 0.15 ML of Ag on Si(001). The same Ag film reveals low Ag DOS at low positive bias. Scanning
parameters were +2.5, +1.9, and —2.5 V, respectively, with 15 pA, 98 X 98 A%, and 81 K. (d) Total DOS of the Si(001)-c(4 X 2) surface and the ST
model. (e) PDOS of the top layers (surface Si and Ag) of both surfaces as in panel (d).

Figure 7. Electron localization function isosurface plots of (a) the
clean Si(001)-c(4 X 2) surface and (b) ST model. # = 0.5
corresponds to a uniform electron gas, and # = 1 corresponds to a
fully localized electron. The top two Si layers are shown.
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and surface reflectance spectroscopy (along with differential
reflectance)”' ™>* suggest that the ML structure is semi-
conducting and contains some covalent bonding. Borensztein
and Alameh®'™>? also suggested that at 1 ML, each Ag adatom
is bound to one Si atom because of similar reflectance behavior
between Ag/Si(001) and Ag/Si(111). The ST model shares a
number of similarities with the Ag/Si(111) monolayer
structure. The inequivalent triangle (IET) model (Si(111)-
(\/3 X \/3)R°30—Ag)54 features Ag trimers with Ag
coordinated to two Ag atoms and one Si atom. Si at the
surface forms Si trimers and additionally bonds with one Ag
atom in an attempt to saturate all dangling bonds. The ST
models shows a similar scheme where every Ag adatom is
coordinated to two Ag atoms and bonds to one Si dimer atom.

From ML simulations alone, it is not clear to what extent Si
buckling (or unbuckling) plays in the adsorption of Ag on
Si(001) and how Ag—Ag interaction affects the formation of
the ML structure. To provide further insight, single site Ag
adsorption on the c(4 X 2) reconstruction was performed.
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This allowed for the study of Ag—Si interaction without
additional Ag—Ag interaction. Adsorption sites are displayed in
Figure 8, and relaxed values are listed in the sequence of

Figure 8. Ag atom adsorption sites on the c(4 X 2) reconstruction.
Simulations were done on a (4 X 2) supercell (eight Si atoms at the
topmost layer), producing a coverage of @5, = 1/8 ML.

decreasing adsorption energy in Table 2. The comparison with
LDA energies (and energies from Kong et al.”’) are discussed
in section S3 of the Supporting Information. All adsorption
energies were calculated from eq 3. Up and down dimer sites
for the cave (C), bridge (B), and near dimer (T) sites are
distinguished with a subscript “d” to indicate the down dimer
position.

EAd = _(EAg+Sisurf - ESisurf - EAg) (3)

When Ag is coordinated between two or more Si atoms (C,
B,, P, By, and C,) the distance between Ag and Si (d,,_g;) is
larger than that when Ag is coordinated to one Si atom ETd, T,
and B). This suggests a more local interaction in the one-to-
one sites. Most Si dimer bond lengths changes were <0.05 A.
Since 0.05 A is the difference between the buckled and H
terminated dimer,"®*” we can conclude that single Ag
adsorption does not break the Si dimer z bond, except in
the C and C; sites where two-to-one covalent interaction
develops. CDD and ELF plots in section S3.2 of the
Supporting Information show evidence of this covalent
interaction.

The buckling angle (6g,_g) deviates significantly from the
clean surface value of 19.4°. Buckling is responsible for charge
transfer between the dangling bond states,””® and alternating
buckling along the Si dimer row is a mechanism to reduce
surface stress.”*® Therefore, observing changes in these
parameters indicate electronic rearrangement between dan-
gling bonds states and a competition between surface stress

and electronic interaction. Upon Ag adsorption, the buckling
angle decreases. The decrease is larger when only one dimer is
involved, suggesting increased electron transfer from the up
dimer atom. In the B, and the T}y sites, a dimer switches its
buckling orientation, indicating that the increase in energy
from the electronic interaction surpasses the increased energy
from stress. Unaffected dimers typically saw angle changes less
than 1°.

The most stable sites (C, B,, and P) interact with two or
four Si atoms across two dimer pairs and have relatively small
angle changes. Less stable sites (By, Ty, T, and B) interact with
one or two Si atoms across a single dimer and generally feature
much large angle changes. The Cy and H sites seem to be
exceptions to these trends; however, their small adsorption
energies are simply because of their location far away from up
Si dimer atoms.

While we find that the C adsorption site is the most stable
site similar to Kong et al,,”” we can clearly state that is it the up
dimer cave site and not the down dimer cave site responsible
for the stability. The results of Kong et al.”” were on the p(2 X
2) reconstruction and that C site includes one up and one
down dimer. Previous claims that this site is ideal due to the
inherent Si—Ag—Si bond distance’® are not incorrect.
However, the significant electronic interaction with the up
dimer’s filled dangling bonds and minimal increase in stress
provides a more complete description. Ag adsorption at all
other sites have not been experimentally observed. This can
most likely be attributed to highly mobile Ag adatoms and/or
by the preference of Ag to form larger clusters when possible.

One surprising result is that the energies in Table 2 do not
correlate with the experimental energies of Starr et al.*® The
heat of adsorption for ®,, = 1/8 is ~3.47 eV, a value larger
than any calculation presented. Adsorption at step edges or
defect sites could be possible explanations for this difference.
In situ RT-STM experiments'®'” have shown that during Ag
deposition, C-type defects (dissociated H,O molecules) trap
Ag atoms. Additionally, formation of Ag clusters, such as dimer
and tetramers or chains and islands, could also explain this
difference in adsorption energy. Further simulations of Ag on
more complex Si(001) geometries, such as step edges or C-
type defects, can provide reference data for the in situ
experiments. This may be a challenging task given that unit
cells would have to be quite large and that C-type defects can
transform into several different structures at RT.>

From the simulations at low coverages and at 1 ML
coverage, it is clear that Ag/Si(001) behaves very differently
depending on the Ag coverage. At low coverages, Ag adatoms
prefer to have a 2-fold coordinated adsorption site with
electronic interaction from up Si dimer atoms. At 1 ML, Ag—
Ag interaction is clearly preferred, as the ST model features a
cluster of four Ag adatoms. Si atoms do not break their dimer

Table 2. Computed Ag Adsorption Values from DFT Simulations on the Si(001)-c(4 X 2) Reconstruction

site C (cave) B, (bridge 2) P (pedestal) By (bridge)
affected dimers 2 2 2 1
Ag—Si coordination 2 2 4 2
E,q (eV) 226 217 2.01 1.88
dsi_ag (A) 2.56 2.52 2.60/2.97 2.48/2.59
Adg_g (A) 0.06 —0.005 ~0.002 —0.003
Ab_, (deg) —5.67 —8.56" —0.95 —15.00

“In the B, site, both Si dimers buckled in the same direction.
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Ty (near dimer) T (near dimer) B (bridge) Cy (cave) H (hallow)
1 1 1 2 4
1 1 1 2 4
1.85 1.78 1.76 1.75 1.37
2.39 2.39 2.38 2.74 3.36
0.03 0.01 —0.008 0.05 0.02
=214 —-10.2 —=7.14 —4.20 —-1.20
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bond, but rather try to saturate their dangling bond states and
act in an sp® hybridization scheme similar to bulk Si. From
these trends, we can conclude that Si and Ag both prefer to
remain segregated, primarily maximizing Si—Si and Ag—Ag
interaction first and only secondarily choosing to have Ag—Si
interaction.

B CONCLUSION

DFT and LT-STM agree on the ST model as the (2 X 2)-Ag
ML structure. The notion of a Ag dimer covered monolayer on
Si(001) was proven inconsistent with STM data through DFT
simulations. The ST model best matched STM images and the
more subtle features therein, namely the checkerboard
disorder, the X-type defect, and the bias dependence of the
measured Ag height. This new model of the (2 X 2)-Ag
structure creates many new avenues of research to be explored.
A better understanding of the unwetting phenomena or simply
the transition from the 2D layer to 3D islands is the next step
toward fully understanding the Ag/Si(001) system at RT.

B METHODS

Theory. DFT calculations were carried out in the Vienna Ab initio
Simulations Package (VASP).%° Projector augmented-wave (PAW)
potentials®®> were used along with the exchange-correlation
functional of Perdew—Burke—Ernzerhof in the generalized gradient
approximation (PBE-GGA)® and the local density approximation
(LDA).** Presented geometries and values stem from simulations
with PBE-GGA functionals, as they generally provide a more realistic
approximation of adsorption energies over LDA functionals.
Simulations with LDA functionals are included in section S3 of the
Supporting Information. Si(001) slabs (2 X 2, 4 X 2, and 4 X 4) were
created with either 8 or 10 Si layers and passivated with terminating H
groups at the bottom. A vacuum space of ~15 A was used. A kinetic
energy cut-off of 500 eV and a k-point sampling grid of 4 X 4 X 1
under the Monkhorst—Pack scheme® were used. The ionic force
relaxation threshold was 1 X 10™° eV/A, and the electronic self-
consistent threshold was 1 X 107 eV. Si(001) slabs were relaxed with
the top six Si layers free, and all subsequent calculations involving Ag
adsorption were relaxed with Ag and the top two Si layers free. The
STM simulations were conducted using an algorithm based on the
Tersoff—Hamann method.*’

Sensitivity tests were conducted to ensure that relaxing 2 Si layers
during Ag adsorption was sufficient. No significant change in
adsorption energy (<10 meV) was found when varying the number
of Si layers in the slab (6, 8, or 10 layers) and varying the numbers of
free Si layers (2, 3, 4, or 6 layers) during adsorption. Sensitivity tests
were also conducted to validate the chosen force and electronic self-
consistency threshold values. Percent deviations less than 1% were
found in the adsorption energy and atomic distances when varying the
force threshold from 1 X 1072 to 1 X 107™° eV/A and the electronic
threshold from 1 X 107™* to 1 X 107® eV. Additional details can be
found in section S4 of the Supporting Information.

Experiment. Experiments were carried out in a cryogen-free
closed-cycle STM (RHK PanScan Freedom) system, with a base
pressure of ~1.0 X 107'° Torr. Samples of Si(001) were cut from a
phosphorus-doped wafer (resistivity of 0.01—0.02 Q*cm) or an
arsenic-doped wafer (resistivity of 0.001—0.005 Q*cm). In vacuum,
Si(001) surfaces were cleaned by repeated flashes to 1373 K. To
prepare Ag films, the clean Si(001) sample was held at room
temperature for silver deposition from a coiled tungsten filament by
direct-current heating. Subsequently, the sample was transferred into
the precooled STM for examination at a stable temperature between
15 and 300 K, as regulated by a PID-based temperature controller
(Lakeshore 325). The deposition rates of silver were monitored by an
in situ quartz crystal microbalance to be as stable as 0.15 ML/min (1
ML = 6.78 X 10" cm™) during the course of deposition, in
agreement with what was derived from STM images. All STM images
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were recorded by a platinum/iridium tip in the constant-current mode
and processed with WSxM.®® Imaging biases in figures refer to silicon
sample bias.
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