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ABSTRACT: Periodic density functional calculations probe that step edges play a key role as
source of defects during self-assembly. It is shown that the self-assembly process strongly reduces
the energy required to strip an atom from the gold surface, locally increasing the concentration of
surface defects. The thermodynamic driving force for the atom stripping is considerably more
favorable along step-edge lines within the self-assembly than on the higher-coordinated terrace
sites. Furthermore, the clustering of surface defects is considered, and we probe that the
formation of aggregates of vacancies in the form of vacancy pits significantly stabilizes the self-
assembly on the terraces of gold, where the role of the step edges is expected to be less
significant. The high stability of pit-like structures arises from a balance between the corrugation
and the enhanced bonding of defect-rich substrates. Our results demonstrate the important role
that step edges play during assembly and could be very valuable for discovering defect-free

assembled structures.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

nderstanding the mechanisms for nucleation and the
factors influencing the molecular ordering of self-
assembled monolayers (SAMs) of alkanethiolates has long
been a goal for surface scientists. The (\/ 3 X \/ 3)-R30° lattice
formed by methyl thiolate on Au(111) is of particular interest
because it provides a rather simple model to understand the
basic aspects of the self-assembly of organic molecules.'
However, even in this widely studied system, fundamental
controversies remain, and little is directly known about the
headgroup-substrate structure and interaction. SCH;—Au
SAMs are usually produced by exposing Au surfaces to gas-
phase dimethyl disulfide (CH;SSCH;, DMDS) that sponta-
neously forms mercaptomethyl radical (SCH; MT) due to a
cleavage of disulfide bonds.®> Only recently, there has been an
increasing awareness that surface defects present on the Au
substrate may play an important role in the molecular ordering.
Recent density functional (DF) calculations confirmed that the
interface was characterized by a large atomic roughness with
both Au adatoms (Au,) and vacancies being present.6 Also,
STM studies identified the extraction of surface Au atoms
during self-assembly,” and DF calculations confirmed the
presence of Au adatoms at the interface.®
It is now accepted that the SAM on the Au surface consists of
MT-Au,y or MT-Au,;-MT moieties." The formation of these
species requires sources and sinks of defects, and the nature of
those sources is still unclear. Many defect structures including
step edges, kinks, and faces have been hypothesized to be a
feasible source of surface defects."” Step edges are well-known
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sources of defects, and the role of these structures is well- so
appreciated in surface science'® and catalysis.'* Step-edges sites s
enable enhanced binding of reactants as a result of their s2
reduced coordination.'"'* Regions of high strain can also act as s3
source of defects during self-assembly. The clean Au(111) s4
surface is reconstructed, accommodating one extra Au atom on ss
the surface for every 22 bulk lattice constants, which gives rise s6
to a surface densification. However, adsorbed thiols are able to s7
lift the reconstruction expelling the herringbone elbows."* Even ss
the bulk-terminated gold substrate was suggested to be involved so
on the self-assembly, and a significant portion of the Au surface 60
can be removed during the self-assembly process forming etch 61
pits."* The idea dates back to pioneering experimental work of &
Poirier and Pylant, who revealed the presence of small 63
depressions a few nanometers in size, which are not observed 64
on bare Au."® Indeed, etch pits are known to be one of the 6s
weakest areas of the self-assembled films in terms of attack and 66
degradation by oxidizing species. Because of the complex nature 67
of the interface, very little knowledge exists concerning the role 68
of vacancy pit formation that accompanies the self-assembly 6o
process or the origin of surface defects within the self-assembly, 70
and understanding these aspects calls for further investigation. 71

Here we present self-consistent periodic DF calculations that 72
address the role of defect structures as a source of surface 73
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defects during MT self-assembly on Au(111). We show that the
self-assembly process strongly increases the thermodynamic
driving force to strip an atom from the Au surface. The atom
stripping is considerably more favored along step-edge lines
within the SAM than on the higher-coordinated terrace sites.
Because the concentration of surface vacancies correlates with
the vacancy formation energy, our results indicate that the self-
assembly nucleation process will lead to a local increase in the
equilibrium concentration of vacancies, and structures such as
step edges, dislocations, or elbows of the Au(111) herringbone
reconstruction will act as sources of defects during the
assembly. We also analyze the mechanisms of vacancy
clustering and show that the formation of vacancy aggregates
in the form of pits significantly reduces the Gibbs free energy of
the self-assembled structure, thus stabilizing the phase. We
suggest that the role of vacancy pits is thus to regulate the
concentration of vacancies that are supersaturated as a
consequence of the self-assembly process. The high stability
of pit-like structures arises from a balance between the
corrugation and the enhanced bonding of defect-rich substrates.
Our results, demonstrating the close connection existing
between self-assembly and defect structures, have important
implications on the fabrication of self-assembled structures and
could help improve the quality of self-assembled phases.

The DFT calculations employ the projector-augmented wave
method'® to describe the effect of the atomic cores in the
valence density in conjunction with a plane-wave basis set
(cutoff energy of 400 eV) to expand the valence density and the
PWO1 implementation of the generalized gradient approach to
electronic exchange and correlation energy, which predicts
binding energies and geometries in qualitative agreement with
experiment.'”'®* To model the MT adsorption on an
unreconstructed Au surface and the formation of defects due
to SAM, we employed a (3\/3 X 3\/3)-R30°-9CH3S surface
structure, previously observed for this molecule in the high
coverage 1‘egime.8’19 This unit cell, with an area of 200 A?, was
large enough to describe vacancy-pits with approximate area of
70 A? or lower. Other supperlatices such as the c(4 X 2) were
observed for other molecules, depending on factors such as the
chain length and surface defects.?® This lattice, however, has
never been observed for MT on Au(111), and hence in this
work we will consider only the ( \/ 3 X \/ 3)-R30° MT lattice.
The slab model consists of five metallic layers with a total of
135 Au atoms in the unit cell interleaved by a vacuum space of
~10 A. Different amounts of Au atoms were considered in the
first layer to mimic the formation of vacancy pits. The two
outermost atomic metal layers as well as the atomic coordinates
of MT moieties were allowed to relax without further
constraints. Because of the large unit cell size, the Brillouin
zone integration was carried out at the I' point only. We
considered an additional Au(211) surfaces model to be
representative of stepped surfaces. This has been represented
by a 4 X 3 surface unit cell and single MT species, with a terrace
that is four atoms deep and three atoms wide (total of 48 atoms
per unit cell). A vacuum of ~10 A separates any two successive
slabs, and nine special Monkhorst-Pack k-points*' were used
for integration in the reciprocal space. Surface relaxation is
allowed in the top two Au layers of the slab. All calculations
have been carried out using the VASP package.**

To compare the stability of surface unit cells with different
number of atoms, we computed formation Gibbs free surface
energies following the ab initio atomic thermodynamics

formalisms.** The Au vacancy formation free energy is defined
as

Geen + Npetty, — Geelo
NDef (1)

determined with respect to bulk Au and computed according to
previous studies using total energies from DFT calculations.”*
Gea and Gy are, respectively, the Gibbs free energy of the
Au substrate with Np,¢ vacancies and of the relaxed undefective
surface, whereas yi,, stands for the standard chemical potential
of bulk Au. Entropy contributions to the vacancy formation
energy are not included because, in practice, this contribution is
small, on the order of KT, at room temperature (RT, 300 K),
where Ky is the Boltzmann constant.>® We further defined a
generalized formation free energy of a self-assembled phase as

AGDef =

AGspn = Grot = Navy, — NMTm - G )
which depends on the Gibbs free energies and chemical
potentials of the constituents and can be computed using total
energies from DFT calculations. Gy, refers to the Gibbs free
energy of the surface model containing the SAM in the
presence of Au surface vacancies. Ny, and Ny, are the number
of Au atoms and of MT moieties in the unit cell, respectively.
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Gy defined as G g—Nay ofaw refers to the Gibbs free energy of 156

formation of the bare Au surface in the absence of self-assembly
and surface defects, where Ny, is the number of Au atoms in
the bulk-like cell. We considered the bulk limit of Au chemical
potential y,, = E5** and the DMDS molecule as gas-phase
reference at standard pressure. Entropy change for DMDS
adsorption was calculated to be 0.84 eV at 300 K, neglecting the
entropy contribution of the surface-adsorbed species. We added
the configurational entropy for the vacancy arrangement to the
generalized formation free energy according to previous
studies.”® The surface defect coverage, ®Op was defined as
the number of Au vacancies per surface atom in the bulk-like
cell. For each ®p, we considered all possible defect-
arrangements and selected the one with lowest total Gibbs
free energy.

First, we consider the mechanisms of defect-generation in the
self-assembled structure by calculating vacancy-formation
energies. AGp, quantifies the stability of a vacancy in the
metal and determines the likelihood of its formation: the more
negative this energy, the more favored the adatom ejection
(and vacancy formation). The presence of dislocations or
Au(111) surface herringbone reconstruction is known to cause
localized strain on the surface of gold. The release of Au atoms
from the surface upon the formation of the SAM (in particular,
from the “elbows” in the herringbone structure) is one of the
possible adatom-generation mechanisms. To address the
generation of defects on strained gold regions, we considered
a Au(111) surface under uniaxial compressive strain by
reducing 5% the lattice constant parallel to the surface. We
focused our studies on Au(111) slabs with $% compressive
strain because a compression of ~4.5% was observed
experimentally along the <110> direction of the reconstructed
surface, and similar strain values were observed for other
systems.””*® Adatom ejection from the constrained Au surface

—

57
58

—

—_
=)
~

—_
~
o

183
184

186
187
188
89

—

is thermodynamically hindered, with a calculated AGp,¢ value of 190

0.3 eV. However, the presence of MT adsorbates considerably
reduced the vacancy-formation energy by ~0.6 eV, hence
favoring adatom ejection. This result can be rationalized in
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terms of a change of the metal—metal bond on the substrate
because this gets weaker as the lattice constant decreases,”
hence making a contracted substrate considerably more reactive
toward adatom expulsion. The presence of constrained regions
of the surface with the adsorbed SAM should act as a temporary
source of adatoms. However, once the strain is reduced, the
adatom ejection will cease; therefore, other sources of Au
adatoms should be considered.

The top bulk-terminated Au layer or atomic steps are the
most natural sources and sinks of adatoms and vacancies.*®
Figure 1 displays calculated vacancy-formation Gibbs free

L Au E
Il Au-sAM

0.4 .

Rl |
UE 0 —

< - . l -

-0.4F 1

Au(111) l

Au(111) 5% strain Au(211)

Figure 1. Vacancy-formation Gibbs free energies, AGp,; for a set of
different Au motifs without (gray) or with (black) the presence of an
adsorbed SAM: (left) Au (111), (center) Au(111) under uniaxial 5%
compressive strain, and (right) Au (211) stepped surface. A schematic
representation of the vacancy motifs is presented on the lower panel,
where the bottom metal layers are colored red to highlight the surface
vacancy.

energies for a set of different scenarios. The energy cost to
remove a single Au atom from the (111) surface of gold is 0.58
eV, in good agreement with previous estimates.”’ The vacancy
formation energy is considerably lower along the step edge. In
fact, using Au(211) as a model for a stepped gold surface, our
calculations predict AGp,¢ to be 0.17 eV at the step sites. The
thermodynamic driving force is, however, not sufficient to make
the adatom generation spontaneous, and very high temper-
atures would be needed before a sizable fraction of surface Au—
Au bonds are broken. Interestingly enough, our results indicate
that the presence of the SAM largely reduces the vacancy
formation energy. Our DF calculations predict the formation of
gold vacancies within the SAM to be particularly favored at the
step sites, with AGp.; = —0.4 eV. The large detachment energy
from the step edges suggests that SAM-decorated step edges
may serve as an efficient source of Au atoms that tend to diffuse
through the surface until fixed as adatoms. Adatom-stripping is
also favored at the Au(111) terraces, where the influence of
step edges should be less significant.

Because the concentration of surface vacancies correlates
with the vacancy formation energy, our results indicate that the
nucleation of the self-assembly will lead to a local increase in
the equilibrium concentration of vacancies. The generation of
surface defects follows the trend of higher reactivity for adatom
stripping (and vacancy generation) at step edges and regions
with localized strain within the self-assembly as compared with
the higher-coordinated terrace sites. A defect concentration

gradient, established between the step edges and terraces, will
produce a net mass flux of Au adatoms out (during assembly)
or into the step edges (after assembly), causing the surface
steps to shrink or enlarge. Indeed, adsorbate-promoted mass
flow on Au(111) has been previously observed for other
adsorbates.®® The excess defects released during monolayer
assembly will incorporate into the self-assembly to equilibrate
the surface.

Next, we apply ab initio atomistic thermodynamics to study
the vacancy-pit nucleation in the presence of a self-assembly.

232

239
240
241

The nucleation of pits is attributed to the condensation of 242

vacancies, which are supersaturated as a consequence of the
assembly process. Figure 2 (central left panel) displays Gibbs

243
244 2

free energies of formation, AGgyy, for different coverage of 245

vacancies arranged in the form of ordered islands of increasing
size. On the one hand, the purely physical interaction between
gas-phase DMDS molecules and pristine Au(111) (ie., in the
absence of Au vacancies) is enough to form spontaneously a
SAM at RT (Figure 2, Structure 1). The inclusion of Au
vacancies has profound consequences strongly affecting the
stability of the SAM. Our results indicate that the incorporation
of low concentrations of surface vacancies into the SAM is
thermodynamically hindered and that under these conditions
Au vacancies decrease the stability of the adsorbed phase.
However, the nucleation of small vacancy-pits becomes
spontaneous for ®Op, larger than 0.18 ML. For large enough
vacancy concentration, vacancy-pits will nucleate, reducing the
local surface tension of the self-assembled phase. As shown in
Figure 2 (top and bottom panels), MT moieties covering the
vacancy pit preferentially bind to the low-coordinated site along
the edge of the pit. The structure at Op, = 0.18 ML
corresponds to an array of pit-like defects of ~110 A size with
MT molecules decorating the bottom of the pit (Figure 2,
Structure S). This is in qualitative agreement with experimental
observations, which found vacancy pits corresponding to
vacancy coverage between 0.1 and 0.2 ML.' Particularly
interesting is the fact that large enough pit-like structures are
energetically competitive with defect-free phases, which suggest
that the coalescence of small vacancy-pits might be possible.
This suggests that for large enough vacancy pits the most
relevant scenario at the interface corresponds to a transient
situation where either pit-like structures or vacancy-free phases
are stabilized. In fact, the coexistence of different phases was
previously suggested by the authors.**

Before further discussing the implications of the present
findings, it is appropriate to assess to which extent calculated
stability differences are to be trusted. To clarify this point
further, we have carried a rigorous study of the systematic error
in the calculated free energies. According to our previous
AGg,y definition, the Gibbs free energy difference per unit area
between two phases with and without surface defects, with the
same nature, under fixed external conditions is given by

AGSAM(('.DDef) - AGSAM((BDef=O)
A
AE — E""AN
A ()

Ay =

1

where AN is the difference in the number of substrate atoms
between the two models (ie, number of defects on the
reconstructed phase) and AE is the total energy difference
between the two models. The absolute error in the free energy
Sap can be related to the error in total energy, ¢, as in eq 4
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0.05 0.1 0.15 0.2

Vacancy Coverage (ML)
| BRI T

0.05 0.1 0.15 0.2

Figure 2. Central left panel: Gibbs free energy formation,AG', of a given SAM structure for different coverage of surface vacancies. Error bars are
included to indicate the systematic error in the calculated Gibbs free energies. Central right panel: Contributions to the formation Gibbs free energy
according to a simple splitting AGgan = NpefAGpes + Nyt AGagy for increasing surface vacancy concentrations. Lines are included as a guide to the
eye. Top and bottom panels: plain view of the structures in the central panels. Au atoms on the first metal layer are highlighted in yellow, and bottom
metal layers are colored red in order to highlight the distribution of surface vacancies on the structure.

2
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291 where one simply assumes that Ay is a function of E. To find a
292 reasonable estimate of the error on the total energy, ¢s we
293 suggest the use of the surface energy ycy.,, for the clean cell as
204 (1/2A) (E — ERN. auo), where E and N are the total energy
295 of the unit cell and the number of Au atoms in it. The error in y

206 is given by
1 = Nyyo
S = i(izA )GE )
298 and hence ¢y, can be expressed as

2,A ]

1- NAu,O

290

O

a}/Clean (E)

N+
¢ OF

7 =X

297

GAy = iAN(
(6)

300 which has two main contributions: one related to the difference
301 in the number of atoms in the surface models considered and a
302 second one related to the error in the total energy that needs to
303 be estimated. Equation 6 deserves further comments because it
304 controls the error in the Gibbs free energy calculations. It
30s implies that one should avoid using the Gibbs free energy
306 formalism as in ref 22 when AN is large or when the slab model
307 is too small. The calculated value for yy,, in our work is 46
308 meV/A2, consistent with previous calculations,®* whereas the
309 experimentally derived value is 75 meV/A%> The difference
310 between both values is a well-known deficiency of the DF-GGA
311 approach.®® Taking into account the different values for AN for
312 the different surface models considered in the letter, we have
313 computed the error bars for the values in Figure 2, which are
314 included in the central left panel.

299

We are now in a position to understand the reasons behind 315
the impact of surface defects on the stability of SAMs. To do 316
this, and following previous studies,”” it is useful to make use of 317
the formation Gibbs free energy of a self-assembled phase, 318
Agpnp as the result of two contributions, AGgay = NpefGper + 319
NyrAG g, According to this simple splitting, the stability of a 320
certain self-assembled structure relies on a subtle balance 321
between two main contributions: (i) the lateral corrugation of 32
the metallic substrate, included in AGp,; and (ii) the inter 323
adsorbate forces and anchor bond strength, both included in 324
the Gibbs free energy of adsorption, AGu4. The first 325
contribution describes the energy required to form the 326
defective Au substrate, whereas the Gibbs free energy of 327
adsorption, AGag, = (1/Nyr)(Grot = Gear = Nyr(Hpaps/2)) 328
refers to the energy involved on MT bonding to the defective 329
surface. These two opposing effects govern the stability of the 330
SAM, and hence defect formation induced by the presence of 331
the SAM will only occur if the binding energy increase is larger 332
than the defect formation energy. Figure 2 (central right panel) 333
gives both contributions to the formation Gibbs free energy. 334
The Figure demonstrates that the formation of a defective 335
substrate is thermodynamically unfavorable. More importantly, 336
the Figure also demonstrates that defect-rich substrates 337
generally bind MT stronger than defect-free Au surfaces. 338
However, stronger binding of MT does not always imply larger 339
stability, and for most of the defective structures studied in this 340
work, the binding energy increase is smaller than the defect 341
formation energy. Only at large enough vacancy coverage 342
regime is the favorable binding of MT molecules sufficient to 343
make the self-assembly a spontaneous process. 344

To summarize, the present results provide important insight 345
into the role of surface defects on the molecular mechanism of 346
SAM formation and reveal the active role that step edges play 347
on the generation of gold adatoms and surface vacancies. The 348
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349 local concentration of defects is increased due to self-assembly,
350 and vacancy pits will nucleate to equilibrate the surface. More
351 importantly, our calculations also show that atom-stripping and
352 vacancy-formation become thermodynamically favored even on
353 higher-coordinated terrace sites. This explains the formation of
354 vacancy pits on the terraces of Au, where the role of the step
35s edges is expected to be less significant. However, the
356 concentration of surface vacancies can also be limited by
357 other factors, and the diffusion of defects or the length of the
358 hydrocarbon chain will certainly play an important role in self-
359 assembly. Our results imply that forming virtually defect-free
360 monolayers would be a challenging task, and the amphiphile/
361 substrate interaction will naturally generate vacancy islands.
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