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ABSTRACT: The energetics and dynamics of the various phases of decanethiolate self-
assembled monolayers on Au(111) surfaces were studied with scanning tunneling
microscopy. We have observed five different phases of the decanethiolate monolayer on
Au(111): four ordered phases (f, 5, y*, and ¢) and one disordered phase (¢). We have
determined the boundary free energies between the disordered and order phases by
analyzing the thermally induced meandering of the domain boundaries. On the basis of
these results, we are able to accurately predict the two-dimensional phase diagram of the
decanethiolate/Au(111) system. The order—disorder phase transition of the y* phase
occurs at 295 K, followed by the order—disorder phase transition of the  phase at 325 K.
Above temperatures of 325 K, only the densely packed ¢ and disordered & phases remain.
Our findings are in good agreement with the phase diagram of the decanethiolate/Au(111)
system that was put forward by Poirier et al. [Langmuir 2001,17 (4), 1176—1183].

B INTRODUCTION

Molecular self-assembly is omnipresent in nature: it is of key
importance for many biological processes.'~* Self-assembly of
organic molecules into highly ordered monolayer films on
metal or semiconductor surfaces has potential applications in
molecular electronics, bionsensing, corrosion inhibition, and
biomimetics.>™® It is well-known that alkanethiols form well-
ordered self-assembled monolayers (SAMs) on Au(111)
surfaces.”” "> The relative ease of fabrication of alkanethiol
SAMs has led to many studies and potential applications.'*~"”
In particular, the decanethiol self-assembled monolayer on
Au(111) has served as a prototypical model system for self-
assembly.”'®*7>* Upon adsorption, the decanethiol molecule is
deprotonated and thus becomes a decanethiolate.

The formation of self-assembled monolayers is governed by a
number of parameters, such as temperature, substrate
morphology, coverage, and crystal structure.**" The formation
of decanethiolate SAMs on Au(111) was extensively studied by
Poirier et al."?*”7>* On the basis of a detailed experimental
study, these authors have put forward a two-dimensional phase
diagram of the decanethiolate/Au(111) system.' They found
that decanethiolates can order into different phases: a phase
where the tails of the decanethiolate molecules are in an upright
position and tilted 30° from the surface normal (¢ phase), a
disordered liquid- or gas-like phase (£),*° and three phases
where the decanethiolate molecules are lying flat on the surface
(B, 8, and y). The most densely packed phase, the ¢ phase, is
dominant at high coverage (>'/; monolayer) and exhibits a c(3
X 2\/ 3)R30° registry, whereas the flat-lying and disordered
phases are found at coverage lower than !/, monolayer.'>**
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The B phase is a striped phase where the decanethiolate
molecules lie flat on the surface in an alternating head-to-head
and tail-to-tail registry.”> The & phase is very comparable to the
p phase; however, the tails of the decanethiolate molecules
partly lie on top of each other, leading to a denser packed
structure. The y phase consists of a perfect array of alternating
p and O stripes.22 Toerker et al,”” and later also Li et al,*®
found in the low-coverage regime a new phase, referred as the
¥ phase. The y* phase is also composed of f and é domains;
however, in contrast to the y phase, the width of the # and 6
domains varies from location to location.

Despite numerous studies, a full understanding of the
decanethiolate/Au(111) system has not yet been achieved.
One issue that is still not completely solved deals with the
thermodynamic stability of the different domains.*

The goal of this study is to investigate the occurrence and
thermal stability of the different ordered phases of a
decanethiolate SAM on Au(111) by analyzing the domain
boundaries between the phases. We will focus in particular on
the domain boundaries between the low-coverage ordered
phases and the disordered phase. By a statistical analysis of the
thermally induced domain wandering, we will be able to derive
the two-dimensional phase diagram for this system. The
boundary free energy between the y* and & phases and
between the f and & phases vanishes at 295 and 325 K,
respectively. These transition temperatures are in very good
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Figure 1. (A—D) Sequence of STM images (100 nm X 100 nm) showing dynamic behavior of a decanethiolate SAM on the Au(111) at room
temperature (293 K). The surface exhibits three ordered phases (f, 5, and *) and one disordered phase (&). The solid line marks a domain
boundary between the ordered f phase and the disordered € phase, while the dashed line marks a y*—& domain boundary. The sample bias is 1.2 V
and the tunnel current is 190 pA. The time lapse between consecutive images is 420 s. (E, F) Line profiles taken across the f and & phases,

respectively. The stripe widths are (E) 3.3 nm and (F) 2.2 nm.

agreement with the two-dimensional phase diagram proposed
by Poirier et al.'

B EXPERIMENTAL SECTION

Substrates were purchased from Arrandee (Werther, Germany) and
contain a 250 nm Au/2 nm Cr layer on borosilicate. The substrates
were flame-annealed in high-purity H, gas for 5 min. After flame
annealing, the samples were inserted in an ultrahigh vacuum system
with a base pressure of 1 X 107** mbar and then imaged with a
scanning tunneling microscope (STM; RHK Technology, Troy, MI).
The surface exhibited the characteristic Au(111) herringbone
structure. Subsequently the samples were taken out of the ultrahigh
vacuum (UHV) system. Self-assembled decanethiol (Sigma—Aldrich,
Steinheim, Germany) monolayers on the Au(111) surface were
produced by immersing the samples into a dilute 1 mM 1-decanethiol
in ethanol solution for 24 h. This immersion step leads to a densely
packed SAM where the decanethiolate molecules form a standing-up
phase. In order to reduce the coverage of the decanethiolate molecules,
we immersed our sample in a pure ethanol solution for 1 h.
Subsequently the samples were loaded into the UHV STM for
imaging. In order to prevent damage of the self-assembled monolayer,
STM images were recorded at sample biases less than 1.2 V and
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tunneling currents less than 190 pA.>**° The temperature in the

laboratory was kept constant at 293 + 1 K.

B RESULTS AND DISCUSSION

In Figure 1, four consecutive scanning tunneling microscopy
(STM) images of a decanethiolate SAM on Au(111) are
shown. The SAM consists of three ordered phases (f3, 5, and
%) and one disordered phase (¢). At some regions on the
surface, the upright ¢ phase is also present (not shown here).
This phase has the highest packing density and exhibits a c(3 X
2\/ 3)R30° registry. Since we are interested in the low-coverage
regime and the ¢ phase is usually found only at higher
coverage, we do not consider this phase nor its boundaries here.
The only low-density ordered phases adjacent to the & phase
are the f and y* phases. The absence of domain boundaries
between the 6 and & phases at room temperature suggests that
this boundary free energy vanishes at a temperature below
room temperature. This does not necessarily imply that the &
phase is completely absent on the surface, since & phases
encapsulated between other ordered domains and/or steps can

still be stable.
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The various phases that we observe here were extensively
discussed by Poirier.”” Here we only briefly review these key
results and show that our STM data are in excellent agreement
with the structural models that were put forward by Poirier.

The f phase is a striped phase consisting of decanethiolate
molecules lying flat on the Au(111) surface in an alternating
head-to-head and tail-to-tail registry (see Figure 2). The head-

)
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Figure 2. Schematic representation of top and side views of /3, y*, and
0 phases. The exact nature of the Au—decanethiolate complex is not
yet known and for the sake of simplicity represented here by a simple
bond between a sulfur atom and a Au atom of the Au(111) substrate.

to-head pairs align themselves in kinkless rows that form the
higher part of the striped phase. The tails of the molecules form
the lower part, or troughs, of the striped phase. The corrugation
measured along the row direction is 0.5 nm, whereas the
periodicity perpendicular to the stripes is 3.3 nm, leading to a
c(23 X 4/3) periodicity.”®> The & phase is very comparable to
the f phase; however, the tails of the molecules are lying partly
on top of each other, leading to a smaller stripe width of only
7.5 times the nearest-neighbor Au—Au distance, or 2.2 nm,
leading to a (54/3 X 1/3)R30° periodicity (see Figure 2).2%2°
The measured depth of the troughs is about 0.1 nm for the
phase and only 0.05 nm for the & phase (see Figure 1E, F). The
measured trough depths are consistent with the above-
discussed structural models of the f and 0 phases. The y*
phase is a mixture of small # and § domains with stripe widths
of 3.3 or 2.2 nm, respectively. The y* phase shows switching
behavior between the stripe segments, sug%esting that this
phase is highly dynamic at room temperature.”” The disordered
€ phase does not exhibit any structure, and height profiles taken
across several domain boundaries suggest that the decanethio-
late molecules are lying flat on the Au(111) substrate.
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Figure 1A shows the coexistence of the four different phases
described above. The lower terrace is completely covered with
the 0 phase and remains stable during the whole experiment.
The upper terrace shows several f and y* domains. In the
middle of the upper terrace a large f domain is present
surrounded by several smaller y* domains. Consecutive images
recorded with a time interval of 7 minutes (Figure 1B—D) of
the same region reveals that the lower terrace remains unaltered
during imaging, while the upper terrace is very dynamic. Larger
regions convert from S to y* phase or vice versa. The vacancy
islands also exhibit quite some dynamics. In agreement with
earlier observations by, for instance, Poirier,** the vacancy
islands prefer a triangular shape and have a depth of exactly one
Au layer. In the vast majority of cases, one finds a well-ordered
f phase in the vacancy islands.

A straightforward way to characterize an order—disorder
phase transition is via the boundary free energy. At zero
temperature, it costs energy to create a domain boundary. With
increasing temperature, kinks will be thermally generated in the
domain boundary, leading to an increase of the meandering of
the boundary. The creation of a kink will cost energy, but the
kink can be generated in many different ways, resulting in an
increase of the entropy and thus a decrease of the free energy.
The order—disorder phase transition occurs at a temperature
where the boundary free energy vanishes. As we will show, the
domain boundary free energy can be extracted from a statistical
analysis of the thermally induced meandering of the domain
boundary.

The Au(111) surface has a hexagonal structure with 3-fold
symmetry. This 3-fold symmetry shows up in all ordered
phases, and therefore we will analyze the meandering of the
domain boundaries within the framework of a simple triangular
lattice with a nearest-neighbor distance a,, and an isotropic
nearest-neighbor interaction energy E.*>**

We will start by deriving an expression for the partition
function, Z, of an elementary boundary segment. The total
partition function of the boundary consisting of N elementary
boundary segments is Z; = Z". The boundary free energy is
defined as F,opy = =k, T In (Zyr) = —kpT In (ZV) = =Nk, T In
(Z) = NF, where F is the boundary free energy per elementary
boundary segment, k, is the Boltzmann constant, and T is
temperature.

The formation of an elementary boundary segment with unit
length ann\/ 3/2 along one of the three high-symmetry
directions involves the breaking of two nearest-neighbor
bonds (see Figure 3). For the sake of simplicity, we take
from now on a = ann\/ 3/2 as our elementary length unit. The
formation energy of an elementary boundary segment is
therefore 2(E/2) = E. The formation energy of a single kink in
the boundary also costs energy E. A double kink costs energy
2E, a triple kink 3E, etc. (see Figure 3 for a schematic diagram).
The partition function for an elementary boundary segment
unit with length a is given by summing over all possible

31,3334
boundary configurations:”>”
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Figure 3. (—) Schematic diagram of a domain boundary of a
triangular lattice with isotropic nearest-neighbor interaction (E). The
nearest-neighbor distance of the atoms is a. The length of an
elementary boundary segment along the horizontal direction is a\/ 3/
2. (~-) Domain boundary at T = 0 K.
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The factor of 2 comes from the degeneracy of the pathways
since kinks can point to the right or to the left. The boundary
free energy per unit length a = ann\/ 3/2 is given by
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The order—disorder phase transition temperature can be found
by setting the boundary free energy equal to 0, resulting in Ty =
E/(k, In 3). As shown by Wannier,* this is precisely the phase
transition temperature of the isotropic triangular 2D Ising
spin—lattice.

The probability to find a kink depends on its length: the
longer the kink, the lower its probability of occurrence. In order
to analyze the thermally induced meandering of the boundaries,
it is very helpful to introduce the mean-square kink
length,36<n2), which is defined as

o
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where P, is the probability of finding a kink with length n, The
summation runs over all the possible kink configurations. The
mean-square kink length is the expectation value of the square
kink length and can be considered as the diffusivity of the
domain boundary.*”** The value (1n*) can be immediately
extracted from the distribution of kinks and kink lengths. At the
phase transition temperature, e */%Tt = 1/, and thus the mean-

F=—k,T ln(

(n?)

e—E/ka)z
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square kink length will be exactly 1 at the phase transition
temperature.

The mean-square displacement or deviation—deviation
correlation function of a boundary is given by

2 2\ F
((h, = o)) = ()" “
where r is the position along the boundary and h, the deviation
measured in a direction perpendicular to the boundary. The
mean-square displacement, {(h, — h)*), can be extracted from
the STM images by determining the mean-square displacement
of the step with respect to its “mean” direction. This mean
direction is always aligned along one of the three high-
symmetry directions of the underlying Au(111) substrate (see
Figure 1). We emphasize here that there is no need to measure
the domain wall position, r, and the mean-square displacement
with atomic or molecular resolution, in units of a. Here we have
chosen to measure these positions in nanometers, which is
perfectly fine since the mean-square displacement scales linearly
with the position measured along the domain wall (see Figure
4). The slope of the curve is just the mean-square kink length,

(n?).
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Figure 4. Mean-square displacement, (1, — h,)?), of (O) f—& domain
boundary and (A) y*—& domain boundary versus the position
measured r along the domain boundary.

In Figure 4 a plot of the mean-square displacement as a
function of r for both the f and y* domain boundaries is
shown. The mean-square length, (n*), at room temperature is
0.83 and 0.97 for f and y* domain boundaries, respectively.
The experimental data reveals an almost exact linear relation-
ship, which implies a random distribution of kinks in the
domain boundaries. In addition, the slopes of both curves are a
little smaller than 1, suggesting that the actual temperature is
very close to the phase transition temperatures. From the
slopes in Figure 4 we extract nearest-neighbor interaction
energies of Eg = 30 meV/nm and E,» = 28 meV/nm. The
boundary free energies are plotted in Figure 5. The phase
transition temperatures are 325 and 295 K for f and y* domain
boundaries, respectively. The phase transition temperature of
the y* phase is close to room temperature, which means that at
room temperature domain boundaries can easily be generated
since their formation free energy is almost 0. For the f phase
the phase transition temperature is somewhat higher, and
therefore this phase appears more stable at room temperature.
These findings are consistent with previous observations of
Poirier”* and Toerker et al.>” Both observed that the y* phase
is metastable at room temperature, while the  phase remains
stable at temperatures up to 325 K
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Figure 5. Domain boundary free energies of (—) f—& domain
boundary and (---) y*—¢ domain boundary versus temperature. The
phase transition temperatures are 295 and 325 K, respectively.

Bl CONCLUSION

In summary, we have studied the domain boundaries between
various low-coverage ordered phases (f and y*) and the
disordered phase (&) of a decanethiolate self-assembled
monolayer on Au(111) using scanning tunneling microscopy.
By analyzing the thermally induced meandering of the domain
boundaries, we are able to determine the domain boundary free
energies and extract the phase diagram of this system. The
y¥—¢ and f—e domain boundaries vanishes at 295 and 325 K,
respectively. These findings are in very good agreement with
the phase diagram put forward by Poirier et al.'
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