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ABSTRACT: In this paper, we obtain maps of the spatial tunnel
barrier variations in self-assembled monolayers of organosulfurs on
Au(111). Maps down to the sub-nanometer scale are obtained by
combining topographic scanning tunneling microscopy images
with dI/dz spectroscopy. The square root of the tunnel barrier
height is directly proportional to the local work function and the
dI/dz signal. We use ratios of the tunnel barriers to study the work
function contrast in various decanethiol phases: the lying-down
striped f phase, the dense standing-up ¢ phase, and the oxidized
decanesulfonate 1 phase. We compare the induced work function
variations too: the work function contrast induced by a lying-down
striped phase in comparison to the modulation induced by the
standing-up ¢ phase, as well as the oxidized A phase. By performing
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these comparisons, we can account for the similarities and differences in the effects of the mechanisms acting on the surface and
extract valuable insights into molecular binding to the substrate. The pillow effect, governing the lowering of the work function due
to lying-down molecular tails in the striped low density phases, seems to have quite a similar contribution as the surface dipole effect
emerging in the dense standing-up decanethiol phases. The dI/dz spectroscopy map of the nonoxidized f phase compared to the
map of the oxidized A phase indicates that the strong binding of molecules to the substrate is no longer present in the latter.

1. INTRODUCTION

Self-assembled monolayers (SAMs) of alkanethiols on metal
surfaces have drawn attention across many fields over the past
decades due to their wide array of potential applications, such
as work function engineering, corrosion inhibition, and
biosensing.'"® Many of these applications rely on the
incorporation of foreign atoms or molecules in the SAM or
the deployment of functionalized end groups. However, many
urgent questions related to the self-assembly process itself
remain, such as the stability of the monolayers, the variety of
the electronic properties between and within the different
molecular phases, and the exact bonding mechanism between
the molecules and the substrate. A proper fundamental
understanding of self-assembly and its consequences for the
properties of SAM-covered surfaces is paramount to continue
improving the capabilities of SAMs.

A popular model system to study the self-assembly process is
decanethiol SAMs on Au(111). Scanning tunneling micros-
copy (STM) studies by Poirier et al. have revealed that the
ordering of these SAMs depends strongly on the coverage.” In
particular, they reported a multitude of molecular formations
establishing when depositing gas-phase decanethiol onto
Au(111) substrates in ultra-high vacaum (UHV): coexisting
disordered and ordered phases. It was shown that the
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molecules chemisorb onto the surface by deprotonation of
the sulfur heads and the subsequent formation of S—Au—S
complexes,”” in which Au adatoms participate. The
decanethiol phases can be characterized through different
orientations of the molecular tails. The various tail orientations
can be categorized into two broad groups: standing-up (at a
slight angle with respect to the surface normal) and lying-down
(on the substrate or on top of other tails). The most abundant
stable phases representative for these categories are the
(23 X /3) lying-down B phase and the (v/3 X +/3)R30
structure with a c(4 X 2) superlattice, the standing-up ¢
phase.'”"!

Hydrocarbon molecular SAMs oxidize readily in ambient
conditions, causing the thiolate SAM to rearrange. It has been
shown that this rearrangement is due to the breaking of the
Au—S bond, bonding of sulfur to oxygen, and the ensuing
transition from a chemisorbed thiolate SAM to a physisorbed
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sulfonate one, where the molecules form a low-density lying-
down A phase, whose adsorbant structure is reminiscent of that
of the f phase. The molecules adopt a similar lamellar
structure in which they are packed side-by-side. The unit
distance along the molecular rows is again 0.5 nm (/3 a,,) and
the width of the rows is about 3.5 nm or approximately twice
the length of a decanethiol molecule. Sotthewes et al have

shown that this molecular phase adopts the (26 X +/3)
structure and the so-formed SAM is stable at ambient
conditions.'>"?

An important property of SAMs for surface engineering is
their ability to tune the work function. The effect of organic
phases on the work function has been studied in great
detail. """ The standing-up phases induce surface dipoles
which alter the work function, as it is immediately clear from
the definition of the work function, ¢ = y + D, where u is the
chemical potential in the bulk and D is the energy gained by/
needed to pass the total surface dipole.'®

The induced change in the work function for standing-up
phase alkanethiols on various metals can be attributed to three
mechanisms: surface reconstruction of the substrate, charge
transfer in a chemical bond between the S atom and a metal
atom, and the molecular dipole of the tail. In the case of thiols
on Au(111), the charge transfer in the Au—S bond is relatively
small (the bond is nearly apolar'”), followed by the
contribution due to the formation of adatoms and vacancies
to accommodate the SAM.’® Finally, the work function
modulation is primarily determined by the dipole of the
standing-up molecules.'” ™'

However, in lying-down phases, the tails are oriented in-
plane with respect to the surface. In case that the molecular
dipole is aligned along the backbone of the molecule, it will no
longer contribute to the total surface dipole. Nevertheless,
hydrocarbon molecular SAMs induce a drop in the work
function when physisorbed to a metal substrate’”** through
the pillow effect: a surface dipole which arises due to Pauli
repulsion between electrons in the molecular orbitals of the
physisorbed molecules and electrons inside the metal.”*

We have formerly studied the remarkable room temperature
dynamics of decanethiol SAMs and also showed the signatures
of various decanethiol phases in current—time I(t) spectra.”*>°
In this paper, we show that the decanethiol SAMs also lead to
local work function variations, emerging in the separate
molecular phases, governed by the different mechanisms
discussed above. We focus on several decanethiol phases and
provide a detailed description of the observed work function
variations. These include the lying-down f# phase, the standing-
up ¢ phase, and the oxidized decanesulfonate A phase.
Comparisons between some of the phases are provided too:
a standing-up phase in comparison to a lying-down phase and
an oxidized phase in comparison to a nonoxidized phase. To
perform this study, a scanning tunneling microscope equipped
with a lock-in amplifier (LIA) was used to perform dI/dz
spectroscopy while imaging the topography, creating a spatially
resolved apparent tunnel barrier map. The measured tunnel
barrier is directly linked to the local work function,”” allowing
this method to map the work function on a sub-nanometer
scale, whereas most studies on the effect of SAMs on the work
function utilize techniques which are limited to a much lower

. 28-32
resolution.

2. METHODS

Decanethiolate SAMs were prepared via the solution-based method.
As a substrate, flame-annealed Au(111) with a thickness of 200 nm
and size of 4 X 4 mm? on top of mica was used, purchased from
Phasis, Geneva, Switzerland. The substrates were cleaned by dipping
around 1 min in a fresh piranha solution (with volume ratio H,SO,/
H,0, of 3:1), after which they were rinsed with a copious amount of
Milli-Q water and ethanol. Finally, the samples were submerged in an
ethanolic 1-decanethiol (99% purity, purchased from Sigma-Aldrich
Chemie NV, Netherlands) solution for variable amounts of time.
After being taken out of the solution, the samples were rinsed with
ethanol and dried with nitrogen. The sample discussed in “Section 4”
was prepared by submerging the substrate in 1 mM decanethiol
solution for 1 h (sample 1). The sample discussed in “Section 5” was
prepared by submerging the substrate in 2 mM decanethiol solution
for 16 h (sample 2). The sample discussed in “Section 6” was
prepared by submerging the substrate in 1 mM decanethiol solution
for 30 min (sample 3). We note that the same submersion time in the
decanethiol solution did not always lead to a reproducible SAM
density. We accept this variation as inherent to solution-based
deposition. Alternative explanation points to the fact that not all
substrates belong to the same purchased batch.

For the presence of a SAM, each time, the static water contact
angle of a control sample was measured, showing values above 90°,
consistent with the report of Li et al.>®> STM images were obtained
with an RHK Technology system at UHV conditions and at room
temperature. Pt—Ir STM tips were prepared via electrochemical
etching. The freshly prepared decanethiolate samples were loaded in
the system as soon as possible to avoid oxidation of the SAM. Some of
the samples were intentionally oxidized. The sample discussed in
“Section 8” was prepared by leaving an originally prepared
decanethiolate SAM (sample 2) in vacaum over 6 weeks, followed
by a 2 h exposure to air. While under UHV conditions, the samples go
through considerable dilution (molecules desorbing in the vacuum),
which is strongly accelerated by the exposure to air, followed by
oxidation. The dilution of a dense alkanethiol SAM in UHV
conditions was previously observed but, without oxidation, was
shown to lead to lower coverage reordering or a disordered layer.** By
introducing an air exposure step, we also let this layer to interact with
oxygen, which finally results in the formation of the lamellae-like
structures of the 1 phase."”

To achieve nanoscale mapping of the variation in the work function
induced by decanethiol phases, the dI/dz spectroscopic technique was
deployed, combining with simultaneous topographic imaging. In this
paper, we comment on work function modulation induced by
different SAM regions with the use of the measured tunnel barrier
height ratios, which we extract from the dI/dz maps: the tunnel
barrier height is proportional to the square of the dI/dz signal and is
mainly determined by the averaged work functions of the tip and
substrate. To perform the dI/dz measurement, an external LIA was
deployed. The tip z-piezo was oscillated by an internally generated
voltage signal, resulting in a small oscillation in the tip—sample
distance (a few A). The frequency of that oscillation (2.577 kHz) was
above the cut-off frequency of the feedback loop; thus, the constant-
current topography images could still be recorded simultaneously.
The time constant 7 of the LIA was set to 1-2 ms. In our
experiments, a bias was applied to the sample, while the tip was
grounded. We used bias voltages of magnitude around 1 V which fall
within the intermediate voltage regime for tunneling. However, the 1/
I(dI/dz) signal still remains proportional to the square root of the
tunnel barrier. Details regarding this approximation are presented in
“Section 3”7 and in the Supporting Information of this paper.
Additional remarks regarding the extracted ratios are provided in
“Section 77 as well. The effect of the simultaneous dI/dz
measurement on the topographic resolution is also discussed in the
Supporting Information.
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Figure 1. (A) 50 X 50 nm’ topography image of a decanethiol SAM (sample 1) on Au(111) (set-points: —1 V, —80 pA, scale bar: 15 nm). Two
phases have formed: the ordered §§ phase and a disordered phase (indicated with a “*”). Vacancy islands have formed, one of which is indicated
with an arrow, showing that the Au(111) surface underwent a reconstruction. A nanometer-sized Au island sits near the center of the image. (B)
dI/dz map that was captured simultaneously to the topography in (A) by a LIA, using a z modulation of 1 A at a frequency of 2577 Hz. (C) KDE
of the combined dI/dz signal in five dI/dz maps corresponding to different parts of the scan image. The exact region segmentation can be found in
the Supporting Information. On the y axis the normalized density (p) is shown in arbitrary units; on the x axis the magnitude of the dI/dz signal
(R) is shown in volts.

3. DI/DZ MEASUREMENT IN THE INTERMEDIATE 1dr _ AP - 2

BIAS VOLTAGE REGIME Idz z
We use the dI/dz measurements of decanethiol phases to 2 cosh( Az % ) — eV sinh( Az % )
obtain an approximation for the local tunnel barrier heights ¢ AeV 4 4
for different regions within the dI/dz map. If a low scan voltage 4¢1/ 2 24 sinh < Az % ) — eV cosh ( Az % )
magnitude was used (< 1 V), the dI/dz signal would be 4 4
directly proportional to the square root of the tunnel barrier or 2)
\/5 o dI/dz.>> However, to scan decanethiolate SAMs, we For the dI/dz signal to be directly proportional to the square
deploy a scan voltage with a magnitude around 1 V. Therefore, root of the tunnel barrier ¢, the last two terms in eq 2 must

nearly cancel each other and have negligible contribution. In
the Supporting Information of this paper, we provide analysis
(Figures S4—S6) demonstrating that for realistic for our study
values of ¢ (2—6 €V) and z (0.5—1.5 nm) in eq 2, as well as for

V~1Y, %(dl/dz) = —A\/E, with only a few percent

we need to obtain the correct approximation which holds for
the intermediate bias regime (~1 V).

Simmons derived expressions for the tunneling current in a
few voltage regimes36 (low, intermediate, and high voltage
biases). We deal here with the expression for the intermediate

bias voltage inaccuracy. Thus, the dI/dz signal remains proportional to the
square root of the tunnel barrier (or the work function). In the
D oV oV )2 main text, we always discuss in terms of dI/dz ratios performed
I=— (d) - —)exp(—Az(qb - —) ] at the same current set point I; therefore, 1/I normalization is
2 not needed. To obtain work function ratios, we calculate the
12 dI/dz signal ratios and square the results.

- (d) + e—)exp{—Az((ﬁ + e—) ]

2 2 (1) 4. WORK FUNCTION CONTRAST INDUCED BY THE g
PHASE

where A and D are constants, ¢ is the average tunnel barrier Figure 1A shows a topographic image that was recorded while
(average between the tip and surface), z is the tunnel barrier mapping the tunnel barrier of a decanethiol SAM on Au(111).
width, and V'is the voltage bias. In the Supporting Information Two phases are found: a striped ordered phase and a
for this paper, we have shown the full derivation of the disordered phase. The striped phase has an interstripe distance
derivative dI/dz. Finally, the normalized derivative reads of 3.3 nm, which corresponds to the (23 X /3) f phase.”
12747 https://dx.doi.org/10.1021/acs.langmuir.0c02535
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Other features showcase the surface reconstruction that is
induced by the chemically bound SAM: several vacancy islands
have formed. These vacancy islands result from Au adatoms
being lifted out of the surface and incorporated into the
SAM.Y’ Lastly, in the middle of the image, a Au island is
located. The step from this center island to the surrounding
SAM covered area is roughly 0.2 A smaller than a Au(111) step
(2.5 A). This suggests that the island is a step in the Au
substrate but does not contain a SAM [see the Supporting
Information for a comparison to a clean Au(111) step].

Figure 1B shows the dI/dz map captured simultaneously to
the topography in Figure 1A. It reveals a strong contrast
between the sulfur rows (bright) and the tails rows (dark) of
the molecules. The sulfur rows consist of S—Au—S
complexes,”” where the S head makes a covalent bond with
a Au adatom. The tails of the molecules are hydrocarbon
backbones, 10 carbon atoms long, lying close to the substrate
surface. While the signal is very similar on the sulfur rows,
disordered phase, and even on the top of the Au island, it
drops significantly over the tails. A similarity between the sulfur
rows and Au is expected due to the relatively small size of the
dipole induced by charge transfer in the Au—S bond."
Therefore, it can be concluded that the variation of the dI/dz
signal observed between the sulfur rows and the tails originates
from a work function reduction over the tails.

To estimate the magnitude of the local work function
reduction, dI/dz data of five consecutive images over the same
area was combined into histograms corresponding to different
regions. These are shown in Figure 1C. After filtering out
points that are separated more than 4o from the means, the
resulting histograms were fitted using kernel density
estimations (KDEs) and normalized for easier comparison.
The location of the maxima of these fits is listed in Table 1.
Here, 0’s from Gaussian fits are also included as an indicator of
the histogram widths. We would like to point out that these ¢’s
should not be interpreted as large uncertainties in the position
of the peaks, as they also include the physical smoothing of the
apparent tunnel barrier between the regions separated by the

Table 1. dI/dz KDE Maxima and Standard Deviations &
from Normal Distribution Fits for the Data Shown in
Figures 1C, 2E, 3D, and 4D“

figure/region KDE maximum (V) (V) R
Figure 1C
S heads 0.58 0.16 1.4
tails 0.49 0.12 1.0
disordered 0.52 0.13 1.1
Au island 0.54 0.15 1.2
Figure 2E
¢ domains 1.37 0.1
Figure 3D
S heads 1.41 0.21 1.5
tails 1.154 0.14 1.0
@ domains 1.151 0.1 0.99
Figure 4D
S heads 0.51 0.03 1.08
tails 0.49 0.03 1.0

“The exact region segmentation can be found in the Supporting
Information. The last column includes the calculated barrier height
ratios (R) with respect to the tail regions (when applicable). R should
not be mistaken with the magnitude of the dI/dz signal in Figures
1-4.

drawn boundaries. The difference in the apparent tunnel
barrier height can be addressed by examining the proportion-
ality between the peak positions squared for the KDEs in
Figure 1C, resulting in 40% higher apparent tunnel barrier over
the sulfur rows compared to over the tail rows.

Overall, the biggest difference in the apparent barrier height
is observed when we compare the S heads and the carbon tails.
Next, from the ratios of the barrier heights listed in Table 1, we
see that the second big difference is observed when comparing
the Au island region to the carbon tails. This is not strange,
considering the discussion above: the S heads themselves lead
only to a slight barrier height increase as compared to bare Au.
Note that the big difference in the heads and the tails regions
hints to a large difference in interaction with the substrate: at
the strong S—Au bond sites, the work function might not drop
as in the weakly bound tail regions, but there is a clear
transition between the two types of binding. This is very
different for the oxidized decanethiol phase, discussed in
Section 8.

Finally, in the disordered phase, no separation is observed
between the head and tail regions. Additionally, the tails can be
randomly oriented with respect to each other or with respect
to the S heads. This is consistent with the obtained ratio in the
barrier heights between the disordered phase and tail regions
of the striped phase: the drop in the work function induced by
the disordered phase cannot be larger than the drop induced
by the ordered tail regions in the f phase because the
randomly distributed S heads will lead to a slight increase too.

5. STANDING-UP ¢ PHASE

Figure 2 presents the STM measurements performed on the
high-density standing-up ¢ phase. The currently discussed
sample (sample 2) featured the upright phase exclusively and
typical for the decanethiol SAM pits of a single Au layer depth.
In Figure 2A,B, a zoomed topography and a dI/dz map of only
few @ patches are shown. In Figure 2C, a typical Fourier
transform (2D FFT) of a ¢ phase patch can be found. It

corresponds to a hexagonal lattice with the c(2+/3 X 4+/3)
overlayer superstructure, observed formerly by helium
diffraction®® and STM.'' The maps presented in (A) and
(B) feature satisfactory resolution; the molecular resolution is
preserved on the dI/dz map, and the periodicity at the bottom
of the Au vacancy can be seen too. We can also resolve a
change in the potential across the steps of the pits (more
visible in Figure 2D), which is expected for the Au substrate.””
Further on, four separate patches of the standing-up phase are
isolated from the map in (D) (see Figure S.1B from the
Supporting Information), and a normalized KDE for the
measured dI/dz values in these regions is plotted in Figure 2E.

Although the separate KDE plots of the patches taken from
the map in Figure 2D have slightly different maxima (not
shown), from the combined KDE in (E), it is clear that the
distribution of the dI/dz values for the ¢ phase domains is very
close to each other. We obtain a KDE with a nicely defined
maximum and without additional shoulders. There may always
be reasons for slight variations in the measured signal. For
instance, variation can be induced by the patch edge effects,
where the ordering will deviate from the ideal c(24/3 X 4+/3)
structure and, of course, the dI/dz signal will be affected.
Additionally, due to the different orientations of the standing-
up molecular tails, the molecules would interact differently
with the STM tip in different patches. Thus, the reasons for the

https://dx.doi.org/10.1021/acs.langmuir.0c02535
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Figure 2. (A) 20 X 20 nm* STM topographic image of a ¢ region on sample 2 (set-points: —1 V, —80 pA, scale bar: 7 nm). (B) dI/dz
spectroscopic map (1 A tip oscillation amplitude, oscillation frequency 2.577 kHz, 7 = 1 ms) that corresponds to the area in (A). (C) Typical FFT
pattern of a single ¢ phase domain. A hexagonal polygon and small circles are provided to guide the eye, marking the c(4 X 2) superstructure. The
pattern was obtained from one of the standing-up phase domains from (D). (D) 50 X 50 nm® dI/dz spectroscopic map (2 A tip oscillation
amplitude, oscillation frequency: 2.577 kHz, 7 = 2 ms, set-points: —1.2 V, —80 pA, scale bar: 15 nm) that contains several ¢ domains (topography
not shown). (E) KDE of the dI/dz data, selected from a few ¢ phase domains from (D). The exact region segmentation can be found in the
Supporting Information. On the y axis, the normalized density (p) is shown in arbitrary units; on the x axis, the magnitude of the dI/dz signal (R) is
shown in volts.
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Figure 3. (A) 50 X 50 nm* STM topographic image (set-points: —1 V, —80 pA, scale bar: 15 nm) of sample 3. A profile (red) is taken across a
striped phase region. The profile is shown in (B). (B) Profile that corresponds to the red line in (A). At each minimum in the periodical landscape,
the distance from the first minimum is indicated (in nm), showing that the stripe periodicity changes. (C) dI/dz spectroscopic map (1 A tip
oscillation amplitude, oscillation frequency: 2.577 kHz, 7 = 1 ms) that corresponds to the area in (A). (D) KDEs of the dI/dz data for three
different regions of the map: S heads, tails, and ¢ phase domains. The exact region segmentation can be found in the Supporting Information. On
the y axis, the normalized density (p) is shown in arbitrary units; on the x axis, the magnitude of the dI/dz signal (R) is shown in volts.

spread in the data are partly due to work function variations we obtain contrast (molecular resolution) within the ¢
and partly due to geometry-related effects. Note that although patches, for this phase, we restrict ourselves from separating
12749 https://dx.doi.org/10.1021/acs.langmuir.0c02535
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the head and the tail regions. We explain this contrast as a
result from the altered tunneling path for the tip on top of
different locations of the SAM. In the dense ¢ phase, the
molecular tails are standing-up at small angles to the surface
normal. When the tip is positioned on the top of a carbon
backbone end group, the electrons will tunnel to the molecular
tail. However, when the tip is positioned between the
neighboring end groups (when it does small excursions
downward in-between molecular tails), the tunneling path
cannot be resolved well any longer, and thus, the resulting
resolution does not reflect a true change in the tunneling
barrier, as a cosine relation exists between the true tunneling
path and the tip modulation direction dz.** The current
discussion does not hold for the rest of the phases measured in
this paper. The molecular resolution in their dI/dz maps is
related directly to a change in the tunneling barrier and not to
a geometric nonuniformity.

Even though another phase is not present in the measure-
ment in Figure 2 and we cannot obtain a ratio with respect to
the work function modification induced by the ¢ phase, we
obtained a further insight into the standing-up domains. In
Kelvin probe force microscopy or spectroscopic studies of
SAMs, for instance, a single value is reported for the surface
potential of a whole monolayer or a region of a patterned
sample due to limitations in the spatial resolution.”***~** We
showed that via dI/dz mapping, we can go a step further. The
measurements in Figure 2 demonstrate that the surface
potential modulation induced by the standing-up molecules
features local variations which, when combined, lead to an
overall surface potential drop, suggested by the well-centered
KDE. This implies further that the slightest variations in
molecular ordering in a standing-up phase SAM can lead to
different macroscopic surface potentials. For instance, the
average domain size, the domain boundaries, the size and
density of Au pits with their step edge potential variations, and,
of course, the spatial sample homogeneity will be important.

6. COMPARISON BETWEEN A LYING-DOWN PHASE
AND A STANDING-UP PHASE

Here, we compare dI/dz maps of a striped low-density phase
and the standing-up high-density phase. Note that the
comparison of these phases is essentially a comparison of
different mechanisms via which the work function of Au(111)
can be modulated. In the latter case, the leading mechanism is
the surface dipole effect due to the tails in the ¢ phase, which
stand upright (at a small angle ~30° to the surface normal). In
the former case, the mechanism is dominated by lying-down
molecules (the pillow effect).

Figure 3 presents STM data of a region on a sample where
both striped and standing-up phase patches are present.
Mostly, @ phase domains were observed on this sample too
(sample 3). However, sometimes, in a region as the one
presented in Figure 3, several stripes would form, featuring a
highly dynamic phase: for instance, shifting, partially trans-
forming into a disordered region, and reforming. Such
switching phenomena are typical for as-deposited and for
annealed decanethiol films.”****** We captured a moment in
which these stripes lay close enough to the ordered ¢ patches.

It is not straightforward to label the exact striped phase that
is observed. As shown in the profile taken in Figure 3B, the
interstripe distance varies. This is also clear from Figure 3C,
where the bright line segments correspond to the S heads of
the molecules. As the SAM shows considerable dynamics, the

25,26,

molecular rows shift in time. Equilibrium is not achieved, and
there is no particular striped phase that forms and stabilizes for
a long period of time. Nonetheless, it is known that in the
striped region of the measurement, the density of decanethiol
molecules is lower as compared to the standing-up patches in
the surroundings, and a considerable portion of the region
between the stripes is occupied by the carbon tails of the
molecules which are lying down on the Au surface. Qian et al.*
reported the existence of several striped decanethiol phases in
which half of the molecular tails between the stripes lay down
on the substrate and the other half is standing up. The stripe
periodicities in these phases are well within the range of the
periodicities for the § phase and for the measurement here. It
is well possible that we deal with such a configuration. Thus, to
remain accurate, we consider the interstripe mechanism for
work function modulation to be a mixed effect, with both
contributions of the pillow effect due to lying-down carbon
chains (with larger areal fraction) and the dipoles over the tails
of standing-up molecules.

Having established the landscape, we move on to the dI/dz
map in Figure 3C. Again, the image is segmented into regions
that correspond to either the striped phase or some of the
dense patches (see Figure S.1C from the Supporting
Information). The striped phase is further divided into regions,
corresponding to the sulfur heads and the carbon tails. The
KDE curves corresponding to all regions are plotted in Figure
3D. The dI/dz KDE maximum, as well as the spreads for the
regions, is shown in Table 1.

First, we comment on the visibly largest spread of values
which corresponds to the molecular heads (the discussion is
also applicable to the results of the  phase presented earlier).
This result is expected, given the fact that the S heads are the
only locations where strong binding to the substrate exists (the
S—Au complex). It is easily visible that in the dI/dz map, the
head region is not perfectly localized, either due to the fact that
the observed phase is very dynamic, distorted because of the
presence of standing-up tails, or simply because the effect of
the heads spreads over a wide area around the Au—S bond.
Therefore, here, we expect the largest spread in dI/dz values,
as from the center of the head stripes to the periphery of the
stripes, the dI/dz signal will drastically change.

Next, we focus specifically on the striped region. The head-
to-tail ratio of the measured barrier heights, obtained from
squaring the ratio of the KDE maxima for these two segments
of the map, is approximately 1.5. The earlier reported head-to-
tail work function ratio for the f phase is slightly lower,
approximately 1.4. However, the values are quite close,
considering the spread in the data sets. We are able to obtain
very similar ratios, even when considering that the striped
phases discussed here are structurally different. This result is
exciting, as it suggests that a narrow range of modulation across
the head-to-tail step is expected for striped phases. Thus, a
large pool of phases for potential future applications is
available, when, for instance, simply the molecular chain
length is varied.

It is clear that the distributions of the tails and the dense
patches overlap quite well. Therefore, we can expect that the
mixed mechanism acting (lying-down molecules and a
potential fraction of standing-up molecules) in the tail region
of the striped phase has quite a similar impact as the surface
dipole mechanism acting at the standing-up ¢ phase patches.
This finding demonstrates that when a macroscopic measure-
ment of a molecular SAM is made, there is no straightforward
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Figure 4. (A) 50 X 50 nm? STM topographic image (set-points: —1 V, —80 pA, scale bar: 15 nm) of the oxidized SAM (sample 2). With a triangle,
the disordered leftover region of the former upright ¢ phase is marked. In the remaining areas, the 4 phase extends. (B) 15 X 15 nm* zoom to the 1
phase is provided (set-points: —0.2 V, =S5 pA, scale bar: 4 nm). The ridges of the characteristic herringbone reconstruction of Au(111) are marked
with gray dashed lines. (C) 25 X 25 nm? dI/dz spectroscopic map (set-points: —1 V, —80 pA, scale bar: 8 nm, 1 A tip oscillation amplitude,
oscillation frequency: 2.577 kHz, 7 = 1 ms) of a region covered only with the A phase. (D) KDEs of the dI/dz data for the molecular heads and for
the tails areas. The exact region segmentation can be found in the Supporting Information. On the y axis, the normalized density (p) is shown in
arbitrary units; on the x axis, the magnitude of the dI/dz signal (R) is shown in volts.

route to separate easily the contribution of dense standing-up
molecular phases from the contribution of more diluted striped
ones, as the head stripes do not have a large areal fraction and
cannot be resolved. The practical implications are even more
exciting: working with less dense SAMs might be beneficial
compared to always having to prepare dense monolayers.
Striped phases also present higher diversity in the periodicities
possible which on their own suggests a wider range of
applicable SAM geometries for various surface engineering
purposes, where not only the surface potential shift but also the
local monolayer ordering is important.

Although the ratios speak for themselves, we can only expect
that the different effects discussed here are comparable; it is
not possible to claim with certainty that the pillow mechanism
at lying-down tails tunes the work function equally as the
dipole layer mechanism emerging due to standing-up tails.
This is because we cannot exclude the possibility that at the
different decanethiol phases there is also different tip—
molecule interaction. Although called as lying-down phases,
the carbon tails of molecules do not lie flat on the substrate;
there is distance between the Au surface and the chains. If, for
instance, the tip pushes down the tails additionally, then the
pillow effect can be enlarged only by the act of measurement.
Similarly, the tip can have quite complex interaction with the
standing-up molecules. We also already discussed the geo-
metric nonuniformities that the standing-up molecules induce
for the tunneling electrons. Apart from that the dynamics of
the monolayer can always add further variation in the
measurements via the movement of molecules. Nevertheless,
we kept the current set-point as low as possible in this study.
The maximum I set-point was only about 100 pA, meaning the
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tip is kept as far away as possible from the surface. To really
study the tip-induced work function variation, a separate
variable set-point study would be required in the future.

7. VARIATIONS IN THE MEASURED DI/DZ SIGNAL

Now that several data sets were presented, it is important to
provide an account on the difference in dI/dz value ranges,
especially for measurements that are taken at the same settings
(see for instance Figures 1C and 3D). The explanation is that
the LIA cannot provide absolute data. The LIA output is
proportional to the local slope of I(z) dependence. That is
why, in this paper, we comment on the work function
modulation induced by the SAMs in terms of ratios which
correspond to separate molecular regions. Of course, the ratios
would still contain the contribution of the tip too as the
apparent barrier height measured at any location is an average
of the tip and the local sample barrier height (¢ = ¢r + ¢b).
However, in all cases, the same material for the tip was used
(Pt—Ir), and all variation in the tip’s barrier height is expected
to be due to its shape, which is not expected to give a large
effect when the ratios are considered. Other small uncertainties
in the ratios can be due to any small LIA offset, but still this
offset, just as the contribution of the tip, will be taken with the
same load in a ratio. Thus, the ratio is mostly affected by the
barrier heights that belong to the regions that are being
compared. Note that exactly because of that reason, it is
possible to comment on ratios from different data sets but not
compare data from different images in terms of absolute values
taken from the KDEs.
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8. OXIDIZED DECANETHIOL 4 PHASE

In this section, the investigation of the oxidized decanethiol
phase is presented. STM data is available in Figure 4. Note that
after oxidation, disordered regions are visible, and in these
disordered phases, the former triangular symmetry of the
standing-up ¢ phase is frequently preserved (see Figure 4A).
In between the disordered regions, the lamellae-like structures
of the A phase are observed (see Figure 4B).">'’ During
oxidation, oxygen attaches to the S heads, which breaks the S—
Au—S complex present in the nonoxidized layer, leading to a
reduced interaction with the surface. Now, the typical
herringbone reconstruction for Au(111) is visible underneath
the molecules. This is normally possible only for the most
diluted lattice gas @ phase and rarely for the striped 3 phase.”
The presence of the herringbone for this system in particular is
strong evidence for a small decanesulfonate—gold interaction,
and thus, the A phase can be considered a physisorbed phase.

Based on the current discussion, in the 4 phase, we no longer
expect a large difference in bonding between the molecular S
head region (now S bonded to oxygen) and the carbon chains,
arranged similarly to the nonoxidized f phase but now farther
from the surface. To support this claim, we performed dI/dz
spectroscopy on this phase too. The data is presented in Figure
4C,D. In Figure S.1D in the Supporting Information, we
segmented the dI/dz map presented here, by excluding the
defect and disordered regions. Again, we distinguish between
the areas where the S heads are expected and the carbon tails.
Now, the ratio of the head-to-tail tunnel barriers is
considerably smaller (only 1.08) compared to the ratio for
the nonoxidized striped phases discussed earlier (1.4, 1.5).
Additionally, now the spread of the KDEs in Figure 4D is also
quite comparable. This is not strange; there is no large gradient
in the values around the S head regions, further supporting the
claim that there is no location where a strong bond to the
substrate is formed.

We do observe the signature of the herringbone on the dI/
dz map too. A slight variation is expected for the potential at
the ridges, separating the fcc and the hcp regions of the Au
reconstruction. However, these variations amount to less than
100 meV in the electron potential landscape.””*® The fact that
we can distinguish the ridges leaves the discussion regarding
the binding of the molecules self-explanatory: although small
variations are present on the dI/dz map of the oxidized phase,
these are most likely well in the range of tens of meV only;
there is no strong bond between S and Au.

Additional experiments are needed to establish the work
function modulation induced by the air-oxidized phase versus
the bare Au(111) substrate, as for this phase there are no
surface potential measurements reported. To perform a
comparison with our method, regions of other ordered phases
close by are needed. These are, however, absent here.
Furthermore, more theoretical effort would be required to
establish the correct mechanisms which play a role, as now
there is no bond to the substrate that forms at the S heads,
while the tails of the molecules lie at larger distance from the
substrate. However, although the exact mechanisms to the
work function modulation in the A phase are less clear, there is
no strong spatial modulation variation present. In addition to
the superior stability of the decanesulfonate phase in ambient
conditions,"” the 1 phase may be a good route toward work
function engineering of more stable devices that operate in air
and around room temperature.

9. DISCUSSION

We performed simultaneously topographic and dI/dz spectro-
scopic measurements on various decanethiol phases on
Au(111), the lying-down striped f phase, the dense stand-
ing-up ¢ phase, and the oxidized decanesulfonate A phase,
using scanning tunneling microscopy. Combining these STM
techniques, we were able to learn more about the work
function modulation signatures of the decanethiol phases.
Different from the techniques that lack spatial resolution, we
obtained maps down to the sub-nanometer scale of the spatial
variation of the tunnel barrier, directly available from the dI/dz
images. Within the same molecular SAM, regions could be
distinguished and a ratio of the tunnel barriers (the work
function) were directly obtainable.

For the f striped phase, the work function is lowered at the
lying-down molecular carbon tails via the pillow effect. Our
measurements are consistent with this view. At the locations of
the S heads, the tunnel barrier is closest to the tunnel barrier at
a clean Au region, while the tunnel barrier is lowered
considerably at the C-backbone tails. For the standing-up
phase, the effect responsible for the work function change on a
substrate is the formation of a surface dipole layer due to
upright molecular tails. We were able to obtain resolution in
the dI/dz images with periodicity corresponding to the
superstructure of the ¢ phase and assigned this effect to the
geometrical nonuniformity of the electron tunneling path.
Apart from that, the variations in the work function of the ¢
phase domains can be explained by local variations in the SAM
ordering and homogeneity. The work function signature of a
low density lying-down molecular phase was also compared to
the measurements of the dense ¢ phase, showing that
similarity exists in the work function at the regions of lying-
down molecular tails and standing-up molecules, indicating
that although the pillow and the surface dipole effects are
different mechanisms, they lead to a similar surface potential
lowering. Unfortunately, here, we reach the limitations in our
technique. Although the ratios in the tunnel barriers speak for
themselves, it is not possible to judge if the tip—molecule
interactions are the same at the lying-down and the standing-
up molecular tails. It is possible, for instance, that the tip
pushes the lying-down molecules downward and brings them
even closer to the substrate in the striped phase, thus enlarging
the pillow effect, while in the standing-up phase, the tip—
molecule interactions are even more complex. This can be
evaluated in future studies by performing current set-point
variation measurements in order to estimate how large such an
effect can be. Nevertheless, the very low current set-points
used in our study should already bring us to a regime where
such a tip effect is of the lowest possible strength.

Of course, the tip work function contribution in the
measurement of the tunnel barrier could never be removed;
that is why we approached the problem of studying the work
function modulation of decanethiol SAMs by referring to the
obtained ratios. Our approach cannot provide absolute work
function measurements. There is also no well-established
mechanism for comparing our findings to the results of
techniques which lack spatial resolution but provide work
function measurements on a large scale. At this stage, we can
only claim that, overall, the work function of a substrate surface
is an average result of the local work function modulations
which an organic SAM induces.
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The dI/dz spectroscopic technique also allows us to deduce
information regarding the binding of molecules to the
substrate. Comparing dI/dz maps of the nonoxidized A
phase and the oxidized decanesulfonate phase shows that in
the oxidized state, molecules lose their strong binding to the
Au(111) surface because there is an absence of strong work
function modulation difference at the molecular sulfur heads
and the carbon tails, a clear signature present for the
nonoxidized phase. More theoretical and experimental
investigation is needed in order to fully understand the work
function variation in the 1 phase SAMs.

10. CONCLUSIONS

We have measured and compared the spatial work function
variations of various ordered decanethiol phases on the
Au(111) surface using scanning tunneling spectroscopy. We
have considered the standing-up phase, the striped lying-down
phase, and the oxidized phase. Since the molecular phases in
our study are imaged at a sample bias magnitude ~1 V, we
have to use the Simmons model for moderate voltages. We
have shown that for intermediate voltages, the derivative of the
tunneling current to the tip-substrate displacement, dI/dz, is
still proportional to the square root of the tunnel barrier
(derivation is provided in the Supporting Information). The
variations between the different phases can be explained by
variations of the surface dipole and the pillow effects. Our
results demonstrate that the dI/dz spectroscopy technique is
suitable for studying the work function contrast in SAMs at the
sub-nanometer scale. Even though a large scale estimation of
the work function cannot be obtained, our approach raises
relevant questions in the field of surface potential engineering,
as clearly the overall surface work function will strongly depend
on the density and homogeneity of a SAM.
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