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N

The electrical and friction properties of o-(trans-4-stilbene)alkylthiol
self-assembled monolayers (SAMs) on Au(111) were investigated using atomic force
microscopy (AFM) and near edge x-ray absorption fine structure spectroscopy
(NEXAFS). The sample surface was uniformly covered with a molecular film consisting
of very small grains. Well-ordered and flat monolayer islands were formed after the
sample was heated in nitrogen at 120 °C for 1 h. While lattice resolved AFM images
revealed a crystalline phase in the islands, the area between islands showed no order. The
islands exhibit substantial reduction (50%) in friction, supporting the existence of good
ordering. NEXAFS measurements revealed an average upright molecular orientation in
the film, both before and after heating, with a narrower tilt-angle distribution for the
heated fim. Conductance-AFM measurements revealed a two orders of magnitude higher
conductivity on the ordered islands than on the disordered phase. We propose that the
conductance enhancement is a result of a better n-n stacking between the trans-stilbene
molecular units as a result of improved ordering in islands.

*Current address: Department of Electrical Engineering, Princeton University, Princeton, NJ 08544. E-mail:
yabinggi@gmail.com.

Current address: Department of Molecular Nanoscience and Organic Materials, Institut de Ciéncia de
Materials de Bacelona (ICMAB-CSIC), Bellaterra, 08193, Spain
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1. Introduction

Conductive organic polymers and oligomers have been continuing to attract
attention because of their potential applications in organic electronics and molecular
devices. ° Poly(p-phenylene vinylene) (PPV) is one of the most extensively studied
conductive polymers that exhibit potential applications in opto-electronic devices. ®°
The importance of conjugation to conduction has been illustrated by Giro et al. by
incorporating a fully conjugated polymer (PPV) into a poly(p-phenylene) chain, which
gave rise to an intermediate band gap depending on the PPV concentration °. Stilbene is
the shortest “model” oligomer (OPV) of PPV. Upon ultraviolet irradiation, stilbene can
be transformed reversibly between two isomeric configurations: trans and cis-stilbene. **
The light-induced mechanical switching of single molecules of a similar molecule -
azobenzene - has also been observed by atomic force microscopy (AFM) *2, scanning
tunneling microscopy (STM) **°, and photoemission spectroscopy *°. It was proposed
that these conformational transitions can be used as a molecular switch *'.

Ruini et al. reported that the interchain interactions and the crystal structure of
PPV crystals could play an important role in modifying exciton states and optical
properties. ° In molecular systems containing = orbitals, the orientation and packing of
the molecules in monolayers are critical for charge transport by providing intermolecular
n-coupling. Seferos et al. studied electronic coupling via =m-m interactions using a
crossed-wired tunnel junction. *® They compared the conduction across monolayers of
two molecules: one containing a m-conjugated framework - OPV3 (an oligomer
consisting of three phenylene vinylene units), the other containing a pair of stilbene units
attached through an ethylene bridge - a [2.2] paracyclophane (pCp) core. The cofacial
ring-ring stacking imposed by the pCp core in the second molecule provided strong
through-space m-n coupling that is efficient at promoting charge transport across the
system. Finally the chemical bond to the substrate is important. For example, Danilov et
al. observed the bistability in the current-voltage (IV) characteristics of single-molecule
junctions containing OPV3, and attributed it to breaking and reformation of S-Au bonds.
9 Similarly Ranganathan et al. reported a switching behavior in the IV curves of a
nitroazobenzene junction. %

Hybrid molecules consisting of a saturated chain and a functional group are
appealing because of their ability to form well-ordered films and the possibility of
modifying their functionality by tailoring the embedded groups. While the conduction
mechanism in self-assembled monolayers (SAMs) of non-conjugated alkanethiol has
been extensively studied, ?**® understanding of electron transfer taking place in these
hybrid molecules still remains elusive.

Alkanethiol SAMs have been investigated for their friction and lubrication
properties. The strong binding to substrates, ease of preparation, and versatility in
tailoring film parameters make SAMSs attractive candidates. The nanotribological
properties of SAMSs have become the subject of many studies 2.



Raster scan

. C 11:2: iy Pt coated tip
’y‘

ll TSBC16SH
ll SAM Ly,
I Au

(a) (b)

Figure 1: Schematic representations of (a) w-(trans-4-stilbene)hexadecanethiol
and (b) conductance atomic force microscopy setup.

In this article we report a combined AFM and near edge x-ray absorption fine
structure spectroscopy (NEXAFS) study of the electrical and mechanical properties of a
trans-stilbene based molecule: ®-(trans-4-stilbene)hexadecanethiol (TSBC16SH),
schematically shown in Fig. 1a. Alkanethiols are well known to form densely-packed
well-ordered SAMs on Au(111). The trans-stilbene tail group allowed us to investigate
its effect on the electrical and mechanical properties (in particular friction) of monolayer
thin films. Understanding the role of the conjugated groups and of the saturated chains
can give insight in designing and engineering molecular assemblies *2°.

2. Experiment

All chemicals were purchased from Aldrich and used without further purification.
The synthesis procedure of TSBC16SH molecules is given in the Supporting Information.

Gold films (150 nm thick) were produced by evaporating the metal onto a freshly
cleaved mica substrate at a pressure of 10°° Torr. The Au/mica samples were then flame
annealed using a butane torch shortly before SAM preparation. The resulting surface
exhibits flat (111) terraces with sizes up to 500 nm separated by monatomic steps. The
molecular films were self-assembled by immersing the substrates in a cyclohexane
solution of TSBC16SH with a concentration 1 mM for 12 hours, followed by rinsing in
pure cyclohexane and drying with nitrogen gas. Post-annealing of the samples at 120 °C
was performed in an oven in a nitrogen gas atmosphere.

Experiments were performed using a commercial AFM from Agilent * in air. For
high-resolution imaging, SisN4 cantilevers with nominal spring constants of 0.12 N/m
were used. ** For conductance-AFM (C-AFM) measurements, Si cantilevers with
nominal spring constants of 0.2 N/m coated with approximately 5 nm of chromium and
15 nm of platinum ** were used. The cantilever spring constants were calibrated using the
resonance-damping method of Sader et al. ** During C-AFM measurements the sample
was clamped with a Cu spring, which served to provide the bias voltage. Current and
friction force were simultaneously recorded while normal force was kept constant (Fig.



1b). The load used in this study was sufficiently low to keep the deformation of SAMs in
the elastic region. Subsequent inspection of AFM images confirmed that no detectable
damage to the SAM was produced, except for the image presented in Fig. 6, in which a
high normal force was applied during scanning to investigate its effect on the electrical
properties of the film.

Total electron yield (TEY) and fluorescence yield (FY) NEXAFS spectra of the C
1s edge were acquired at Beamlime 8.0 of the Advanced Light Source (ALS) in
Lawrence Berkeley National Laboratory (LBNL). The TEY signal was collected by
measuring the sample photocurrent while the fluorescence yield data was acquired using
a microchannel plate with an Al filter. The normalization with respect to the incident
photon flux was achieved by simultaneous measurement of the photocurrent from an
upstream Au grid. To lower the radiation damage the measurements were preformed with
a defocused spot and narrow slits. Several spectra were collected at different spots on
each sample to confirm the sample homogeneity. Normalization of the spectra was
performed following standard procedures: A linear background, which accounts for
absorption from the substrate and from valence states, was subtracted from the spectra by
fitting to the pre-edge energy region. The resulting spectra were normalized to a common
step height between the pre-edge and the post-edge regions, which makes them
proportional to the absorption per carbon atom.

3. Results
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Figure 2. 200 nm x 200 nm tapping-mode AFM topographic (a), and phase images (b) of
a freshly prepared TSBC16SH SAM on Au(111), prior to heating (scanning speed = 800
nm/s). (c) Height profile along the dashed line in (a).
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Fig. 2a shows a tapping-mode AFM topographic image of a freshly prepared
TSBC16SH SAM on Au(111) before annealing. The surface consists of small grains, 10
to 20 nm in size, which are more clearly visible in the phase image (Fig. 2b). The
topographic variation from the top of the domains to the valleys in between is ~ 2 A as
can be seen from the height profile (Fig. 2c). Similar grain features were also observed in
contact mode AFM images. The presumably strong interaction of the trans-stilbene (TSB)
unit with the surface makes it possible for some molecules to lie flat on the surface.
Indeed an STM study of a similar molecule with a much shorter alkyl chain (TSBC1SH)
shows that the molecules prefer to lie flat on the Au(111) surface *. In our case the Van
der Waals force between the long alkyl chains causes most of the TSBC16SH molecules
to assume a more vertical orientation *°. Another effect of the TSB group is to make
sterically difficult the growth of long range order at room temperature ***, Indeed we
could not observe molecular lattice resolution prior to heating in our images.
Concomitant with the lack of long range order in the non-annealed TSBC16SH is the
very low current level (< 1 pA) detected, for bias voltages of up to 3V. When a bias
larger than 3V is applied, the molecules undergo irreversible electrical breakdown,
leading to a sudden current jump.
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Figure 3. 1 um x 1 um contact-mode AFM (a) topographic, and (b) friction images
(bright is high and dark is low friction) acquired under a total load of 5.5 nN. The sample
was annealed for 1 hour at 120 °C in N, gas. (c) and (d) are profiles along the marked
lines in (a) and (b), revealing a 50% reduction in friction on islands due to good
molecular ordering. The inset in (b) is a 4 nm x 4 nm lattice resolved friction image on
top of large islands (scanning speed = 2.6 um/s).



When the sample was heated in a nitrogen gas atmosphere at 120 °C for 1 h flat
islands with sizes in the range of 100 to 200 nm were formed, separated by gaps about 8
A deep, as can be seen from Fig. 3a. These islands have a smooth morphology with a
height variation of ~ 0.5 A. The area between islands is covered with disordered
molecules (referred as the disordered phase hereafter) with a topographical RMS
roughness as high as ~ 4 A, which is rougher than the surface of the non-annealed
samples (RMS roughness ~ 2 A). The fact that the topographic height of the islands is
larger than that of the surrounding disordered phase by ~ 6 A indicates that the disordered
phase must have a higher degree of molecular tilt on the surface. The friction force on
large islands is only 50% of that on the disordered phase (Fig. 3d). This result is
consistent with a lesser degree of ordering in the disordered phase. It has been proposed
that in addition to induce ordering, heating also produces desorption, which creates extra
space for molecules to assume larger tilt angles. This is possibly the cause of the
increased roughness in the disordered phase *°. In a well-packed molecular lattice the
molecules have less freedom to move due to strong inter-molecular interactions. This
guenches energy dissipation modes such as molecular tilting, rotations and gauche
defects, which results in a reduction of friction *°. While lattice resolved AFM images
could be obtained on the islands (see inset in Fig. 3b), they could not be obtained on the
disordered phase under the same imaging conditions. By comparing the topographic and
friction images, it is interesting to notice that the apparent lateral size of the islands is ~
20% larger in the topographic image than that in the friction image. This is caused by tip
convolution, a common artifact in scanning probe microscopy imaging. When the tip
comes to the edge of the island, instead of an abrupt decrease in height, a rather gentle
slope is observed (Fig. 3c) because of the large radius of the tip. On the other hand, the
friction is very sensitive to the ordering of molecules. At the edge of large islands a
substantial disorder is expected, so the friction profile is much steeper at the edge of large
islands (Fig. 3d). 402

In order to characterize the orientational configuration of the molecules in the
SAM, we performed NEXAFS on the C 1s edge, both in total electron yield (TEY) and in
fluorescence yield (FY) modes. The TEY spectra of TSBC16SH SAM before and after
annealing are shown in Fig. 4a and b, respectively. The fluorescence yield data (not
shown) show similar features. Four core-to-valence transitions of the C 1s into empty
orbitals are labeled. Peak 1 corresponds to a transition to the anti-bonding orbital 71 c-c.
Peak 2 corresponds to a transition to the anti-bonding orbital " c.+i. Peak 3 is assigned to
a transition to the higher-lying anti-bonding orbital m; c-c. Peak 4 corresponds to a
transition to the anti-bonding orbital ¢ c.c. “*** There is no obvious difference in the
position of these absorption peaks in the spectra of unannealed and annealed SAMs,
which indicates no chemical change caused by annealing process.
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Figure 4. C 1s NEXAFS spectra of TSBC16SH SAMs prior to heating (a), and after
heating (b) for various polarization angles 6 (90° to 30°). The angle 6 is that between the
incident x-ray and the sample surface, so that 6 = 90° corresponds to normal incidence. A
strong polarization orientation dependence of C 1s to n, ¢ transitions is observed,
particularly after annealing. (c) Schematics of the NEXAFS geometry. (d) Polarization
dependence of the intensity of C 1s to o . in the TSBC16SH SAM before (red triangle)
and after (blue square) annealing.

NEXAFS measures optical dipole transitions from a core level to unoccupied
valence orbitals. By using the linearly polarized light of the synchrotron, the spatial
orientation of the orbitals can be in principle determined from the dipole selection rules
and the observed angular dependence of the transition intensity. For the simple s-to-p
transition, the observed intensity is maximum if the electric field vector E of incident
x-ray is parallel to the transition dipole moment p, and follows the cos?0g relation, where
O is the angle between vectors E and p. In this study spectra were recorded at angles Oinc
= 30°, 45°, 60°, 75°, 90°, where 0i,. is the angle between the incident x-ray beam and the
sample surface, which is the angle between the photon electric field vector (E) and the
sample normal. The intensity of transitions from C 1s to ¢ c.c (peak 4) decreases with
increase in the angle 6;,c from 30° to 90°. On the contrary, the intensity of transitions
from C 1s to o c.n (peak 2) increases with increase in the angle 8inc. This result indicates
that the C-C bonds are tilted closer to the surface normal whereas the C-H bonds are
more parallel to the surface. The intensity of transitions from C 1s to 71 c-c (peak 1)
follows the same trend as C 1s to & . transitions, which indicates that the aromatic rings
are mostly on a plane perpendicular to the sample surface and that the alkyl chain is close
to the surface normal as well. This is consistent with the conclusions from previous
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studies and has been considered as a general characteristic of alkanethiol SAMs on gold
fI|mS 43, 45, 46.

Although the heating process does not change the chemical composition of the
TSBC16 SAM, it affects molecular long range order, as shown by the lattice resolved
AFM images. It also produces a change in the angular dependence of the intensity of the
resonance peaks in the NEXAFS measurements. The photoemission study of azobenzene
alkanethiol SAMs by Weber and coworkers *® reported that synchrotron irradiation may
induce trans-cis isomerization. To avoid complication due to similar effects in our
molecular film we choose the o' ¢. resonance (peak 2) for a quantitative comparison of
the angular dependence. This peak is a well resolved resonance that indicates the
orientation of C16 in the SAMs, so we can focus on it for a detailed quantitative analysis.
The intensity of this peak at different angles is shown in Figs. 4a and b, and its
polarization dependence in Fig. 4d. The polarization dependence of the TSBC16SH SAM
is clearly enhanced after annealing. While the peak intensity prior to annealing shows
only a weak angular dependence, after annealing it shows a much larger variation
reflected by the increased slope.

Fig. 5 shows the results of C-AFM measurements on the annealed sample. The
lower resolution in the topographic image (Fig. 5a) is a result of the large radius of the
Pt-coated tip used in this measurement (60 £ 10 nm measured from the SEM micrograph
in Fig. 5e). The topographically high regions (Fig. 5a) correspond to well-packed islands.
They show lower friction (Fig. 5b) and higher conductivity (Fig. 5¢). As can be seen from
Fig. 5d, at a sample bias of +1.8 V the current level on the islands is ~ 300 pA, while it is
less than 1 pA in the surrounding disordered phase. As can be seen from Fig. 5a, the
disordered phase is 3 to 4 A lower than the islands. It is remarkable that the current level
is much higher on top of the islands than on the disordered phase in between, where the
tip is closer to the Au substrate. At a sample bias of -1.8 V, the current level on the
islands is approximately -20 pA, one order of magnitude lower than that at +1.8 V. The
molecule forms a relatively strong S-Au bond with the substrate, while only weakly
interacts with the tip via the van der Waals force. On the other hand, the C16 saturated
hydrocarbon chain strongly decouples the TSB unit from the substrate. It is therefore
rather complicated to determine the relationship between the molecular energy levels, i.e.,
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), and the Fermi levels of the Au substrate and Pt tip. Although the previous
study on PPV by Campbell et al. *’ suggests that conduction is mainly due to hole
transport via HOMO, it is not necessarily the same case for the hybrid molecule in our
study.
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Figure 5. 680 nm x 680 nm C-AFM topographic (a), friction (b), and current (c) images
(total load = 38nN, scanning speed = 1.4 um/s, sample bias = 1.8V) of an annealed
TSBC16SH SAM on Au(111). Profiles along the marked lines in (a) and (c) are shown in
(d). (¢) SEM micrograph of a Pt tip after AFM measurements showing a radius of (60 +
10) nm at the tip apex.

The structure of the molecular film can be altered by scanning at a high load. The
structural changes resulted in a reduction of the current level. This is most likely due to
an increased degree of disorder induced by the high tip pressure. In Fig. 6a, a region of
reduced current (a 700 nm x 700 nm square) can be clearly recognized. The square was
previously scanned under a total load of 77 nN. The topographic height of the square
region decreases by approximately 3A relative to the surrounding region. The current on
the islands outside the square is ~ 0.9 nA, while the current on islands inside the square is
~ 0.2 nA. In the friction image (Fig. 6b) that was simultaneously acquired, the sgaure
region exhibits higher friction, suggesting more disorder induced by the high load
scanning. Note that the very bright stripes in Fig. 6b are caused by the AFM tip moving
“debris” created by previous high load scanning.
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Figure 6. 2 um x 2 pum current (a), and friction (b) images acquired in C-AFM
measurements of TSBC16SH SAMs on Au (total load = 38nN, scanning speed = 4 pum/s,
sample bias = 1.8V, bright = high current / friction). The region marked by a square (700
nm x 700 nm) in the image was previously scanned with a total load of 77 nN. This
reduced the height of the film inside the square by ~3A. (c) Current profile along the
marked line in (a).

4. Discussion
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large islands as a result of better ordering.

4.1 Non-annealed versus annealed TSBC16SH SAMs

Studies have shown that annealing the SAMs can increase the domain size and
improve sample crystallinity significantly. 3**** Annealing at 120°C for 1 hour produced
two changes: (1) small islands change to larger, flat, crystalline islands; (2) gap regions
are opened between the islands containing fewer molecules. Prior to annealing the current
through TSBC16SH SAMs was very low (<1 pA). After annealing the current increases
to 300 pA, i.e., at least two orders of magnitude higher. It has been reported that strong
n-7t_interactions can enhance the conduction through SAMs with conjugated groups
118:30-%4 1 our study, a higher degree of order, shown by the lattice resolved AFM images,
is likely to lead to a better n-m stacking between the TSB units of neighboring molecules.
This, we believe, is the reason for the higher conductivity on islands (Fig. 7).

4.2 Crystalline islands versus disordered phase

The disordered phase between the islands after annealing is 3 to 4 A lower in
height (Fig. 5a) and possibly lower in the case of incomplete tip penetration (finite tip
radius comparable to gap width). The C-AFM study of alkanethiol SAMs from our earlier
work gives a decay parameter § = 0.57 A when the tilt angle of hexadecanethiol
molecules increases under the external force exerted by the AFM tip *°. If the conduction
mechanism of TSBC16SH were similar to that of C16SH, i.e., by tunneling along the
molecular chain, a ~ 3 A decrease in the molecule height would result in a five-fold
enhancement in the current. In our study the disordered phase shows a conductivity
reduced by more than two orders of magnitude. This drastic decrease is caused, we
believe, by the loss of overlap between the m system of the TSB units, which plays a very
important role in charge transport through and across molecules. As illustrated in Fig. 7,
there are two possible conduction channels: the conduction along the molecule (Inoec)
and the inter-molecule conduction (liner). The inter-chain conduction is only efficient
when there is good m-m stacking. It is this better n-nt stacking between TSB units of
neighboring molecules that causes a higher conductivity on the large islands (Fig. 7).
Disorder destroys efficient n-n overlap and this causes a drastic conductance reduction.
This is also the reason for the reduction in current observed after high-load scanning,
which causes disorder in the film (Fig. 6a). It has been reported that disorder such as
gauche defects induced in SAMs comsisting of saturated alkane chains also tends to
decrease charge transport efficiency °*°’, although the magnitude of the decrease is not
as significant as observed in this study.

4.3 C16SH versus TSBC16SH

Next we can compare the current level on TSBC16SH large islands to that on
hexadecanethiol (C16SH) SAMSs under similar conditions. The conduction mechanism
through metal-molecule-metal (MMM) junctions containing simple alkanethiol SAMs is
non-resonant tunneling #*. The conduction follows an exponential decay with the number
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of carbon atoms in alkanethiol molecules according to G = Go-e™, where G is the
conductance of junction, Gy is the contact conductance, p is a characteristic decay
parameter of the system, and n is the number of carbon atoms in alkanethiol molecules.
The value of B has been measured by varying the length of alkanethiols and using a
variety of experimental techniques such as mercury drop electrodes %, C-AFM *°, and
nanopores 2!, All these measurements give approximately the same result p ~ 1.1/carbon.

In order to compare our C-AFM results to published data we have to determine
the current density by estimating the tip-SAM contact area. For soft and adhesive
materials such as SAMs, the changes in contact area can be adequately described by the
Johnson-Kendall-Roberts (JKR) continuum elastic contact model *>%. The contact area
under the imaging conditions in Fig. 5 is 59 nm? for our tip radius and load based on that
model. This leads to a current density of 5x10° A/m? The parameters used in the
calculation are: the Pt-coated tip radius R = (60 £ 10) nm (determined from the SEM
micrograph in Fig. 5e), the adhesion force Lc = -20 nN (determined from the critical
pull-off force), Pt Young's modulus E; = 140 GPa, Poisson ratio v; = 0.38, Au Young's
modulus E, = 78 GPa, Poisson ratio v, = 0.44. The current density on C16SH SAMs
under similar conditions (total load = 44nN and bias = 1.8V) was found to be J = 1x10’
A/m? by our C-AFM measurements (data not shown). Lee et al. reported a current density
of C12SH SAMs with C-AFM of J = 5x10® A/m? (load = 20nN and bias = 1V). ®* The
extrapolation to C16SH using a decay parameter 3 = 1.1/carbon gives J = 5x10° A/mZ.
Similarly the extrapolation from C-AFM measurements by Wold et al. > gives a current
density J ~ 4x10° A/m? for C16SH SAMS. It is remarkable that with the additional TSB
group, with a length of ~ 11 A, the current density on the islands of TSBC16SH is of the
same order of magnitude as that of hexadecanethiol (C16SH). The fact that the TSB
segment does not attenuate the conductance suggests efficient electronic coupling of the
coplanar phenylene units, which provides a lateral contribution to the conduction.
Electronic coupling has also been proposed to explain an extremely low distance decay
constant of § = 0.06 A, observed in a series of ferrocene oligophenylenevinylene methyl
thiol monolayers on Au %,

It is worth mentioning that the higher conductivity of TSBC16SH cannot be
explained by a high conductance of the TSB unit of individual molecules, because the
disordered phase shows a very low current level. In the disordered phase, disorder
suppresses the inter-molecule conduction, and only the conduction along the molecules
remains.

5. Conclusion

In conclusion, we have investigated the electrical and friction properties of
o-(trans-4-stilbene)alkylthiol self-assembled monolayers (SAMs) on Au(111) using
atomic force microscopy (AFM) and near edge x-ray absorption fine structure
spectroscopy (NEXAFS). The sample surface prior to heating was uniformly covered
with a molecular film consisting of small grains (size 10 ~ 20 nm, RMS roughness 1 ~ 2
A). Well-packed islands, with sizes between 100 and 200 nm, and RMS roughness ~ 0.5
A, were formed after the sample was heated in a dry nitrogen gas atmosphere at 120 °C
for 1 h. Lattice resolved AFM images indicate a periodic ordering in the islands, while
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the areas between the islands were covered with disordered molecules with a
topographical RMS roughness as high as ~ 4 A. The ordered islands exhibit substantial
reduction (50%) in friction as expected from well ordered films. The islands were ~ 6 A
higher than the surrounding disordered phase, indicating that the molecules in the islands
stand more upright than in the disordered phase. NEXAFS measurements revealed a
substantial increase of verticality and ordering after heating. Conductance-AFM (C-AFM)
measurements revealed more than two orders of magnitude enhancement in conductivity
on the islands relative to the disordered phase. We conclude that the conductance
enhancement is a result of a better n-m stacking between trans-stilbene units of
neighboring molecules as a result of improved ordering in islands. This makes possible
inter-molecule conduction in addition to the tunneling conduction along the molecular
chains to the gold substrate.
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