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ABSTRACT: The relationship between charge transport and mechanogmrties of alkanethiol self-
assembled monolayers (SAM) on Au(l11ll) films has been investigated as atomic force
microscope with a conductive tip. Molecular tilts induced by thespresapplied by the tip cause step-
wise increases in film conductivity. A decay constait 0.57+ 0.03 A* was found for the current
passing through the film as a function of tip-substrate separdue to this molecular tilt. This is
significantly smaller than the value of ~I*&ound when the separation is changed by changing the
length of the alkanethiol molecules. Calculations indicate thaséaited dithiol molecules S-bonded to
hollow sites, the junction conductance does not vary significantlyfasction of molecular tilt. The

impact of S-Au bonding on SAM conductance is discussed.

1. Introduction

The use of molecules as building blocks of electronic devices is dlernpromising for
technological applications and an important focus of fundamental chs¢has4]. Examples of
applications include organic light emitting diodes (OLEDs), orgahi@rge transport media in solar
cells [5,6] and single molecule / single electron devices [7-11poitant topics in need of a
fundamental understanding include: a) the mechanism of charge trénosfethe electrodes to the
molecules; b) transport through the molecules; c) transport anwssules; d) influence of the nature
of molecule-electrode conta@elf-assembled films (SAM) formed by long chain alkylthizblecules
have been extensively studied because they form ordered structuaesuarber of metallic (Au, Ag,
Cu etc.) and semiconductor surfaces (InP) [12], and because theirirged surface properties can be
controlled by introduction of double bonds, and groups with delocalized orlitadke the chain, as
well as various terminal functional groups.

Molecules with alkane chains are insulators and electron transmantsday tunneling mechanisms



[13-15]. When such molecules are placed between electrodes the jumesistance changes
exponentially: R = exp(s), with electrode separation s, whergifthe contact resistance afich
decay parameter. In most experiments the separation s entjth bf the alkyl chain. However, length
alone is not the only important parameter. Conformation and molecttartation relative to the
electrodes is also important. Other factors need be considevesll amcluding energy positions of the
highest occupied and lowest unoccupied molecular orbitals (HOMO, LJ®l€ctrode work function
and nature of the bonding to the electrodes [13-25]. These propertidge gafltuenced by external
forces that may cause molecular deformation and conformation chétnigeberefore relevant to study
the relationship between mechanical and electronic properties of molecules.

In an AFM study of alkanethiol islands on gold, Barrena et al. [8pprted discrete changes in
molecular film thickness and friction upon increasing tip pressurdadtiés of the alkane chain in the
molecule. Mercury drop expansion experiments by Slowinsky et @t $laown a dependence of the
current through the alkanethiol monolayers on surface concentration, prgrifpg authors to suggest
the existence of additional pathways for charge transfer like-thachain tunneling [20,21]. Wold et
al. studied the junction resistance as a function of load using ARM. r&sistance was found to
decrease with increasing load with two distinct power law rsgakgimes [23]. Song et al. examined
the dependence of the tunneling current through Au-alkanethiol-Auquaatn the tip-loading force. It
is found the two-pathway model proposed by Slowinsky et al. [20,21tezmonably fit the results,
leading the authors to conclude that the tilt configuration ofraihiol SAMs enhances the
intermolecular charge transfer [27].

In this paper we present a study of the effect of moleamdaformation (tilting) on the tunneling
characteristics of Au — SAM junctions as well as the resoft state-of-the-art calculations of the

tunneling current as a function of tilt angle of model, isolated dithiol molecules.



2. Experimental

The experiments were carried out with films of hexadecanetiigH§:SH), or C16 for short, self-
assembled on Au(111). The alkanethiol molecules (~92% purity) were pedcinasn Aldrich and used
as received. Gold substrates were in the form of thin films (nb50prepared by evaporation on mica
or glass and flame annealed in air. The resulting surfacastomd grains with terraces of (111)
orientation up to 500 nm in size separated by monatomic steps.

The experiments were performed on complete monolayers of theulesdeand also on islands of
molecules covering only a fraction of the surface [26]. In the @ese the film was produced by
immersing the substrate in 1 mM ethanolic solution of C16 for aboo@es, followed by rinsing with
absolute ethanol and drying in a stream of nitrogen to remove wbalilyd molecules. Incomplete
monolayers in the form of islands were prepared by immersingutbstrate in v ethanolic solution
of C16 for approximately 60 seconds, followed by rinsing as befomapl®a consisting of islands
facilitate the determination of the thickness of the moleculiar rfielative to the surrounding exposed
gold substrate.

To avoid capillary condensation effects on the current measurentieat measurements were
performed in a UHV chamber with 1.0x1BTorr base pressure using a commercial RHK microscope
[28]. Cantilevers with spring constant of 2.5 or 1.1 N/m coated \ppinoximately 50 nm of conductive
TiN were used. The normal force was kept constant during imagmlg current and friction force

were simultaneously recorded [29].

3. Results

Figure 1 shows topography, friction and current images obtainedtamaously for a full monolayer



of C16. The topographic image reveals the commonly found structutieeofiold film substrate,
composed of triangular-shaped terraces separated by atomic Stbpscurrent is low and uniform
except at the step edges, presumably because the alkyitblietules are not well organized at these
locations such that the tip can get closer to the Au surfatiécé resolved images of the film (inset in
the figure) reveal aiBxv3)-R3( periodicity of the molecules relative to the gold substrate.

Current-voltage (I-V) characteristics were measured orstngple for loads varying between -20 and
120 nN. The traces are sigmoidal in shape over a +2 V range, nidip@oximately linear region
between -0.5 and +0.5V, as shown in figure 1d. We checked by subsequgingithat no nano-scale
size damage was caused to the film in this voltage range f80LLV traces acquired at different loads
showed similar shapes, although the absolute currents were gtopgndent on the tip condition,
radius and applied load. The shapes could be fit reasonably welthgitBimmons model [13,31],
shown by the curve in Fig. 1d. The fit was obtained using a tunnelmigrlaeight of 2.05eV and an
asymmetry parameter=0.67. Above 120 nN, the current-voltage plot changes from sigmoid to linear
over the entire range with a high slope of 40 nS. The fact thabtigctance is much smaller than that
of a single atom Au-Au contact (&77uS) suggests there might be a nonmetallic layer such as oxide or
carboneous species at the tip-sample junction which leads to the lower coneltittandu-Au contact.

The emphasis of this paper however is not on the shape of thark¥s¢c which contain information
on the electronic molecular orbitals, but rather on the dependenandhé geometrical conformation
of the molecules as it changes due to pressure. To that wHatieasured the current as a function of
applied load at a fixed voltage of 1 V. The results (Fig. 1e) shatthe current changes in a step-wise
manner. A step-wise response of the SAM film to pressure hars dleserved previously in other
properties such as film height and friction. These changes shexen to correspond to the molecules
adopting specific values of their tilt angle relative to theface, and explained as the result of
interlocking of methylene groups in neighboring alkyl chains [26].

As shown in previous publications, the values of the load where the chacgasare a strong



function of the tip radius [32, 33] and degree of perfection of the filhich is determined by defect
concentration. These conditions can vary considerably in different experiments [34]

Since it is difficult to measure film height changes in cotepl@AM monolayers we performed
measurements on samples with a partial coverage of C16. Theesaoffltese samples consists of
islands of molecules separated by either bare gold or gold cowgtledlat-lying molecules. The
images in fig. 2 show topography (a), friction (b), and currenb{a,region containing islands. On top
of the islands current and friction are low while in the gap eehathe islands both current and friction
are high. Fig. 2(d) shows two topographic profiles across an islggdatdoads of 45 nN to 135 nN. At
low loads the film thickness is uniform and decreases abruptly theeredge, with a sharpness
determined by the tip radius. At high loads however the film thickdesgeases stepwise or gradually
towards the edge, in agreement with previous findings of alkytslan mica and alkylthiols on gold
[26, 35]. The decrease in height near the edges at high |dactsdhe increasingly large tilt angle of
the molecules in these locations. We had shown previously that defiectisas vacancies and domain
boundaries are necessary to accommodate the lateral expansiorfilof g it is compressed. Due to
the island growth process around an initial nucleus the concentrasmclotiefects increases from the
center toward the edges. In the present work we exploit tligraariation of height at the island
edges to simultaneously measure thickness, current and frictionaftoacéxed load as in the example
of figure 2d.

In experiments with complete monolayers, where the load needs toi®ée teaproduce increasingly
large molecular tilt angles, the tip-surface contact argaases due to elastic deformations and must be
taken into account by normalizing the current by the contact afdas area was calculated using
classical models of contact mechanics, specifically the dohikendall-Roberts model [36]. We used a
value for the radius of our tip of 18020 nm (obtained from SEM micrographs), and the following
elastic constants of the materials: TiN Young’s modulys6B0 GPa, Poisson ratig=0.25, Au

Young's modulus =78 GPa, Poisson ratig=0.35. The adhesion force was determined experimentally



from the critical pull-off force Lc = -20nN.

The results for both islands and monolayers are shown in the senatogf plinction resistance (R)
per unit area versus film thickness of Fig. 3. In the case of ctenplenolayers the data in Fig. 1(e)
were converted to current versus electrode separation by agsaath step in the current to a specific
molecular tilt angle, following the sequence established in predgperiments [26]. As can be seen
In(R) increases approximately linearly with tip-surface sdjmarawith an average slofle= 0.57+ 0.03
A, Previously reported measurements and calculatiorfs aftained by changing the alkyl chain

length, give a value close to I*A14, 20, 21, 23].

4. Discusssion

4.1. The two-path model

Since the molecular length is the same for all electrode atépas in our experiments, one would
expect ideally a value ¢¥ equal to zero if electron transport were determined puretyrimeling along
the alkane chain and no other changes were occurring. Potentigésharconsider include distortions
of the S-Au binding configuration, and displacement of gold atoms, includimgation of metal
filaments as proposed by some authors [37].

To explain the intermediate value pf halfway between 0 and 1, Slowinski et al. [21] proposed a
two-pathway conductance model involving tunneling along the length ddlitigechain @, through-
bond), and chain-to-chain couplingp). Indeed by using the same decay constants as Slowinski et al.
[21] (B:= 0.91 A andp,= 1.31 A") together with the geometrical changes predicted by the matecul
tilts we could obtain a reasonable fit to our data (not shown irigheej, within the scatter of the data
in figure 3. In the following however, rather than elaborating orvéiee of the two-path model, we

analyze in some detail the influence of molecular tilt on theuSsdnding and its influence on the



tunneling.

4.2. Influence of S-Au bonding on tunneling

The nature of the S-Au bonding is crucial because conductance atdees lmccurs through S-Au
states with energies inside the molecular HOMO-LUMO gap [38. donductance of alkanedithiol-Au
junctions has been studied extensively using density functional thedfl){iased transport
calculations [38-40]. By varying the alkyl chain length forne@d molecular tilt angle a value fgrwas
obtained in good agreement with experiment [38]. However, the cadutainductance is typically
larger than the measured value [38-40]. Furthermore, the conductandedragpredicted to vary
significantly — by about an order of magnitude — depending on ibé liimding site and atomic
environment in the junction [40].

The lack of agreement with experimental conductance valuesksasvthe significant impact of
junction structure on conductance makes direct comparison between dmeloexperiment difficult.
Moreover, the atomic details of the contact geometry of atk@nieself-assembled monolayers on
Au(111) are controversial [41-43], with the most common model involvibin&ing to Au at hollow
sites [44]. The S-Au contact geometry under mechanical stress is also mnknow

To understand the effect of the S-Au binding structure and alkyl tiftaamgle we performed DFT
conductance calculations on a simplified junction consisting of destgane-dithiol molecule in a
large supercell bonded to the hollow site of flat Au(111) surfaceS-By bonds at either end of the
molecule. The supercell contains 16 Au atoms per layer, and the cormudaalculated with a 4 x 4
k;,-mesh. Other technical details follow those in previous work [45]. Tolecular tilt angle is varied
from 0° to 78°, and the atomic positions are fully relaxed for eaglea(Here, the tilt angle is defined
as the angle between the molecular backbone and the surfacel.norhe relaxed nearest S-Au
distances are respectively 2.5, 2.5, 2.8 A for the 0° case, 2.5, 2.5, 3.1 A for 30° and 40°, 2.542.5, 3.2

for 55°, and 2.5, 2.7, 3.5 for 78°. It is clear, especially for the tjesnetries, that S at the hollow site



relaxes to an off-centered position relative to the three-ftédapproaching a bridge site. This result is
consistent with previous total energy calculations ofs;&Hon Au(11l) [46-49]. The low-bias
conductance is then calculated with a scattering-state appfd@rusing the Landauer formula. We
find that for the single butane-dithiol molecule bonded to Au(111l) at avhdlte, the calculated
conductance varies by only a factor of 2 (0.01-0.@Rf@ tilt angles 0°-55°. The minimal variation in
conductance with tilt angle is consistent with the fact thatdbal bonding geometry at the contacts
does not change significantly with angle up to roughly 55°. Howeverfindethat as we tilt the
molecule further, which decreases the distance between the maoleaukbone and the Au electrodes,
the calculated conductance increases. Specifically, for rittea of 66° and 78° (larger than that
obtained in experiment), we obtain 0.08 and 0.360Gthe conductance, respectively. In all cases, the
calculated conductance results from tunnelihgough the moleculeather than through space:
Removing the molecule [51] results in a calculated conductance’dbdfor a Au lead-lead separation
of 6 A (corresponding to a tilt of 78°). Through-space tunneling betvesass lis thus more than three
orders of magnitude less than through-molecule tunneling at thisaiepaiOur results are consistent
with previously-reported plane wave DFT calculations [52], whiclo alsencluded that tunneling
through alkanethiols occurs predominantly through the molecule, andhthahdlecular density of
states at Edoes not change significantly with tilt angle for bonding to flat Au(111) sesfac

While the calculated conductance through alkanedithiol-Au junctions mmteshange significantly
with molecular tilt for a fixed hollow binding site, it is possiltket the hollow site is in fact not the
preferred contact geometry. Previous studies have suggested othgetieakly-competitive
configurations involving S bonded to Au adatoms [41], subsurface Au SBgsof to a more complex
adlayer [43].

In experiments with close-packed SAMs it is very likely tbhanges in binding site occur with
molecular tilt. Indeed, steric considerations imply that upon tjltthgre must be an increase of S-S

distance from the initial3 separation if the ideal van der Waals separation between adjeciecules



is to be maintained. Our previous experimental findings of stepsehigege in tilting angle with load
fully support this [26,34,35]. For example, a simple calculation indi¢aggdor the first tilt angle away
from the initial 38 (43) the S-S distance has increased by 0.9 A. The energy requirenid¢ase the S-
S separation and create intermediate metastable bonding condigsiratiginates with the tip load.
Since changes in binding site with tilt are expected, and sumgde ariations can result in order-of-
magnitude changes in conductance [40], it is quite possible that thevethsrends in conductance with

tilting to variations are due purely to changes in S-Au binding.

5. Summary and conclusions

In conclusion, a correlation between charge transport and molédutdranges caused by pressure
has been found in alkanethiol molecules self-assembled on Au(111) filmgsARM. The junction |-V
characteristics are sensitive to the load applied by the tighwdauses film thickness and current to
change in a step-wise manner. We found that the tunneling desstacyl through molecules of fixed
chain length is significantly smaller than that for the cabtere the distance between electrodes is
changed by using alkanethiol molecules of different lengths.

While an empirical model where electrons can tunnel through bethaltyl chain and across
neighboring molecules can explain the conductance data by propiee aif decay constants, we
examined an alternative model where the changes in conductahaddtvaingle of the molecule due to
the applied load are instead related to changes in the S-Au coutate-of-the-art scattering DFT
calculations predict that for isolated di-butylthiol molecules bondetiollow sites, the tunneling
conductance changes at most by a factor of two with moleculapttb 55, while the binding of S to
the Au atoms changes only by small amounts. This change in conductance value lisweuthan that
observed experimentally.

We therefore propose that more important changes in S-Au bindingustrwccur due to the steric

10



forces acting between close packed molecules under pressick,displace the S from hollow sites to
bridge sites and possibly others. Such changes can produce muchclaagges in the tunneling

characteristics, as previous calculations have shown. Our shadys that an understanding of the
effect of bonding structure in the electronic properties of moleane the influence of external forces

is fundamental for the development of molecular electronics.
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Figure 1(a) 200nmx 200nm topographic image (load = 48nN) of a C16
monolayer on Au(111). Inset is a high resolution image X2% nm) showing
the (3 x V3)R30° molecular periodicity. (b) Friction force image. (c) Current
image (sample bias 1.5V). Higher current is observed at theedtges where the
SAM film opens up allowing for a closer tip-surface inte@cti(d) Comparison

of IV curve at 8nN to the Simmons model. (e) Semilog plot otthreent at 1V
bias as a function of applied load. The plateaus are associdtedisdgrete tilt

angle of the molecules.
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