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The elastic, adhesive, and charge transport properties of a metal-molecule-metal junction were studied via conducting-
probe atomic forcemicroscopy (AFM) and correlatedwithmolecular structure by near-edgeX-ray absorption fine structure
(NEXAFS) spectroscopy. The junctions consisted of Co-Cr-coated AFM tips in contact with methyl-terminated
alkanethiols (CH3(CH2)n-1SH, denoted by Cn, where n is the number of carbons in the molecular chain) on Au substrates.
AFM contact data were analyzed with the Derjaguin-Muller-Toporov contact model, modified by a first-order elastic
perturbation method to account for substrate effects, and a parabolic tunneling model, appropriate for a metal-insulator-
metal junction in which the thickness of the insulator is comparable to the Fermi wavelength of the conducting electrons.
NEXAFS carbon K-edge spectra were used to compute the dichroic ratio RI for each film, which provided a quantitative
measure of themolecular structure as a function of n. As n decreased from 18 to 5, there was a change in themolecular phase
from crystalline to amorphous (RIf 0) and loss of surface coverage, and as a result, the work of adhesionw increased from
82.8mJm-2 to 168.3mJm-2, theYoung’smodulusof the filmEfilm decreased from1.0 to 0.15GPa, and the tunneling barrier
heightφ0-EF decreased from2.4 to 2.1 eV.For all n, the barrier thickness tdecreased for small applied loadsF and remained
constant at∼2.2 nm for largeF. The change in behavior was explained by the presence of two insulating layers: an oxide layer
on the Co-Cr tip, and the alkanethiol monolayer on the Au surface. X-ray photoelectron spectroscopy confirmed the
presence of an oxide layer on the Co-Cr tip, and by performing high-resolution region scans through the film, the thickness
of the oxide layer toxide was found to be between 1.9 and 3.9 nm. Finally, it was shown that φ0- EF is strain-dependent, and
the strain at which the film is completely displaced from under the tip is -0.17 for all values of n.

Introduction

Micro-, nano-, and atomic-scale mechanical contacts are
anticipated to play a large role as electrical switches and junctions
in advanced radio frequency (RF) communications devices,1,2

nanoelectronics applications,3 and quantized conductance atomic
switches.4 As an example, the superior performance character-
istics ofmicroelectromechanical systems (MEMS)-based switches
relative to semiconductor-based switches, including linearity (i.e.,
Ohmic behavior), small insertion loss and power consumption,
small size, and decreased cost, are expected to lead to their use in
cellular phones for controlling power, switching between transmit
and receive modes, and switching between antenna banks.1,2,5-7

During operation of an RF MEMS switch, a compliant compo-
nent of the switch (typically a cantilever) is displaced by electro-
static actuation so as to close an electrical circuit by direct
mechanical contact between the device electrodes. Such electrodes
have characteristic dimensions of ten to hundreds of micrometers
with actuation forces of tens to hundreds ofmicronewtons, giving

rise to contact resistances between 0.1 Ω and 10 Ω (and thus
conductances between 10 and 0.1 S). The Ohmic conductance
arises from large numbers of metal-metal junctions formed
at contacts between subμm-scale asperities on the electrodes.
Increased actuation force5 or sustained7 and repeated8,9 loading
leads to plastic deformation and flattening of the asperities and
greater contact area, resulting in greater contact conductance.For
large numbers of loading cycles (>109 in some cases),10 however,
the contact area between the electrodes can become so great that
adhesion between the electrodes leads to “stiction” and device
failure as the electrostatic actuation cannot reopen the switch.
In RFMEMS switches, each asperity contact supports a load of
∼1 μN and contributes∼10 mS to the conductance of the switch.
Such contacts are well described by quasi-continuum models of
conduction that include diffuse and ballistic electron motion
through constrictions.7,8 At the other extreme, atomic-scale
metallic junctions exhibit discrete conductance values quantized
in terms ofG0=2e2/h=77μS, the quantumunit of conductance,
where e is the electron charge and h is Planck’s constant.11,12 The
characteristic contact load associated with such atomic-scale
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junctions is ∼1 nN, the force required to break a single atomic
bond.

Nanoelectromechanical systems (NEMS) switches and junc-
tions will utilize contact loads between the ∼1 μN of MEMS
devices and the ∼1 nN of atomic-scale junctions, and in this
range, electrical behaviormay depend on the mechanical loading:
the small contact loads may not be able to induce plasticity at the
contact and thus establish metal-metal junctions, and yet the
contacts will be much larger than the atomic scale required for
quantized conductance. An early study by Tonck et al. revealed
the essential features of the electrical and mechanical coupling at
nanoscale contacts: the conductance values of nominally Au-Au
contacts were significantly less than G0, typically 0.01G0; the
current (I)-voltage (V) characteristics were markedly nonlinear
but symmetric about zero bias; and the I-V behavior depended
significantly on the contact load, with increasing load (and
decreasing contact separation) leading to increased conduc-
tance.13 The behavior was well modeled13,14 using a multiasperity
description of the surfaces14 and electron tunneling through an
adventitious, insulating layer between the surfaces as the charge
transport limiting mechanism. Further studies using ultrahigh
vacuum (UHV) conducting-probe atomic force microscopy
(AFM) or related techniques of metal-metal15-20 and metal-
semiconductor16,21 nanoscale contacts, in which the insulating
barrier material was either adventitious15,17,18,20 or deliberately
formed using an organic molecular film,15,19 revealed similar
behavior: extremely small conductance values and nonlinear
I-V behavior indicative of a tunneling mechanism.

For nanoscale metallic junctions with organic molecular inter-
layers, several studies have shown that the exact details regarding
the mechanical and electrical behavior of the contact are depen-
dent on the molecular composition (e.g., hydrocarbon vs fluoro-
carbon chain, thiol vs silane headgroup) and order (e.g., densely
packed, crystalline-like vs loosely packed, liquid-like). Lio et al.
studied the frictional properties of alkanethiol and alkylsilane
monolayers as a functionof the chain length, or numberof carbon
atoms in the molecular chain, n.22 For n > 11, the thiols and
silanes displayed similar frictional behavior, independent of chain
length and headgroup linkage, due to the densely packed,
invariant structure of the films. For n < 11, however, the
frictional trends were dependent on the chain length and head-
group, with larger values reported for the silanes and decreasing
n, presumably from increased disorder from numerous defects
and energy-dissipating modes. Boulas et al. conducted photo-
conductivity experiments at variable excitation wavelengths to
extract the band gaps for several long-chain (n= 12, 16, and 18)
alkylsilane monolayers.23 The band gap was found to be inde-
pendent of n for the densely packed, crystalline-like monolayers,
but decreased significantly for similar liquid-like films with only

partial surface coverage. In these (and most other) studies,
information regarding molecular structure is typically inferred
via qualitative techniques such as Fourier transform infrared
spectroscopy. In a recent report, however, Sambasivan et al.
utilized near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy to quantitatively link molecular orientation to fric-
tional behavior of alkylsilane monolayers.24 DelRio et al. con-
ducted similar experiments to investigate the work of adhesion
and elastic modulus of alkanethiols.25 In both studies, the trends
were interpreted in terms of the dichroic ratios, which revealed
distinct changes in molecular structure.

In this paper, the elastic, adhesive, and charge transport
properties of methyl-terminated alkanethiols (CH3(CH2)n-1SH,
denoted byCn) onAu are examined viaAFMand correlatedwith
molecular structure by NEXAFS spectroscopy. AFM contact
data are analyzed with the Derjaguin-Muller-Toporov (DMT)
contactmodel,26,27modified to extract the filmmodulus by a first-
order elastic perturbation method to account for substrate
effects,28 and a parabolic tunneling-barrier conductance model,
appropriate for a metal-insulator-metal contact in which the
insulator is extremely thin.29NEXAFS carbonK-edge spectra are
used to compute the dichroic ratio for each film, which provides a
quantitativemeasure of themolecular structure. The combination
of the two measurement methods provides a structure-property
relationship for this particular systemover awide range of n and a
general methodology for the optimization of self-assembled
monolayers for MEMS, magnetic storage, and other applica-
tions.

Theoretical Background

Elastic Adhesive Contact. The link between contact me-
chanics and interfacial adhesion has been studied for some time
now. Johnson,Kendall, andRoberts (JKR) developed amodel to
predict the deformed shape of two contacting spheres (radii R1

and R2) that interact via attractive surface forces based on a
balance between elastic energy and surface energy.30 To simplify
the analysis, it is convenient to consider the case of a rigid sphere
in contact with an elastic half-space. Under an applied load F, the
rigid sphere deforms the flat surface a distance δ to form a contact
over a circle of radius a, given by

F ¼ 4E�a3
3R

-2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πE�wa3

p
ð1Þ

and

δ ¼ a2

R
-

ffiffiffiffiffiffiffiffiffiffiffi
2πaw

E�
r

ð2Þ

wherew is the work of adhesion, E* is the reduced modulus of the
contact, and R is the radius of the rigid sphere. Here, the reduced
modulus is the plane strainmodulus of the linear-elastic, isotropic
half-space, E* = E/(1 - ν2), where E and ν are the Young’s
modulus and Poisson’s ratio, respectively. From eqs 1 and 2, we
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see that the contact areaA= πa2 is larger than that predicted by
theHertz theory,31 and remains finite until a critical pull-off force
is reached, at which point the surfaces separate abruptly. In a
load-controlled system, such as a compliant AFM cantilever, the
pull-off force is reached at-3πRw/2. At pull-off, the sphere does
not separate from the flat surface at the same position in which it
came into contact. In fact, the contact is elongated to a pull-off
distance of -(3π2w2R/64E*2)1/3.

Derjaguin, Muller, and Toporov used a completely different
approach to consider the molecular forces in an annular zone
around the area of contact.26,27 Unlike the JKRmodel, the profile
of the contact is assumed to be Hertzian. Originally, using a
“thermodynamic” approach,Derjaguin et al. found that, at initial
contact, the attractive force between the sphere and flat surface is
2πRw, but as the deformation increases, this force decreases
rapidly to πRw.26 However, as the contact deforms, the
adhesive force should become larger, not smaller, than 2πRw.
Muller et al. eventually developed a model consistent with this
idea using a more correct “force” method.27 In the revised model,
the attractive force is again 2πRw at contact, but this time
increases as the sphere and flat are pressed closer together
according to

F ¼ 4E�a3
3R

-2πRw ð3Þ

and

δ ¼ a2

R
ð4Þ

At δ=0, the sphere and flat surface separate at the initial point of
contact, and eq 3 reduces to the Bradley solution for a rigid sphere
in contact with a rigid flat surface.32

At first glance, the JKR and DMT models seem to contradict
each other: the pull-off force in the former case is-3πRw/2, while
the pull-off force in the latter case is-2πRw. Tabor compared the
two models, and briefly outlined some of the problems associated
with each of the solutions.33 In the JKR theory, the adhesive forces
outside the area of contact are neglected. These forces, however,
must be taken into account when the height h of the “neck” around
the contact, which is given by (Rw2/E*2)1/3, approaches the
equilibrium separation z0. The DMT model includes the adhesive
forces along the periphery, but assumes the contact profile is
Hertzian in nature (i.e., the surface forces are small enough that
their effect on the deformation can be neglected). Muller et al.
performed a numerical calculation based on the Lennard-Jones
potential and determined themodels actually represent the extreme
ends of a spectrum defined by the parameter34

μ ¼ Rw2

E
�2z03

 !1=3

ð5Þ

which represents the ratio of elastic deformation to the effective
range of surface forces. Thus, the JKR theory is suitable for
compliant materials with large, short-range surface forces (μ .
1), while the DMT theory is appropriate for stiff contacts with
small, long-range attractive forces (μ, 1). The F-δ relationships

for the JKR and DMT contact models are shown in Figure 1. As
w f 0, both models converge to the Hertz theory.
Effective Elastic Modulus of a Film-Substrate System.

As previously mentioned, for a rigid sphere in contact with a
linear-elastic, isotropic flat surface,E*=E/(1- ν2). On the other
hand, when the flat surface is a thin film of thickness t on a
substrate, as shown in Figure 2, E* is a function of the Young’s
moduli and Poisson’s ratios of the film (Efilm, νfilm) and the
substrate (Esub, νsub). Therefore, to find the “true” film properties,
it becomes necessary to either limit δ to avoid substrate effects or
fit the experimental data to a film-substratemodel. In the former
approach, a common rule of thumb tomeasure hardness is to limit
the deformation to δ = 0.10t, because, beyond this depth, the
plastic zone beneath the interface reaches the substrate and affects
the measured film properties.35 This is not a comprehensive law,
however, as the size of the plastic zone at a given δ depends on the
film/substrate hardness ratio and the indenter geometry.36,37 In
determining elastic film properties, the extracted values are even
more sensitive to the substrate as a result of the long-range nature
of the elastic field under the point of contact, with substrate-
dependent properties starting at δ = 0.05t.37 For thin films, it is
clear that these guidelines can severely limit the experimental
measurement range. As a consequence, it is useful to consider the
latter option, which involves fitting the experimental data to an
empirical38,39 or analytical40-42 model. Themodel byGao et al. is

Figure 1. Normalized F-δ curves for the JKR and DMT elastic
adhesive contact models. In the absence of adhesion, both models
approach the Hertzian case.

Figure 2. Schematic diagram of a rigid sphere in contact with a
coated elastic half space.
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particularly useful due to its simple, closed-form solution.40 The
analysis, which is based on a first-order elastic perturbation
method, is in good agreement with finite element modeling for
films and substrates with similar elastic properties. However, in
the rigid substrate limit (i.e.,Esubf¥), themodel predicts thatE*

depends solely onEsub andnotEfilm, which is clearly incorrect and
leads to large errors when Esub . Efilm. Xu and Pharr improved
the model for this case via a simple modification to the first-order
perturbation approximation.28 In the revised model, the effective
elastic modulus is given by

1

E� ¼ 1

2
½1-νsub þðνsub -νfilmÞI1� 2ð1þ νsubÞ

Esub
ð1-I0Þþ 2ð1þ νfilmÞ

Efilm
I0

� �
ð6Þ

where

I0ðξÞ ¼ 2

π
arctan ξþ 1

2πð1-νsubÞ ð1-2νsubÞξ ln
1þ ξ2

ξ2
-

ξ

1þ ξ2

" #

ð7Þ
and

I1ðξÞ ¼ 2

π
arctan ξþ ξ

π
ln

1þ ξ2

ξ2
ð8Þ

are weighting functions that account for shearmodulusmismatch
and Poisson’s ratio effects, respectively, and depend on the
normalized film thickness, ξ = t/a. For Esub > Efilm, eq 6 is
found to yield results within 10% of those obtained with finite
element models over a wide range of Efilm/Esub. It is important to
point out that the modification to the perturbation method leads
to inaccuracies in the rigid film limit. As Efilm f ¥, the model
predicts a nonzero value forE*. This should not be an issue in this
particular study, however, as the alkanethiol films are expected to
be much more compliant than the Au substrate.
Electron Tunneling Through Thin Insulating Films. The

link between the mechanical and electrical behavior of a
metal-metal junction is through the contact radius a. I-V
curves are measured at different values of F and the measured
variation of the conductance (G = I/V) with a compared with
predictions from contact mechanics models for the variation of
a with F. The relationship between G and a can take on various
forms depending on the principle conduction mechanism,
which can be defined by comparing a to both the mean free
path l and the Fermi wavelength λF of the conducting electrons.
For a macroscopic contact (a > l), the conductance is due to
diffusive transport and is described by the Maxwell conduc-
tance43GM=2aσ, where σ is the conductivity of the twometals
in contact. For smaller contacts (a< l), the conductance is due
to ballistic transport and is described by the Sharvin conduc-
tance44GS= (πa/λF)

2G0.When a≈ l, the transition fromGM to
GS can be described in terms of an interpolation function.45

As a becomes smaller and comparable to λF, G approaches
the fundamental limit G0. For alkaline and noble metals,
the conductance is quantized around integer values of G0,
whereas for other metals, the conductance is not quantized.46

Regardless of the metals in question, when they are in intimate
contact, it is clear that G can not be less than G0.

On the other hand, when the metal-metal junction is sepa-
rated by a thin insulating layer, such as an adventitious hydro-
carbon15,17,18,20 or a deliberately formed organic monolayer,15,19

the conductance values are significantly less than G0. Wang et al.
demonstrated that the dominant conduction mechanism through
alkanethiols is in fact direct, nonresonant tunneling when the
applied voltage is less than the barrier height.47 A number
of analytical expressions have been developed to describe the
I-V characteristics of metal-insulator-metal tunneling
junctions.48-50 The derivations are commonly based on the
Wentzel-Kramers-Brillouin (WKB) approximation, which is
a semiclassical method for obtaining an approximate solution to
the Schr€odinger equation. However, the WKB approach is valid
only when t is much greater than λF, which ranges from 0.5 to
1 nm formostmetals.51As t approaches λF,which is often the case
for organic monolayers, the validity of the WKB approximation
comes into question.

Hansen and Brandbyge developed a different approach to
describe the I-V characteristics of metal-insulator-metal tun-
neling junctions.29 The method assumes a parabolic shape for the
tunneling barrier; an energy diagram for a parabolic tunneling
barrier is shown in Figure 3. In the unbiased state, V = 0, the
Fermi energies EF of the two electrodes are at the same energy
level E, whereas in the biased state, the Fermi levels are offset by
eV, which enables electrons to travel from left to right through the
tunneling barrier. The general formula for current due to tunnel-
ing is given by

I ¼ GSTmðVÞV ¼ πa

λF

� �2

G0TmðVÞV ð9Þ

where Tm(V) is the mean transmission probability averaged
over all electrons. For very thin barriers and at small voltages,
Tm(V) ≈ 1. Thus, at this extreme, the I-V behavior is described
solely in terms of the Sharvin conductance, or by I = GSV. The
transition to the Sharvin behavior is appropriate, as the contact
radius at each load is much less than the mean free path, which is
on the order of 10 nm for metals at room temperature.51 In the
presence of a realistic barrier, however, Tm(V) , 1. With the
Sommerfeld expansion,51 Tm(V) ∼ T0(V) þ ΔT(V), where T0(V)

Figure 3. Schematic diagram of the electron energy levels in a
metal-insulator-metal structure in which the insulator forms a
parabolic barrier for electron tunneling between the metals. The
dotted and solid lines indicate the levels in the unbiased and biased
state, respectively.
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is the zero temperature mean transmission and ΔT(V) is the
temperature correction. Using the extended parabolic barrier
model,29

T0ðVÞ ¼ 1

γ2EFeV
ðLi2f-exp½-γðeV þφV -EFÞ�g

-Li2f-exp½-γðφV -EFÞ�gÞ ð10Þ
and

ΔTðVÞ ¼ π2

6

ðkBTÞ2
EFeV

1

1þ exp½γðφV -EFÞ�
�

-
1

1þ exp½γðeV þφV -EFÞ�
�

ð11Þ

where Li2(z) is the dilogarithm function, kB is Boltzmann’s
constant, T is the temperature, γ = (π2t/h)(2m/φ0)

1/2, φV =
φ0(1 - eV/4φ0)

2 is the voltage-dependent maximum barrier
height,m is the mass of an electron, and φ0 is the zero bias barrier
height. In a metal-molecule-metal junction, φ0 - EF corre-
sponds to the energy difference between the Fermi level of the
metal and the nearest molecular orbital (i.e., the tunneling barrier
height), while t corresponds to the thickness of the molecule.
Engelkes et al. showed that the nearest molecular orbital for
alkanethiol films is the highest occupied molecular orbital
(HOMO), as opposed to the lowest unoccupiedmolecular orbital
(LUMO).52 In other words, φ0 - EF could be rewritten as EF -
EHOMO, where EHOMO is the energy level of the highest occupied
molecular orbital. However, to stay true to the original nomen-
clature, the barrier height will be denoted as φ0 - EF.

Experimental Methods

Sample Preparation. Alkanethiols (n=5, 8, 12, and 18) and
Si(100) wafers coatedwith a 5 nmTi adhesion layer followed by a
100 nm Au film were purchased from Sigma-Alrich (Milwaukee,
WI). The alkanethiols were used as received, and theAu-coated Si
wafers were cut into 6 mm � 6 mm samples. The samples were
cleaned with piranha solution (3:1 H2SO4:H2O2), immersed in
1 mM ethanolic solutions of the alkanethiols for 24 h, rinsed in
pure ethanol, dried under a N2 flow, and stored in UHV for at
least aweek toallow formonolayer diffusion and ripening.53Prior
to the NEXAFS and AFM studies, some of the samples were
examined via goniometry and spectroscopic ellipsometry to en-
sure monolayer formation. The advancing and receding water
contact angles (θa, θr) were measured with goniometry using the
sessile drop technique. For n = 5, 8, 12, and 18, θa = 88�, 101�,
104�, and 107� and θr = 73�, 95�, 99�, and 101�, respectively. The
values and trends are consistent with previous studies, which
illustrate smaller contact angles for decreasing n, presumably due
to substrate effects or disorder in the short-chainmolecules.54 The
thickness t of each monolayer was determined by spectroscopic
ellipsometry, assuming a refractive index55 of nf = 1.50. The
average values of t for n=5, 8, 12, and 18 were found to be 0.38,
0.74, 1.25, and 2.03 nm, respectively. Again, the values are
consistent with previous results for alkanethiol monolayers.54,56

For n = 18, the measured value is nearly equivalent to the

theoretical length of the molecule tilted 30� from the surface
normal. However, as n decreases, the observed values fall below
theoretical calculations. The variation is attributed to smaller
packing densities, which lead to smaller refractive indexes and
thus smaller measured thicknesses.

Near-Edge X-ray Absorption Fine Structure Spectrosco-

py. NEXAFS measurements were carried out at the NIST U7A
beamline of the National Synchrotron Light Source. Partial
electron yield (PEY) spectra at the carbon K-edge, 270 to
330 eV (1 eV=1.6 � 10-19 J), were obtained with a channeltron
retarding voltage of-225V to enhance the surface sensitivity and
Auger yield. Drain currents of a carbon mesh and a clean gold
mesh, both located in the path of the incident, linearly polarized
photon beam, were measured to aid in energy calibration and
normalization of the PEY signal, respectively. NEXAFS spectra
were taken at angles θ ranging from20� to 90�, measured between
the sample surface and the photon beam.

Atomic Force Microscopy. AFM experiments were per-
formed in UHV (base pressure 5 � 10-8 Pa) with an RHK
Technology (Troy, MI) UHV 3000 scanning probe microscope.
Si cantilevers coated with 60 nm of Co followed by 20 nm of Cr
(NSC36/Co-Cr) fromMikromasch (San Jose, CA) were used for
the mechanical and electrical measurements. Cantilever spring
constants in the normal direction k were determined by the
thermal fluctuation method;57 values for k were found to vary
between 2.3 Nm-1 and 3.3 Nm-1. The probe tips were inspected
before and after contact experiments to check for damage with
scanning electron microscopy. The average tip radius was found
to be ∼20 nm, with no discernible changes due to contact. The
probe was grounded and the sample bias was controlled during
the experiments. Displacement d of the cantilever toward the
sample surface led to unstable “snap-on” of the tip to the surface
on approach followed by compressive contact to a peak load.
Retraction of the cantilever led to an almost reversible decrease of
the compressive load, followed by a stable, increasing tensile load
as the tip adhered to the surface, and finally unstable “pull-off” of
the tip from the surface. At various points in the extension and
retraction cycle, cantilever displacement was halted, and I-V
measurements were performed. The sample bias was swept
from -2 V to þ2 V in about 2 s and the current recorded. The
upper bound on the current measurement was 100 nA, set by the
saturation of the current amplifier.

X-ray Photoelectron Spectroscopy (XPS). XPS measure-
ments were performed in UHV on a Kratos Analytical (Chestnut
Ridge, NY) Axis Ultra DLD spectrometer with a monochro-
mated Al KR source at a 0� angle between the sample surface
normal and the analyzer lens. Survey spectrawere collectedwith a
source power of 150 W and a 110 μm aperture. The pass energy
was 160 eV with a 0.5 eV step size. Depth profiling was accom-
plished by sputtering a 4mm� 4mm section of the surface with a
4 kV, 50 μΑ extractor current argon beam in 10 s increments near
the surface and then 20 s increments. At each depth, high-
resolution spectra were obtained for the O 1s, C 1s, Si 2p, Cr
2p, andCo2pregionswith a sourcepowerof 140Wusing ahybrid
lens and a “slot” (∼300 μm � 700 μm) aperture. The pass energy
was 40 eVwith a 0.1 eV step size. XPS spectrawere analyzed using
CasaXPS (Bend, OR), version 2.3.12.

Results and Discussion

Molecular Orientation, Order, and Coverage. NEXAFS
PEY spectra at the carbonK-edge for n=5, 8, 12, and 18 at θ=
20�, 44�, and 70� are shown in Figure 4a. All spectra exhibit the
same characteristic hydrocarbon resonance peaks: the CdC π*
peak at 285.5 eV, the C-H σ* peak at 288.6 eV, and the C-C σ*
peak at 293.6 eV. For n=5and 8, the spectra are nearly identical.
However, n=12and 18 reveal a strong angular dependence, with

(52) Engelkes, V. B.; Beebe, J. M.; Frisbie, C. D. J. Am. Chem. Soc. 2004, 126,
14287.
(53) Barrena, E.; Ocal, C.; Salmeron, M. J. Chem. Phys. 1999, 111, 9797.
(54) Bain, C. D.; Troughton, E. B.; Tao, Y. -T.; Evall, J.; Whitesides, G. M.;

Nuzzo, R. G. J. Am. Chem. Soc. 1989, 111, 321.
(55) Ulman, A. An Introduction to Ultrathin Organic Films: From Langmuir-

Blodgett to Self-Assembly; Academic Press: New York, 1991.
(56) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D. J. Am. Chem.

Soc. 1987, 109, 3559. (57) Hutter, J. L.; Bechhoefer, J. Rev. Sci. Instrum. 1993, 64, 1868.
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C-H σ* resonance decreasing and C-C σ* resonance increasing
as θ decreases. Also, as n decreases, the intensity of the CdC π*
resonance peak increases, likely the result of small surface cover-
age and the subsequent deposition of adventitious hydrocarbons
on the Au surface for the short-chain molecules. The peak
intensities were quantified by fittingGaussian peaks to the spectra
and integrating the peak areas;58 the resulting C-H σ* peak
intensities are plotted as a function of sin2 θ, as shown in
Figure 4b. The variations in peak intensity with θ are related to
the molecular orientation through the dichroic ratio RI = (I90� -
I0�)/(I90�þ I0�), where I90� is the peak intensity at θ=90� and I0� is
the extrapolated peak intensity at θ=0�.RI can vary from-1 to
þ0.75, with a more positive value for the C-H σ* plane
corresponding to greater surface normality (RI = 0 may also
represent a random distribution of chain orientations).24 Table 1
summarizes the C-H σ* dichroic ratios. For n= 18, RI = 0.50,
indicative of a densely packed, crystalline-like film. As n
decreases, RI decreases; by definition, this indicates an increase
in average tilt angle and change in phase from crystalline to
amorphous. The trends here are consistent with electron diffrac-
tion experiments, which suggest that long-chain (n g 9) alkane-
thiols form densely packed, crystalline-like monolayers with
(
√
3 � √

3) R30� molecular periodicity,59,60 while short-chain

alkanethiols result in loosely packed, liquid-like films with
(m

√
3 � √

3) R30� surface structure (where m varies from 1 to 6
depending on n).60

Elastic and Adhesive Properties.AFM F-d data for n=12
are shown in Figure 5a. The F-d data includes both the extension
(loading) of the cantilever toward the sample surface to a peak
load and the retraction (unloading) of the cantilever away from
the sample surface. At various points in the extension and
retraction cycle, cantilever displacement was halted and I-V
measurements performed as shown in Figure 5b. The hysteresis in
the F-d data is most likely from the “reverse-path” effect, which
is due to hysteresis and creep in the piezoactuator used to control
the displacement of theAFMcantilever.61 This nonideal behavior

Figure 4. (a) NEXAFS carbon K-edge PEY spectra for n= 5, 8,
12, and 18 at various θ (offset for clarity). For n = 5 and 8, the
spectra are identical. However, n = 12 and 18 reveal a strong
angular dependence, with C-H σ* resonance decreasing and
C-C σ* resonance increasing as θ decreases. (b) NEXAFS C-H
σ* peak intensities versus sin2 θ for n=5, 8, 12, and 18 (offset for
clarity).

Table 1. Dichroic Ratio RI, Work of Adhesion w, Young’s Modulus

Efilm, Barrier Height O0 - EF, and Viscoelastic-Plastic Deformation

δp for n = 5, 8, 12, and 18

n RI C-H σ*a w (mJ m-2)b
Efilm

(GPa)b
φ0 - EF

(eV)b
δp

(nm)a

5 0.04 ( 0.04 168.3 ( 17.6 0.15 ( 0.04 2.10 ( 0.26 0.38 ( 0.01
8 0.02 ( 0.02 125.4 ( 9.0 0.28 ( 0.08 2.17 ( 0.30 0.40 ( 0.01
12 0.26 ( 0.02 104.1 ( 9.8 0.86 ( 0.14 2.25 ( 0.15 0.70 ( 0.04
18 0.50 ( 0.03 82.8 ( 9.0 1.00 ( 0.18 2.39 ( 0.35 0.40 ( 0.04

aUncertainty values represent a 95% confidence level in the fit. bOr
two standard deviations from at least five measurements.

Figure 5. (a) F-d experimental data for n = 12. The F-d data
includes both the extension of the cantilever toward the sample
surface (1, 2) to a peak load (3) and the retraction of the cantilever
away from the sample surface (4, 5). The schematic diagrams
illustrate the deformation state of the monolayer at various stages.
(b) I-V traces during extension and retraction of the cantilever at
F= 50 nN and F= 151 nN.

(58) Outka, D. A.; St€ohr, J.; Rabe, J. P.; Swalen, J. D. J. Chem. Phys. 1988, 88,
4076.
(59) Strong, L.; Whitesides, G. M. Langmuir 1988, 4, 546.
(60) Dubois, L. H.; Zegarski, B. R.; Nuzzo, R. G. J. Chem. Phys. 1993, 98, 678.

(61) Hues, S.M.; Draper, C. F.; Lee, K. P.; Colton, R. J.Rev. Sci. Instrum. 1994,
65, 1561.
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causes the retraction curve to pass over the extension curve.
In other words, at a given d, F is greater on unloading than on
loading. This phenomenon, however, would not explain the
hysteresis in the I-V data, because the curves were taken at the
same values of F (not d) on loading and unloading. Other
mechanisms that would explain the I-V hysteresis include adhe-
sion hysteresis, viscoelastic effects, and plastic deformation. A
change in the adhesion energy during loading and unloading
might be responsible for the observed hysteresis. Schneider et al.
noted hysteresis in the adhesion energy of glycine amphiphile
bilayers by surface-force apparatus experiments.62 The hysteresis
was attributed to a spatially varying adhesion gradient in the
contact zone due to pH-dependent surface rearrangement from
the snap-on of the tip to the surface. At high pH, both the
adhesion and adhesion hysteresis disappeared, which provided
further evidence for the spatially varying adhesion gradientmodel
and ensured the deformation was purely elastic. Similar experi-
ments with alkanethiol monolayers, however, tell a different
story.63 In the absence of adhesion, which was achieved via
measurements in solution, the hysteresis was still observed and
therefore not due to adhesive effects. Another possible mechan-
ism that might explain the hysteresis would involve viscoelastic
behavior of the alkanethiol film. As the name suggests, a
viscoelastic material exhibits both elastic and viscous properties
under an applied load; it is the viscous component that gives rise
to a hysteresis due to energy dissipation in the material. The
amount of hysteresis (i.e., the size of the hysteresis loop) is
dependent on the ratio of the relaxation time constant to the
loading time.64 For loading rates in which the data acquisition is
on the order of the relaxation time constant, the hysteresis loop
would be large. Joyce et al. used an interfacial forcemicroscope to
examine the mechanical relaxation of a long-chain (n = 16)
alkanethiol on gold,64 and in doing so, extracted an effective
relaxation time constant of 0.08 s. In our experiments, the
cantilever displacement was halted for several seconds as the
I-Vmeasurementswere performed,meaning that the alkanethiol
film had sufficient time to respond to the applied load. However,
it is well-known that polymers can exhibit relaxation on multiple
time scales, and as a result, it is not possible to completely rule out
viscoelasticity as a possible source of the observed hysteresis. Yet
another possible explanation for the hysteresis is plastic deforma-
tion in the alkanethiol film. In this scenario, the monolayer
exhibits both elastic and plastic deformation during loading,
but only recovers elastic displacements on unloading, resulting
in larger values ofG on unloading. Some studies provide evidence
for permanent deformation onunloading,63while others illustrate
that sharp tips can in fact reversibly displace alkanethiols.65 In
light of these arguments and to simplify the subsequent analysis,
we only consider the unloading portion of each F-d curve, as it
can be analyzed by elastic contact theory without regard to
irreversibility and hysteresis.

AFMF-δ data (unloading curve only) for n=12are shown in
Figure 6. F-δ data were derived from the raw F-d curves by
subtracting the cantilever deflection,F/k. In principle, the work of
adhesion w can be found by integrating the F-δ curve, normal-
ized by A, from z0 to infinity.66,67 In most AFM experiments,

however, the snap-on and pull-off instabilities described above
preclude the fullF-δ curve frombeing collected. Thus, it becomes
necessary to use the pull-off force Fpo, in conjunction with a
particular contact theory, to extract values for w. In the JKR
model (eqs 1 and 2), w is related to Fpo by w = -Fpo/(3/2πR),
while for the DMTmodel (eqs 3 and 4), w=-Fpo/2πR. To find
Young’s modulus of the film Efilm, the JKR and DMT models
were fit to the same set of F-δ data as shown in Figure 6, using
eqs 6, 7, and 8 for the reduced modulus E* and Efilm as the fitting
parameters. Esub= 77 GPa and νsub = 0.42 were used for the Au
substrate,68 and νfilm = 0.44 was used for the monolayer film.69

Both the JKR and DMT models fit the F-δ data well, but with
different values ofw andEfilm. From the JKRmodel, we findw=
127.3 mJ m-2, Efilm = 0.86 GPa (E* = 7.4 GPa at F = 0), and
z0 = 0.35 nm, which yields a Tabor parameter of μ= 0.52 from
eq 5. On the other hand, with theDMTmodel,w=95.5mJm-2,
Efilm = 0.81 GPa (E* = 5.3 GPa at F = 0), and z0 = 0.52 nm,
which results in μ = 0.36. Thus, even at modest values of F, the
DMT theory is a good approximation. As F increases, E*
increases (due to substrate effects) and μ decreases, pushing our
system further into the DMT zone. As a result, the DMT model
was fit to theAFMF-δ data (unloading curves only) for n=5, 8,
12, and 18, as shown in Figure 7. The extracted values for w and
Efilm from several measurements are given in Table 1.

For n = 18, we find that w = 82.8 mJ m-2, which is in good
agreement with results from bulk contact angle studies,70 46 mJ
m-2 to 62 mJ m-2, surface force apparatus experiments,71 56 mJ
m-2, and interfacial force microscope studies,72 60 mJ m-2, of
similar low-energy hydrocarbon molecules. The value is also
consistent with results from Lifshitz theory, which indicates that
the adhesion can be attributedmostly to van derWaals forces.72,73

However, as n decreases, w increases. Berger et al. noted a similar
trend with liquid-condensed (LC) and liquid-expanded (LE)

Figure 6. F-δ experimental data (symbols) and theoretical fits
(solid lines) for n = 12. The theoretical fits are based on the
extended JKR and DMT contact models, using the modulus
of the film Efilm as the fitting parameter. The experimental
data are the same in each case, shifted along the horizontal axis
to fit the appropriate contact model. Both the JKR and DMT
models fit the F-δ data well, but with different values of w and
Efilm.

(62) Schneider, J.; Dori, Y.; Haverstick, K.; Tirrell, M.; Sharma, R. Langmuir
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domains in a phase-separated lipid monolayer.74 The change was
attributed to differences inmolecular orientation andorder: in the
LC domains, the molecules were densely packed, and the probe
tip interacted only with the CH3 end groups, whereas in the LE
domains, the films were liquid-like, and the adhesion was mainly
due to CH2 groups along the hydrocarbon chain. With γCH2 =
31mJm-2 andγCH3=23mJm-2,wCH2/wCH3=(γCH2/γCH3)

1/2=
1.2, where γa and wa are the surface energy and work of adhesion
for molecule a, respectively. Seeing as the average tilt angle
increases as n decreases, as shown by the trends in RI, a similar
increase in work of adhesion should be expected here due to the
additional CH2 groups at the surface. However, the increase in
adhesion goes beyond a simple CH3 versus CH2 argument, as
evident from wC5/wC18 = 2.0. Koleske et al. showed that the
elastic modulus of a film may also affect tip-surface interac-
tions.75 From Table 1, it is clear that Efilm decreases from 1.0 to
0.15 GPa as n decreases from 18 to 5. As Efilm decreases, δ at a
given F increases, exposing the tip to additional functional groups
in the filmor to the substrate. Thus, for the short-chainmolecules,
we would expect an increase in w, as the tip is closer to the
substrate and the Hamaker constant for metals is an order of
magnitude greater than that for hydrocarbons.73

The variation of Efilm with n can be divided into three regions,
each the result of a different variation mechanism, but which
all derive from the variation of the attractive van der Waals

interactions between alkyl chains with n.76 As n increases for
densely packed chains, the stabilization energy provided by
additional CH2 groups decreases, and eventually saturates at
n≈ 10.Hence, the small decrease inEfilm as n decreased from18 to
12 arises from a small decrease in molecular stability. This
decrease in stability gives rise to an increase in the concentration
of gauche defects in the topmost methyl unit77 as shown in
Figure 8. The defects increase the average tilt angle of the alkyl
chains, which is evident from the decrease in RI. For n decreasing
from 12 to 8, Efilm decreased by an additional factor of 3. In this
range, the intermolecular forces are no longer invariant with
n, but decrease drastically as n decreases, resulting in a greater
number of gauche defects. As a consequence, there is a change in
phase from crystalline to amorphous (RI f 0), which reduces the
film’s resistance to elastic deformation. For n < 8, a lack
of cohesive energy leads to thermal desorption of the alkyl
chains,78 and the loss of surface coverage leads to the decrease
in Efilm over this range. The variation mechanisms above are
consistent with the NEXAFS data in Figure 4 and Table 1, which
also point to an increase in molecular tilt relative to the normal
followed by a change in phase and a loss in surface coverage for
decreasing n.

Overall, the results for Efilm are in agreement with a number of
previous studies for both bulk polyethylene and alkanethiol
monolayers. For instance, the values for the short-chain (n =
5 and 8) and long-chain (n=12 and 18) molecules are consistent
with results for low-density (0.17 to 0.28 GPa) and high-density
(1.08GPa) polyethylene, respectively.68Tensile testingof oriented
high-density polyethylene revealed a Young’s modulus of 0.80
GPa for as-fabricated samples and moduli as large as 3.05 GPa
for sampleswith a significant amount of plastic deformation, with
the increase presumably due to strain-induced crystallization (i.e.,
an increase in overall crystallinity).79While the initial value for the
elastic modulus is consistent with our results, an increase in
modulus from permanent deformation would not be expected
here, as alkanethiol monolayers become disordered, not ordered,
at pressures of ∼0.8 GPa.65 A number of scanning probe micro-
scopy experiments have also suggested that Efilm for long-chain

Figure 7. F-δ experimental data (symbols) and theoretical fits
(solid lines) for n=5,8, 12, and18.The theoretical fits are basedon
the extended DMT contact model, using the modulus of the film
Efilm as the fitting parameter. The DMT theory is a good approxi-
mation, even at modest values of F, according to the calculated
values for μ.

Figure 8. Schematic diagrams of alkanethiol monolayers with
different n. For n=18, the alkyl chains form a densely packed,
crystalline-like film with an average tilt angle of 20� to 30� to
the surface normal. As n decreases, there is an increase in the
tilt angle followed by a change in phase from crystalline to
amorphous and a loss in surface coverage due to thermal
desorption.
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(n>10) alkanethiol monolayers is between 0.1 and 5GPa.80-83 In
addition, molecular dynamics simulations of similar organic
monolayers demonstrated an initial tangentmodulus of 1.5GPa.69

Other studies, however, report much greater moduli for
organic monolayers, from 15 to 75 GPa. For instance, Engelkes
and Frisbie conducted low-bias conductance measurements of
various alkanethiol monolayers as a function of applied load.63

The conductance data were analyzed with the DMT contact
model and tunneling equations to extract the reduced film
modulus. The results showed a decrease in modulus (54 to
48 GPa) with increasing chain length for n = 6, 8, and 10,
followed by an increase in modulus (75 GPa) for n = 12. In the
analysis, the moduli were extracted based on the assumption that
the measured properties were free from substrate effects. How-
ever, as the contact depths were often on the order of the film
thicknesses, the underlying substrate most likely played a role,
and therefore must be considered to determine the true film
properties. To illustrate the role of the substrate, we again fit
the DMT model to the AFM F-δ data in Figure 7, this time
assumingE*=Efilm/(1- νfilm

2) instead of using eqs 6, 7, and 8. In
this revised approach, the extracted values for Efilm varied from
3.9 to 5.5 GPa, with no observable trend between Efilm and n.
Consequently, by neglecting the substrate, the calculated proper-
ties are almost an order of magnitude greater than the true film

properties. In another study, Henda et al. utilized a static energy
minimization technique to examine the elastic response of alka-
nethiol monolayers under compression.84 The calculations
showed that the initial tangent moduli of the monolayers were
between 10 and 18 GPa, with the values nearly independent of n.
The moduli were extracted based on the assumption that the
filmwas in uniaxial compression. However, as periodic boundary
conditions were used, the periphery of the film was constrained,
and the stress state was in fact triaxial.69 As a result, the reported
values forEfilm were inflated by a factor of (1- νfilm)/(1- 2νfilm)-
(1 þ νfilm).
Charge Transport Properties. AFM I-V traces (recorded

during the unloading portions of the F-δ curves only) for n=5,
8, 12, and 18 are shown in Figure 9. For all values of n, I-V
behavior was strongly dependent on contact load, with increased
F leading to increased G. In addition, the I-V responses were
non-Ohmic, symmetric about zero bias, with conductance values
smaller than G0, which suggests that charge transport involved
electron tunneling through an insulating layer. Thus, it becomes
necessary to use an electron tunneling model appropriate for
ultrathin insulating layers (eqs 9, 10 and 11) to relate the I-V
behavior to a, in conjunction with the DMT contact theory (eqs 3
and 4) to describe the variation of a with F, to correlate the I-V
data to F. As shown in Figure 9, the parabolic tunneling model
(solid lines) was fit to the experimental data (symbols) with good
agreement, using φ0 - EF and t as the fitting parameters. The
resulting values for φ0 - EF and t are shown in Figure 10.

For all n, we find that the extracted results for φ0 - EF are
effectively independent of F, as there are no clear trends, and the

Figure 9. I-V responses for n=5,8, 12, and18.The symbols representmeasurements for a single voltage sweep; the solid lines represent best
fits to the data using a parabolic-barrier tunneling model, with φ0 - EF and t as the fitting parameters.
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average values (represented by dashed lines in Figure 10 and
numerically in Table 1) typically fall within the uncertainty of
measured values. The results for φ0 - EF are in good agreement
with previously reported values for alkanethiols, which range
from 1.4 to 2.9 eV.47,85-89 From Table 1, it appears as if the
barrier height might be chain length dependent; as n decreases
from 18 to 5, φ0 - EF decreases from 2.4 to 2.1 eV. In fact, using
Student’s t test, we find that the difference for n = 18 and 12 is
significant at the 95% level, while the differences for n=12 and 8
and n = 8 and 5 are significant at the 85% level. There are two
possible reasons for a variation in φ0 - EF: (1) a change in EF or
(2) a change in the HOMO-LUMO energy gap. On the first
point, the Fermi energy is expected to remain constant as a
function of n, as the same AFM tip and substrate were used in all
of the experiments. On the second point, Boulas et al. conducted
photoconductivity experiments at variable excitationwavelengths
to extract theHOMO-LUMOenergy gaps for several long-chain
(n = 12, 16, and 18) alkyl-based monolayers.23 The HOMO-
LUMOgapwas found to be independent of n, with values ranging
from 9.2 to 9.9 eV. As a result, for densely packed, crystalline-like

films, φ0- EF should be independent of n. However, by changing
the deposition conditions, the authors were also able to examine
some of the same films in a liquid-like state with only partial
surface coverage. The resulting photocurrent curves were shifted
toward smaller barrier heights, which yields a large decrease
(>1 eV) in the HOMO-LUMO energy gap. Thus, it was shown
that a qualitative relationship exists between the molecular
orientation, order, and coverage and the barrier height, presum-
ably due to changes in the free volume between the chains. Here,
we arrive at the same conclusion, and provide quantitative
evidence for the link between film structure and transport proper-
ties; as n decreases, both RI and φ0 - EF decrease. This effect has
been attributed to image charges generated in themetal electrodes
by trapped charges in the molecule, which leads to a localization
of charge at the metal-molecule interface and a significant
change in the intrinsic energy levels.90 However, other studies
suggest that φ0- EF is constant for alkanethiols, regardless of the
molecular orientation and surface coverage. Beebe et al. used
conducting-probe AFM and crossed-wire tunnel junctions to
investigate the effect of n on the voltage required to induce
a transition from direct tunneling to field emission, denoted
by Vtrans.

91,92 Vtrans was found to scale linearly with φ0 - EF for
π-conjugated thiol monolayers using ultraviolet photoelectron
spectroscopy.91 For both short-chain and long-chain alkanethiol
films,Vtrans was constant,

92 which led to the conclusion that φ0-
EF was independent of n.

The variations in twithF can be divided into two regions for all
n; at smallF, t decreasesmonotonically, while at largeF, t remains
constant. One possible explanation for the change in behavior
involves the presence of two insulating layers: an oxide layer
(thickness toxide) on the Co-Cr tip, and the alkanethiol mono-
layer (thickness tfilm) on the Au surface, as shown in Figure 11. In
this scenario, the probe tip compresses the compliant alkanethiol
monolayer during the initial stages of contact. Eventually, the
alkanethiol layer is compressed between the contacts, and the
insulating layer consists mainly of the oxide layer on the Cr
surface, which is more difficult to deform. Chromium thin films
are known to readily form native oxide layers under ambient
conditions; the standard enthalpy of formation for Cr2O3, for
example, isΔH0

f=-1140 kJmol-1.93 In one study, the thickness

Figure 10. φ0-EF (right) and t (left) as a functionofF forn=5,8,
12, and 18. For all n, the extracted results forφ0-EF are effectively
independent ofF. The variations in twithF can be divided into two
regions. One possible explanation for the change in behavior
involves the presence of two insulating layers: an oxide layer on
the Co-Cr tip and the alkanethiol monolayer on the Au surface.

Figure 11. Schematic diagrams of the Co-Cr tip in contact with
the alkanethiol monolayer. At small F, the alkanethiol film and
oxide layer both act as insulators, t = tfilm þ toxide. At large F,
however, the alkanethiol film is compressed and the oxide layer is
the sole interlayer, t= toxide.
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of the oxide layer varied from 2 to 6 nm, with values depending on
the thickness of the chromium film and the underlying substrate
material.94 To estimate toxide on our AFM cantilever, the canti-
lever surface was sputtered and XPS high resolution region scans
were performed initially every 10 s and then at 20 s intervals
throughout the sputter etch. Figure 12 shows the Cr 2p region for
sputtering times of 0, 10, and 220 s. After 10 s, the adventitious
C (not shown here) was reduced to 35%of its initial value, and the
signals for elemental Cr and Cr2O3 increased by factors of 3.7 and
2.4, respectively. In subsequent sputter steps, the elemental Cr
peak monotonically increased, while the Cr2O3 peak increased
another 5% after 20 s and then decreased steadily until it was no
longer detectable after 220 s. Subsequent sputtering did not result
in increased signal for the elemental Cr peak. The elemental Cr
2p3/2 peaks were fit with 30% Gaussian-70% Lorentzian peaks
with an exponential blend parameter of 0.8, while the Cr 2p3/2
peaks for Cr2O3 were fit with 70% Gaussian-30% Lorentzian
peaks. With these spectra, toxide was calculated using a standard
uniform overlayer model95 ICr= I0Cr exp(-toxide/LCr), where the
initial value ofCr, ICr, was the peak area for the elemental Cr 2p3/2
of the unsputtered sample, and the final base value, I0Cr, was an
average of the elemental Cr 2p3/2 peak areas for 260, 280, and
300 s sputter times. NIST Standard Reference Database 82 was
used to calculate the practical effective attenuation length96 LCr

for elementalCr electrons passing through aCr2O3 overlayer. The
calculations were based on the kinetic energy of the base electrons
KE = 912.5 eV, asymmetry parameter β = 1.45, and the
following Cr2O3 parameters: band gap energy97 of 3.7 eV and
density98 of 5250 kg m-3. This calculation resulted in a Cr2O3

thickness of 3.9 nm.However, as the adventitiousCon the surface
also contributed to the attenuation, 3.9 nm can be viewed as an
upper bound on theCr2O3 thickness. Todetermine a lower bound
for toxide, the Cr2O3 thickness was recalculated with ICr as the

elemental Cr 2p3/2 peak area after 10 s of sputtering.At this depth,
most of the C was etched from the surface, in addition to some of
the Cr2O3 layer, as evident by the increase in the Cr/Cr2O3 signal
ratio. This second estimate resulted in a Cr2O3 thickness of
1.9 nm. Hence, the XPS results indicate that toxide was between
1.9 and 3.9 nm. From this analysis, it seems reasonable to assume
that the constant values for t at large F, which are all around
2.2 nm as shown in Figure 10, are due to an oxide layer on the
Co-Cr tip.

As the tip was retracted from the surface, elastic displacements
were eventually recovered from the alkanethiol monolayer, and
the extracted values for t = tfilm þ toxide, as shown in Figure 11.
This observation raises a key point about the mechanical and
electrical behavior of the oxide layer on the Co-Cr tip. From a
mechanical standpoint, the modulus of the oxide layer Eoxide is
much greater than the modulus of the alkanethiol film Efilm, and,
as a result, the deformation of the oxide layer δoxide will represent
only a small portion of the total deformation at the contact δ.
Thus, t in eqs 6, 7, and 8 is just the monolayer thickness, i.e., t=
tfilm, and does not depend on the oxide layer. With an applied
voltage, however, the alkanethiol film and the oxide layer both act
as insulators, and as mentioned above, t is a function of both tfilm
and toxide. Therefore, to get tfilm as a function of F in Figure 10,
toxide must be subtracted according to tfilm = t - toxide. For all
n, (1) tfilm increases monotonically as F decreases and (2) tfilm at
F = 0 is less than the original film thickness, due to elastic
recovery and viscoelastic-plastic deformation, respectively. The
average values for the viscoelastic-plastic deformation δp, or the
difference between tfilm at F = 0 and the original film thickness,
are shown in Table 1. While δp is fairly constant for all n except
n = 12, it is difficult to draw any definite conclusions about the
relationship between δp and n at a given F, since the maximum
F in each experiment in Figure 10 was different.

It is possible, however, to “normalize” the data in Figure 10 by
plotting φ0 - EF and t as a function of a characteristic strain ε =
F/AE* as shown in Figure 13. In doing so, two distinct features
become clear, both of which are independent of n. First, φ0 - EF

is strain-dependent; for positive (tensile) ε, φ0 - EF is constant at
∼2.1 eV, but as ε decreases into negative (compressive) values,
φ0 - EF increases to almost 2.6 eV. Slowinski et al.99 and later
Song et al.100 showed that the dominant charge transport mecha-
nism for alkanethiols transitions from through-bond tunneling,

Figure 12. XPS Cr 2p spectra for sputter times of 0 s, 10 s, and
220 s (offset for clarity). The elemental Cr peaks are at∼574.4 and
583.6 eV, while the Cr2O3 peaks are at∼576.5 and 586.3 eV. After
10 s, the adventitious C (not shown here) was reduced to 35%of its
initial value, and the signals for elemental Cr and Cr2O3 increased
by factors of 3.7 and 2.4, respectively. After 220 s, the Cr2O3 peaks
were no longer detectable.

Figure 13. φ0-EF (right) and t (left) as a function of ε for n=5,8,
12, and 18. For positive ε, φ0 - EF is constant at 2.1 eV, but as
ε decreases, φ0 - EF increases to 2.6 eV. The critical strain εcrit, or
the strain required to displace the film, is shown tobe εcrit=-0.17.
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where electrons flow through the alkyl chains via overlapping
σ-bonds, to chain-to-chain coupling, which involves charge transfer
between adjacent hydrocarbon chains, as the tilt angle increases. In
fitting the data to the two-pathway model, the authors demon-
strated that the tunneling decay coefficient, defined as the change in
junction resistance at low-bias with n, for chain-to-chain tunneling
is greater than that for through-bond tunneling. In other words,
chain-to-chain coupling is less efficient for charge transport, but
becomes significant at large tilt angles, which is consistent with the
increase in φ0-EF at negative ε in Figure 13. Second, while the rate
at which t changes with ε is dependent on n (due to the variations in
Efilm as shown in Table 1), the strain at which the film is completely
displaced from under the tip is not. From Figure 13, this critical
strain εcrit is shown to be εcrit = -0.17, which might represent the
strain required to change the sulfur-gold binding structure (e.g.,
shift a sulfur atom from a hollow site to a bridge site on the gold) to
accommodate large tilt angles.19

Summary and Conclusions

In summary, the mechanical and electrical properties of alka-
nethiol monolayers on gold were examined with AFM and
correlated with surface structure via NEXAFS. AFM contact
data were analyzed with the DMT contact model, modified to
extract the film modulus by a first-order elastic perturbation
method to account for substrate effects, and a parabolic tunneling-
barrier conductance model, appropriate for a metal-insulator-
metal contact in which the insulator is extremely thin. NEXAFS
carbon K-edge spectra were used to compute RI for each film,
which provided a quantitative measure of the molecular structure
as a function of n.

As n decreased from 18 to 5, there was a change in phase from
crystalline to amorphous (RI f 0) and loss of surface coverage
(intensity of the CdC π* resonance peak increased), which
resulted in the following trends in the film properties:

(1) w increased from 82.8 mJ m-2 to 168.3 mJ m-2. As
n decreased, the ratio of CH2 to CH3 groups under
the tip increased, and as a result,w increased accord-
ing to wCH2/wCH3 = 1.2. Also, for the short-chain
molecules, w increased because the tip was closer
to the substrate at a given F, and the Hamaker
constant for the gold substrate is roughly an order
of magnitude greater than that for the hydrocarbon
chains.

(2) Efilm decreased from 1.0 to 0.15 GPa. The change in
Efilm with n was due to variations in the attractive
van der Waals interactions between alkyl chains. As

n increased, the stabilization energy provided by
additional CH2 groups decreased, and eventually
saturated at n ≈ 10.

(3) φ0-EF decreased from2.4 to 2.1 eV.Therewere two
possible explanations for the variation in φ0 - EF: a
change in EF or a change in the HOMO-LUMO
energy gap. While EF was expected to remain con-
stant as a function of n, a large decrease in the
HOMO-LUMO energy gap was previously re-
ported for loosely packed, liquid-like films.23

For all n, the variations in t with F were divided into two
regions; at small F, t decreased monotonically, while at large
F, t remained constant at about 2.2 nm. One possible explanation
for the change in behavior involved the presence of two insulating
layers: an oxide layer on the Co-Cr tip and the alkanethiol
monolayer on the Au surface. XPS confirmed the presence of an
oxide layer on the Co-Cr tip, and by sputtering the surface and
performing high resolution region scans throughout the thick-
ness, it was shown that toxide is between 1.9 and 3.9 nm.Finally, by
plottingφ0-EF and t as a function of ε, two distinct featureswere
clear:

(1) φ0-EFwas strain-dependent; for positive ε, φ0-EF

was∼2.1 eV, but as ε decreased into negative values,
φ0 - EF increased to almost 2.6 eV. For negative
(compressive) values of ε, the average tilt angle
increased, changing the dominant charge transport
mechanism from through-bond tunneling to chain-
to-chain coupling. Chain-to-chain coupling is a less
efficient charge transport mechanism, which trans-
lates to larger values of φ0 - EF.

(2) εcrit, or the strain at which the film was completely
displaced from under the tip, was constant at-0.17.
This value might signify the strain required to
change the sulfur-gold binding structure to accom-
modate large tilt angles.

Acknowledgment. The authors would like to thank Lee
Richter and Nhan Nguyen for their assistance with the gonio-
metry and spectroscopic ellipsometry. Certain commercial equip-
ment, instruments, or materials are identified in this report in
order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or en-
dorsement by the National Institute of Standards and Technol-
ogy, nor is it intended to imply that the materials or equipment
identified are necessarily the best available for the purpose.


