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Elastic and adhesive properties of alkanethiol [CH;(CH,),,_;SH] self-assembled monolayers on gold
are investigated by atomic force microscopy and correlated with surface structure via near edge
x-ray absorption fine structure spectroscopy. As the chain length n decreases from 18 to 5, the elastic
modulus of the monolayer film, Eg,,, decreases from 1.0 to 0.15 GPa and the work of adhesion, w,
increases from 82.8 to 168.3 mJ m™2. The Ej,, and w trends are interpreted in terms of the dichroic
ratios, R;, which reveal distinct changes in chain orientation, order, and coverage over the range of
n. © 2009 American Institute of Physics. [DOI: 10.1063/1.3111440]

Self-assembly of surfactant molecules on solid surfaces
to form organic monolayer films has proven to be a conve-
nient method to tailor the physical and chemical properties
of metals, oxides, and semiconductors."”> In particular,
self-assembled monolayers (SAMs) prepared from thiol-
terminated molecules have shown potential for use as protec-
tive layers to slow oxidation,’ photoresistive layers for
lithography,4 receptor sites in DNA detection,” and charge
injection barriers in organic field-effect transistors.® In addi-
tion, thiol-based monolayers have been used as passive7 and
active® molecular boundary lubricants, which provide many
benefits in the operation of magnetic storage devices and
microelectromechanical systems (MEMS), including a
dramatic reduction in adhesion as well as enhanced
lubrication.”'® In order to extend the usage of SAMs—
particularly to magnetic storage devices and MEMS with
contacting parts—methods for measuring layer mechanical
properties and correlating these with layer structure are
critical.

The orientation and order of methyl-terminated al-
kanethiols [CH;(CH,),_;SH, denoted by C,, where n is the
number of carbon atoms in the molecular chain] have been
studied by a variety of techniques. Infrared spectroscopy and
contact angle studies have shown that the structure and wet-
ting properties of long-chain (n=9) alkanethiols are inde-
pendent of n, but vary greatly as n decreases.'""'* These ob-
servations have been explained by electron diffraction
studies, which indicate that long-chain alkanethiols form
densely packed crystallinelike monolayers with (|3
X 3)R30° molecular periodicity,m’14 while short-chain al-
kanethiols result in loosely packed liquidlike films with
(m {3 X {3)R30° surface structure (where m varies from 1 to
6 depending on n).14 While the orientation and order of al-
kanethiol monolayers have been well characterized, their in-
fluence on the elastic and adhesive behavior of the films is
still a matter of debate. As an example, reported values for
film modulus range from 0.18 to 75 GPa,lS_20 with some
studies suggesting the value is independent of n (Ref. 17)
and others suggesting distinct changes with n.%° In this letter,
the elastic and adhesive properties of alkanethiols on Au
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(n=5, 8, 12, and 18) are examined via atomic force micros-
copy (AFM) and correlated with surface structure by near
edge x-ray absorption fine structure (NEXAFS) spectros-
copy. AFM contact data are analyzed with the Derjaguin—
Muller-Toporov (DMT) contact model,>! modified to extract
film modulus by a first-order elastic perturbation method to
account for substrate effects.”” NEXAFS C K-edge spectra
are used to compute the dichroic ratio for each film, which
provides a quantitative measure of the film structure. Taken
together, these measurement techniques provide insight into
the link between mechanical properties and molecular orien-
tation, order, and coverage.

Si(100) substrates were coated with a 5 nm Ti adhesion
layer followed by a 100 nm Au film. The Au-coated Si
samples were cleaned in piranha solution, immersed in 1
mM ethanolic solutions of the alkanethiols for 24 h, rinsed in
pure ethanol, and dried under a N, flow. Average values for
film thickness, ¢, for n=5, 8, 12, and 18 were found by spec-
troscopic ellipsometry to be 0.38, 0.74, 1.25, and 2.03 nm,
respectively, assuming a refractive index of n,= 1.50.% After
storage in an ultrahigh vacuum (UHV) chamber for at least a
week to allow for monolayer diffusion and ripening,24 UHV
AFM experiments were performed with a Si cantilever
coated with 60 nm of Co followed by 20 nm of Cr. The
cantilever spring constant in the normal direction was k
=23 Nm™! from the thermal fluctuation method.” Force-
deformation (F-6) data were derived from the raw force-
displacement (F-d) curves by subtracting the cantilever de-
flection. NEXAFS measurements were carried out at the
NIST U7A beamline of the National Synchrotron Light
Source. Partial electron yield (PEY) spectra at the C K-edge
were obtained with a channeltron retarding voltage of —225
V to enhance the surface sensitivity and Auger yield. NEX-
AFS spectra were recorded at angles, 6, ranging from 20° to
90°, measured between the sample surface and the photon
beam.

AFM F-§ data (unloading curves only) for n=5, 8, 12,
and 18 are shown in Fig. 1. As recovered displacements are
elastic on unloading, Young’s modulus, Eg,, and work of
adhesion, w, of the film can be extracted from the F-J curves
with the DMT contact model, which uses a “thermodynamic
approach” to include molecular adhesive forces in the con-
tact response of a sphere of radius, R (taken as the tip radius,

© 2009 American Institute of Physics

Downloaded 01 Apr 2009 to 129.6.180.212. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.3111440
http://dx.doi.org/10.1063/1.3111440
http://dx.doi.org/10.1063/1.3111440

131909-2

DelRio et al.

15

-
o

4]

Force, F (nN)
& o

2 L 1 L 1 1 1 n n
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Deformation, § (nm)

Force, F (nN)

n L 1 n 1 n 1 L 1 n
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Deformation, & (nm)

FIG. 1. (Color online) AFM F-§ data (symbols) and theoretical fits (solid
lines) for n=5, 8, 12, and 18. Theoretical fits were based on an extended
DMT contact model, using the modulus of the film Eg, as the fitting
parameter.

R=20 nm), against a flat surface. In this approach, the pro-
file of the sphere is assumed to be Hertzian with a contact
radius, a=(S8R)"2, and a pull-off force of 27Rw, yielding21

F=3E'R"5"” - 2mRw, (1)

where E* is the reduced modulus of the contact. For a film-
substrate composite, E* is a function of the Young’s moduli
and Poisson’s ratios of the film (Eg,, vgm) and substrate
(Equb» Vsup)- Xu and Pharr* developed an analytical solution
for E* of a film-substrate composite based on a first-order
elastic perturbation method, which yields

2(1 + Vsub)

sub

L

E* (1 _IO)

= %[1 — Vo + (Vsub - Vﬁlm)11]|:

2)

where [, and I; are weighting functions that account for
shear modulus mismatch and Poisson’s ratio effects, respec-
tively, and depend on the normalized film thickness, t/a.
Values of Ey,=77 GPa and vy,;,=0.42 for the Au substrate”®
and vg,,=0.44 for the monolayer film*’ were used. To find
w, Eq. (1) was solved at 6=0, which results in w=
—F,/27R, where F,, is the pull-off force from each F-o
data set. In addition, Egs. (1) and (2) were fit to the F-6
traces as shown in Fig. 1, using Ey,,, as the fitting parameter.
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TABLE I. Work of adhesion, Young’s modulus, and C-H ¢ dichroic ratio
for n=5, 8, 12, and 18.

Work of Young’s
adhesion,” w  modulus,” Eg,
Chain length, n (mJ m™?) (GPa) Dichroic ratio," Ry
5 1683+ 17.6 0.15+0.04 0.04+0.04
8 1254*9.0 0.28 =0.08 0.02+0.02
12 104.1+9.8 0.860.14 0.26+0.02
18 82.8%£9.0 1.00*=0.18 0.50+0.03

“Uncertainty values represent two standard deviations from at least five mea-
surements or a 95% confidence level in the fit.

The values for w and Ey;,, are given in Table I. Using these
values, the tip radius, and the equilibrium separations from
Fig. 1, the Tabor parameter28 wn=0.3 for all n, justifying use
of the DMT model.

NEXAFS PEY spectra at the C K-edge for n=5, 8, 12,
and 18 at #=20° and 70° are shown in Fig. 2(a). All spectra
exhibit the same characteristic hydrocarbon resonance peaks:
the C=C 7" peak at 285.5 eV, the C-H ¢* peak at 288.6 eV,
and the C-C ¢ peak at 293.6 eV. For n=5 and 8, the spectra
are nearly identical. However, n=12 and 18 reveal a strong
angular dependence, with C-H ¢™ resonance decreasing and
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FIG. 2. (Color online) (a) NEXAFS C K-edge PEY spectra for n=5, 8, 12,
and 18 at #=20° (solid curve with symbols) and #=70° (solid curve). (b)
NEXAFS C-H o* peak intensities vs sin? @ for n=5, 8, 12, and 18 (offset
for clarity). Dichroic ratios R, were calculated using the peak intensity at
6=90° and extrapolated peak intensity at 6=0°.
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C—C o" resonance increasing as 6 decreases. In addition, as n
decreases, the intensity of the C=C 7 resonance peak in-
creases, likely the result of small surface coverage and the
subsequent deposition of adventitious hydrocarbons on the
Au surface for the short-chain molecules. Peak intensities
were quantified by fitting Gaussian peaks to the spectra and
integrating the peak areas;” the resulting C-H ¢ peak in-
tensities are plotted as a function of sin’> # as shown in Fig.
2(b). The variations in peak intensity with @ are related to the
molecular orientation through the dichroic ratio R;=(Ig
—1yo)/ (Igge+1y0), wWhere Iop is the peak intensity at #=90°
and /- is the extrapolated peak intensity at #=0°. R; can
vary from —1 to +0.75, with a more positive value for the
C-H o* plane corresponding to greater surface normality
(R;=0 may also represent a random distribution of chain
orientations).>® Table I summarizes the C~-H ¢* dichroic ra-
tios. For n=18, R;=0.50, consistent with electron diffraction
studies that show a densely packed crystallinelike film.">!
As n decreases, R; decreases; by definition, this indicates an
increase in average tilt angle and change in phase from crys-
talline to amorphous.

From Table I, it is clear that w increases as n decreases.
Berger et al®' noted a similar trend with liquid-condensed
(LC) and liquid-expanded (LE) domains in a phase-separated
lipid monolayer. The change was attributed to differences in
molecular orientation and order; in the LC domains, the
molecules were densely packed and the probe tip interacted
only with the CH; end groups, whereas in the LE
domains, the films were liquidlike and the adhesion was
mainly due to CH, groups along the hydrocarbon chain.
With ’}/CH2=31 mJ n’l_2 and ’)/CH3=23 mJ m_z, they found
wema/Wems = (Yemo! Yoms)2=1.2, where 7, and w, are the
surface energy and work of adhesion for molecule a, respec-
tively. Seeing that the average tilt angle increases as n de-
creases, as shown by the trends in R;, a similar increase in
work of adhesion should be expected here due to the addi-
tional CH, groups at the surface. Koleske et al.** showed
that the elastic modulus of a film may also affect tip-surface
interactions. As Ep,, decreases, & at a given F increases,
which exposes the tip to additional functional groups in the
film or to the substrate. As shown in Table I, Ej;,,, decreases
from 1.0 to 0.15 GPa as n decreases from 18 to 5, which
might further explain the larger values of w for the short-
chain molecules.

The variation in Ep,, with n can be divided into three
regions, each the result of a different variation mechanism,
but which all derive from the variation in the attractive van
der Waals interactions between alkyl chains with n> As n
increases for densely packed chains, the stabilization energy
provided by additional CH, groups decreases, and eventually
saturates at n=10. Hence, the small decrease in Ey,, as n
decreased from 18 to 12 arises from a decrease in n. For n
decreasing from 12 to 8, Ej,, decreased by an additional
factor of 3. In this range the intermolecular forces are no
longer invariant with n, but decrease as n decreases, resulting
in a greater concentration of gauche defects along the chains.
As a consequence, the film becomes more disordered (as
indicated by R;,—0), which reduces its resistance to elastic
deformation. For n <8, a lack of cohesive energy leads to the
thermal desorption of alkyl chains at low-energy sites on the
surface®® (as indicated by the increase in C=C 7" peak in-
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tensity) and the loss of surface coverage leads to the decrease
in Eg, over this range. Overall, the results for Ep, are in
agreement with a number of g)revious studies for both poly-
ethylene (0.172-1.08 GPa)®® and alkanethiol monolayers
(0.18-5 GPa).">'"%19 Reports of much greater moduli for
organic monolayers, from 15 to 75 GPa,'"* are probably
due to the imposed boundary conditions'” or substrate
effects,” corrected here through the use of Eq. (2).

In summary, the elastic and adhesive properties of al-
kanethiol monolayers on Au were examined with AFM and
correlated with surface structure via NEXAFS. The combi-
nation of the two measurement methods—building on an ex-
tension of the contact method to extract the film modulus—
provides a structure-property relationship for this particular
system and a general methodology for the optimization of
SAMs for MEMS, magnetic storage, and other applications.
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