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Several patterned monolayers of alkanethiols CH3(CH2)n-1SH on a polycrystalline Au substrate were
prepared by using microcontact printing and solution deposition methods, and their surfaces were examined
by IR spectroscopy, scanning force microscopy, lateral force microscopy (LFM), and force modulation
microscopy (FMM). Our work shows that LFM and FMM can detect differences in packing density of
chemically identical molecules which are too small to be detected by IR, ellipsometry, and wetting
measurements and suggests that the tip—sample contact area is an important parameter governing the
contrasts of LFM and FMM images. Stiffness images obtained with FMM depend on changes in the
Young's modulus of a sample surface as well as in the tip—sample contact area. As a result, a surface
region of small modulus can have a large stiffness due to its large contact area.

Introduction

In recentyears, thin organic films such as polymer films,
Langmuir—Blodgett (LB) films, and self-assembled mono-
layers (SAMs) have been the subject of numerous scanning
force microscopy (SFM) studies.’ 8 Different domains of
phase-separated LB films prepared on a Si substrate are
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detected in friction images obtained by lateral force
microscopy (LFM) and stiffness images obtained by force
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modulation microscopy (FMM).34 Different regions of
patterned SAMs prepared on a polycrystalline Au sub-
strate are also clearly distinguished in LFM and FMM
images.5~8 In order to correlate LFM and FMM images
and to extract useful information from them, it is critical
to know what factors govern image contrasts in LFM and
FMM. This understanding is also necessary for correct
interpretations of image contrast observed for polymers
and so-called chemical force microscopy.®” Inthe present
work, we probe this question by preparing several pat-
terned SAMs of alkanethiols CH3(CH5),-1SH on a poly-
crystalline Au substrate and characterizing their surfaces
in terms of LFM, FMM, ellipsometry, contact angle
measurements, and external reflection infrared (IR)
spectroscopy.

Theoretical Considerations

SFM height images and LFM friction images are
simultaneously recorded in the contact mode SFM.°
Height and friction images are respectively related to the
vertical and lateral forces acting on the tip during
scanning.® When the tip—sample repulsive interaction is
negligible, height images of a sample are well described
by the total electron density plot of the sample surface.*?
To interpret friction images of LFM, it is necessary to
consider how the frictional (i.e., lateral) force Fs is related
to the tip—sample contact area A. Surface forces ap-
paratus experiments with contacting mica surfaces having
either contaminant or liquid layers between them show?!
that in the absence of wear F¢ is directly proportional to
A

F,=1A 1)

where risthe shear strength. Thisrelationship isexpected
to be valid for our experiments as well, since they were
carried out either in air or under water (see below).

In FMM the probe is oscillated vertically at a certain
frequency with the tip in contact with the sample surface,
and the force on the sample is modulated about a set-
point force such that the average force on the sample is
equivalent to that in simple contact mode SFM. Theelastic
deformation associated with the tip—sample contact can
be estimated by Hertz theory.*? Provided thataspherical
tip of radius R and a plane surface under load P leads to
a circular contact area A of radius a and an indentation
depth x, the surface stiffness S is expressed as'?

S = 9P/ax = eaE* 2)

where € is a number between 1.9 and 2.4.1* E* is the
effective modulus defined by 1/E* = (1 — n?)/E; + (1 —
n,?)/E,, where E; and E, are Young's moduli and n; and
nyare Poisson’s ratios of the tip and sample. The stiffness
defined by eq 2 is relevant for cases when the tip is in
static contact with a sample surface. In FMM the tip—
sample contact area varies with time throughout the
duration of each oscillation. As described for the phase
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imaging with tapping mode SFM,!® therefore, it is neces-
sary to use the time-averaged values of the contact area
A, contact radius a, and stiffness S over one cycle of
oscillation (i.e., [AL &L and [0 respectively) in our
description of stiffness images. Namely

[BO= e@E* O J/IADE* ©)

Equation 3 shows that the stiffness is proportional to
E*, which is dominated by the modulus of the sample
when the tip is much harder than the sample (e.g., E; >
E,). Thus FMM provides a method of distinguishing
surface features of different Young's moduli. However,
the stiffness is also proportional to [AG?, and a softer
material leads to a larger contact area A. Therefore, as
found for the phase imaging of soft materials such as
polymers,!® the stiffness can be larger on a surface region
of asmaller Young's modulus if the stiffness is dominated
by the contact area.

Experimental Section

Samples of patterned SAMs were prepared by a successive
application of the microcontact printing («P)'® and solution
deposition (SD) methods as previously described.l” Briefly, the
first component CH3(CH)m-1SH was transferred to a polycrys-
talline Au substrate by using a poly(dimethylsiloxane) stamp
(with patterns of circles 2.5 um in diameter) which was then
rapidly immersed in a 1 mM ethanolic solution of the second
component, CH3(CH_)n-1SH. Typical durations of uP and SD
processes were 60 s and 10 min, respectively. Thisway, the final
samples, consisting of circular features of —S(CHj2)m-1CH3
moieties in the surrounding background of the second component
—S(CH3)n-1CHj3 are obtained. For convenience, the SAMs thus
prepared will be referred to as Cm(uP)/Cn(SD), where Cm and
Cn refer to CH3(CH2)m-1S and CH3(CH2)n-1S groups, respectively.
These samples were then investigated within a few hours of
preparation by SFM, in air as well as under triply distilled water
(TDW). The SFM images were obtained with a commercial
microscope, Nanoscope 11 (Digital Instruments), while operating
the instrument in contact and force modulation modes. We used
commercial Si cantilevers with nominal force constants 0.02—
0.7 N/m, the tips of which have a nominal radius of curvature
5—10 nm. Topography images were recorded in conventional
heightimaging mode, and the friction maps were recorded in the
LFM mode.® For FMM measurements we used a modulation
frequency around 8 kHz. Companion samples prepared simul-
taneously on larger substrates (2 x 3 cm?) were examined for
structural characterization using ellipsometry, contact angle,
and IR measurements. Asrepresentative examples, we describe
our results obtained for C18(uP)/C7(SD) and C18(uP)/C18(SD)
systems.

Results and Discussion

The surfaces of the circular and surrounding regions of
Cm(mP)/Cn(SD) are chemically identical, i.e., they are
terminated with normal alkyl groups. Thus differences
between the two regions detected by SFM are related most
likely to differences other than chemical properties. A
typical heightimage of C18(uP)/C7(SD) recorded with SFM
is presented in Figure 1a. The C18(uP) regions covered
with C18 groups are higher, and hence brighter in the
height SFM image, than the C7(SD) region covered with
C7’s. Atypical friction image of C18(uP)/C7(SD) recorded
with LFM is shown in Figure 1b. The C18(«P) regions
are darker than the C7(SD) region; i.e., the tip—surface
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Figure 1. SFM images of C18(uP)/C7(SD): (a) Height image recorded in air with a force of 17 nN. (b) Friction image recorded
in air with a force of 17 nN. (c) Stiffness image recorded in air with a set-point amplitude of 1 mV. The image contrast covers height
variations in the 10 nm range in (a), lateral deflection variations in the 0.3 V range in (b), and amplitude variations in the 5 nm

range in (c).

friction is less on the C18(«P) regions. IR investigations
show that SAMs of short alkanethiols (m < 9) are liquid-
like'® while long chain alkanethiols (m > 9) form crystal-
line-like monolayers.'® Thus, in agreement with the IR
studies, the friction image of Figure 1b indicates that the
contact areais smaller on the C18(uP) surface than on the
C7(SD) surface. This implies that the alkyl groups are
more tightly packed on the C18(uP) surface, which is
reasonable because van der Waals attractions between
alkyl groups are stronger between longer alkyl groups. A
typical FMM image recorded for C18(uP)/C7(SD) is
presented in Figure 1c, where the C18(uP) surface appears
brighter. A brighter area of an FMM image is related to

(18) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D. J.
Am. Chem. Soc. 1987, 109, 3559.
(19) Reference 2, p 279 ff, and the references therein.

a less stiff region of the surface.?® Thus, the C18(uP)
surface is less stiff than the C7(SD) surface. From the
viewpoint of Young’s modulus alone, the C18(uP) surface
is expected to be stiffer, because our LFM measurements
show that the alkyl groups are more tightly bound in the
C18(uP) surface than in the C7(SD) surface. However,
the stiffness also depends on, and can be dominated by,
the tip—sample contact area.’® The image contrast of
Figure 1c indicates that the more tightly packed area is
less stiff because the contact area with the probe tip is
much smaller there.

In SAMs of C18(uP)/C18(SD) the circular and sur-
rounding regions are both covered with C18 groups. To
examine possible structural differences between the C18-
(uP) and C18(SD) regions, we have investigated the

(20) We use the manufacturer's (Digital Instruments) contrast
convention for the FMM images. Accordingly, a stiffer surface results
in a higher deflection amplitude and is represented as a darker region
in the FMM image.
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Figure 2. SFM images of C18(uP)/C18(SD): (a) Height image recorded in triply distilled water with a force of 11 nN. (b) Friction
image recorded in triply distilled water with a force of 11 nN. (c) Stiffness image recorded in air with a set-point amplitude of 100
mV. The image contrast covers height variations in the 5 nm range in (a), lateral deflection variations in the 0.3 V range in (b),
and amplitude variations in the 0.5 nm range in (c).

average structural properties (e.g., film thickness, surface
coverage, surface free energy, and chain-conformational
order) using a set of companion samples and a control
sample prepared by P alone using a plain, featureless
stamp. Ellipsometric film thicknesses estimated using
null-ellipsometric data?! obtained at 632.8 nm and 70°
incidence gave a value of 20.5 (£2) A for the C18(uP)/
C18(SD) samples. Thisvalueisindistinguishable within
the experimental uncertainties from those reported previ-
ously for solution deposited octadecanethiol on gold
monolayers.?? Similarly, the evaluation of the critical
surface tension as a measure of surface free energy (y.)
of the C18(uP)/C18(SD) monolayer surface resulted in a
value of y.=21.0+0.5dyncm™. The latter measurement
was done using contact angles of sessile drops of a series
of liquid n-alkanes of known surface tensions from

(21) Azzam, R. M.; Bashara, N. M. Ellipsometry and Polarized Light;
North-Holland: Amsterdam, 1977.

(22) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y.-T.; Parikh,
A. N.; Nuzzo, R. G. 3. Am. Chem. Soc. 1991, 113, 7152.
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n-decane to n-hexadecane according to the linear ex-
trapolation method of Zisman.?® The observed value of y,
agrees quite well with that reported for a surface of methyl
groups with near-limiting surface density?* as well as with
that reported previously for SD C18 monolayers. Esti-
mates for the average chain-conformation and orienta-
tional order?® in the C18(uP)/C18(SD) samples were
obtained using IR spectra. Spectral signature (spectra
not shown) obtained in the C—H stretching region (2700—
3100cm™2) for C18(«P)/C18(SD) samples were essentially
indistinguishable from that obtained for the SD monolayer.
Acontrol sample prepared by uP alone using a featureless
stamp alsoyielded identical spectral trace suggesting that
any structural disparity between the samples is not

(23) Zisman, W. A. Adv. Chem. Ser. 1964, No. 43, 1.
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tilt= 24 (+3)° and achain-twist of 44° comparable to previously reported
estimates (see, ref 22).



Letters

detectable by IR measurements. The positions of the
conformation-sensitive peaks due to methylene C—H
symmetric (d+) and antisymmetric (d—) stretching modes
were valued at 2850.6 and 2919.2 cm™?, respectively. These
values are well within the range of values reported for
crystalline n-alkanes and densely packed, long-chain thiol
monolayers.’® Therefore, we conclude thatall three classes
of samples examined here are comprised of dominantly
all-trans alkyl chains packed in a crystalline-like envi-
ronment showing little differences in average molecular
structure between them. The above measurements serve
to show that in C18(«P)/C18(SD) samples, the average
structural properties fail to reflect any structural differ-
ences between the P domains and the SD regions.

Since the difference between the C18(uP) and C18(SD)
regions is small, our SFM imaging of C18(uP)/C18(SD)
was recorded in triply distilled water to avoid any effects
due to capillary forces and to minimize the total force
interacting between the tip and sample. Nevertheless,
we found identical results when experiments were con-
ducted in air. The height image of C18(uP)/C18(SD)
(Figure 2a) shows no image contrast, because there is no
height difference between the C18(uP) and C18(SD)
surfaces. The LFM image (Figure 2b) shows a clear
contrast difference between the C18(uP) and C18(SD)
surfaces. Thefriction is lower on the C18(uP) than on the
C18(SD) surface, so that the tip—sample contact area is
smaller on the C18(uP) surface. Figure 2c presents a
typical stiffness image recorded for C18(uP)/C18(SD) with
FMM inair. The C18(uP) surface is brighter and is hence
less stiff than the C18(SD) surface. Thus, the area showing
the smaller contact area and lower friction as determined
by LFM imaging is less stiff in FMM imaging, as found
for C18(uP)/C7(SD). Therefore, we speculate that the
contrast difference between the C18(uP) and C18(SD)
surfaces of C18(uP)/C18(SD) in the LFM and FMM
imaging is most probably caused by a very small difference
in the density of C18 groups on the two surfaces (with the
alkyl groups more tightly packed on the C18(uP) surface).
Either the uP or uP/SD process must result in a higher
density assembly of C18 groups on a Au substrate than
does the SD process.?®

Our discussion suggests that consideration of the tip—
sample contact area is critical for understanding the
contrastvariationsin LFM and FMM images. The contact
area in LFM and FMM should increase with increasing
the set-point force, and the rate of this increase should
depend on the Young's modulus of the contact area.

(26) After a few minutes, the film thickness and contact angle are
close to their limiting values (Bain, C. D.; Troughton, E. B.; Tao, Y.-T.;
Evall, J.; Whitesides, G. M.; Nuzzo, R. G. J. Am. Chem. Soc. 1987, 109,
3559). A more detailed study of the time dependence of the observed
effects is in progress.
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Therefore, we also examined how the LFM and FMM
images of C18(uP)/C7(SD) and C18(«P)/C18(SD) depend
on the set-point force. In the LFM images, the contrast
difference between the C18(uP) and C7(SD) regions is
reversed as the set-point force increases beyond ~250 nN,
and that between C18(uP) and C18(SD) disappears for
the set-point force above ~60 nN, and these changes are
reversible. For the FMM images, however, the relative
contrast remains the same but is often enhanced as the
set-point force is varied from a very small value (15 nN)
up to 300 nN. Furthermore, the image contrast observed
in FMM was reproducible starting from a very small
oscillating amplitude (e.g., 1 mV). A more detailed
description of these results will be presented elsewhere.

Concluding Remarks

Our work demonstrates that LFM and FMM are a
sensitive method of surface analysis. Possible differences
in packing density of chemically identical molecules, too
small to be detectable by IR spectroscopy, can be easily
distinguished in LFM and FMM images. For patterned
SAMs composed of chemically different components,
different packing densities can occur in chemically dif-
ferentregions. Then the contrasts of their LFM and FMM
images will be determined not only by differences in tip
interactions with chemically different surface regions but
also by those in the packing densities of the different
regions. Our work also suggests that the tip—sample
contact area is an important parameter governing the
contrasts of LFM and FMM images. Stiffness images of
FMM are determined by the variation of the Young's
modulus on a sample surface and by that of the tip—sample
contact area. The surface stiffness increases with in-
creasing the effective modulus and with increasing the
contact area A. Since a sample of smaller modulus leads
to a larger contact area, the stiffness can become larger
on asurface of smaller modulus than on a surface of larger
modulus.
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