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Abstract
We studied the development of interfacial energy γ of alkanethiol
self-assembled monolayers on Ag/mica substrates by force-displacement
spectroscopy using an atomic force microscope. Self-assembled monolayers
of decanethiol [CH3 (CH2)9SH] and octadecanethiol [CH3 (CH2)17SH] were
studied. The growth of the monolayer as a function of time was studied by
an ellipsometer for three different concentrations of decanethiol and
octadecanethiol. The thiols led to well-ordered self-assembled monolayer
that showed atomic resolution images by lateral force microscopy mode.
The behaviour of γ showed non-monotonic variation in stages of adsorption,
which was more prominent for short chain length decanethiol. The γ
reached a limiting value of 12 mJ m−2 for decanethiol and 7 mJ m−2 for
octadecanethiol.

1. Introduction

Self-assembled monolayers (SAMs) are a subject of intense
investigations, in particular, over the last decade. In the context
of nanoscience and technology SAMs are important for a
number of reasons. The close packing associated with the
SAMs of organic molecules enforces a conformational rigidity,
which is important in nanofabrication. Because of their highly
ordered structure, stability, flexibility in choice of terminal
group and ease of sample preparation, SAMs offer promising
applications in surface passivation, as chemical and biological
sensors and as lithographic resists [1–4]. Some of the recent
applications of SAM are in microcontact patterning (where
a pattern is transferred to a substrate through a SAM [5]),
in nanoimprinting [6], and use in combination with other
lithographic techniques to generate nanopatterns on metal
surfaces [7]. For these applications knowledge of adhesion and
other properties of a SAM are essential. In fact an insufficient
knowledge of adhesion can cause imperfect pattern transfer.

The growth of SAM on a substrate is a complex process
[8–10]. The most studied SAMs are those derived from

adsorption of n-alkanethiol onto gold substrate from the
solution or vapour phase. Over the years SAMs of various
organic molecules have been characterized using various
diffraction and spectroscopy based techniques. The growth
kinetics of solution grown self-assembled monolayers are
also studied by quartz microbalance [11], second harmonic
generation (SHG) [12], infrared (IR) spectroscopy [13]
as well as by using tools for structural investigation like
scanning tunneling microscopy (STM) [9, 10, 14, 15] and
x-ray diffraction techniques (XRD) [16]. Most of the growth
studies have indicated that SAM formation from millimolar
solutions is the result of a two-stage growth process having
two distinct time scales. Initial adsorption from the millimolar
solution is very rapid and is essentially complete within a few
seconds or minutes, whereas the next slower stage consists
of reorganization and stabilization of the monolayer, which
involves lateral diffusion of adsorbates and elimination of
entrapped solvent from the film; this process takes place over
several hours [17]. It has been established using a number
of characterization tools that the final compact ordered state
(C) that occurs at the full coverage is very different from the

http://dx.doi.org/10.1088/0022-3727/40/10/023
mailto: phanindra@physics.iisc.ernet.in
http://stacks.iop.org/JPhysD/40/3182


Adhesion behaviour of self-assembled alkanethiol monolayers on silver

early stages of growth [8]. The final stage (C) is a ‘standing-
up’ phase. At lower coverages a ‘lying down’ ordered phase
forms (referred to as the striped phase (S)) that covers the
whole substrate. In between the ordered striped phase and
the final standing up ordered phase, it is established at least
in the context of well-studied Au- n-alkanethiol systems that
there are disordered phases often referred to as the intermediate
phase (IP) [8]. It is expected that in other metal substrate–
alkanethiol systems also, the general trend of growth phases
will be preserved.

The present investigation uses an atomic force microscope
(AFM) to study the pull-off force (or adhesion) as the
monolayer grows. The adhesion properties and other frictional
properties were previously studied on fully-grown SAMs using
AFM [18–20]. In the present investigation using force distance
spectroscopy, we study the evolution of the pull-off force of
an alkanethiol monolayer on silver surface as a function of
SAM thickness. This study allows us to measure this physical
quantity at different stages of growth of the SAM. We observe,
in particular, that the pull-off force depends crucially on the
stage of growth and has a rather non-monotonic dependence on
the coverage. The study has been done in the context of SAM
of n-alkanethiols on silver films. However, the observations
can have general consequences.

The reason for choosing SAMs of alkanethiols on a
silver (Ag) substrate is mainly the fact that the monolayer
on Ag substrate is more compact and has smaller tilt angle
compared with that of a gold substrate. This is expected
to lead to more robust mechanical properties. (Note: even
though gold and silver have practically the same lattice spacing
(0.288 and 0.289 nm) the structure of alkanethiols formed on
gold and silver (1 1 1) surfaces are different. Alkanethiols
form (

√
3 × √

3) R30◦ structure on Au (1 1 1) whereas they
form (

√
7 × √

7) R10.9◦ incommensurate structure on Ag
(1 1 1) [21]).

2. Experimental

2.1. Chemicals used

The present investigation was carried out on alkanethiols [CH3

(CH2)nSH] of two chain lengths, n = 9 andn = 17. They were
purchased from Sigma Aldrich3 and were used as received.
The solvent used for deposition was AR grade absolute ethanol,
which was obtained from Merck4 and was used without further
purification. The mica substrates that were obtained from
Pelco International5 were freshly cleaved before silver was
deposited.

2.2. Substrate preparation

Silver of thickness 200 nm was deposited onto a freshly cleaved
mica substrate in a vacuum of 2 × 10−6 Torr. The deposition
was carried out at a rate of 0.15 nm s−1. During the deposition
the substrate was maintained at 200 ◦C. After the deposition the
silver substrate was annealed in the same vacuum at 200 ◦C for
5 h to make it predominantly single crystalline and oriented.

3 Sigma Aldrich, Chemie GmbH, Riedstr., 2, D-8955, Steinheim, Germany.
4 Merck, KgaA, 264271, Darmstadt, Germany.
5 Pelco International, 4595, Mountain Lakes Blvd, Redding, CA 96003, USA.
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Figure 1. (a) XRD data for silver thermally evaporated on mica
substrate showing Ag (1 1 1) phase and (b) AFM image of silver
surface shows an average spacing of 0.27 nm which agrees with the
lattice spacing of silver in (1 1 1) orientation.

The silver substrates were used for SAM deposition soon after
removal from the vacuum deposition unit. The silver film used
for SAM deposition was oriented along the (1 1 1) direction as
detected by x-ray diffraction. The data are shown in figure 1(a).
The XRD shows only silver (1 1 1) and (2 2 2) peaks and the
rest of the peaks are from mica substrate. The crystalline
nature of the film was also confirmed from the AFM image
shown in figure 1(b). The image was obtained in lateral force
microscopy (LFM) mode. From the analysis of the image,
average lattice spacing of 0.27 nm was determined, which
compares well with the lattice spacing of 0.289 nm for a silver
surface with (1 1 1) orientation.

2.3. SAM preparation

Solutions of decanethiol (n = 9) and octadecanethiol (n =
17) were prepared in absolute ethanol in three different
concentrations 0.05, 0.2 and 1 mM. The solutions were
ultrasonicated for 5 min before the silver substrates were
immersed. The substrates were immersed in the thiol solution
in a clean glass petri dish for different lengths of time (from
1 min to 450 min for force displacement measurements and
1200 min for atomic resolution imaging) and after removal
the samples were rinsed in a copious amount of ethanol and
deionized water to remove any physisorbed molecules. These
samples were dried in a vacuum desiccator for a few hours
before use.
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2.4. Ellipsometry

The growth process of alkanethiol SAM on silver substrates
was studied using a spectroscopic ellipsometer. Ellipsometry
was done on the decanethiol and octadecanethiol samples
of 0.05, 0.2 and 1 mM concentrations. The samples were
removed from their respective solutions after different lengths
of immersion time as mentioned above for use with the
spectrometric ellipsometer6. The ellipsometry data were
taken over a wavelength range 350–820 nm and were analysed
using the standard data analysis package provided with the
instrument7. The Fresnel reflection coefficient ρ(ω) is related
to the experimentally determined ellipsometry parameters �

and � by the standard relation ρ(ω) ≡ tan�ei�. The
evaluation uses the dielectric function ε(ω) for the Ag film
as well as that of the SAM. The silver substrate is modelled as
shown in figure 1(a) with (n, k) being the optical parameters
that define the complex refractive index n∗(ω) ≡ n(ω)+ik(ω).
For the metal (Ag) we have used the Drude–Lorentz oscillator
model for the dielectric function ε(ω), and the corresponding
optical parameters (n3, k3), (n4, k4) for air and mica are given
in the standard library of the fitting software7 and a best-fit
value of thickness of silver was obtained.

For obtaining the thickness (T ) of SAM on the silver
substrate we used the model shown in figure 2(a), where
(n2, k2) are the optical parameters of the SAM. The mica silver
interface has negligible influence in the fitting of data, as the
silver thickness is 200 nm. Thus for the modelling of the SAM
data we used a three layer model of air, SAM and Ag. For the
dielectric function of the SAM, we have used the Bruggermann
effective medium approximation [22] where the SAM layer is
treated as an effective medium layer consisting of host medium
of refractive index 1.46 and with air inclusions in the host layer.
While fitting the � and � for the SAM layer the thickness of
silver is fixed at the value determined by ellipsometry on the
Ag–mica system prior to SAM growth. The films with lower
coverage are not continuous films but are likely to have island
structure. We take care of this with a fill fraction f in the
modelling. The variable parameters for the fit are the thickness
of the SAM layer and the fill fraction in the SAM.

2.5. Atomic force microscopy

Force measurements were performed using Auto Probe CP-
Research AFM from the Veeco Metrology group8. The AFM
was used for obtaining the atomically resolved structure of
the fully grown SAM using the LFM mode. It was also used
to obtain the force versus displacement (f –z) curves usually
referred to as force spectroscopy. The force displacement
curves taken in ambient atmosphere were affected by capillary
necking occurring at the tip–sample interface. To avoid
this problem all the force displacement curves were obtained
in a water environment in a liquid cell, where both the
sample and the cantilever were in the same water medium.
Millipore deionized water was used in the liquid cell. The
atomic resolution images were obtained using a gold-coated Si

6 Sentech Instruments GmBH Carl-Scheele-Straße 16 12489 Berlin,
Germany.
7 SpectraRay software supplied by Sentech Instruments, GmBH Carl-
Scheele-Straße 16 12489 Berlin, Germany.
8 Veeco Metrology, 112 Robin Hill Road, Santa Barbara, CA 93117.
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Figure 2. (a) The layers used in the model of effective medium
approximation to fit the ellipsometry data are shown here. n1 = 1,
k1 = 0, n2 = 1.46, k2 = 0, and n3(λ), k3(λ), n4(λ), k4(λ) were
taken from standard library functions of SpectraRay software [20].
(b), (c) Experimental data and fit obtained for the ellipsometric
angles � and � as function of wavelength (λ) for bare silver
substrate and SAM of octadecanethiol for immersion time of 5 min
and 450 min, respectively.

cantilever, having a force constant of kcant = 0.02 N m−1 (from
MikroMasch). The f –z curves were obtained using a gold-
coated Si cantilever having a force constant kcant = 0.08 N m−1

and a resonance frequency of 20 kHz. Force–distance curves
were taken at different positions on the sample and at each
position data sets were averaged. We discuss the mode of
analysing the AFM data (f –z curves) separately.

3. Results and discussion

3.1. Growth characterization using ellipsometer

Ellipsometry was done for three concentrations 0.05, 0.2 and
1 mM of decanethiol as well as octadecanethiol to obtain
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(a)

(b)

Figure 3. Thickness (T ) determined by ellipsometry as a function of
immersion time (t) for concentrations of 0.05, 0.2 and 1 mM along
with the fit to equation (1) for (a) decanethiol (b) octadecanethiol.

monolayer thickness at different growth times. Figures 2(b)
and (c) show the experimentally obtained � and �,
respectively, as a function of wavelength (λ) for a bare silver
substrate, sample immersed in 1 mM octadecanethiol solution
for 5 min and sample immersed in 1 mM octadecanethiol
solution for 450 min respectively. Figures 2(b) and (c) also
show the best fits obtained for the experimental data obtained
by the procedure described in the previous section. The SAM
thickness (T ) was obtained as a fit parameter. The fraction of
air inclusion in the SAM layer was obtained as less than 10%
in all the fits, indicating a good SAM coverage over the silver
substrate.

The variations of monolayer thickness (T ) at different
growth times for the two thiols are shown in figures 3(a) and
(b). The data are fitted to a Langmuir growth curve given in
equation (1),

T = A0 + A1(1 − e−R(t−tc)), (1)

where T is the monolayer thickness, A0, A1 are constants, R

is the growth rate, t is the immersion time and tc is the critical

Table 1. Table showing the fit parameters obtained for the Langmuir
equation (1) from the growth curves for decanethiol (DT) and
octadecanethiol (ODT). The thickness is measured from the
ellipsometric data as described in the text.

Sample (mM) A0 (nm) A1 (nm) R (s−1) tc (s)

DT0.05 0.52 0.89 4.16 × 10−4 222
DT0.20 0.50 0.86 6.83 × 10−4 204
DT1.00 0.51 0.90 1.28 × 10−3 114
ODT0.05 0.50 2.25 6.33 × 10−4 198
ODT0.20 0.55 2.27 1.03 × 10−3 174
ODT1.00 0.55 2.28 1.56 × 10−3 114

0
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0
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Figure 4. (a) 9.5 × 9.5 nm frictional force image obtained by the
LFM for decanethiol. (b) 9.5 × 9.5 nm frictional force image
obtained by LFM for octadecanethiol.

time after which the adsorption increases sharply. Beyond the
fast initial absorption stage the growth curve follows a simple
Langmuir growth relation. At a much later stage (t � tc)
only molecular reorganization takes place [17]. The critical
time tc generally varies and depends on defects present in the
substrate, which delays the initial adsorption of thiol molecules
onto the substrate.

The error bars in figure 3 were the fit errors obtained
by fitting the ellipsometery data. The parameters obtained
from the fit are shown in table 1. The time tc is more
or less independent of the chain length and reduces as the
concentration increases. A0 is independent of either the
concentration or chain length, while A1 is almost proportional
to the chain length. The chain length should scale as 0.15 nm
per each methylene [17]. In our case also the observed
thickness scales as 0.14 nm and 0.16 nm per methylene for
decanethiol and octadecanethiol, respectively. The value of
A0 ≈ 0.5 nm is the same as the residual height of similar SAMs
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(a)

(b)

(c) (d)

Figure 5. (a) Schematic showing typical force–displacement curve with pull-off force (f ∗) and pull-off distance (z∗) marked, (b)
representative force–distance curve taken on silver substrate, (c) representative force–displacement curve taken after 10 min immersion time
for 0.2 mM concentration of decanethiol and (d) representative force–displacement curves taken after 20 min immersion time for 0.2 mM
concentration of octadecanethiol.

when they are compressed by a high load [23]. The growth rate
is greater for the longer chain thiol. The growth rate increases
almost linearly with the thiol concentration. This generally
happens in SAM growth process where it is the quantitative
balance between enthalpic and entropic forces that determines
the growth parameters [24].

3.2. Contact mode AFM measurements

The scope of the use of the AFM in our experiment is two
fold. We use it as a basic characterizing tool for the imaging
of the fully grown SAM and we also use it through force
spectroscopy to measure the adhesion parameters. The atomic
resolution images are obtained for fully grown monolayers of
decanethiol and octadecanethiol using LFM. Generally clear
images are obtained after an immersion time of 1200 min
in 1 mM concentrations of the respective thiol solutions. It
is likely that the long time allows annealing of the defects
leading to atomic resolution images. Figure 4(a) shows LFM
images obtained at an imaging load of 2 nN with a cantilever
of k = 0.02 N m−1 on a decanethiol sample after 1200 min
of immersion. The nearest neighbour distance obtained from
the FFT analysis is 0.467 ± 0.036 nm. Figure 4(b) shows the
LFM image of the octadecanethiol sample after 1200 min of
immersion. The nearest neighbour distance obtained from FFT
analysis is 0.474 ± 0.033 nm.

The structure of the alkanethiol monolayer on the silver
substrate is different from the alkanethiol monolayer on the
gold substrate even though gold and silver have almost the
same lattice spacing. This difference is generally ascribed to
different head group–thiol interactions. It has been reported
that nearest neighbour distance in a fully grown alkanethiol
SAM on Ag is 0.461 ± 0.015 nm from STM data [14],
0.477 ± 0.003 nm as obtained from x-ray diffraction [21] and
0.467±0.023 nm as obtained from He diffraction studies [21].
Thus our LFM images show the nearest neighbour distance in
the fully grown SAMs, which compares well with the values
obtained by other techniques. We also find that the SAMs grow
to give well-ordered films in the final stage of the growth.

3.3. Force spectroscopy of the thiol SAM at different stages of
growth

The force–displacement curves were obtained for samples of
three concentrations 0.05, 0.2 and 1 mM of decanethiol as
well as octadecanethiol using the liquid cell in deionized water
medium. The data were typically acquired with an approach
and retract rate (dz/dt) of 1.2 nm ms−1.

The schematic in figure 5(a) shows the aspects of
the force–displacement curves from which we obtain the
experimental parameters. The pull-off or adhesion force
is obtained from the retraction part of the curve. The
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(a)

(b)

Figure 6. Representative force–displacement curves taken after
10 min and 20 min immersion time for 0.2 mM concentration of (a)
decanethiol and (b) octadecanethiol.

displacement of the cantilever (d∗) at which the tip loses
contact with the SAM layer (z∗) gives the pull-off force f ∗ ≡
kcantd

∗. Representative force displacement curves with both
approach and retract parts are shown in figures 5(b), (c) and
(d) for silver, decanethiol and octadecanethiol, respectively.

The force–displacement curves, which were obtained at
different immersion times, represent the system at different
stages of growth. Examples of force–displacement curves
(retraction part only) taken on samples which were immersed
in 0.2 mM concentration of decanethiol and octadecanethiol,
are shown in figures 6(a) and (b), respectively. It was
observed from the figures that the pull-off force and the pull-
off distance vary as the growth of the monolayer progresses.
Similar force–displacement data were obtained for all three
concentrations at different immersion times for decanethiol as
well as octadecanethiol SAMs. On each sample, datasets were
taken at different locations and then averaged. It is to be noted
that plastic deformation of molecules can give rise to higher
values of adhesion forces [25]. It was verified from the load
and adhesion curves that for the load applied, there is no plastic
deformation of the SAM. All the data were taken below a load
of 10 nN and we have no plastic deformation even up to loads
of 120 nN.

The pull-off force was obtained from the force–
displacement curves; the data were converted into interfacial

(a)

(b)

Figure 7. Interfacial energy γ as a function of monolayer thickness
(T ) which was obtained from force–displacement curves for
different concentrations for (a) decanethiol and (b) octadecanethiol.
The inset shows the interfacial energy γ as function of monolayer
thickness averaged over the three concentrations.

energy γ (mJ m−2) using the Derjaguin–Muller–Toporov
(DMT) theory, where γ = f ∗/2πR where R is the radius of
curvature of the AFM tip which was 45 nm for the cantilever
which we have used [26]. Data obtained for both the thiols
showed interesting dependence of γ on the thickness of the
film. It was observed that γ has concentration dependence at
very initial stages of growth only, otherwise the broad trends
observed for different concentrations were similar. It was also
observed that γ changes as growth progresses and the changes
are different for decanethiol and octadecanethiol.

Using the calibration obtained from the ellipsometry data
we can connect the time of growth (t) to a film thickness (T ).
Figure 7 shows γ , which is obtained by averaging a number
of datasets taken on each sample, plotted as a function of film
thickness (T ) for decanethiol and octadecanethiol. In the inset
we show an average data set of the γ as a function of thickness
where we have averaged the data over the three concentrations
for a given thiol. This is to check whether there is any emerging
trend in the data.

The first point to be noted from the data is that there
is indeed thickness or growth stage dependence and the γ
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Table 2. Table showing contact area and number of molecules
between AFM tip and cantilever obtained from equation (2).

Number
Load Contact of molecules

Surface (nN) area (nm2) in contact

0 32 187Decanethiol 10 83 487
0 12 68Octadecanethiol 10 39 221

value grows rather non-monotonically. Though there are
differences in the two thiols during the stages of growth,
particularly early growth, it can be seen from figure 7 that
for both the thiols irrespective of the concentration the value
of γ reaches a limiting value of ≈7 mJ m−2 for the longer chain
molecule and ≈12 mJ m−2 for the shorter chain molecule. At
this stage both the thiols are ordered (as seen by the LFM
images). We also note that when this happens, the data also
become more reproducible from place to place on the film and
statistically less noisy.

The interfacial energy γ shows concentration dependence
in the initial stages of growth of decanethiol SAM. For the
shorter length decanethiol (see figure 7(a)) γ is high for lower
concentration. In the initial stages the molecules are not
chemisorbed to the substrate but are only physisorbed onto
the silver substrate. The pulloff also occurs at a larger distance
due to these loosely bound molecules. In the early stages
also there is more noise in the data sets. We connect this
to the absence of any well-defined order in the films. At later
stages of growth the behaviour of γ is similar for all three
concentrations and the data become more stable and less noisy.
In contrast for the longer chain octadecanethiol, which has a
chain length almost double that of decanethiol, γ has similar
behaviour for all three concentrations. Due to the longer chain
the initial chemisorption is faster and there are no instabilities
in the pull-off force in the initial stages of growth as in the case
of decanethiol.

γ grows non-monotonically with thickness and this is
more prominent in the decanethiol. In this thiol a peak value
in γ is repeatedly seen when the monolayer thickness has
reached about half the maximum attainable value. At this stage
of monolayer growth, due to weak van der Waals interaction
between the molecular chains, the tilt of the molecules can be
compressed to the maximum extent resulting in large γ . The
long chain octadecanethiol γ (see inset of figure 7(b)) does
not show a very prominent peak but shows distinct humps that
occur in regular stages and its value never reaches the high
value that is seen in the shorter length thiols.

The number of thiol molecules coming in contact with the
tip can be estimated by calculating the area of contact between
the tip and the surface. The radius of the contact surface as a
function of applied load is shown in equation (2) [26]

a = (2πγR2/K)1/3{1 − f/(2πRγ )}1/3, (2)

where a is the radius of the contact surface, R is the radius
of curvature of the tip, K is the elastic modulus of the surface
and f is the applied load. A typical K value for fully grown
thiol is ≈2 × 109 Pa [27]. Considering the intermolecular
separation for decanethiol and octadecanethiol obtained from

the LFM analysis (figure 4), the area of contact and the number
of molecules in contact for zero load and a load of 10 nN
are shown in table 2 for decanethiol and octadecanethiol. It
can be seen from table 2 that shorter chain decanethiol has
a greater number of molecules in contact with the tip than
the longer chain octadecanethiol, hence increasing the pull-off
force. This also shows that octadecanethiol forms a more rigid
and compact monolayer than decanethiol.

The observation that interfacial energy γ has dependence
on thickness as well as on the chain length of the thiols
has important implications for the lithography process where
SAM is used. In micro-contact patterning and nanoimprinting,
pattern transfer is a mechanical process and stable transfer
depends on the pull-off force of the SAM. The data that we have
shown that longer chain length thiols will lead to better transfer
because they give SAMs that have more stable pull-off force.
Also in the case of longer chain length SAM, the dependence
on stages of growth being more gradual, the variation of the
interfacial energy γ over the complete SAM surface is much
less. In the case of shorter chain length thiols the variation over
the film surface is large and this is more so in the early stages
of growth. This makes the adhesive force more susceptible to
the quality of the SAM formed.

4. Conclusions

The temporal growth of decanethiol and octadecanethiol
monolayers was characterized by ellipsometry. The
ellipsometric data showed a Langmuir type growth. The
fully grown monolayers of decanethiol and octadecanethiol
were imaged using LFM that showed stable ordered SAMs.
We have presented the behaviour of the adhesive pull-off
force for decanethiol and octadecanethiol as a function of
monolayer growth. The interfacial energy shows concentration
dependence in the initial stages of growth for decanethiol
monolayer and for both thiols it has a non-monotonic
dependence on stages of growth. However, for the well-
ordered fully grown SAM, the adhesive force reaches a limiting
value.
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