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ABSTRACT
CHTJ

Using Interracial Force Microscopy (IFM), we investigated the tribological behavior of

hexadecanethiol monolayer on Au and films of octadecyltrichlorosilane (ODTS),

perfluorodecyltrichlorosilane (PFTS) and dodecane on Si. We observe a strong correlation

between hysteresis in a compression cycle (measured via nanoindentation) and friction.

Additionally, we suggest that the amount of hysteresis and friction in each film is related to its

detailed molecular structure, especially the degree of molecular packing.

KEYwoRDs Friction, self-assembled monolayer, hysteresis, alkanethiols, alkylsilanes,

nanoindentation, IFM, aging

1



DISCLAIMER

This report was prepared as an account of work sponsored
byanagency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.

t



.,

.
Kiely, et al., Friction of SAMS

1. INTRODUCTION

Organic monolayer films have received considerable attention as

variety of applications where molecularly thin lubrication is desired

boundary lubricants in a

lIL. Well-ordered self-

assembled monolayer are additionally attractive because they form a predictable monolayer

structure that typically has near-total surface coverages. The tribological characteristics of some

self-assembled monolayer have been documented 4-8, and one characteristic of these films is

that friction has been shown to be closely associated with film structure 4’5”7’9.When a film is

well ordered, friction is lower than when similar films are disordered. While several

investigators have investigated this relationship, there have been no clear demonstrations of the

underlying source of friction. The goals of this research were to

between friction and film structure and to identify underlying causes

investigate the relationship

of increased friction.

7-.
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EXPERIMENTAL PROCEDURES AND RESULTS

The experimental approach was to combine nanoindentation with friction measurements

an effort to correlate contact hysteresis with the magnitude of the frictional force. Both types

of measurements were obtained using the Interracial Force Microscope (IFM). The IFM is a

differential

microscopy

capacitor-based force

techniques. First, it is

microscope that has two main advantages over other force

mechanically stable and, thus, can measure forces throughout
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interaction ra~ge allowing quantitatively measurements of adhesion forces

Second, in friction mode, it is relatively straightforward to obtain a

quantitative measure of friction forces g without the tip motion found

commonly used in force microscopy. We exploit both characteristics

between adhesion, deformation and friction.

in the displacement sensors

to identify the relationships

The IFM sensor consists of a capacitor common plate suspended above two capacitor

pads by torsion

such that when

sample surface,

bars bisecting the long axis. A tip is placed on one end of this “teeter totter”

a force is present on the tip, arising from the interaction with an neighboring

the teeter totter will rotate about the torsion bars imbalancing the differential

capacitance. The deflection is measured by an RF bridge circuit and the resulting signs} is fed to

a controller which applies

The result is that voltages

without sensor motion.

the capacitor geometry

dc voltages to the capacitor pads in order to balance the deflection.

appear at the controller output related to the level of applied force

The relationship between

and is easily calibrated.

the voltage and force are dependent only on

In addition, the force-feedback sensor will

balance any force applied to the tip which produces a torque about the torsion-bar axis and it is

this fact that is the basis for making lateral-force measurements in the friction mode, as described

below.

Friction forces are measured in a constant torque mode by displacing the sensor and

probe assembly laterally along a direction perpendicular to the torsion-bar axis and monitoring

changes in the relative tip/sample separation in order to maintain a torque balance. If the
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displacement is away from the torsion-bar axis the sensor detects an increase in torque and

moves back in order to maintain balance. Lateral displacement in the opposite direction will

result in a tip displacement toward the sample in order to increase the torque. Thus, if the

assembly is scanned first in one direction and then back in the other, the piezo deflection will

form a displacement loop or “friction loop” similar to those commonly observed in the atomic

force microscope friction mode.

To relate the size of the displacement loop to the friction force, one needs to know the

relationship between displacement and the force resulting from the tip/sample contact. The

mechanics of the contact are characterized by performing elastic nanoindentations in sequence

with displacement-loop measurements in order to obtain this relationship. For tungsten tips on

monolayer-covered Au, the contact can be described very w’ell by Hertzian mechanics 12-lJ.

Using the Hertzian relationship between force and depth of contact, one can determine the

change in normal force from the change in depth of contact. Once the change in normal force is

known, it is straightforward to obtain the friction force, since the sum of the torques from these

forces remains constant 8.

Hexadecanethiol monolayer were developed by submersing Au (111) surfaces (flame-

annealed 99.99% pure Au wire 15,16) into a 0.5 mM ethanolic solution of hexadecanethiol

[CHj(CHz),~SH] for 24 hrs. Samples were rinsed in ethanol, dried in

nanoindentation sample holder. ODTS [CHJ(CHz)17SiC13] and PFTS

films were prepared from solution on single crystal Si( 100) wafers.

Nz and mounted on the

[CF,(CF,),(CH,),S iCl,]

Dodecane films were

4



Kiely, et al., Friction of SAMS

prepared by reacting dodecanol with Cl-terminated Si IT. Such direct attachment to Si is

believed to result in better coverage and bonding. The probes used in this study were

electrochemically etched tungsten

by scanning electron microscopy.

of approximate y 30- 40%.

wires that had radii of 1000 – 2000 ~ and were characterized

Experiments were conducted in air at relative humidity levels

We find that the properties of hexadecanethiol films vary with the film age 8. When

films are probed within a couple of days of preparation, we observe very little contact hysteresis.

A typical compression cycle of a new film is shown in Fig 1a. In the approach portion of the

data, the probe is moved at a constant displacement rate (10 &s) into contact with the sample

while the force required to maintain sensor equilibrium is monitored.

preset maximum, the probe is then retracted at the same rate.

compression cycles of new films are that they show virtually no

hysteresis.

Once the force rises to a

The salient features of

adhesion and very little

Consistent with a mostly elastic interaction, we find very low friction on new

monolayer. The increase in

for new monolayer is shown

friction force (determined as described above) with normal force

in Fig 1c., Below forces of -4 pN, we find that friction forces are

low and the linear fit of this data gives a friction coefficient of 0.004. This is an extremely low

friction coefficient and illustrates the elastic nature of new films. Above 4 pN, which

corresponds to a mean normal stress of approximately 3.7 GPa, we find higher friction forces

with a coefficient of -0.12. From tomographs of “wear tracks” taken after friction measurements
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in this regime, we find that damage had occurred, suggesting that there is a wear threshold of

approximately 3.7 GPa, which is below the plasticity threshold for Au [12]. In addition, we find

evidence of pile-up at the ends of the wear track.

The behavior of the films changes as they are exposed to the laboratory environment,

e.g., both contact hysteresis and friction increase with exposure. Fig 1b presents the results of a

loading cycle for a film that was left in the laboratory environment for 40-45 days. While there

still appears to be virtually no adhesion, the amount of hysteresis has dramatically increased.

The rapid drop to zero repulsive force for the retracting portion of the cycle in Fig 1b suggests

that the monolayer is returning to its quiescent state at a rate slower than the tip is retracting, i.e.,

that it has developed a viscoekastic component at the strain rate of the experiment. .

Consistent with an increased viscoelastic component, friction forces on aged monolayer

are higher than those on new monolayer, as shown by the data in Fig. 1d. We again find a

linear dependence of friction force on normal force that can be fit to the data to obtain a friction

coefficient of 0.075. The rise in friction clearly results from an increase in energy dissipation

during a loading cycle and not to an increase in adhesion.

It has been shown that alkanethiol films oxidize when exposed to air lg-~J and the

oxidizing species has been reported to be

of the alkane molecules~ 1 and resorption

principally ozone 2~’25. Changes in average tilt angle

20 have been reported for these films, and it is likely

oxidation decreases the degree of ordering or packing of these films ~~,~G.This would allow a

more facile displacement of molecules as well as more vibrational and rotational relaxation
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modes under contact. We propose that when compressed, these new modes of deformation

absorb energy, reduce the repulsive interchain interactions, and require more time to return to

their normal ‘standing up’ state. The result is a more viscoelastic film. The fact that the

repulsive force is considerably extended upon approach in Fig. lb relative to 1a indicates that the

tip has picked up thiol molecules from the surface film during prior contacts. This is consistent

with the fact that the aged film is not as strongly bound to the substrate

To pursue the correlation between structure, contact hysteresis and friction, samples of

PFTS and ODTS were probed in a similar manner. We find that PFTS and ODTS samples

showed greater hysteresis than did new hexadecanethiol films and, correspondingly, the friction

is higher. Typical compression cycles are shown in Fig. 2a, from which it is apparent that both

films show hysteresis over 5-10 ~. Friction measurements from these films are shown in Fig. 2b

and, in both cases, we find a linear dependence of friction on normal force. These measurements

underscore the relationship between contact hysteresis and friction: similar hysteresis among the

two films resulted

that of alkanethiols

One reason

in similar friction coefficients (O.132 and O.137) and higher hysteresis than

results in higher friction.

that these films show higher hysteresis and friction is that they are less well

ordered than hexadecanethiol on Au J. In fact, the ordering has been described as being liquid-

like short-range order 27 and there remains much uncertainty about the bonding of the alkyl

chains to the oxidized Si substrate J. One complication in

be complete, and if incomplete, this alone would introduce

7
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similarity between films may arise from a balance of chemical and length differences (PFTS is

partially fluorinated and 10 carbons long while ODTS is entirely protonated but is 18 carbons

long). However, despite the underlying cause, the correlation between hysteresis and friction

and the dependence of both on film ordering is obvious.

When dodecane monolayer are probed, we find evidence that a contamination layer was

present on the film, which makes quantitative study of the film itself difficult. Results of friction

loop measurements are shown in

the probe and Si substrate used.

Fig. 3a, along with the predicted Hertzian depth

In the friction measurements shown previously,

of contact for

friction loops

are a small fraction of the Hertzian depth of contact, so the large loops obtained on these films

suggest that a non-Hertzian contact is involved. A force profile typical of this film is shown in

Fig. 3b, and it is clear that the contact is indeed non-Hertzian and that the source of the large

friction loops was an interaction force that exists over large distances. With such a non-Hertzian

contact, the method of estimating friction forces is

acquired below 1.5 @J. However, for higher loads,

friction values.

Below

not applicable for the portion of the data

the loops should give reasonably accurate

.5 pN, the size of the loop increases with normal force, indicating an increase in

the area of the tip-contamination layer contact. For a given viscosity or shear strength. one

expects energy losses to increase with shearing area 28 so, as the tip is moved deeper into the

layer, we expect the apparent friction to increase. As the normal forced surpassed 1.5 pN (which

.
corresponds to a stress of approximately 2 GPa) the size of the friction loop levels off, indicating
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that only minor increases in friction come with increasing normal force. In this regime, we, are

deforming the monolayer as well as the underlying Si substrate and the Hertzian force-

displacement relationship holds. Thus, we interpret the plateau in loop width to result from a

very low value of friction in the monolayer. Clearly, a better assessment of the frictional

behavior of the dodecane monolayer will require better control of the contamination.

3. CONCLUSIONS

We investigated the tribological properties of three types of self-assembled monolayer

and find a good correlation between increases in contact hysteresis and increases in friction. In

addition, we find that friction is lowest in fresh hexadecanethiol monolayer that are well-

ordered and closely packed. As these monolayer become disordered through aging, friction

increases. We also find that lack of close packing in silane films on Si gives rise to increased

hysteresis and friction. Dodecane films on Si appear to have promising tribological properties,

but accurate assessment will require better control over contamination.
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FIGURE CAPTIONS

Fig. 1 Correlation between contact hysteresis and friction in hexadecanethiol self-assembled

monolayer on Au. (a) Loading cycle demonstrating the minimal contact hysteresis of a

monolayer O-2 days old. Positive forces correspond to compressive normal forces and negative,

to attractive. (b) Loading cycle of a film that was exposed to air for 40 days. A distinct increase

in hysteresis is observed in the aged monolayer. (c) Friction force as a function of normal force

for a new monolayer. Below a force of 4 pN (a stress of 3.7 GPa), friction is minimal. (d)

Friction vs. normal force for the aged monolayer.

at a much greater rate than for new monolayer.

Friction forces rise linearly with normal force

Fig. 2 Correlation between contact hysteresis and friction in PFTS and ODTS self-assembled

monolayer on Si.

~. The position is

a) Loading cycles for the two monolayer illustrating hysteresis over 5 – 10

referred to the point at which the cycle is reversed from approach to retract.

Note the reversal of axis direction from Fig. 1.

The similarity in the amount of hysteresis

coefficients.

b) Friction vs. normal force for PFTS and ODTS.

in a) is reflected in the similarity in friction

Fig. 3 Comparison of friction loop widths and force-displacement relationship for dodecane

films on Si. a) Friction loop widths were found to be much greater than the size of the predicted
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depth of contact, suggesting a non-Hertzian contact. b) Loading cycle for the dodecane film

illustrating an interaction over 100 ~, confirming the presence of a contamination layer. The

position is referred to the point at which the cycle is reversed from approach to retract.
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