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Abstract 

As the trend of miniaturization in devices and systems continues, it is 

important to understand their mechanical properties at the nanometer scale. In 

Micro-Electro-Mechanical Systems (MEMs) and implantable biomedical 

devices, interfacial forces (friction and adhesions) responsible for device failure 

are a major concern. Molecular films as thin as a monolayer are being actively 

explored to reduce adhesion and friction. However, many questions remain 

about the tribological properties of these systems. 

This thesis summarized the use of Interfacial Force Microscopy allows 

us to reliably create single asperity contacts and study the associated tribological 

properties on the nano and microscale. We have used this tool to study the 

mechanical properties of confinement of molecular films, including water, 

liquid-like-layer (on ice), alkyl monolayers, and phospholipid monolayers and 

bilayers. We find that the interfacial water created by premelting of ice or 

nanoconfinement between hydrophilic surfaces exhibit significant increase in 

viscosity. In the cases of alkyl or phospholipid thin films, mechanical properties, 

particularly friction, are strong functions of film structure and density. Results 

from these model systems are starting to form a foundation for our 

understanding of mechanical properties of soft interfaces at the nanometer scale.                
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Chapter 1. Introduction 

1.1 Motivation 

Studying the mechanical properties of soft surfaces and interfaces has been 

going on for many years.  However, only in the last ~20 years has the invention of 

scanning probe techniques allowed for the creation of single asperity contacts to 

study these interfaces on the molecular level.  By first understanding the properties 

of each single asperity contact we can begin to understand the response of a 

macroscale interface, which usually involves multiple asperity contacts.  The work 

in this thesis summarizes the use of the Interfacial Force Microscope (IFM)1,2 to 

create single asperity contact of a hard probe with a soft material, such as water or a 

thin film of phospholipids. 

One underlying question that motivates this work is the comparison of 

nanoscale material properties to bulk properties.  At times this is a difficult question 

to answer as ultra-thin films such as self assembled monolayers often do not possess 

a comparable bulk phase.  Further complicating analysis is the lack of appropriate 

models to extract properties such as elastic modulus, yield stress, viscosity and 

friction.  While models may work well for larger contacts, they usually break down 

on the nanoscopic level, but this is the area we are most interested in.  Because of 

this, it is often quite useful to compare results obtained by scanning probe 

instruments to those obtained through other techniques such as spectroscopy, 

simulation and theory.  These techniques can be quite surface sensitive and offer 

information on the physical properties, usually changes in bonding, that contribute 
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to any differences between nanoscale and bulk mechanical properties. One example 

of this is the work on interfacial water (Chapter 3).  In this work, I found that the 

viscosity of a few monolayers of water confined between two hydrophilic surfaces 

was ~106 larger than that of bulk water.  This was verified by spectroscopy and 

simulation, which showed that water molecules on a hydrophilic surface had 

bonding similar to that of ice.3  

Understanding the mechanical properties of soft interfaces is becoming 

increasingly relevant for designing reliable nanoscale and microscale devices. As 

mechanical devices scale down to smaller sizes, the forces that cause them to fail 

also scale down.  At these size scales, sliding friction, stiction (static friction) and 

adhesion often limit the reliability of moving parts.  Fortunately the use of boundary 

lubricants, even as thin as one monolayer, can improve device performance.   

Microscale devices with moving parts such as Microelectromechanical 

systems (MEMS) are actively being researched for use in a wide range of fields.4  

Common examples of MEMS are accelerometers, inkjet printers and optical 

displays.  These devices are usually made from sacrificial etching of polycrystalline 

silicon or aluminum and have very large surface area to volume ratios.  Translation 

and rotational motion of parts in these devices is usually accomplished through the 

use of electrostatic motors that drive a series of gear and spring elements.  If the 

forces generated by the motor cannot overcome surface forces, the part becomes 

stuck and the device has effectively failed.  The most common cause of stiction and 

adhesion in a MEMS device is the capillary force on the hydrophilic native oxide of 
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silicon and is usually reduced by use of a soft hydrophobic boundary lubricant.  

These lubricants are also used to reduce the friction of interlocking asperities of 

rough sliding surfaces in MEMS.5  Unfortunately thin film boundary lubricants 

often exhibit wear and the lubricants fail after repeated stressing.  Knowing how 

much stress these lubricants can take before failing highlights the importance of 

understanding the mechanical properties of soft interfaces.  Recently there has also 

been much research into improving the wear properties of boundary lubricants by 

ultrahard films such as diamond-like carbon6 and by self-healing soft boundary 

lubricants.7 

Devices with soft interfaces, but without moving parts are also being 

actively studied.  These technologies include, but are not limited to, bio-membranes, 

lab-on-a-chip devices, polymers, self assembled monolayers (SAMs) and liquid 

interfaces.  As with the boundary lubricants for hard contacts mentioned above, 

understanding the mechanical properties of these systems is essential to designing 

better devices.   

In this thesis, I focus on simple models for complex soft systems.  An 

example of this is supported lipid monolayers and bilayers (SLBs) as models of a 

cell membrane8 (Chapters 5&6).  Cell membranes are dynamic composite fluids that 

form a barrier for the contents of the cell and act as a host to a variety of 

biomolecules.9  By varying the deposition condition and length of the phospholipid 

alkyl-chain tails, I was able to form both 2-d gel and fluid phase films and correlate 

their mechanical properties (elastic modulus, plastic threshold and friction 
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properties) with structure of the films.  While these results oversimplify the 

mechanics of a real cell membrane, they are essential for designing devices that 

mimic this membrane such as lab-on-a-chip devices and protein microarrays.  In 

these devices, transmembrane proteins are often imbedded in supported lipid films 

to maintaining their activity. 10  Understanding the mechanics of SLBs helps to 

create these biosensing devices that are stable under a wide range of environmental 

conditions and resist dehydration and delamination. 

Beyond making useful devices, soft interfaces can be used as models to 

study the origins of surface forces on the molecular level.  By creating well defined 

surfaces one can begin to understand the nature of adhesion, friction, wear, 

plasticity and elastic properties at nanometer separations.  While understanding 

these forces is a common theme to this thesis, my study of the density dependent 

friction of lipid monolayers (Chapter 5) highlights one method of determining the 

molecular origins of friction.  In this work, I systematically varied the packing 

density of Langmuir-Blodgett (LB) deposited lipid monolayers and measured the 

amount of friction per unit area of contact.  The results showed that as the packing 

density of the lipid films decreased the friction increased.  This helped verify the 

theory that the major energy dissipation process creating friction in boundary 

lubricants with alkyl chains is the ability to form intramolecular trans to gauche 

defects.11  While this had been previously observed with chemisorbed SAMs, my 

use of LB monolayers expanded the range of packing densities that could be 

studied.  Packing density of chemisorbed SAMs such as alkanethiols on Au is 
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controlled by the headgroup/surface bonding and van der Waals forces between 

neighboring alkyl chains.  In contrast, LB films can be deposited over a wide range 

of packing densities by simply changing the surface pressure at the air/LB 

film/water interface. 

By far the most common tools used to probe soft interfaces are spring based 

cantilever instruments such as the Atomic Force Microscope (AFM)12 and the 

Surfaces Forces Apparatus (SFA).13  These devices quantify force applied to a probe 

by measuring the displacement of a spring and multiplying the displacement by the 

spring constant of the cantilever.  While the AFM often uses nanometer size probes, 

the SFA uses two crossed mica cylinders as contacts with contact area approaching 

1cm2. As a result, the AFM excels at measuring forces down to picoNewtons (using 

advanced dynamic techniques)14 and imaging surfaces at the nanometer level.  This 

is in comparison to the SFA which cannot image surfaces and is limited to mica 

surfaces that are atomically flat on the size scale of the contacts used.  While these 

tools are extremely useful in measuring surface forces, problems are encountered 

when one attempts to measure adhesive forces.  When the adhesive force applied to 

a spring cantilever overcomes the spring restoring force there is a mechanical 

instability and the two surfaces uncontrollably jump into contact.  The opposite of 

this process is repeated as the two surfaces are separated. When the spring restoring 

force overcomes the adhesions, the two surfaces are uncontrollably separated.  It is 

customary to use the maximum adhesive force when the two surfaces are separated 

(“pull-off-force”) to characterize the adhesion between the surfaces.  Fortunately the 
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force-feedback scheme used by the IFM creates an effectively compliance free 

sensor that is able to measure both adhesive and repulsive forces without any 

mechanical instabilities.  The IFM allows for the true work of adhesion for 

removing two surfaces from each other to be calculated by integrating the adhesive 

portion of a force curve.  This is in contrast to using the “pull-off-force” and contact 

mechanics to estimate the work of adhesion per unit area.   

1.2 Surface Forces 

The work in this thesis primarily uses the measurement of surface forces to 

characterize the mechanical properties of soft interfaces.  While this thesis is not 

meant to be an extensive review of surface forces, I will now discuss a few common 

forces and there origins.  Readers should see the works of Israelachvili,15 Persson,16 

Bowden17 and Butt18 for extensive reviews and derivation of these force laws. 

Non-contact adhesive forces usually result from at least one of three possible 

sources: van der Waals, electrostatic, and capillary.  These forces can be 

distinguished by their force (F) vs. distance (d) behavior.  For a sphere on plate 

geometry, as commonly used with scanning probe microscopes, van der Waals 

forces15 follow: 

2
0 )(6 ddR

A
F

−
−=  1.1 

where A is the combined Hamaker Constant for the system, R is the tip radius and d0 

is the point of contact.  Electrostatic forces19 can be estimated from the Derjaguin 

approximation20 as: 
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 where K is the dielectric constant of the material between the surfaces, V is the 

potential difference of the surfaces and ε0 is the free-space permittivity.  Finally 

capillary forces,15 while in thermodynamic and mechanical equilibrium, follow:  

( )








 +
−=

h

d

R
F LV

1

cos4 θγπ
  1.3 

where γLV is the surface tension of the liquid, θ is the contact angle of the liquid on 

the probe and h is the height of the liquid on the probe.  Capillary forces occur from 

both the Laplace pressure15 inside the curved meniscus and the surface tension at the 

vapor/liquid/probe contact line.  Out of these two contributions, usually the Laplace 

pressure dominates. Unfortunately, it is rarely the case that capillary condensate is 

in equilibrium and significant hysteresis is observed between approach and 

retraction force curves.  Finally there is still significant debate about adhesive 

“hydrophobic” forces.  This is seen as two hydrophobic surfaces approach each 

other while underwater.21  At micrometer to nanometer separations the confined 

water can undergo cavitation to form unstable bubbles that lead to adhesive forces.     

Of course, not all non-contact forces are attractive.  Non-contact repulsive 

forces can also have several origins such steric hindrance,15 solvation forces,15 

electrostatic repulsion and viscous drainage.  Steric hindrance occurs when two 

polymer covered surfaces come into contact. Upon compression, the polymers are 

forced to occupy the same space leading to entanglement and removal of polymer 
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solvent.  Solvation forces occur between two surfaces that are wetted with a good 

solvent, such as hydrophilic polymer surfaces in water.  As the two surfaces 

approach the equilibrium, molecular structure of the solvent near the two surfaces is 

disrupted. The energy it takes to do this process creates a repulsive force. 

Electrostatic repulsion follows the same force laws as electrostatic attraction, but 

with two similarly charged surfaces.  The only not-contact repulsive force that is 

speed dependent is viscous drainage.22  As two surfaces approach each other in a 

viscous fluid there is a speed dependent force required to squeeze out the interfacial 

fluid.  The force vs. distance relationship for drainage for a fluid of constant 

viscosity (η) at a constant speed (ν) is: 

d

R
F

26πηυ
=  1.4. 

For a thin viscous film the equations of Feibelman23 are more appropriate, these 

equations have proved useful in my analysis of the viscosity of interfacial water 

(Chapter 3).  Finally, it is often found that non-contact forces are a sum of many of 

these forces and it may be difficult to isolate the magnitude of each component.  

One can understand the sources of these forces from knowledge of the two contact 

surfaces and dependences of forces on experimental variables, such as approach 

speed, relative humidity and contact potential difference. 

 Once contact is made between the probe and substrate, one relies on contact 

mechanics to describe the force vs. distance relationship.  The simplest model of 

contact mechanics is the Hertz model24 which describes elastic interaction and does 
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not account for any probe-sample adhesion.  According to this model the force 

depends on the penetration depth (h) and the reduced modulus (E*) through: 

RhEF 2

3
*=  1.5. 

The reduced modulus, a composite elastic modulus for both probe and sample, is 

given by: 

1

2

2

1

1
* 11

4

3
−








 −
+

−
=

EE
E

υυ
 1.6. 

 Here E and ν are the elastic modulus and Poisson ratio of each respective material. 

When using a probe that has a much higher elastic modulus than the sample, most of 

the deformation occurs in the sample and the reduced modulus is a fair 

approximation of the sample only.  Common probe materials include Tungsten, 

diamond, Silicon and Silicon Nitride. 

There are two widely used models that extend the Hertz model to account 

for probe-sample adhesion.  The Johnson, Kendall, Roberts25 (JKR) model accounts 

only for adhesion within the contact area and allows for probe/sample deformation 

because of this adhesion. The Derjaguin, Muller, Toropov20 (DMT) model accounts 

for only non-contact adhesion and does not allow for deformation from the 

adhesion. While there are models that treat conditions between JKR and DMT such 

as the work of Maugis,26 fitting experimental data with these models is quite 

cumbersome.  It should also be noted that the micron sized tips used with the IFM 

create conditions where JKR or Hertz theory is often most appropriate.  As a rule of 
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thumb, JKR is appropriate for large soft contacts and DMT works best for small 

hard contacts. One method to determine which model is appropriate can be found in 

the work of Carpick27 where fitting the contact area (or friction) vs. applied load can 

reveal the appropriate model. 

A major problem common to the models above is applying them to thin 

films.  It is generally accepted that these models work well as long as the 

deformation is less than 10% of the total film thickness.  Unfortunately, the 

thickness of most SAMs is 1-2 nm allowing for contact mechanics to be accurate for 

only 1-2 Å!  Since thin films such as SAMs are often deposited on much harder 

surfaces, these models usually overestimate the elastic modulus of thin films.  The 

Chadwick28 model may be able to provide a better estimation of the elastic modulus 

of thin films.  This model implies a constant volume condition for a bonded 

incompressible elastic film with thickness (t) sandwiched between a rigid (infinite 

modulus) probe and substrate through the following relationship: 

32
33

2
hER

t
F

π
=  1.7. 

The limitation of using contact mechanics on nanoscale thin films 

unfortunately makes comparing results from different experiments fruitless because 

the probe size can vary over many orders of magnitude.  However, using the same 

technique to compare systems with different properties is usually more rewarding.  

Further complicating analysis is the roughness of surfaces which can lead to 

multiple asperity contacts under a much larger stress than predicted through contact 
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mechanics.  Finally, not all forces in contact are repulsive in nature.  Once two 

surfaces touch, wetting of the two surfaces and interfacial bonding can also create 

adhesion. 

Beyond surfaces forces in the direction of the surface normal, I have used 

the IFM to measure lateral forces such as friction between two interfaces and 

shearing of a viscous liquid.  As mentioned above, friction on the nanoscale level 

usually involves multiple asperity contact and is characterized by Amonton’s 

“law”: 16 

LF µµ =  1.8. 

While this “law” began as an empirical relationship for the linear response of 

friction (Fµ) to load (L) through the use a friction coefficient (µ), there has been 

attempts to justify it theoretically.  One such theory is that of Bowden and Tabor 

who took into account plastic deformation of the surfaces.17  According to this 

theory the real area of contact (A) is related to the applied load through the yield 

strength of the material (σY) by: 

Y

L
A

σ
=   1.9. 

They also assume that the friction force is linearly proportional to contact area 

through the friction shear stress (τ), resulting in: 

τµ AF =  1.10. 
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 Therefore, once plastic deformation of the contact is occurring, friction vs. load will 

take a linear relationship.  Bowden and Tabor’s model also includes plowing of 

interlocking asperities that may contribute significantly to friction.   Another theory 

is that of Persson16 who assumed that the real area of contact for macroscale 

contacts is always linear vs. applied load due to randomly rough surface, again 

resulting in Amonton behavior.  Using various sized tips with the IFM to probe 

friction, we can probe single and multiple asperity contacts and often use Amontons 

law or lack there of, to determine the nature of the contact.   

Combining contact mechanics and friction measurements allows one to 

determine the friction shear stress for different materials and to identify the 

processes that create friction on the molecular level.  I have found that it is often of 

interest to change experimental factors such as temperature, sliding speed and time 

between cyclic stressing to further explore friction. The later two factors may be 

explored by using both linescan hysteresis loops and shear modulation to probe 

friction as outlined in Chapter 7.  Both of these methods use the same basic 

technique to measure lateral forces applied to the IFM probe.  When the IFM probe 

moves laterally an addition torque is applied to the sensor.  This torque is 

proportional the lateral forces and changes sign when the probe reverses direction, 

creating hysteresis in the total torque applied to the IFM sensor. These two 

techniques can probe not only sliding friction but also static friction by analyzing 

data in the time domain.  These two types of friction sometimes cannot be 

decoupled as is the case with slip-stick motion. 
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 As with normal forces, friction forces can also occur out of contact.  Such is 

the case with shear of a liquid between two surfaces.  Similar to the aforementioned 

viscous drainage force, the viscosity of a fluid provides resistance to shear.  I have 

used this technique to measure the viscosity of both fluid films confined between 

surfaces and the properties of a nanoscale meniscus formed through capillary 

condensation.3  The viscosity (η) of a fluid is usually estimated by
γ
τ

η = .  In this 

estimation τ is the friction shear stress and γ is the shear rate.  As with friction of 

solids, the friction shear stress is defined as the friction per unit area.  While the 

magnitude of the friction is easy to measure, the area again must be estimated 

through mechanics.  The shear rate also must be estimated, and is often taken to be 

the sliding rate divided by the interfacial separation.  This linear relationship 

assumes the no-slip boundary condition and may not be true on the nanoscale.  

Finally, similar to viscous draining, models have been derived by Feibelman29 to 

treat the case of probe sliding over a thin film of viscous fluid.  

1.3 Brief Review of Publications 

 Chapters 3-7 of this thesis each encompass a publication of my work on 

exploring the mechanical properties of soft interfaces.  These works begin with two 

studies on interfaces with water.  First I study how water meets a hydrophilic 

surface such as silicon oxide.  In this work I used both viscous drainage and 

oscillatory shear measurements to probe the properties of interfacial water.  I found 

that water within ~1 nm of a hydrophilic surface exhibits a viscosity increase by 

~106 times that of bulk water.  The increase in viscosity was observed for both a 
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nanoscale capillary condensate meniscus and for a thin film of water confined 

between two surfaces.   This study also showed that the increase in viscosity is not 

only due to confinement, as by changing to a hydrophobic surface the increase in 

viscosity was not observed. My second study on interfacial water explored the so 

called “liquid-like” layer on the surface of ice.  In this work I probed the 

temperature dependence of the properties of the ice and the “liquid-like” layer 

created by premelting.  Similar to the work on silicon oxide I found that the 

premelted layer on ice has properties somewhere between that of bulk water and ice, 

and disappeared at temperature below ~-30°C.  Our findings indicate that this layer 

acts as a lubricant on the macroscale contact with ice, and offers another explanation 

as why ice is slippery. 

 Moving on from interfacial water, I have also measured the mechanical 

properties of several self-assembled thin films.  Beginning with supported lipid 

films, I have studied both monolayers and bilayers of two different phospholipids.  

These two lipids have the same hydrophilic headgroups and glycerol linkers, only 

differing in the length of there alkyl tails.  The shorter chained lipids tend to form a 

disordered 2-D fluid phase film at room temperature while the longer chained lipids 

pack together to form a more ordered 2-D gel.  By characterizing the friction, elastic 

and plastic properties of these films, I am able to correlate their structure and 

mobility to mechanical properties.  Finally, I have studied the mechanical properties 

of a covalently tethered monolayer, an alkoxy monolayer on silicon.  I find that the 

alkoxy monolayer is able to effectively lubricate and prevent wear of a silicon 
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surface.  This film also shows wear after repeated stressing that decreases the 

friction, contrary to most wear in which the friction increases. 
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Chapter 2.  The Interfacial Force Microscope 

2.1 IFM Design 

Developed in the lab of Jack Houston at Sandia National Labs, the IFM is a 

scanning probe instrument.  At the heart of the microscope is the differential 

capacitance sensor that is able to provide an effectively compliance free element by 

using feedback.  A schematic of the sensor is shown in Fig. 2.1. It consists of an 

etched silicon top plate bonded to a glass substrate.  The glass is etched in a manner 

to create pit, where the capacitors are formed.  The fixed capacitors are created by 

first depositing an adhesive layer of chromium onto the photo-masked glass plate, 

followed by a much thicker gold layer. The gold layer acts as the top of the face of 

the two fixed capacitor pads each with an area of 2500 µm2 and also as the contact 

for electrical connections.  The common center plate is made from a 100 µm sheet 

of doped Si(001) that is etched by a Bosch process1 to create a 25 µm wide trench to 

define the “teeter-totter.”  The top plate “teeter-totter” is designed to have a little 

resistance to rotation around the torsion bar axis, while also having no compliance 

perpendicular to the axis of rotation.  The top silicon plate is then anodically bonded 

to the glass substrate forming two capacitance gaps of ~5 µm, with a capacitance of 

around 15 pf.  A tip, usually an electrochemically etched wire, is mounted (epoxy-

glued) on top of one of the capacitors.  If a force is applied to the tip, one of the 

capacitor gaps narrows and the other widens, depending upon the direction of the 

applied force. 
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The main advantage of using a dual capacitor sensor is that it allows 

balancing any changes in capacitance by an AC bridge. By using a bridge (shown in 

Fig. 2.2), the IFM acts as a null detector and receives output for the transducer as a 

change in capacitance versus the total capacitance.  This method gives the IFM the 

ability to detect changes on the order of 1ppm of the total capacitance. This gives a 

spatial resolution on the Ångstrom level, as a one Å change in the differential 

capacitor gap creates capacitance change of 2.5 ff or 500 µV (with a 10V bridge 

voltage), which is detectable by a common lock-in amplifier.  The AC bridge 

voltage is created with a function generator and summed on a DC voltage of 10V.  

This bridge voltage is fed through RF transformers onto the differential capacitor. 

The bridge voltage, although tunable, is usually 10 V (peak to peak) at a frequency 

of 1 MHz.  The imbalance of the bridge is measured at the common capacitor plate 

on an oscilloscope.  This imbalance signal is first fed into a high-frequency 

preamplifier and then into a lock-in amplifier for demodulation.  The lock-in 

amplifier is used for phase sensitive detection of only the in-phase reactive signal 

and to filter out the out-of-phase resistive component.  As with all lock-in 

amplifiers, the input must be tuned to be in-phase with the reference oscillator. A 

mechanical variable capacitor between one of the RF transformers and a sensor 

capacitor is used to balance the stray capacitance and the natural imbalance of the 

differential-capacitor. 

The nulled bridge imbalance the lock-in amplifier is fed into a standard 

proportional-integral-derivative (PID) feedback controller. As previously stated, any 
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force on the tip will cause a change in the capacitance gaps, which creates another 

bridge imbalance.  The sign of the bridge imbalance is dependant upon the sign of 

the net force applied to the tip. This imbalance is countered by a restoring feedback 

voltage applied to only the capacitor beneath the mounted tip to drive the output of 

the preamplifier to zero.  The sign of the PID feedback voltage is determined by the 

sign of the net applied force acting on the tip.  The PID output voltage is 

proportional to the net applied normal force acting on the tip and can be calibrated 

for quantitative measurements.   

The sensor is calibrated by a laboratory balance using micrometers.  The 

calibration constant can be found by manually displacing the tip and measuring the 

PID voltage and applied force with the laboratory balance. This is done by plotting 

the applied force versus the PID voltage and fitting it to the following equation:     
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Here Fa is the net applied force on the tip in µN, Gf is the gain factor in µN/V2, V0 is 

the 10 V DC voltage that the AC bridge is modulated on top of, and ∆V is the PID 

voltage.  This calibration method commonly gives a Gf value around 1.5 µN/V2 and 

a working range of 2nN to 1 mN, with a resolution of 2nN.  The feedback loop is 

comprised of mostly proportional and integral gain to control the response time.  I 

use a function generator to input a 10 Hz square wave into the sensor and find that a 

response time of fewer than 2ms can be achieved. In addition to the feedback 

voltage applied by the PID controller, an additional DC voltage (labeled ec in Fig. 
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2.2) is used to counter any drift and balance the bridge output with zero applied 

force. 

Currently, the sensor assembly is mounted upside-down on a four quadrant 

piezoelectric outer tube for coarse vertical and lateral movement and an inner 

piezoelectric tube for fine vertical movement.  A sample is mounted directly below 

the sensor on a stage with inchworm piezo movement in all directions.  This setup 

allows for x-y raster scan imaging in both contact and tapping mode. Environment 

control is possible by surrounding the microscope head with a chamber wall and 

mounting the sample on a thermo-electric device.  The entire microscope is 

mounted on a table with vibration-isolation supports. Surrounding the IFM chamber 

with sound dampening foam insulation provides further acoustic vibration isolation.   

 

2.2 IFM Methods  

 A wide range of tribology experiments can be performed with the IFM, from 

3-D imaging to material relaxation measurements.  The most typical IFM 

experiment is the force profile. A force profile starts with the tip hovering at a 

constant load, usually in repulsive contact with a sample.  The tip is withdrawn a 

certain distance and then approaches the sample at a constant rate while the force on 

the tip is recorded. Once the force reaches a specified limit, the tip retracts back the 

same distance that it approached.  Lateral forces can be measured using the IFM in a 

much different manner than the AFM2 or the friction force microscope (FFM).3   

Lateral forces, such as friction, are acquired during a force profile by adding a dither 
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to the tip in the direction perpendicular to the torsion bar axis of rotation.  The 

frequency and amplitude of the dither can be controlled within the range of the 

feedback loop. However, care must be taken not to mistake a low frequency 

modulating lateral force as an actual normal force feature.  In order to separate the 

lateral force from the normal force, we feed the PID voltage into another lock-in 

amplifier. The internal reference oscillator of the lock-in is sent to a high voltage 

controller to modulate the outer piezo tube at a specified frequency.  The frequency 

of modulation is usually chosen to be 100 Hz so that a lateral friction force would 

change sign every 10ms, which is slower than the feedback loop response time.  The 

amplitude of the dither can be controlled from no dither to 9nm.  The phase between 

the driving dither and the lateral force can also be collected from the lock-in 

amplifier.  This allows the in-phase and out-of-phase component can be analyzed 

separately.  Even though methods for analysis of the lateral response phase are not 

yet fully developed, the phase data is helpful in detailing the interaction between the 

tip and sample during force profiles as well as material response during creep and 

relaxation profiles.  In the simplest model we can treat the lateral modulation of the 

tip as a spring element being driven laterally.  Forces that are proportional to the 

acceleration of the tip such as mass effects are 180° out of phase with the drive, 

while forces that are proportional to the speed such as viscous shear forces are 90° 

out of phase.  Once the static friction force becomes large enough the applied lateral 

spring restoring force cannot overcome it, the tip becomes stuck and the phase drop 

to 0°.  
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The friction force Fµ is  calibrated by adding another term to account for the 

distance of the tip from the center of the torsion bar axis (Lp) and the length of the 

tip (Lt) giving the form:  
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Relaxation and creep profiles are also capable of being performed with the 

IFM.  In a relaxation profile, the tip is driven into a sample a set distance and the 

force on the tip is recorded.  A relaxation profile can be taken in either the normal or 

lateral direction.  By fitting the relaxation data to known contact mechanics models, 

the frequency dependent response of a material can be acquired.4 This technique 

allows for the frequency dependent storage and loss modulus of nano-indentation to 

be obtained. By performing a creep profile, the tip is driven into a sample for a set 

amount of time at a constant force and the voltage on the inner piezo tube is 

recorded.  The voltage on the inner piezo tube will indicate how the sample and tip 

are responding spatially to the constant applied force. 

The IFM can be used in a manner similar to that of AFM for topographic 

imaging of a sample.  Contact mode AFM imaging is almost always done with a net 

repulsive load, as maintaining a constant attractive force while scanning is difficult 

with the AFM. The IFM, with the ability to easily counter attractive loads, is able to 

image a sample under either a repulsive or attractive net load on the tip.  As 

previously mentioned the IFM is also able to do intermittent force or tapping mode 

imaging.  While imaging, the IFM maintains a constant force set-point on the tip by 
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moving the entire sensor up or down in the z direction with the inner piezo tube and 

raster scanning in the x and y directions by varying the voltage in the four quadrant 

outer piezo tube.  The IFM is able to vary the voltage on the inner piezo tube by 

using a separate image controller.  The image controller feedback loop has a range 

of +10 V to -10 V. The image controller output is directly applied to a high voltage 

operational amplifier controller and then to the inner piezo tube to maintain the 

force set-point. If the image controller is saturated while trying to maintain the set-

point, a larger step will be taken with the outer piezo tube.  A surface force image is 

acquired by mapping the image controller output at each x-y position during a raster 

scan.  The surface force image is directly related to topography for a homogenous 

surface.  Care must be taken when interpreting an image of an inhomogeneous 

sample with domains of soft material, as soft materials may be indented with a 

under a load, giving a falsely lower profile.  

Probe tips for the IFM can be made out of almost any solid material, as long 

as it can be attached to the silicon top plate.  The most common IFM tips are made 

from tungsten or gold wires, or from silica tubes or beads.  Tungsten tips are chosen 

because of their high stiffness, and are electrochemically etched using NaOH or 

KOH.  Though tungsten tips can be directly functionalized,5 gold tips are used for 

their ability to be functionalized by using well established Au-S linkages for 

alkanethiol monolayers.6 Gold tips are electrochemically etched using a 3:1 H2SO4/ 

30% H2O2 solution.  These two metal tips are the most commonly used and can be 

fashioned to have a radius of curvature at their apex from 100 nm to many microns.  
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Silica tips are either fabricated by firing the end of a hollow capillary tube with a 

flame or by using an adhesive to mount a bead of known size to the end of a hollow 

tungsten tube.  The tips are mounted to the silicon top plate using a conductive 

silver epoxy to minimize charging.  The size of the tips can be determined using a 

scanning electron microscope or using in-situ methods.  In-situ methods include 

scanning the tips of sharp SiN grating or raster scanning over sharp SiN spikes.  In 

both of these methods the SiN grating or spikes are much sharper than the tip, so the 

scan generates an image of the tip instead of the sample.  This method is similar to 

that used for imaging of AFM tips.7  

 

 



 25

 

Figure 2.1.  Schematic top view (upper) and side view (lower) illustration of the 

IFM sensor. 
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Figure 2.2.  A schematic illustration of the IFM controller electronics.  An AC 
bridge is used to detect a change in capacitance.  The bridge imbalance is zeroed by 
applying a DC voltage (∆V) to one side of the differential capacitor sensor. 
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Chapter 3. Hydrophilicity and the Viscosity of Interfacial Water 

Reproduced with permission from [Goertz, M. P; Houston J. E; Zhu, X.-Y. 

Langmuir 2007,  23(10),  5491-7.] Copyright [2007] American Chemical Society. 

3.1 Introduction 

Interfacial water is important to a wide range of surface processes such as 

protein folding,1-3 stability of colloid suspensions,2,4 enzyme activity,5,6 swelling in 

clays,7,8 stiction in micro-electromechanical systems (MEMS),9 and scanning probe 

microscopy.10,11 The ordering of water molecules on the nanometer scale next to 

hydrophilic surfaces has been studied extensively through vibrational 

spectroscopy,12-14 scattering techniques,7,15 atomic force microscopy (AFM) 

imaging,16,17 and computer simulations.18,19 Experiments on the surface of SiO2, one 

of the most abundant materials on earth,20 have revealed a change in intermolecular 

bonding of interfacial water that is attributed to an increase in the ordering of water 

molecules near the surface.11-13  While these results indicated that the interfacial 

water was “structured”, it was unable to solidify to an “ice-like structure” at room 

temperature and neutral pH.  Previous studies concluded that, at intermediate pH 

values above the isoelectric point of silica (~2-3), there is competition between 

water molecules hydrogen bonding to protonated silanol (Si-OH) groups with their 

dipoles pointed away from the surface and water molecules aligning in the electric 

field of deprotonated silanol anions on the surface with their dipoles pointing into 

the surface.12  



 29

Although thin water films adsorbed on silica and other hydrophilic surfaces do 

not usually solidify at room temperature, they do possess physical properties 

distinctly different from those of bulk liquid water.  It is well known that there is a 

repulsive force between hydrated surfaces in close proximity of 1-3 nm.21 Examples 

include oxides (silica, alumina, mica, clay) and molecules (lipids, DNA, surfactants, 

etc.).  This interfacial repulsion, termed hydration forces or hydration repulsion, has 

been attributed to the energetic requirement of disturbing the hydration structure 

near the surface.  Force measurements by a number of techniques, including surface 

force apparatus (SFA), AFM and osmotic stress, have established an exponentially 

decaying repulsive force between hydrated surfaces, with the decay length in the 

range of 0.2-1.4 nm.  Unlike the long-range electrostatic double-layer force, which 

depends strongly on ionic strength, the short-range hydration force is independent of 

ionic strength.  While theoretical models, such as the DLVO (Derjaguin, Landau, 

Verwey, and Overbeek) theory,22,23 are well established for the electrostatic 

repulsion, no quantitative theory yet exists for the hydration force. 

Shear force measurements have also shown distinctly different mechanical 

properties of adsorbed water on hydrophilic surfaces.  However, experimental 

results are more varied as compared to those dealing with the hydration force.  An 

earlier measurement by Israelachvili using the SFA technique showed bulk-like 

viscosity of water confined between two mica surfaces with interfacial separation < 

2 nm.24  Klein and coworkers carried out SFA measurements and reported no 

appreciable change25,26 over the viscosity of bulk values for water confined between 
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two mica surfaces at interfacial separation ≤ 3.5 nm.  An AFM study also suggested 

that adsorbed water on hydrophilic surfaces acts as a lubricant.27  In contrast, 

Granick and coworkers found, using SFA, that an ionic water solution compressed 

by two mica surfaces exhibited azimuthal angle dependent shear viscosity up to 

three orders of magnitude higher than that of bulk water.28  This is in agreement 

with a shear-force microscopy study, which showed the rapid rise in viscosity of 

confined water as interfacial separation decreases below ~1 nm.29  It is possible that 

discrepancies among SFA measurements are due to differences in absolute distance 

calibration or surface contamination.  Nanometer-scale differences in interfacial 

separation may produce or inhibit the formation of a bulk-like water slip plane 

between the viscous water layers, since the decay length expected for adsorbed 

water from hydration-force measurements is on the 0.2-1.4 nm scale.  It is also 

possible that differences in ionic strength may play a role, though previous 

measurements on hydration repulsion would suggest otherwise.  Recently, Butt, 

Cappella, and Kappl published a comprehensive review of force measurements with 

the AFM,30 providing excellent discussions on forces of confined liquids, including 

water, as well as current theoretical understanding. 

We have used interfacial force microscopy (IFM)31,32 to measure normal and 

shear forces of water at confined interfaces.33  The self-balancing force-feedback 

sensor of the IFM allows for the quantification of the full range of attractive and 

repulsive forces between a probe tip and substrate.  The IFM sensor eliminates the 

“jump-to-contact” instability that hinders standard compliance-based force-
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microscopy techniques such as the AFM and the SFA.  Also, the IFM allows the 

simultaneous measurement of the normal and shear forces.  Previous IFM 

measurements carried out with controlled humidity showed the formation of a water 

meniscus between two hydrophilic –COOH terminated alkanethiol self-assembled 

monolayers (SAMs) on a gold substrate and the tip with ≤ 1 nm interfacial 

separation.33  The simultaneously recorded shear force peaks at ~0.6 nm interfacial 

separation and corresponds to a viscosity approximately six orders-of-magnitude 

greater than that of bulk water at room temperature.  Interestingly, this exceptionally 

high viscosity is of the same order as that reported earlier from IFM measurements 

under water for hydrophilic, oligoethyleneglycol-terminated alkanethiol SAMs on a 

Au substrate and tip.34  In this case, the observed repulsive drainage force at the 

nanometer scale, again, corresponded to an effective viscosity of approximately 106 

times higher than that of bulk water.  

Is the 106 increase in the confined-water viscosity from previous IFM 

measurements unique to surfaces terminated with self-assembled monolayers?  One 

important property of SAMs is that they are structurally ordered in two-dimensions; 

but, is structural order of the substrate surface important to the formation of the 

viscous water film?  One may expect the answer to be “yes”, since most 

experimental measurements on the mechanical properties of confined liquids have 

come from SFA experiments using the crystalline mica surface.  These 

measurements have shown the ordering, particularly the layering of liquid 
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molecules confined between the mica surfaces.1 The forced structural order under 

confinement has been used to explain the high viscosity of a variety of liquids.35  

In order to answer the two questions raised above, we conducted IFM 

measurements of the viscosity of confined water using an amorphous silica surface 

(native oxide terminated silicon wafer) and oxide-terminated W tip.  We obtained 

viscosity values from friction force measurements for a water meniscus formed 

between the tip and the silica surface under ambient conditions, as well as, from 

friction and normal force measurements for the interfaces under water.  In all three 

types of measurements, we obtained an effective viscosity ~106 times greater than 

that of bulk water for interfacial separation on the nanometer scale.  This kind of 

viscous interfacial water film does not exist when the hydrophilicity of the oxide-

terminated silicon surface is degraded, e.g., by terminating the silicon surface with -

H or -CH3. Thus, it is clear that the criterion for the formation of a viscous 

interphase water film is the hydrophilic nature of the surface.  The role of the 

surface structure is, as yet, not clear. 

 

3.2 Experimental 

Force profiles, i.e., normal force versus relative interfacial separation, and 

viscous drainage experiments were carried out in a manner as previously 

described.33,34 Lateral forces were measured by driving the tip laterally with a ~16 Å 

peak-to-peak dither at 100 Hz and synchronously detecting the force signal with a 

lock-in amplifier.  This method allowed for the magnitude and the phase to be 
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simultaneously recorded as a function of the normal force.  The relative humidity 

(RH) was controlled in the chamber by using N2 flow through a water-filled 

bubbler.  For measurements in water, a small amount of ultra-pure water 

(>18MΩ.cm) was placed between the tip and the surface.  All data reported were 

recorded at room temperature (~25°C). 

IFM tips made by electrochemical etching W wire were subsequently imaged 

with a scanning electron microscopy, as well as optical microscopy, to determine 

their general morphology and size.  Before use, all tips were cleaned in 3:1 

concentrated H2SO4/30% H202 (Piranha) to remove organic contaminates and 

thoroughly rinsed in ultra-pure water (Caution! Piranha is a strong oxidant and 

reacts violently with organic substances).  All silicon surfaces were prepared from 

n-type doped Si(111) wafer (0.8-10 Ω-cm).  The surfaces were first sonicated in 

acetone for 5 minutes to remove particulates, boiled at 100°C in Piranha for 2 hours, 

and thoroughly rinsed with ultra-pure water.  Wafers were then blown dry with high 

purity N2.  This procedure leaves a very hydrophilic surface with the native oxide of 

the silicon intact, terminated by hydroxyl groups.  We will refer to this surface here 

as SiO2-OH.  Water wet the oxide surface completely, making contact angle 

measurement impossible.  Hydrogen-terminated silicon surfaces were prepared by 

placing a clean silicon sample in a 50% HF solution for 1 minute to remove the 

surface oxide, leaving the surface terminated by hydrogen, referred to here as Si-H 

(Proper personal protective equipment necessary to minimize exposure to the HF 

solution).  Methyl-terminated surfaces were prepared by first removing the oxide 
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layer by placing the Si sample in a 40% NH4F solution for 4 minutes while sparging 

the solution with high purity Ar.  The wafer was briefly rinsed with ultra-pure water 

and inserted into a vacuum line with a base pressure of ~10 mTorr.  The surface was 

chlorinated by 3 repeated 5 minute exposures to a 6 Torr atmosphere of Cl2 at 80°C.  

After chlorination the wafer was placed in a reactor with 10 ml of 3M ClMgCH3 in 

tetrahydrofuran (THF), along with 40 ml excess anhydrous THF, for 4 hours at 65° 

C.  Unreacted reagents were removed by sonicating the wafer in THF and then 

briefly rinsing with ultra-pure water.  This process resulted in a surface densely 

covered by terminal –CH3 groups, referred to here as Si-CH3.  Data was taken 

immediately after preparation to reduce the risk of surface contamination. 

 

3.3 Results  

The first set of experiments was carried out under ambient conditions with 

controlled humidity (RH ~45%).  We measured both the normal and lateral forces 

on the probe tip as it approached contact through water formed by adsorption and 

capillary condensation. Figure 3.1A shows normal (FN) and the magnitude of the 

lateral-force (FMag) as the W probe tip of radius ~10 µm approaches the SiO2-OH 

surface.  The lateral force shows a peak at a relative displacement of ~37 Å.  The 

appearance of the peak is similar to that previously observed on hydrophilic SAM 

terminated surfaces33 and arises from the probe tip driving laterally through a 

viscous nanometer size meniscus of water.  Although it is difficult to determine the 

exact point of interfacial contact, it is most likely slightly before the attractive 
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normal-force maximum, indicated by the dashed vertical line at a relative 

displacement of ~24 Å.   Since energy dissipation (friction), due to the lateral 

motion, will appear in quadrature (90° out of phase) with the dither drive, we only 

consider this component when analyzing friction data.  The quadrature component, 

and thus the friction component, of the lateral force is shown in Figure 3.1C and is 

given by the relation, 

 

 FFric = FMag ⋅ sin(θ), (1) 

 

where θ is the phase angle shown in Figure 3.1B. The importance of using the 

quadrature component of the lateral force in data analysis was not appreciated in 

previous work, in which the analysis was done with Fmag, not FFric.
33 Here, the out-

of-contact peak in FFric is more prominent than that in Fmag. We also see additional 

peak(s) in FFric after contact is made.  The nominal quantity of FFric in the contact 

region has complex origins. The tip undergoes stick-slip motion (θ > 0) or is 

completely stuck (θ = 0) with the substrate surface. In this report, we only focus on 

the out-of-contact region. We do not attempt a physical interpretation of lateral 

force after contact is made. 

Note that surface cleanness is of critical importance to obtaining reliable data. 

All measurements shown here are obtained for freshly prepared surfaces. After a 

period of a few hours, the system (water/surface conditions) deteriorates and the out 
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of contact peak in FFric gradually disappears, presumably, because of a decrease in 

the level of hydrophilicity from adsorbed contaminates. 

Previous results have shown that the hydrophilicity of the surface plays a large 

role in the formation of viscous interphase water.33,34 In order to investigate this, we 

degraded the hydrophilicity by terminating the Si surface with –H, instead of the –

OH termination on the native oxide surface.  We observe that this greatly diminishes 

the out of contact friction-force peak, as seen in Figure 3.2.  The normal force 

profiles show that the attractive well for the Si-H surface is shallower than that of 

the SiO2–OH surface, due to reduction in capillary condensation and the associated 

Laplace pressure.     

As a comparison to results obtained under ambient conditions presumably due to 

the water meniscus, we carry out measurements for the tip and the surface immersed 

in water.  Figure 3.3 shows the normal and the friction force as a W tip approaches a 

SiO2–OH surface submerged in water.  Similar to results shown in Figure 3.1C, we 

observe a rise in the friction force before repulsive contact is made. Again, we focus 

on the out-of-contact region and do not attempt a physical interpretation of the 

nominal friction force after contact in made. The gray curve is a fit to be discussed 

later. For the experiment carried out under submerged conditions, the normal force 

profiles also provide quantitative information on the physical properties, particularly 

the viscosity of the hydration layer. This involves the velocity dependent drainage 

of the viscous interface water layer between the tip and the substrate surface.34 

Figure 3.4 shows the behavior of the normal force for an oxide terminated W probe 
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tip approaching a hydrophilic SiO2–OH surface (A) and a hydrophobic Si-CH3 

surface (B) in water.  For the hydrophilic surface, the normal force shows a 

repulsive region that scales positively with approaching speed, νa.  For comparison, 

the normal force on the Si-CH3 surface is virtually independent of the speed. 

 

3.4 Discussions 

In analyzing the viscous behavior of interfacial water, we first consider the 

forces at the largest interfacial separations.  Figures 3.1A and 3.1B show that as the 

tip approaches the substrate the lateral force begins to increase with a phase of 

~150°.  This distance is near the point where the attractive (negative) normal force 

begins to increase both from contact of the two adsorbed water films and capillary 

condensation of water in the interfacial gap.  We attribute the small increase in 

lateral force to an inertial effect due to the mass of a water meniscus as we drive the 

tip back and forth, which would give a phase of ~180°, similar to a mass oscillating 

on the end of the spring-like tip, and only a small component of friction, as 

indicated in panel 1C.  As the tip approaches the substrate more closely, the lateral 

force rises and peaks before making interfacial contact, i.e., in the area where only 

the behavior of the meniscus itself is observed under the influence of the later tip 

motion. 

Assuming the out of contact friction peak of Figure 3.1C is due to the water 

meniscus, the observed behavior must either by due to a viscous flow pattern within 

the meniscus itself or, perhaps, to the hysteretic effect of the advancing/receding 
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contact behavior as the tip moves back and forth.  Such behavior is clearly observed 

if the tip is moved back and forth in a line-scan mode over several tens of Å.  If we 

assume first that the meniscus water has a high viscosity due to it small initial 

confinement, we can make a crude calculation of what the viscosity would have to 

be in order to produce the observed results. We start by calculating cross sectional 

area (Am) of the water meniscus from the attractive normal force and the Kelvin 

radius (rK) of the meniscus given by,1 

)/ln( s

M
K ppRT

V
r OH2

γ
= , (2) 

where γH2O, VM, R, T, and p/ps are the surface tension, the molar volume of the water 

meniscus, the gas constant, the absolute temperature, and the relative humidity, 

respectively. Using the values of bulk water at 20oC, we have rK = -1.6 nm at 45% 

RH. The Laplace pressure1 of the water meniscus is PL = γH2O/rK and the capillary 

force is FN = AmPL. When the out of contact friction force peaks, the corresponding 

attractive normal force (FN = -0.8 µN) indicates the size of the meniscus is Am ~ 

7280 nm2. Note that γH2O of the nanoscopic meniscus is not known and the 

calculation uses the value for liquid water. For comparison, the surface tension of 

ice can be as high as twice that of liquid water. 36 

Under the simple assumption that the velocity profile under shear is linear and 

given by Am, the peak friction force value of Fµ
 = 28 nN, and an experimental shear 
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velocity of vs = 3200 nm/s, we can calculate the effective viscosity (ηeff ) of the 

water meniscus as, 
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eff ν

η µ , (3)  

where d (~ 1.3 nm) is the interfacial distance at which the friction force peaks. The 

effective viscosity of the water meniscus between two hydrophilic surfaces based on 

this estimate is more than six orders of magnitude higher than the viscosity of bulk 

water (ηbulk = 8.6x10-4 Pa.s at room temperature).  Within the level of our 

approximations, these results generally agree with friction-forces measured for a 

viscous interfacial water meniscus on hydrophilic SAMs, where a value of ~30 kPa.s 

was obtained.33 Under this assumption, the fall in friction could be attributed to the 

growth of the meniscus, which would decrease the level of confinement and, thus, 

the viscosity.  Three other possibilities remain. 

The first attributes the friction drop to the increasing shear rate as the tip 

nears the surface.  The shear rate varies as the lateral tip velocity divided by the 

relative separation of the tip and substrate.  As the tip approaches the surface the 

shear rate dramatically increases.  It is possible that there is a threshold shear-rate 

value where the “no-slip” boundary condition no longer applies and interfacial slip 

occurs, reducing the friction level.37  The second also involves the increased shear 

rate, along with the fact that the tip runs back and forth over the same interfacial 
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region. This may lead to a degradation of the interphase-water structure, again, 

reducing the friction level.  A final factor is an instrument effect involving the 

lateral compliance of the tip and sensor.  The sensor is being driven in lateral 

displacement by a constant amplitude sine wave.  The detection system can, thus, be 

modeled by a spring and viscous “dash pot” in series.  Under a displacement drive, a 

very stiff spring (relative to the viscosity), will result in the displacement principally 

involving the viscous element (in quadrature with the lateral drive).  Conversely, a 

weak spring will cause the displacement to occur mainly in the spring element (in 

phase with the lateral drive).  Therefore, if one plots only the quadrature component 

of the force resulting from the displacement, the measured friction force will be a 

maximum at the point where the spring and viscous displacement are equal.  In the 

present case, the spring has a constant compliance coefficient, while the viscosity 

dramatically increases as the interfaces approach.  With lateral tip/sensor 

compliance, such behavior will always produce a peak in the friction-force signal.  

However, in actually modeling such a system, the initial rise and narrow nature of 

the data shown in Figure 3.1C cannot be adequately reproduced.  Thus, although 

this effect may play a role, it does not give an adequate explanation of the out of 

contact friction behavior.  Contrarily, the “in contact” friction peak observed from 

contact of the tip with the substrate can be adequately modelled with a “dash pot” 

model as after contact, the phase drops to ~0o and Fmag settles at a constant level, 

indicating that the tip is effectively stuck under a high load. 
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In agreement with previous results33 we observe that changing the hydrophilicity 

of the surface affects the viscosity level of the interfacial water.  As seen in Figure 

3.2, degrading the hydrophilicity of the surface by terminated it with –H, instead of 

the native oxide, leads to a dramatic decrease in the intensity of the out-of-contact 

friction peak, implying a reduction in the ability of the surface to from the viscous 

interfacial-water meniscus.  The small peak remaining in the friction force is 

attributed to the viscous interfacial water present on the hydrophilic tip.  

In order to establish that the observed the friction-force behavior seen in Figure 

3.1C is not unique to the small water meniscus, we obtain similar data on the same 

tip/substrate combination while both are immersed in water. The results are shown 

in Figure 3.3, along with a fit to the model described by Feibelman for a spherical 

tip moving in shear near a surface both covered by thin interfacial water films 

having finite thickness and constant viscosity.38  In this case, the meniscus still 

exists, but it is large and can be adequately compensated for, since its contribution 

to the total tip/substrate force is constant over the extent of a force-profile data.  

This lateral-force model yields the approximate relationship, 

 

 Fη = 2πηω x0Rln(
2w

D
), (4) 

 

where η, ω  and x0 are the interphase film viscosity, the angular frequency of the 

lateral dither and the dither amplitude, respectively.  The approximation is accurate 

for values of 2w/D less than ~0.5.38 The solid grey line in Figure 3.3 shows a fit to 
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the initial rise of the friction force peak according to the Feibelman model.  The fit 

reveals an interphase-layer thickness of ~7Å, and a calculated viscosity of ~4.1 

kPa.s.  Although the Feibelman model is appropriate for a thin film of constant 

viscosity and discrete thickness, the actual film may not have such attributes.   

The results from measurements under submerged conditions in Figure 3.3 

appear slightly different than those of Figure 3.1C.  The adhesive force, which here 

should be principally due to a van der Waals interaction, is virtually eliminated by 

the presence of the intervening water.1 The friction force has a similar appearance to 

the meniscus case.  In this case, we observe only a single friction peak.  The reason 

for the single peak is that, in this case, the out of contact friction is not from of a 

viscous meniscus but from contact of two thin films of viscous interfacial water.  

The level of friction caused by contact of the two interfacial films gives rise to a 

sharp initial rise starting about 5-6 Å ahead of tip/substrate contact.  At this peak in 

the friction force, the phase dramatically begins to drop to zero because the tip 

begins to stick during an ever increasing portion of the lateral cycle, causing the 

phase (not shown) to decease to ~0o.  However, the results clearly indicated that the 

viscous interphase water layer is present at essentially the same level for the SiO2–

OH surface in both the low-level meniscus and tip/substrate immersion cases.  As 

with the meniscus experiment, a control Si-CH3 under water surface shows no 

appreciable out of contact friction (not shown). 

 Further support for a viscous interfacial-water layer on SiO2–OH comes 

from drainage-force experiments.  A repulsive drainage force that scales directly 
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with tip approach speed (νa) for a tip and substrate immersed in water has been 

observed in earlier IFM experiments by Kim et al. for an Au tip and an Au substrate 

both functionalized with a hydrophilic oligoethyleneglycol-terminated SAM film.34  

In the classical example of a sphere approaching a flat surface in a Newtonian liquid 

(viscosity independent of shear rate), the repulsive force is given by,  

 

Fη = 6πηυa

R2

D
, (5) 

  

where η is the viscosity of the liquid; νa is the approach speed; R the tip radius and 

D (<< R) is the interfacial separation.39 Recently, Feibelman developed a 

modification to this model to account for the situation where constant-viscosity 

interphase layers with fixed thicknesses on both tip and substrate approached each 

other at a constant velocity while immersed in bulk water.  The Feibelman drainage 

model takes the form,40  
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where η and w are the viscosity and the viscous-layer thicknesses on both 

hydrophilic surfaces, respectively.   

In fitting the experimental data to Eq. 6, we need to take into account the small 

compliance of the tip and substrate as well as the two SAM films, as described 
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earlier by Kim, et al.34 This makes it possible to better isolate the behavior of only 

the viscous-water layer.  The procedure involves first fitting force profiles taken 

under dry conditions to known contact mechanics models to obtain the in-contact 

force versus displacement relationship. The Johnson-Kendall-Roberts (JKR)41,42 

model was used for a spherical tip deforming a flat surface in the presence of 

adhesion.  We carry out IFM measurements at low relative humidity (RH <5%) to 

minimize the possible effect of interfacial water on compliance characterization.  

We note that even though we use the JRK procedure in order to obtain the 

compliance behavior in the repulsive region, none of the standard contact mechanics 

models are able to fit real data in the attractive region.  However, since there is 

negligible adhesion in the present case the JKR or Hertz models will work well in 

the repulsive region, which is the only region of interest here. 

Figure 3.5 shows normal force profiles on the SiO2-OH surface and the Si-CH3 

surface at <5% RH.  The JKR fit to each force profile yields a composite modulus 

of ~38 GPa for both surfaces.  Once the composite modulus is known, it can be 

removed from the force profiles by adjusting the displacement axis using the 

Hertzian relationship between force and displacement for the tip and substrate.34,43 

The results are shown in Figure 3.6, which indicates the behavior of the viscous 

interfacial water corrected for the film/film compliance.  The solid lines in Figure 

3.6A are fits to Eq. 6, which yield a common value for the effective viscosity of ~7 

kPa.s and an interphase water film thickness of ~17 Å.  Similar results for the 

hydrophobic Si-CH3, are shown in Figure 3.6B, indicating little velocity-dependent 
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behavior.  The small residual velocity-dependent force is attributed to the viscous 

interphase water present on the hydrophilic W tip. 

The estimated viscosity values of 1.6-7 kPa.s for interfacial water on SiO2-OH 

from the three types of measurements presented above are of the same order as 

those on the carboxylic acid- or oligoethyleneglycol-terminated SAMs reported 

earlier.33,34  These values are about 6-7 orders-of-magnitude larger than the 0.89 

mPa·s of bulk water at 25°C,44 but still 7 orders-of-magnitude smaller than the 10 

GPa·s viscosity reported for bulk ice.45  The values of ~7-17 Å for the thickness of 

the viscous water layer also agrees well with the reported value of ~3-4 molecular-

layer thicknesses of “ice-like” water films on SiO2–OH from vibrational 

spectroscopy.13 

Contrary to the work of Antognozzi,29 we do not see evidence of oscillations in 

the force profiles corresponding to the layering of interfacial water.  This difference 

can be attributed to the size differences of the contact areas between the 

experiments.  The larger contact area in our IFM experiment may allow for 

interference effects due to unavoidable surface roughness, thus canceling out 

observations of layering.  

Though we have shown an increase in viscosity of water near a hydrophilic 

surface, the exact cause of this phenomenon is unclear.  We propose two 

explanations for the increase: one is the increase in the intermolecular hydrogen 

bonding between water molecules at the surface of SiO2-OH, as observed with 

attenuated total reflection-infrared (ATR-IR)13,14 spectroscopy and sum frequency 
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generation (SFG) spectroscopy.12 The ATR-IR work has shown that a thin film (~3-

4 monolayers) of “ice-like” water is present at a SiO2/H2O interface.13 The SFG 

experiment also show an increase in order due to hydrogen bonding of water to 

surface Si-OH groups and electrostatic interaction with charged surface groups.12  

The fact that we see a strongly viscous interphase only for highly hydrophilic 

surface combinations, supports this explanation.  A second possible reason is the 

slowing of hydrogen bonding and orientation dynamics for nano-confined water.46  

Previous work has shown that the rate of energy transfer for water molecules 

confined in a “molecular cage” slows down by a factor of 20 over that of bulk 

water.46 The reason for this is that in bulk water the energy barriers to hydrogen-

bond breaking and the changing of molecular orientation for subsequent hydrogen 

bond creation is relatively low.  In comparison, water molecules under nano-

confinement have a higher barrier to hydrogen bond reorganization as the 

confinement creates less neighboring water molecules spatially available for 

hydrogen bonding.  

Considering the assumptions made in the derivation of our models for using 

both normal and shear forces in calculating viscosity, our experimentally-derived 

values should be considered only as order-of-magnitude estimate.  As previously 

stated, we could improve this model by including shear slip,37 which is likely to 

occur when the tip moving in shear very close to contact with the substrate, as well 

as by creating a better model for the mechanical behavior of the tip and sensor.  

Note also that we are currently limited to using continuum models of our nanoscale 
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systems.  Obvious problems are encountered here, since discrete molecular/atomic 

models are needed at this length scale.   

 

3.5 Conclusions 

We have presented evidence for a viscous, interfacial-water layer on highly 

hydrophilic surfaces with viscosity values 6-7 orders-of-magnitude larger than that 

of bulk water.  We have conducted two separate experiments that verify these 

results for both water forming a small meniscus between hydrophilic tip and 

substrate under humid conditions, as well as for both tip and substrate immersed in 

bulk water. In contrast, experiments on surfaces modified by hydrophobic films 

show a dramatic decrease in the viscous behavior. Thus, the strength of the 

interfacial surface binding with water is a key factor in the formation of the viscous 

interphase.  Previous spectroscopy work in this field has provided insight into the 

increase in ordering and hydrogen-bond dynamics that are undoubtedly critical to 

the creation of the observed increase in viscosity.  In addition, our values for the 

thickness of the viscous interfacial-water layer (7-17 Å) agree reasonably well with 

the ~10 Å thickness determined by spectroscopy.  Future work is needed to 

investigate the details of the viscoelastic behavior of the interfacial water.  These 

will involve detailed relaxation measurements of the draining behavior as the tip is 

stepped toward and away from the substrate at various levels of separation.  Such 

work is critical to obtaining a microscopic understanding of both the interfacial and 

intermolecular bonding and how they impact the viscoelastic behavior.  
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Figure 3.1. (A) Normal force (filled squares) and the magnitude of the lateral-force 

(open circles) vs. relative tip displacement.  (B) Phase between the lateral force and 

the dither drive vs. relative displacement.  (C) Normal force (filled squares) and 

friction force (open circles) vs. relative displacement.  The dashed vertical line is an 

approximation of tip-substrate contact.  Force profiles were taken at ~45% RH on a 

SiO2-OH surface with a ~10 µm W tip. 
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Figure 3.2.  Normal force (filled squares) and of the lateral-force magnitude (open 

circles) vs. relative displacement taken on a Si-H surface at 45% RH ~10 µm W tip.  
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Figure 3.3.  Normal force (filled squares) and friction force (open circles) vs. 

relative separation taken on a SiO2-OH surface in water with a ~1.3 µm W tip.  The 

solid grey line is fit discussed in the text. 
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Figure 3.4. (A)  Normal force vs. relative displacement as a ~1.3 µm W tip 

approaches a SiO2–OH surface in water at varying speeds.  An increasing viscous 

response in the normal force is seen with increasing approach speed. (B) Normal 

force vs. relative displacement as the tip used in (A) approaches a Si-CH3 surface in 

water at varying speeds.  The approach-speed dependent viscous drainage force has 

virtually disappeared. 
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Figure 3.5. Normal force vs. relative displacement for SiO2-OH (open triangles) 

and Si-CH3 (open squares) at 5% RH with a ~1.3 µm W tip.  Solid lines indicate fits 

to the JKR model.  The fits for both surfaces yield a composite modulus of ~38 

GPa. 
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Figure 3.6. Normal force vs. relative displacement as the tip approaches a SiO2-OH 

surface in water at varying speeds corrected for the film/film compliance.  The solid 

lines represent a best fit using the Feibelman drainage model with a 17 Å interphase 

layer having a viscosity of 7 kPa.s.  (B) Similar data for the Si-CH3 surface in water.   

Force profiles were taken with a ~1.3 µm W tip. 
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Chapter 4. Exploring the Liquid-Like Layer on the Ice Surface 

Reproduced with permission from [Goertz, M.P.; Zhu, X.-Y.; Houston, J.E. 

Langmuir 2009 (In Press)] Copyright [2009] American Chemical Society.  

4.1 Introduction 

The debate on why ice is so slippery has been going on for almost 160 years and 

is presently thought to be the result of a thin, lubricating water layer on the ice 

surface even at temperatures well below the melting point.1,2 This water film, termed 

a “liquid-like layer” (L-LL), is the result of premelting and is expected to possess 

physical properties between those of water and ice. The presence of the L-LL has 

been verified by a wide range of physical techniques, including optical 

spectroscopy,3 scattering,4 proton channeling,5 ellipsometry,6 wire regelation,7 

calorimetry,8 and scanning probe microscopy.9,10,11,12,13 Several review articles have 

summarized previous work in this field.1,2,14,15 The general consensus is that the L-

LL exists on the ice surface at temperatures higher than approximately -35oC, and 

that its thickness increases with temperature. While premelting is common to many 

solids, only for ice, with a melting point of 0°C, does it have broad consequences, 

ranging from geological and atmospheric sciences to daily life.  

 Despite all the physical measurements, surprisingly little is known about the 

mechanical properties of the L-LL when one brings a solid surface into contact with 

ice. For example, does the L-LL wet a hydrophilic surface?  If so, does the resulting 

interaction create a meniscus-like attractive force and what are its viscoelastic 

properties?  To shed light on these questions, we carry out quantitative 
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measurements of the ice surface using Interfacial Force Microscopy (IFM).16,17 We 

find that the L-LL is responsible for a thickness dependent adhesive-force behavior, 

whose general appearance is similar to that of a meniscus formation but, in detail, 

does not fit the behavior predicted, for example, by a simple Laplace-pressure 

analysis. In addition, friction measurements, obtained synchronously by imposing a 

small lateral-dither displacement on the probe, shows a rapid rise in the friction 

force within ~20 nm of repulsive contact with the solid-ice surface, indicating a 

viscous near-surface “interfacial” film within the overall L-LL.  

 

4.2 Experimental 

The IFM is a scanning force microscope, similar to the atomic force microscope 

(AFM), but is distinguished by a self-balancing, force-feedback sensor. The unique 

sensor allows the full range of adhesive and repulsive forces to be measured from 

~1 nN to 350 µN, without the typical jump-to-contact instability of spring-based 

sensors. The probe used here was a pulled glass rod with a ~150 µm spherical-tip 

radius.  The probe was cleaned in Piranha (3:1 conc. H2SO4/ 30% H2O2; Caution! 

Piranha solution is a strong oxidant and reacts violently with organic substances) to 

remove any adventitious adsorbed organic contaminants resulting in a clean-glass 

surface having a water contact angle of ~0°.  Ice samples were grown from drops of 

Millipore ultra-pure water (18MΩ.cm) on a metal substrate cooled by a Peltier 

cooler to a temperature as low as -30.0±0.1°C.  The ice samples were annealed 

through multiple thaw/freeze cycles to attain an optically smooth surface. All 
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measurements were carried out in dry N2 to minimize condensation at low 

temperatures.  

 In the IFM measurements, the sample stage was cooled while the glass tip 

was not. However, we carried out thermal transport modeling using a finite element 

code within the COMSOL software package and found that the temperature of the 

glass tip, while in the vicinity of the ice surface, should  be < 1oC higher than that of 

the ice surface. For each force profile, the probe approached a freshly annealed ice 

surface at a constant rate while recording the normal force.  Friction forces were 

simultaneously obtained by driving the sensor laterally with a ~3 nm peak-to-peak, 

50-200 Hz dither and synchronously detecting the force signal with a lock-in 

amplifier. The dissipative, or friction component, of the lateral force signal, was 

obtained by recording that portion of the signal in quadrature with the dither drive 

signal.  

 

4.3 Results and Discussion 

The presence of a L-LL is evident in the normal force profiles shown in Fig. 

4.1(a) as the spherical glass probe approaches the ice surface from left to right. The 

most prominent feature is an attractive region (negative forces) shrinking in both 

width and magnitude as the temperature decreases. At -30oC the attractive force is 

essentially negligible.  The rapid rise in normal force at displacements to the right of 

zero indicates tip contact to the solid-ice substrate. Initial contact with the L-LL is 

signaled by a very small but sudden increase in the attractive force only visible in 
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the profiles when viewed on an expanded force scale.  As the tip continues its 

approach, the attractive force takes on an appearance similar to that of a growing 

“meniscus”, with the depth and range of the adhesive interaction decreasing with 

decreasing temperature. We take the displacement from the initial attractive-force 

onset to the bottom of the attractive well to be the thickness of the L-LL, as shown 

by the vertical dashed lines for T = -10oC in Fig. 4.1. Using values obtain by this 

approach, we plot in Fig. 4.2 the thickness of the L-LL as a function of temperature. 

We find that the thickness scales logarithmically with temperature, i.e., 

D(nm) = A −Bln Tm − T( ), in agreement with previous reports.5,10 Here Tm= 0 oC, the 

ice melting point. The fit (solid line) in Fig. 4.2 gives A = 140 ± 10 (nm) and B = 41 

± 4 (nm). These thickness values agree well with those found by proton channeling5 

and are about twice those reported in an AFM study.10 

To quantify the adhesive interaction, we integrated the approach curves in Fig. 

4.1a to obtain the work of adhesion at different temperatures. Scaled in absolute 

magnitude, these values agree very well with those obtained from the separation of 

two ice surfaces by Hosler, et al.18 Of course, both measurements have in common 

the interaction with the ice L-LL. The attractive force must result from the wetting 

of the hydrophilic tip by the L-LL, as was suggested earlier in atomic force 

microscopy (AFM) measurements.10,11 As a first approximation, the behavior of the 

peak attractive force, commonly referred to as the “pull-off force” when measured 

by an unstable force sensor like that of the AFM, would be expected to behave as 
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described, for example, by a Laplace-pressure analysis.  For the tip making contact 

with a liquid surface, the force should be described by the relationship,19 

F = −4π Rγ LV cosθ ,              (1) 

where γLV is the surface energy of the liquid-vapor interface, θ is the contact angle of 

the liquid with the tip and R is the tip radius.  We do not have an accurate value for 

the L-LL/glass tip contact angle, but assume that it should to be close to 0°.   

Under this assumption, Eq. 1 predicts a meniscus attractive force more than an 

order of magnitude larger than those shown in Fig. 4.1.  However, Eq. 1 is not 

appropriate to the present situation.  We are not making contact with a liquid 

surface, where the meniscus is formed by shear flow along the tip surface from the 

bulk of the liquid.  Rather, in our case, we can only have lateral flow along the ice 

surface involving a very thin L-LL, and the ratio of the tip radius to the layer 

thickness is almost a factor of 4000 for the thickest film at -10 oC.  Thus, in order to 

achieve the equilibrium “Laplace” force of Eq. 1 would require the flow of L-LL 

molecules very far from the tip contact.  In addition, this flow would involve a 

“liquid” film only tens of nm thick, both of which seriously limit the growth rate of 

the contact area, a situation aptly described as the formation of a “frustrated” 

capillary.   

The formation of such a frustrated capillary is also revealed in the dependence 

of force profiles on tip speed.  Figure 4.3(a) shows the normal force behavior as the 

tip approaches the surface at speeds varied by a factor of ~5.  As expected, the 

slower speed shows the largest adhesive force, since it allows the accumulation of 
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more L-LL in the frustrated capillary. The changes are rather small but the time that 

the tip is in contact with the L-LL, even in the slowest case at -10oC, is only about 

200 ms.  Unfortunately, we were not able to do a true “creep” measurement to 

obtain accurate relaxation times for the L-LL because of the rapid recession of the 

ice surface due to sublimation.  Under our experimental conditions, the ice surface 

recedes at a rate of approximately 10nm/s, which also creates a certain amount of 

surface instability.  This instability at the junction gives rise to a significant noise 

level in the normal force signal.  Attempts to stabilize the rate of surface recession 

by raising the relative humidity resulted in the rapid micron-level growth of a 

complex array of interconnected crystallite structures, further interfering with the 

sensitive measurements of the interfacial mechanical properties.  In addition, efforts 

to stabilize the ice recession by covering the surface with various organic liquids 

also proved unsuccessful.  

We now turn to the behavior of the lateral friction force  for the interfacial layer 

as a function of temperature, as summarized in Fig. 4.1(b).  First, note that the 

friction force begins its rise at a point well within the overall L-LL, reaches a peak 

very near the adhesive-force maximum and then rapidly decreases as the normal 

force begins its repulsive rise. This behavior is reminiscent of that found in several 

earlier studies involving the interfacial water layer confined at the nm level between 

various hydrophilic surfaces.20,21  The decrease in friction force is accompanied by a 

rapid fall in the phase of the synchronous signal, implying that the tip compliance is 

coming into play.  As the repulsive normal force rises the tip begins a “stick-slip” 
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type behavior as it burrows into the ice surface, giving rise to a falling phase toward 

0o.   

As in the earlier studies, viscosity values for the “interfacial” water can be 

approximated through the use of an equation tailored for such conditions by 

Feibelman:22  

Fη = 2πηω x0R ln(
D

2w
) ,  

(2) where η is the viscosity, ω the angular dither frequency, x0 is the dither 

amplitude, R is the tip radius, 2w the total interphase-layer thickness and D the level 

of tip penetration into the interfacial layer.  It is assumed in deriving Equation (2) 

that the viscosity does not vary with distance from the solid-ice surface and assumes 

the no-slip boundary condition at both interacting surfaces.  Again, notice in 

comparing Figs. 4.1a and 4.1b, that the rise in friction involves an interfacial layer 

that is thinner than the L-LL itself and both thicknesses decrease as the temperature 

is reduced until at -30o it is difficult to delineate the two.  Fitting the Feibelman 

equation to the -10 oC friction results in a viscosity value of 220 Pa.s, almost 

2.5x105 times larger than that of bulk water or a little over 6x104 times that of super-

cooled water.23  These figures are, of course, rough estimates because of the 

inherent noise level created by the unstable ice surface and become even worse at 

the lower temperatures.  However, it would appear from the general rate of friction-

force increase in this area, that the value of viscosity is remaining essentially 

constant with temperature. Previous attempts at measuring the viscosity of the L-LL 

include using shear rheology techniques, which yielded an viscosity values of 1.5-
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70 Pa⋅s,24 as well as approach speed dependent AFM measurements which found 

that the viscosity of the L-LL to be at least a factor of 300 greater than that of water 

(~0.89 mPa⋅s). These measurements are not without detractors, as many previous 

authors have assumed that the upper limit of the viscosity of L-LL is that of super-

cooled water, which is at most, ~4x the viscosity of bulk water.7,23,25 The viscous 

nature of the L-LL is more clearly revealed in the lateral force measurements taken 

at several lateral-tip speeds, Fig. 4.3(b). The lateral force increases with tip speed, 

although not exactly according to the` linear relationship expected from a pure 

viscous response. However, the accurate characterization of this “frustrated-

capillary” behavior involves a rather sophisticated hydrodynamic model and is 

certainly beyond the scope of this contribution. 

The lateral force, after contact with the solid-ice substrate, rises in direct 

proportion to the normal force and, in fact, appears in direct proportion, confirming 

that the behavior is attributable to the properties of solid-ice surface itself.  At the 

maximum applied force of 5 µN in the -10oC data, the stress applied to the “solid” 

ice surface is approximately 800 GPa. At this stress, the tip penetrates the solid 

surface by about 10nm, while the lateral force has a peak value of ~0.4 µN. The 

situation is a nanoscopic version of the artic explorer’s use of crampons for 

climbing on ice, where multiple asperities penetrate the L-LL and deform the 

substrate ice resulting in greatly increased traction.  In the present case, we have a 

crampon with only one asperity and the lateral force increases in direct proportion to 

the normal force.  This behavior is often seen in multiple asperity situations and 
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results in the commonly encountered “Amonton” behavior, i.e., with the friction 

force directly proportional to the normal force and the proportionality constant 

defined as the coefficient of friction.  

 

4.4 Conclusions 

We have directly shown that a L-LL exists on the surface of ice, with a thickness 

that varies with temperature as described by a thermodynamic model.26 This layer 

gives rise to an attractive force characteristic of a “frustrated capillary”, since the 

water source to build the capillary involves the axial flow along the ice surface of a 

very thin, viscous layer. W also find that this layer has a viscosity significantly 

larger than that of bulk water varying only slightly with temperature.  In conclusion, 

it is compelling to speculate on what the present results contribute to the age-old 

question as to just why ice is so slippery.27  

 Faraday was the first to suggest the existence of a L-LL on the surface of ice, 

but was voted down in favor of pressure melting, which held sway for almost a 

century.  At present, it is widely accepted that friction heating is the origin of the 

effect.28 However, the existence of the L-LL has been well established in many 

careful experiments and is clearly present at the surface in the absence of friction.  

In addition, the common experience of walking on glare or smooth ice clearly shows 

that pre-sliding is not necessary in order to discover that the erect position can be 

unstable.  
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 Friction at general interfaces normally involves multi-asperity contacts 

which extends to the atomic level, as illustrated by the slip friction seen in the shear 

motion between atomic planes in, for example, graphite or mica. 29 The effect results 

from the lateral force required to overcome both the adhesive interaction and the 

mechanical interlocking of the asperity-asperity contacts. 29 This is dramatically 

demonstrated by the fact that the static coefficient of friction is always greater than 

that of the “dynamic coefficient”; once the lateral motion sets in, the interaction is 

more limited and involves contacts between the asperity peaks reducing both the 

adhesive and interlocking effects.  It is also the root cause of the commonly 

observed “Amonton”-behavior, where the friction force is directly proportional to 

the normal force. 30 

 Lubricants for most surfaces are generally viscous, thin-film liquids, able to 

separate the asperity surfaces with a viscous force that depends on sliding velocity.  

With respect to this general model, ice with its naturally occurring, viscous L-LL is 

perhaps the premier example of a “self-lubricating” material, when supporting 

contact with ordinary surfaces e.g., ice skates.  Contact with these surfaces further 

encourages the maintenance of the L-LL due to the effect of ice creep, where a 

weight placed on the ice slowly penetrates the surface.31 In addition, the L-LL has a 

smoothing effect on the ice surface32 and sublimation (strictly speaking, evaporation 

from the L-LL) adds an additional water-vapor boundary layer, concentrated near 

the surface by the surrounding atmosphere, that could further aid in separating the 

sliding surface from that of the bulk-ice substrate.   
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 Finally, our results indicated only a very thin L-LL at -30 oC and leaves open 

the question as to what the ice surface is like at very low temperatures?  A strong 

hint can be found in the writings of Edward Wilson, Robert Falcon Scott’s chief 

scientist during his final visit to the Antarctica.  Scott had earlier described skiing 

easily at -30 oC, while Wilson described the snow surface as “sand like” at -46 oC, 

presumably resulting from the complete absence of the L-LL.27 
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Figure 4.1. The temperature dependence of the normal (a) and frictional (b) force 

profiles on ice. The grey dashed lines are the approximate points of contact with the 

L-LL and the underlying ice surfaces. 
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Figure 4.2. Temperature dependence of the L-LL thickness on ice.  Error bars 

represent the standard deviation over 5 measurements. 
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Figure 4.3. (a) Approach speed dependence on the adhesion of the L-LL at -10°C. 

(b) Lateral tip speed dependence of friction forces on ice at -10°C. Grey dashed line 

is the approximate point of contact. 
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Chapter 5. Density Dependent Friction of Lipid Monolayers 

Reproduced with permission from [Goertz, M. P; Stottrup, B.L. Houston J. E; Zhu, 

X.-Y. J. Phys. Chem. A, 2007, 111 (49), 12423–12426] Copyright [2007] American 

Chemical Society. 

5.1 INTRODUCTION 

Thin films have long been studied as boundary lubricants between two solid 

surfaces. Recent studies have focused on self-assembled monolayers (SAMs) due to 

their importance as model systems and their applications as boundary lubricants for 

microscale and nanoscale devices, e.g., micro- or nano-electromechanical systems 

(MEMS or NEMS).1,2 Tribological properties of alkanethiol and alkylsiloxane 

SAMs have been extensively studied by force microscopies to address the 

dependences of frictional properties on molecular chain length,3,4,5,6 end group 

chemistry,3,7 tip scan velocity,8 contact area,9 and anisotropy of crystallographic 

directions.10 These SAMs are usually characterized by crystalline order and close 

packing. In fact, deviation from a well-ordered molecular lattice is believed to be 

the main reason for increased friction in SAMs, due to the increased freedom of 

motions for the adsorbed molecules and, thus, more energy dissipation during lateral 

motion.11  

In contrast to strongly adsorbed SAMs, much less is known about frictional 

properties of weakly adsorbed molecular films, e.g., Langmuir-Blodgett (LB) 

monolayers that lack the crystalline order of SAMs. In biological systems, weakly 

adsorbed phospholipid monolayers are believed to be common in bio-
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lubrication.12,13 Weakly adsorbed perfluoroalkyl fatty acid monolayers are also 

critical to the development of the most successful MEMS product on the market 

today.14 From a mechanistic perspective, the LB monolayer is an attractive model 

system for obtaining a molecular level understanding of friction because it allows us 

to vary molecular density over a much broader range than is possible in SAM 

systems. Here we report an experimental study, using interfacial force microscopy 

(IFM)15,16, of the tribological properties of lipid monolayers over a reasonably broad 

density range prepared via the LB technique. We show that the normal and friction-

force profiles in the compression region can be well-described by the Johnson-

Kendall-Roberts (JKR) contact-mechanics model17 and that the frictional force and 

friction shear strength scale inversely with the molecular density of the lipid layer.  

 

5.2 EXPERIMENTAL 

 We investigate the two lipid molecules shown in figure 5.1, 1,2-Dilauroyl-

sn-Glycero-3-Phosphocholine (DLPC) and 1,2-Distearoyl-sn-Glycero-3-

Phosphocholine (DSPC) (Avanti Polar Lipids, Inc. Alabaster, AL).  Isotherms show 

that DLPC exists in the liquid-expanded (LE) phase over the entire pressure range 

studied here, conversely DSPC remains in the liquid-condensed (LC) phase over the 

entire pressure range studied (figure 5.1).  We use oxide-terminated silicon wafers 

as substrates for the lipid LB monolayers. The silicon surface is freshly cleaned in 

boiling Piranha (3:1 conc. H2SO4/ 30% H2O2; Caution! Piranha solution is a strong 

oxidant and reacts violently with organic substances) for one hour and thoroughly 
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rinsed with 18 MΩ
.cm H2O. Pressure-area isotherms and LB depositions in 

increments of 10 mN/m were performed using a commercial LB trough (Nima 

Model 612D, UK) until film collapse. Freshly prepared lipid monolayers are 

characterized by IFM at room temperature and a relative humidity of ~15%. We 

record normal and lateral force profiles as previously described18 using a W tip 

(radius 1.3 µm, determined from Scanning Electron Microscopy). We obtain the 

lateral force simultaneously with the normal force by driving the sensor laterally 

with a ~2 nm peak-to-peak dither at 100 Hz and synchronously detecting the force 

signal with a lock-in amplifier. Force profiles are repeated 3 times in 3 separate 

spots, allowing for averaging of 9 independent force profiles per monolayer. The 

dissipative component of the lateral force signal in quadrature with the drive is used 

as the friction signal. 

 

5.3 RESULTS & DISCUSSIONS 

Figure 5.2 shows a typical normal (A) and friction-force (B) profile for the LB 

monolayers (DLPC @ 40 mN/m). The fits are to the JKR contact mechanics model, 

which describes the contact area and deformation as a function of normal force.17 In 

order to determine which, if any, contact mechanics models are appropriate, we use 

the α parameter of Carpick et al.19 and fit friction as a function of normal force, 

figure 5.2B. We find that fits to all the lipid monolayers yield an α parameter19 of 

0.9-1.1, indicating that the JKR model (α =1) is most appropriate. This is in contrast 
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to a previous AFM study which showed that force measurements on LB films could 

not be adequately described by contact mechanics models.20   

Most contact mechanics models, such as JKR, are derived from the Hertz 

theory.21 These models are only strictly valid for linearly elastic materials, a 

condition not likely met over the full range of forces probed for the phospholipid 

monolayers. However, in this case, we find that the JKR model accurately describes 

the nature of contact after a small initial compression of the LB film.  This can be 

seen in Figure 5.2A in the analysis of the location of Fc, the experimental critical 

force (maximum adhesion), a good indication of tip/film contact. The location of the 

critical force is ~5 Å before the contact predicted by the JKR model and ~10 Å 

before the fit begins to accurately describe the experimental data. This offset results 

from the fact that JKR theory assumes adhesive forces are very short-ranged, 

effectively acting only when contact occurs.  These normal force features are 

characteristic of all lipid monolayer samples investigated. In figure 5.2A we observe 

the normal force after contact slowly rises for ~6 Å and then rises sharply to meet 

the JKR model. The composite modulus values obtained from JKR fits for the 

compressed lipid monolayers in the tip/film/substrate combination are 33±4 GPa for 

DLPC and 49±6 GPa for DSPC; these values are, within experimental uncertainty, 

independent of surface pressure (10-50 mN/m) used in LB deposition and are much 

larger than the expected value of ≤ 1 GPa for the lipid monolayer itself.22 Using the 

JKR model, we can estimate an effective modulus of the lipid film by fitting the first 

10 Å of compression, which is dominated by response of the relatively soft LB film. 
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The fit gives an effective modulus of ~1 GPa for each lipid film, which is also 

observed to be independent of deposition surface pressure. Upon further 

compression, the composite modulus of the contact increases, and the force profile 

is well described by JKR theory (gray curve in figure 5.2A).  We have also 

measured the mechanical properties of the control interface with no LB film; this 

measurement provided a composite modulus of 110 GPa, much higher than those 

obtained for the tip/film/substrate combination.  

We conclude that the film is confined within the contact junction during 

compression, i.e., not squeezed out. The repeatability of our experiment in a single 

spot reveals that the lipid monolayer completely recovers during the time scale (~1 

minute) between force profiles. Note that we observe no evidence of discontinuity 

in force profiles corresponding to lipid membrane rupture as seen in a previous 

AFM study.20 This can be attributed to size differences of the tips used in 

measurements. In the previous AFM experiment, the tip radius of curvature was a 

few nanometers, more than two orders of magnitude smaller than that used in our 

IFM experiment. The maximum normal stress of ~10 MPa in IFM measurement is 

much smaller than the value for membrane rapture of 250MPa estimated from AFM 

experiments.23 

Note that the attractive region of the normal force may include contributions 

from van der Waals, electrostatic, and capillary forces. A further complication is 

that weakly adsorbed lipid molecules may respond dynamically and reorient under 

attractive forces.  However, we do not observe out of contact friction in the adhesive 
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region.  Due to these complications, we do not attempt to quantitatively analyze the 

force profiles in the attractive region.   

Having addressed the normal force profile, we turn to the frictional force, figure 

5.2B.  The non-linear behavior of the friction vs. normal force plot and excellent 

agreement with JKR theory suggests a true single asperity contact.9 Bowden and 

Tabor (BT)1 showed that friction force is related to contact area through Ff= τ A 

where A is the contact area and τ is the friction shear strength. The contact area is a 

function of normal force as described by the JKR model.19 We find that the 

experimental data in figure 5.2B is well described by the BT equation with a small 

friction force offset, ∆f (|∆f | ≤ 4 nN).  The offset produces a better fit (gray curve in 

figure 5.2B) than the BT equation alone. ∆f is negative for DLPC and positive for 

DSPC monolayers.  Though, the meaning of this small offset is unclear, it suggests 

that the combination of fits (BT and JKR) overestimate the friction (contact area) 

for the LE phase of the DLPC monolayer and underestimates that for the LC phase 

of the DSPC film.  Further work is required to elucidate the origin of this offset by 

expanding the range of experimental conditions.  After a small initial compression 

the excellent fit in figure 5.2B indicates that friction shear strength is pressure-

independent.24 Using the above fitting method, we obtain the friction shear strength 

for the tip/film/substrate combination of each DLPC and DSPC deposition. This 

allows us to compare shear strength vs. monolayer surface pressure (and thus, 

molecular-area).  
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 Figure 5.3 shows a plot of friction shear strength as a function of molecular area 

for both phospholipid monolayers.  Here, the molecular area is the surface area per 

lipid molecule taken from the isotherms shown in figure 5.1.  Unlike the composite 

modulus for the compressed tip/film/substrate interface, we find a nearly linear 

relationship between friction shear strength and molecular area.  Currently, we do 

not attempt to justify why this relationship is linear, which may only be an empirical 

result. This trend is more obvious for the LE phase DLPC monolayer than the LC 

phase DSPC monolayer, due to the much larger variation in molecular area of the 

former.   

We now discuss the molecular origins for this observation. Surface sensitive 

spectroscopic measurements and computational simulations have revealed the major 

frictional dissipation mechanisms in the wear-less regime for monolayers confined 

between two sliding interfaces.  These include intra-molecular vibrations, molecular 

tilting, and other conformational changes.11,25,26,27 For a nearly close-packed SAM, 

friction has been found to correlate closely with disorder. Deviation from two-

dimensional crystalline-order due to shorter molecular backbones or bulkier 

terminal groups is believed to result in more conformational freedom for the 

adsorbed molecules and, thus, more channels for energy dissipation (i.e., higher 

friction) during sliding motion. The results in figure 5.3 shows the influence of 

conformational freedom on friction in nearly close-packed SAMs can be extended 

to a much broader coverage range for LB lipid monolayers, with surface molecule 

density varying by nearly a factor of two. Note that each lipid molecule consists of 
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two alkyl chains (18 or 12 carbon each for DSPC or DLPC, respectively).  At the 

smallest molecular area achievable in our LB monolayers, the area per DSPC 

molecule (two alkyl chains) is 42 Å2. This alkyl packing density is close to that in a 

typical alkanethiol SAM on Au.11  Similar relationships between packing density 

and friction of a boundary lubricant has been observed numerous times, though 

previous experiments have been limited to strongly bound monolayer films. 3,4,5,6,28 

The friction shear strength for the close-packed, LC phase DSPC monolayer is 

much lower than that of the LE phase DLPC monolayer.  This effect can be 

explained by both the aforementioned larger variation in packing density of LE 

phase film and the dramatic increase in ordering between the different phases of LB 

films. Previous sum frequency generation experiments have shown that the first 

order transition between LE and LC phase films produces a “strong reorientation” of 

the alkyl chains of the surfactants.29,30 The disorder in the LE films influences the 

ability to create internal conformational defects and changing molecular tilts, which 

is strongly opposed in well ordered films.25      

A semi-quantitative way of expressing conformational freedom, and ease of 

ordering the surfactant film, is compressibility.  The compressibility (C), a uniquely 

measurable quantity of Langmuir films, is defined as C = -(1/A)*(dA/dπ) where A is 

the average area per molecule and π is the surface pressure.31,32 C-1 is the effective 

2-D compressive modulus of the monolayer. The compressive modulus describes 

how much 2-D strain per unit of 2-D stress is needed to pack surfactant molecules 

closer together at the air/water interface.  We have converted isotherms (π vs. A) of 
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each lipid monolayer to the compressive modulus vs. A, shown in figure 5.3. 

Assuming that LB transfer preserves the trends in compressibility, the compressive 

modulus increases with decreasing molecular area, indicating an inverse relationship 

between friction shear strength and compressive modulus.   

 

5.4. CONCLUSIONS  

We successfully use LB monolayers of lipids as model systems to establish the 

relationship between molecular density and frictional force for a weakly adsorbed 

boundary lubricant.   We have found that both normal and friction forces are well 

described by the JKR and BT models, suggesting a single asperity contact with 

constant friction shear strength is formed in our experiments.  The friction shear 

strength of the monolayer film is proportional to the surface area (42-74 Å2/ 

molecule) occupied by each molecule over a relatively broad range. The increase in 

frictional force or shear strength with increasing molecular area can be attributed to 

the increased conformational freedom of the molecules, and the resulting number of 

energy-loss modes available.  
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Figure 5.1. Isotherms showing surface pressure vs. molecular area for DLPC (grey 

line) and DSPC (black line) monolayers on oxide terminated silicon.  Molecular 

Structure of DLPC and DSPC are also shown. 
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Figure 5.2. Normal force profile (A) and frictional force vs. normal force (B) for a 

DLPC monolayer deposited on a native oxide terminated Si surface via the LB 

technique at a surface pressure of 40 mN/m. Fits are to the JKR contact mechanics 

model. 
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Figure 5.3. Friction shear strength (filled symbols) and Compressibility-1 (open 

symbols) vs. molecular area for DLPC (squares) and DSPC (circles) monolayers on 

oxide terminated silicon.  Dashed line is a guide to the eye for the trend in friction 

shear strength. 
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Chapter 6. Nanomechanical Contrasts of Gel and Fluid Phase Supported Lipid 

Bilayers 

Reproduced with permission from [Journal of Physical Chemistry B], submitted for 

publication 

6.1 INTRODUCTION 

Amphiphilic lipid molecules are a structural component within cell plasma 

membranes.  These molecules self-assemble into a supermolecular interface which 

serves as a cellular barrier and forms a matrix hosting biomolecules such as steroids 

and membrane proteins.  Cell membranes act as a complex composite fluid 

exhibiting dynamic behavior and lateral inhomogeneities that are intricately 

involved in cell functions (1). The structural complexity of the cell membrane is 

reflected in the mechanical diversity that is intimately related to cell function. Past 

studies on the mechanical properties of cell membranes have relied on physical 

probes on the macroscopic and microscopic scales, such as osmotic stress (2) and 

micropipeting (3), that probe average mechanical properties. The development of 

supported lipid bilayers (SLBs) (4) as a mimic of the cell membrane, and the advent of 

the atomic force microscope (AFM) (5) has enabled extensive studies of the model 

cell membrane on the nanoscopic scale (6,7). The AFM technique promises to 

resolve the structural complexity and the associated physical properties on a 

nanometer scale based on imaging and localized force probing. These studies have 

greatly advanced our understanding of the model cell membrane (for a review see 

refs. 6,8). One limitation of the AFM technique in probing the mechanical 
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properties of soft interfaces is the compliance of the cantilever sensor. This 

compliance results in mechanical instabilities such as the “jump-to-contact.”  These 

instabilities complicate the analysis of both elastic and plastic deformation of SLBs.  

We use the Interfacial Force Microscope (IFM) to quantitatively establish the 

mechanical properties and, particularly, explore structure-property relationships. We 

compare and contrast the mechanical properties of SLBs in both the ordered gel 

phase and the disordered fluid phase. The IFM uses a self-balancing, force-feedback 

sensor which eliminates the mechanical instability problem and allows 

measurements of normal and lateral frictional forces throughout the entire range of 

interfacial separation (9,10). As no stored energy is released from the IFM sensor to 

the SLB during plastic relaxation events, this allows for careful measurement of 

failure of SLBs.  We measure both the elastic response and plastic yield of these 

films as well as their frictional properties.  We find significant differences in both 

the yield stress and recovery timescales between the two SLBs.  These differences 

can be accounted for by differences in the lateral mobility of the lipid molecules. 

 

6.2 EXPERIMENTAL 

We form the gel and fluid phase SLBs using the vesicle fusion method from two 

lipid molecules (Fig. 6.1), 1,2-Distearoyl-sn-Glycero-3-Phosphocholine (DSPC) and 

1,2-Dilauroyl-sn-Glycero-3-Phosphocholine (DLPC) (Avanti Polar Lipids, Inc. 

Alabaster, AL), on oxide-terminated silicon wafers. These two lipids molecules 

have the same hydrophilic headgroup and glycerol linker, differing only by the 
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length of their hydrophobic alkyl tails. The silicon surfaces are cleaned by boiling in 

Piranha (3:1 conc. H2SO4/ 30% H2O2; Caution! Piranha solution is a strong oxidant 

and reacts violently with organic substances) for one hour and thoroughly rinsed 

with 18 MΩ.cm H2O.  Lipids dissolved in chloroform are first dried under N2 for ~1 

hour and suspended in aqueous buffer (100mM NaCl, 50mM Tris, 5mM CaCl2, 

pH~7.5) and sonicated for ~1min to create a 100mM vesicle suspension. We 

prepare solutions of small unilamellar vesicles (SUV) by extruding the lipid solution 

11 times through a 100 nm polycarbonate filter. A sufficient amount of the SUV 

solution is then incubated with a clean silicon surface for three hours at room 

temperature. Excess vesicles are removed from the surface by flushing with copious 

amounts of water. The mobility/immobility of DLPC/DSPC SLBs is verified by 

fluorescence recovery after photobleaching (FRAP, not shown). As expected, fluid 

phase DLPC SLB shows high lipid mobility with a lateral diffusion constant of ~2 

µm2/s while the gel phase DSPC does not. 

We use IFM to characterize freshly prepared SLBs under water at room 

temperature using a Tungsten (W) tip with a 500 nm spherical radius (determined 

by Scanning Electron Microscopy). We obtain the lateral force simultaneously with 

the normal force by driving the sensor laterally with a ~2 nm peak-to-peak dither at 

100 Hz and synchronously detecting the force signal with a lock-in amplifier. 

Experimental details of the IFM have been described elsewhere (11). 
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6.3 RESULTS AND DISCUSSION 

6.3.1 Mechanical Responses: gel vs. fluid 

6.3.1.1 Contrasts in normal force profiles 

The distinctively different mechanical properties of the two SLBs are revealed 

in normal force measurements. The top panel in Fig. 6.2 shows typical normal force 

profiles on a gel phase DSPC SLB. As the tip approaches the bilayer we measure a 

monotonic increase of repulsive force until ~2 µN; this region is indicative of a 

nearly elastic response. Beyond this region, the normal force plateaus for ~3 nm, 

corresponding to plastic deformation of the bilayer under the stress of the 

approaching tip.  With further loading, the supported lipid bilayer is squeezed out of 

the contact area and the tip contacts the silicon substrate.  At this point the repulsive 

force profile becomes identical to that of a bare Si control.  The normal force profile 

upon retraction shows significant hysteresis and is much closer to that of the bare 

silicon surface than the approach profile. Clearly, the SLB does not recover on the 

time scale of the measurement (~ 1 minute). As shown below, no recovery is 

observed on much longer time scales. 

The fluid DLPC SLB shows very different normal force responses (lower panel 

of Fig. 6.2). When the tip initially approaches the SLB, there is only a small region 

of repulsive response until ~0.3 µN. Beyond this point, the normal force decreases 

and becomes attractive, indicating that the fluid SLB has collapsed under the normal 

load. Since the measurement is carried out under water, and the formation of a 

normal capillary condensate meniscus is not possible, the attractive force must arise 
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from lipid assemblies bridging the tip-substrate gap. Further approach results in the 

contact of the tip with the silicon substrate. Upon retraction, the normal force profile 

shows hysteresis, but not as significant as for DSPC. The main features during 

retraction include an attractive and a repulsive region as during approach, however 

with a stretched length scale. This result suggests that the fluid SLB partially 

recovers as the tip is retracted from the surface. Further support for this 

interpretation is shown below. 

 

6.3.1.2 Contrasts in membrane recovery 

The mechanical contrast of the gel and fluid phase SLBs is obvious in the 

recovery time after indentation. Fig. 6.3 shows repeated force profiles at the same 

location for DSPC (top) and DLPC (bottom) SLBs. As expected for the solid-like 

behavior of the gel phase DSPC SLB, the thin film does not recover in subsequent 

force profiles after plastic deformation in the first approach. Normal force profiles 

in the second and third measurements show completely different behavior. Note that 

the length of time between measurements is ~ 10 minutes and each approach-retract 

cycle takes ~ 1 min. In contrast, the fluid phase DLPC SLB completely recovers 

from measurement to measurement. Within experimental uncertainty, the force 

profiles are identical for repeated measurements at the same location.  

 

6.3.1.3 Contrasts in friction 
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The mechanical difference in the two SLB phases is also revealed in the friction 

force profiles, Fig. 6.4. The fluid DLPC SLB shows negligible friction force in the 

entire range of tip-SLB contact, while the gel DSPC SLB shows significant friction 

over the entire range of tip-SLB contact, including both the elastic and the plastic 

regions. The observation in Fig. 6.4, that fluidic DLPC SLB shows much less (if 

any) friction compared to the gel phase DSPC, is in direct contrast with our previous 

studies on supported monolayers (12). Experiments on monolayers of these films 

show the opposite trend: A DSPC monolayer shows less friction than that of a 

DLPC monolayer does.  

 Contrast between the friction forces observed in these two experiments is not 

unexpected.  When probing monolayers, the tip directly contacts the hydrophobic 

tails of the lipids and the friction is proportional to the surface area occupied by and 

the associated conformational freedom of each lipid molecule (12).  However, by 

performing experiments on SLBs underwater to maintain hydration, it is likely the 

slip plane changes.  While the major energy dissipation mechanisms that creates 

sliding friction on monolayers occurs at the tip/lipid tail interfaces, sliding over the  

hydrated lipid headgroups may contribute to friction of bilayers. This phenomenon 

has been observed before with adsorbed surfactants under water (13).  

The contrast in friction for DSPC vs. DLPC bilayers is attributed to the 

difference in both there mobility and mechanical strength.   With a relatively low 

yield strength and high mobility, DLPC is easily displaced by the tip sliding through 

it and, while being stressed elastically, may even be able to slide along the substrate 
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surface with the tip. In comparison the low mobility limits the ability for DSPC to 

slide with the tip at light loads, while the high yield strength provides more 

resistance to the tip sliding through and displacing the SLB.  Both of these effects 

lower the friction of the tip in contact with DLPC relative to DSPC, as it takes less 

energy to slide on/through the fluid phase SLB compared to the gel.   

 

6.3.2 Quantitative Analysis 

Having established the solid- and liquid-like behaviors for the two SLBs, we 

now turn to quantitative analysis. While no single model can describe force profiles 

(reproduced in Fig. 6.5) over the entire range of contact, we can identify four 

distinct regions: 1) an out-of-contact region; 2) an elastic region; 3) a plastic 

deformation or collapse region; and finally 4) an elastic region due to direct tip-

silicon contact.  

The tip-sample separation shown in Fig. 6.5 is a relative scale, where the “0” 

distance is only a reference point, without physical meaning. In the presentation, we 

line up the leading edges of the initial rise in normal force for the two force profiles 

for DSPC and DLPC. We define the bottom of the SLB as the position where the 

normal force starts to rise rapidly due to contact with the silicon substrate 

(terminated with silicon oxide and a hydration layer). For DSPC and DLPC SLBs, 

the turning points (boundary between regions 3 & 4) are at ~0.8 and 2.3 nm, 

respectively. The top of the SLB is defined at the position when the normal force 

initially begins its rapid rise, due to the elastic-response of each SLB. This position 
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is the boundary between regions 1 & 2 and is at ~ 5.2 nm. Thus, the thicknesses of 

the SLBs are 4.4 and 3.9 nm for DSPC and DLPC, respectively, consistent with 

those expected from the length of the lipid molecules used (14). Note that the 

separation of regions 1 & 2 is not abrupt. In the out-of-contact region 1, we observe 

a small but measureable repulsive force for both SLBs. We believe that the lack of 

abruptness in the transition from the non-contact to the contact regions results from 

long range and weak interactions due to thermal fluctuation and the dynamic 

roughness of the SLBs (15), the structured hydration layer (16) and adventitious 

adsorbed molecules (e.g., lipids) on the tip.  

 

6.3.2.1 DSPC: Elastic-Plastic 

In region 2, the tip comes into contact with the SLBs and deformation occurs. 

The repulsive force over the range of ~1.8 nm can be described by the Hertz model 

(gray curve) (17), which is valid for homogenous and linearly elastic materials. 

Thus, over a vertical strain equaling ~1/3 of the total thickness, the SLBs behave 

elastically.  The fit gives a reduced modulus of 35 GPa. The reduced modulus is a 

composite value that includes deformation of the SLB, the hydration layer, the tip, 

and the underlying substrate. It is also of interest to compare this work to our 

previous studies of supported monolayer of the same lipid. The supported 

monolayers showed a similar force profile when stressed elastically and gave the 

same reduced modulus (33-49 GPa) (12). 
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Further deformation beyond 1.8 nm results in an abrupt transition to the plastic 

region 3 where the normal force remains constant with increasing strain. Based on 

the Hertz model for elastic deformation, the contact area is A=πhR, where h is 

deformation and R is the tip radius. At the point of elastic-to-plastic transition, the 

deformation is hp = 1.8 nm and the normal force is Fp = 2.0 µN. This gives a yield 

stress of sp = 710 MPa. We must point out, however,  that the two-dimensional 

plastic behavior is not observed in IFM measurement under ambient conditions of a 

Langmuir monolayer of the same lipid supported on the oxide-terminated silicon 

surfaces as stresses of only >10 MPa were used in the previous experiment (12).  

Plastic deformation of the DSPC SLB continues for 2.6 nm, until lipid 

molecules are mostly squeezed out of the contact area. At the end of region 3, we 

see another abrupt transition and the normal force rises rapidly. The normal force 

profile in region 4 is, within experimental uncertainty, identical to that of a bare 

silicon substrate. Fitting the force profile in region 4 with the Hertz model gives a 

reduced modulus of 110 GPa, which is very close to previously reported values for 

bare Si (18). The mechanical responses of the gel phase DSPC SLB to the 

approaching tip are summarized in Figure 6.6a.  

 

6.3.2.2 DLPC: Elastic-collapse 

For the fluidic DLPC SLB, tip-membrane contact leads to an initial rise in the 

normal force to a maximum value of ~ 0.3 µN. This rise tracks that of the gel phase 

DSPC, until the point where the normal force for DLPC abruptly decreases while 
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that of DSPC continues to rise. For DLPC, the very limited range of data before 

membrane collapse does not permit us to reliably carry out an analysis with the 

Hertz model, but the repulsive nature of the normal force suggests that the 

mechanical response is partly elastic. This can be attributed to the cohesive nature of 

the fluidic SLB. Since the two force profiles from DLPC and DSPC overlap until 

the point of divergence (hc = 0.8 nm), we can use the fit to DSPC to approximate the 

contact area for DLPC. This gives a yield stress of sc = 240 MPa for the DLPC SLB. 

This value is very close to the yield stress obtained by AFM for other fluidic phase 

SLBs (19), where Franz, et al. observed a yield stress of 259 MPa for the fluidic 

dioleoyloxypropyl-trimethylammonium chloride (DOTAP) SLB on mica. It is 

interesting to note that the AFM measurement used tip sizes ~10x smaller than that 

employed here for IFM. Thus, in our measurement, the number of molecules in the 

contact area is as high as ~100x more than those in AFM experiments. The same 

yield stress from both measurements indicates the importance of nearest neighbor 

interaction in determining local nanomechanical properties that are representative of 

those over a much larger scale.   

For deformations > 0.8 nm, the fluidic DLPC SLB collapses, as evidenced by a 

decrease in normal force in region 3. The mobile lipid molecules are squeezed out 

of the tip/substrate contact area. Interestingly, the normal force even decreases to a 

negative value before the tip contacts the hard substrate surface. A possible 

explanation for this adhesion is that the fluidic lipid bilayer reforms around the tip, 

resulting in a “meniscus” like structure.  The negative curvature of the lipid bilayer 
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bridging the tip and the silicon substrate gives rise to the adhesion. Figure 6.6b 

summarizes the mechanical responses of the fluidic DLPC SLB to the approaching 

tip. 

 

6.4 SUMMARY 

We use interfacial force microscopy to correlate mechanical properties with the 

two-dimensional phase behavior of supported lipid bilayers. Upon indentation by a 

500 nm W tip, the gel phase DSPC SLB behaves as a thin solid film, with an elastic 

response at low load and two-dimensional plasticity above a threshold stress. 

Consistent with its solid character, the frictional force scales with the area of the tip-

SLB contact and the deformed SLB does not recover within experimental time scale 

of minutes. In contrast, the fluid phase DLPC SLB behaves as a liquid with an 

initial elastic-like response at very light load and collapse of the thin film above a 

much lower threshold stress than DSPC, as well as almost no observed friction 

while in contact with the SLB. The relatively high mobility of the DLPC SLB 

provides almost no observable friction, while in contact with the SLB and allows for 

the collapsed SLB to quickly recover within minutes following indentation.    
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Figure 6.1 The two lipid molecules used to form the gel (left) and fluid (right) 

phases of supported lipid bilayers on the hydrophilic oxide terminated silicon 

surface. 
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Figure 6.2 Normal force profiles during an approach(●)/ retract(○) cycle for DSPC 

(top) and DLPC (bottom).  Approach on silicon is shown as a control (―). 
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Figure 6.3 Successive approach force profiles in a single location of DSPC (top) 

and DLPC (bottom).  Silicon is shown as a contrast in both figures (―).  Significant 

hysteresis is observed only on DSPC.  
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Figure 6.4 Overlay of Normal (●) and Friction (○) Force Profiles for DSPC (top) 

and DLPC (bottom) during approach. 
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Figure 6.5 Normal force profiles for DSPC (○) and DLPC (●).  Dashed lines 

indicate fits of force vs. displacement according to Hertz theory.  Interaction regions 

as defined in the text are shown for both lipids. 
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Figure 6.6 Schematic representation of the collapse of DSPC (a) and DLPC (b). 
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Chapter 7. Friction, wear and aging of an alkoxy-monolayer boundary 
lubricant on silicon 
Reproduced with permission from [Goertz, M. P; Houston J. E; Zhu, X.-Y. 
Tribology Letters, 2008, 30(3), 205-213. Copyright [2008] Springer. 
7.1  Introduction 

In the last decade Microelectromechanical Systems (MEMS) have 

transformed from tools of basic research into commercial products.  As the scale of 

these devices continues to diminish, their levels of friction, stiction and wear 

become ever more important.  As a result, the commercial success of MEMS has 

been largely limited to devices with large component separations and limited sliding 

contacts. Research into the details of molecular-level friction, and its associated 

wear, is essential for the further commercial development of these important 

systems (for a comprehensive review see Bhushan 2005 [1]).  

One of the most common techniques for reducing friction in MEMS is the 

use of molecular-level boundary lubricants.  Self assembled monolayers (SAMs) on 

Si have been widely studied because of their ease of self assembly and unique 

lubricating properties [2,3].  Common SAMs used for this purpose have involved 

attaching alkylsilanes to the native oxide of Si [4,5,6,7].  Though alkylsilanes are 

commonly used, their large bonding groups and tendency to polymerize when 

exposed to water vapor often leads to unfavorable surface reactions and poor long-

term performance [8,9,10,11].  In order to mitigate the difficulties with alkylsilanes, 

we have studied the friction, wear and aging properties of SAMs created by 

attaching an alcohol (1-dodecanol) head group, to create a direct Si-O-C bond, 

resulting in a considerably more robust system.   
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Although the contacts between moving parts in MEMS devices are small, it 

is often found that friction obeys Amontons’s “law”, the empirical observation that 

the  friction force is linearly proportional to load, i.e., 

 

LF f µ= .   (1) 

 

Here Ff  is the friction force, L is the normal force (load) and µ is the friction 

coefficient [12]. This equation holds true for many macroscopic systems but fails to 

address how friction is changed by such factors as adhesion, sliding speed, 

roughness, stick-slip and contact area.   

In the macroscopic regime, the true contact area usually involves multiple 

asperities and applying load increases the total contact area in direct proportion to 

the load giving rise to the Amonton behavior.  However, smooth single asperity 

contacts deviate from Amontons’s “law” and the friction force scales with the 

contact area according to Eq. 2,  

 

AF f τ= ,        (2) 

 

where A is the contact area and τ is the friction shear strength of the interface 

[12,13].  While these two equations are helpful for quantitative analysis of friction, 

they do not describe all observations. Using force microscopy to work at the micro 

or nanoscale, we can reliably create single asperity contacts and study the associated 
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friction.  This method has been applied numerous times to study friction at surfaces 

that have scientific and technological importance [1,5,14,15].   

In this letter we focus on the tribological properties of an alkoxy monolayer 

on a Si(111) surface.  We explore the differences in the friction measured by (1) 

having a tip slide over large distances (50 nm) along the surface at a constant load 

and speed and (2) oscillating the tip in the lateral direction with molecular-level 

amplitudes (~2 nm) as the tip is brought into contact with the surface at a single 

location.  Although the first of these measurement methods has been thoroughly 

studied, the results from small-range oscillatory motions are not as well 

characterized.  Here we show considerable differences between the two results for 

the alkoxy monolayer, but not for a bare Si surface.  We relate these differences to 

film deformation dynamics at the molecular level. In addition, we explore the wear 

resistance of the C12-alkoxy monolayer through repeated long-range scanning over 

the same area at large applied stresses. We find evidence for film wear and a 

surprising reduction in the level of friction, which again, is not observed for the bare 

Si surface. These findings clearly show the advantage of monolayer lubricant layers 

designed with head-group bonding specifically tailored to the Si surface.  And 

finally, we perform preliminary aging experiments to establish, at least for a rather 

limited time frame, the robustness of the alkoxy bonding. 
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7.2  Experimental 

7.2.1 Sample Preparation 

The procedure for the formation of alkoxy monolayers on Si was described 

in detail previously [16] and is adapted here. Briefly, Si surfaces (slices of a P-

doped Si(111) wafer) were first cleaned in Piranha (3:1 conc. H2SO4/30% H2O2 

Caution! Piranha is a strong oxidant and reacts violently with organic substances) 

for 2 hours and rinsed with copious amounts of ultra-pure (>18MΩ
 cm) water.  

Alkoxy monolayers were assembled by first removing the surface oxide with 

exposure to 40% NH4F(aq) for 5 minutes, leaving a Si-H terminated surface.  The H-

Si(111) surfaces were then placed in a vacuum system and exposed to 0.5 Torr of 

Cl2(g) for 12 minutes at ~80° C, resulting in a Si-Cl terminated surface.  The Cl-

Si(111) samples were transferred to a glove box and immersed in a solution of 0.1M 

1-docecanol in CaH2 dried iso-octane (with .001M pyridine as a catalyst) for 16 

hours at 70° C.  The reaction resulted in a monolayer of Si-O-(CH2)11CH3 [16], 

which we refer to as a C12-alkoxy monolayer.  The C12-alkoxy covered Si surfaces 

were rinsed and sonicated multiple times with CH2Cl2 to remove loosely bound 

contaminates and stored in sealed test tubes until use.   

 

7.2.2 Experimental Procedure 

We performed all experiments using an Interfacial Force Microscope (IFM) 

[17,18] with a Berkovich style diamond tip (spherical end radius of ~400 nm) at 

room temperature and standard atmospheric pressure. We conducted two types of 
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measurements on a C12-alkoxy monolayer to determine the frictional properties.  In 

the first, we oscillated the tip with a lateral amplitude of ~2 nm (peak-to-peak), 

while measuring the normal force during a loading cycle and synchronously 

detecting the lateral force using a lock-in amplifier.  This method is similar to shear 

modulation microcopy [19,20].  However, this method has a limited range of 

friction that can be measured during the load cycle, since at high loads the static 

friction force becomes large and the tip begins to show a stick-slip type motion 

which complicates data analysis.  Using this method, the dissipative, or friction, 

component of the lateral force signal is measured in quadrature with respect to the 

displacement drive.  In the second experiment, we measure friction from line-scan 

hysteresis loops over a 50 nm scan range, a method similar to friction measurement 

from conventional atomic force microscopy (AFM) techniques [14]. Here, the width 

of the hysteresis loop is proportional to the friction force.  In fitting friction data 

taken with line-scans, we must account for the fact that the applied load changes 

slightly with changes in the line-scan direction.  A procedure to account for this is 

outlined in the supporting materials.  The lateral tip speed in the experiments was 50 

nm/s and 62 nm/s root mean square (rms) for line-scans and lateral-oscillation, 

respectively. In the wear experiments, we performed 200 consecutive line-scans 

under a specific load at a single location and then imaged the same area at a lower 

load.  The set of wear measurements were then periodically repeated over a period 

of three months, with the samples stored under ambient conditions. 
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7.3 Results 

We first investigate friction through both force profiles with molecular-level 

lateral-oscillations and constant load line-scans for both supported monolayers and 

the bare Si control surface.  Figure 7.1 shows plots of friction as a function of load 

for single force profiles, the first of the experimental methods.  The measured 

friction for the C12-alkoxy monolayer is significantly lower than that of the Si(111) 

control surface and friction is clearly not linear with applied load, consistent with a 

single asperity contact. The fits shown are based on Eq. 2 with the contact area 

calculated as discussed later in the text. Figure 7.2 shows results from the second 

method, individual line-scans taken at several loads for the two surfaces. An 

example linescan is shown in the inset of Fig. 7.2.  The advantage of this technique 

is that we are able to probe friction at higher loads than is possible with the small-

amplitude, lateral-oscillation method.  Again, we observe lower friction for the C12-

alkoxy monolayer than for the Si control surface.  The fits shown in Fig. 7.2 are 

detailed in the supporting materials.  

 In the second experiment, we investigate the stability of the SAM against 

wear from multiple line-scans at a single location.  Figure 7.3 shows plots of loop 

height (proportional to friction) versus line-scan number for 200 consecutive line-

scans on a C12-alkoxy monolayer at loads of 2, 10 and 20 µN.  We observe a 

decrease in friction during repeated scanning at 10 µN and 20 µN, while the friction 

value at 2 µN load remains nearly constant.  The decrease in friction is more 

pronounced at the highest load and reaches a constant value after ~50 scans.  As a 
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comparison, Fig. 7.4 shows results for similar measurements taken on bare Si. The 

control sample shows no observable decrease in friction over 200 line-scans. Figure 

7.5 shows .1µm x .1µm images of the C12-alkoxy monolayer surface before and after 

the wear test at 20 µN.  The image was obtained at a lower load (1µN) to avoid 

further damage to the film.  All images are taken in derivative mode to enhance 

topographic contrast. The image after the wear test indicates the creation of a wear 

track along with pile-up of the material at the edges of the track. 

 We repeated the wear experiments on films aged 1 and 3 months.  As shown 

in Fig. 7.3, there is no significant difference in both the magnitude of friction and 

the occurrence of wear between the freshly prepared and the aged samples.  

 

7.4 Discussion 

7.4.1 Friction of the SAM    

We first focus discussion on the experiment probing friction for both 

molecular-level oscillations and larger range line-scans. For both surfaces studied, 

friction is not linearly dependent upon load, justifying the use of Eq. 2 to describe 

the friction behavior.  Since Eq. 2 describes friction per unit contact area, we must 

first investigate how the contact area changes with load for each sample.   

We use the method outlined by Carpick et al. to determine the nature of 

contact [21].  This procedure can be used to determine which model of contact 

mechanics, if any, is appropriate to describe the contact area in relation to load and 

interfacial energy.  The two models considered are those of Johnson-Kendall-
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Roberts (JKR) and Derjaguin-Müller-Toporov (DMT) [22,23].  Both are based on 

Hertz contact mechanics [24], expanded to include the role of adhesion.  These 

models represent limiting cases of forces and resulting deformations.  The JKR 

model accounts for only contact forces that cause deformations of the tip and 

substrate.  Alternatively, DMT theory accounts for long range forces while 

maintaining Hertzian contact geometry.   

Note that both models assume a linearly elastic response over the entire 

contact range, a condition which may not be met by viscoelastic monolayer films or 

control surfaces.  Despite the limitation of these models, they are useful in 

comparing similar systems and their associated properties.  Carpick et at. proposed a 

parameter α that is used to quantify the behavior of the contact [21].  Experimentally 

α can be determined by fitting the friction versus load with the following equation: 
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where F is the friction force, F0 is the friction force at zero load, L is the load and LC 

is the load at maximum adhesion.   Accordingly, as α goes to 0, the DMT model 

describes the contact, and as α goes to 1, the JKR model is appropriate.  Applying 

Eq. 3 to both plots of Fig. 7.1, we obtain an α parameter of ~1 for both the C12-

alkoxy monolayer and the Si control.  This indicates that the both surfaces can be 

accurately modeled with JKR theory.   
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Having established the appropriate contact mechanics for each sample, we 

can characterize the amount of friction measured using both experimental methods.  

Fitting  normal force profiles for each surface (not shown) to the JKR model gives 

composite modulus values of 27 GPa and 107 GPa for the C12-alkoxy monolayers 

and Si control sample, respectively. The work of adhesions for the two surfaces are 

1.72x10-16 J (C12-alkoxy monolayer) and 1.44x10-15 J (Si surface). The lateral force 

vs. normal force data in Fig. 7.1 obtained with lateral-oscillations of the tip can be 

well described by Eq. 2, with the contact area given by the JKR model. These fits 

yield friction shear strengths of 18.5 MPa for the C12-alkoxy SAM and 380 MPa for 

Si.  Similarly, from line-scan hysteresis in Fig. 7.2 we extract the friction shear 

strength based on Eq. 2 and the method outlined in supporting materials. This 

analysis of line scans give shear strengths ranging from 45 to 62 MPa for the C12-

alkoxy SAM, with an average of 54 MPa, and 368 to 415 MPa for the Si control, 

with an average of 387 MPa.  From both tip oscillation and line scan measurements, 

we conclude that the friction of the tip-alkoxy or tip-Si contact can be adequately 

described by a constant shear strength over the entire range of forces probed.  The 

lowering of friction of Si by approximately an order of magnitude through coating 

with a C12-alkoxy monolayer is similar to the lubrication effect of alkylsilanes on 

oxide-terminated Si [25,26].  

The significant reduction in friction shown in Figs. 7.1 and 7.2 upon alkoxy 

monolayer formation clearly demonstrates the lubrication effects of molecular film.  

Previous studies have used AFM, IFM and the Surface Force Apparatus (SFA) to 
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perform similar measurements to those of Fig. 7.2 and the results showed similar 

lubrication effects of adsorbed monolayers [5,6,7,24,27,28].  In addition, IFM 

experiments have shown that friction of the interface has both chemical and 

mechanic contributions [29].  As a result, the reduction in friction with a monolayer 

lubricant is primarily from two mechanisms, i.e., the interfacial energy and energy 

losses inherent in the mechanical deformation of the film under tip motion.   

Though there is not a simple relationship between interfacial energy 

(adhesion) and friction, a reduction in the inter-film bonding usually causes a 

reduction in friction [12,30].  In many cases, this type of friction is the result of 

making and breaking of interfacial bonds, giving rise to energy dissipation and 

friction.  However, the methyl-terminated alkoxy monolayer forms no interfacial 

bonds with the diamond tip, other than an overall Van der Waals interaction. This is 

clearly indicated by the fact that the work of adhesion for the monolayer surface is 

reduced by ~90% (from 1.44x10-15 to 1.72x10-16 J) of that found for the Si control 

surface.  Although it has been shown that the van der Waals force can give rise to 

“out-of contact” friction [31], only a very small amount of this friction is measured 

for the alkoxy monolayer film.  Thus, for the tip-monolayer contact, the friction 

must result primarily from energy dissipation during the deformation of the film 

itself under the laterally-moving tip.  The small amount of “out-of contact” friction 

on the hydrophilic, native oxide terminated Si  control surface can be attributed to 

layer of adsorbed water [32] and other contaminants. 



 118

It should be noted that we obtain the work of adhesion values quoted above 

do not assume the JKR model for calculating these parameters from the “pull-off” 

force, but were obtained by integrating the adhesive portion of the force profile from 

the equilibrium of zero normal force to large separations in order to obtain the true 

work of adhesion.  In contrast, fitting to the JKR model gives interfacial energies 

per unit contact area of 358 mJ/m2 and 92 mJ/m2 for the control and film surface, 

respectively. The deviations in the calculated work of adhesion from their actual 

measured values further validates previous work, which concluded that, while 

contact mechanics may fit force profiles quite well in the repulsive regime, it 

seldom provides accurate estimates for the work of adhesion [33]. 

The remaining mechanism for the film friction involves the details of the 

mechanical deformation of the film. While the two experimental approaches both 

show the lubricating effects of the C12-alkoxy monolayer, they differ in the amount 

of friction measured for the lubricant, resulting from differences in the way the film 

is deformed.  Line-scans on the C12-alkoxy monolayer show a factor of ~3x higher 

friction shear strengths than that observed with the oscillation experiment, as 

summarized in Table 1.  The difference is virtually absent for the Si/diamond 

control surface.  To the authors’ knowledge, this is the first study utilizing the 

contrast provided by these two methods to investigate the nature of friction of a 

lubricant. 

To explain the differences in friction properties for the C12-alkoxy 

monolayer between the two experiments, we consider, in more detail, the 
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deformation mechanics.  In the lateral-oscillation experiment, the IFM probe is 

oscillated with a small sinusoidal amplitude and varying load at the same average 

tip position.  Using this method, the sliding velocity of the interface is constantly 

changing and, by taking the dissipative component of the lateral force signal, we 

obtain the rms value of the kinetic friction.  In contrast, the line-scan method 

measures the average kinetic friction as the probe slides across the surface.  As a 

result, the line-scans constantly disturb new areas of the film, and the time elapsed 

between a particular region being successively disturbed is on the order of many 

seconds.  In contrast, the lateral oscillations involve deforming the same overall area 

and a given tip location is revisited every 10ms.  Thus, if the film deformation 

during sliding is not totally elastic, a given region may not have time to relax before 

the tip revisits the same area. Indeed, previous IFM studies have shown that 

alkanethiols on Au, another commonly studied SAM, are viscoelastic materials and 

thus have properties that are shear rate dependent [34].  Though a spectrum of 

relaxation rates was observed for these monolayers, the relaxations could be fit with 

a single time constant of ~80ms.  Assuming that our monolayers have a similar 

relaxation rate, with a relaxation time of 80ms, the film will be able to relax very 

little if it is revisited every 10ms.  Affectively, the oscillating tip produces a 

compressed region of the film, which expands with increasing load. This produces a 

kinetic friction force only as a result of repeated “rubbing” over the floor of the 

compressed region.  Compared to an unperturbed monolayer, as probed in the line-

scan experiment, the compressed film in the oscillating tip experiment permits less 



 120

energy dissipation and leads to less friction. Although the shear rate dependence of 

friction has been observed previously [35], our results show that, even with similar 

tip speeds between experimental methods, dramatic differences in friction shear 

strength can result from the extent of film deformation.  

 

7.4.2 Wear of the SAM 

We now focus on the wear of the C12-alkoxy monolayer. Wearing of a 

micro/macroscale interface is commonly accompanied by an increase in friction 

[12].  This type of wear often results from interfacial damage and usually occurs at 

loads higher than used in our experiment.  The wear of the C12-alkoxy monolayer 

observed in Figs. 7.3 and 5 shows that, even though material is removed from the 

interface, the friction decreases as a result of wear.  The low loads used in our 

experiment make it likely that the wear observed in Fig. 7.5 is only from removal 

and subsequent reorganization of the C12-alkoxy monolayer and does not involve 

damage to the underlying Si.  Wear plots from Fig. 7.4 and images of Si after 200 

line-scans (not shown) also justify this, showing no friction change or surface 

damage.  This type of wear has been seen before with aged alkanethiols and was 

attributed to a reduction in volume of the film under contact and a subsequent 

reordering of the residual film to a more well ordered layer [36]. A similar 

mechanism can explain the observation here. 

As described earlier, the image of Fig. 7.5 shows that material is lost from 

the contact area of the line-scan and piles up at the edges resulting in a decrease in 



 121

friction. The friction reduction diminishes after ~50 scans and the virtually linear 

reduction rate over this region suggests that the tip removes a rather constant 

volume of material during each line-scan. A series of images taken every 10 scans 

clearly demonstrates this process, whereas, after ~50 scans the wear track does not 

visibly change.  We also explored short-term “healing” by letting the sample sit for 

up to 30 minutes after completing a set of line-scans.  However, the wear track 

remained unchanged, indicating that the wear was irreversible, at least at room 

temperature and over this brief period.  Removal of interfacial material, and the 

subsequent reordering of the remaining film, has been observed in many earlier 

studies [37,38,39,40,41].   

Figure 7.3 also shows that there is a minimum threshold stress needed to 

begin the wear process.   Wear plots showed a decrease in friction only for 

loads of 10 µN and 20 µN. The calculated mean normal stresses for these two loads 

are 0.7 GPa and 2.3 GPa, respectively.  Both of these are higher than the typical 

operational stress for MEMS [42].  The stress needed to wear the C12-alkoxy 

monolayer corresponds well to the ~3.7 GPa needed to damage and wear alkanethiol 

monolayers [36]. 

 

7.4.3 Aging of the SAM 

 In order for the C12-alkoxy monolayer to be reliably used as lubricants they 

must offer stability not only to wear, but also to aging (exposure to ambient 

conditions).  By repeating the wear experiment for films aged up to three months 
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(see Fig. 7.3) there is no observable change in the friction behavior.  Neither the 

level of friction nor the tendencies for the friction to decrease with wear changed 

over this period.  While we only probe a limited aging time, it is clear that the 

stability of the film can be directly attributed to the robustness of the direct alkoxy 

bond of the monolayer to the Si surface. 

 

7.5 Conclusions 

We have shown that a carefully prepared C12-alkoxy monolayer can act as an 

excellent boundary lubricant for the Si surface, even at stress levels above those 

normally encountered in MEMS devices. These films provide similar lubricating 

properties to those associated with alkylsilanes without the deposition problems and 

environmental sensitivity. Using the IFM, we performed two contrasting 

experiments to reveal insight into the nature of the friction of the lubricant.  The 

friction of the C12-alkoxy monolayer measured with large range line-scans was ~3x 

higher than with a molecular-level oscillation experiment.  This difference is 

attributed to the contrast in the deformation dynamics of the monolayer film under 

the conditions of the two experiments.  Also, through repeated scanning of the tip 

over the same area at elevated stress levels, we were able to wear the monolayer, but 

not the underlying substrate.  During the wear process, we observed up to a ~50% 

decrease in friction over the first ~50 scans depending on the level of the load.  In 

addition, these results indicate that wear of the film can actually improve the level 

of lubrication by thinning the film and increasing its molecular order.  Repeating 
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these experiments on films aged in a laboratory environment, over a limited time, 

showed that the robust alkoxy-Si bond creates a film of considerable stability.  We 

have shown that by specifically tailoring the headgroup of a monolayer, we can 

create a robust lubricant that effectively reduces both friction and wear of a Si 

surface. 

 

7.6 Supporting Materials 

 When using the IFM to measure friction through line-scan hysteresis loops 

we must account for the fact that the IFM can only measure the total torque applied 

to the sensor.  This torque is a combination of normal and lateral forces.  When the 

IFM performs a normal force profile, the sensor only moves vertically, creating no 

torque from lateral forces (friction).  Alternatively, when the sensor moves laterally, 

there is an additional torque created from friction.  The sign of this torque is 

directionally dependent.  Because of this, and the fact the IFM cannot separate 

normal and lateral contributions to the torque, the applied load changes with line-

scan direction.  When the sensor is moving in the one direction the force applied to 

the tip equals Fn+Ff (l/d), where Fn is the load, Ff is the friction force, l is the length 

of the tip, and d is the distance of the tip from the axis of the torsion bar.  When the 

line-scan switches direction, the force on the sensor becomes Fn-Ff (l/d).  Since the 

friction force is dependent upon the load, we can establish a method for 

compensating for the changing load.   
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 When extracting friction from a line-scan, we first plot the tip vertical 

position versus the lateral tip position as previously described [36]. The vertical 

position shows how far from the average load the sensor is displaced to compensate 

for the addition torque from lateral forces.  Using a normal force profile to get the 

force-displacement relationship, we then convert this plot to the total force on the 

sensor versus lateral tip position.   

 When friction is described by Eq.1, we calculate the friction coefficient, µ, 

though Eq. 4 at different values of average load Fn
0. 
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Here Fn
+ is the maximum load while performing a line-scan in the + direction. When 

the line-scan changes direction the applied load switches to its minimum level, Fn
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and Eq. 4 becomes 
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  In principal, these two friction coefficients should be the same. 

 Alternatively, when friction is described by Eq. 2, we can establish a 

similar method for treating linescan measurements. The contact area, A, during the 

linescan can  be found by taking the indentation of the tip, δ, the tip radius, R, and 

the approximation A=πRδ for the contact area.  This approximation is valid when 
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δ<<R, which is certainly satisfied in the present case. Similar to the method above, 

the friction shear strength, τ, at the maximum load and maximum indentation, δ
+, is 

given in Eq.6.  
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Again, reversing the line-scan direction to get the minimum force and minimum 

indentation, δ-, should give the same friction shear strength. 
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For line-scan measurements shown in Fig. 7.2, the results of Eq. 6 and 7 were 

averaged to find the friction shear strength at each load.  The result indicates that the 

difference in shear strength measured in either direction less than 7% of the mean. 
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Figure 7.1 Friction force as a function of load for the C12-alkoxy monolayer (●,  
right axis) and Si (□, left axis) control surfaces as measured using a ~2nm lateral tip 
oscillation.  Fits of friction vs. load used Eq. 2, with the contact area  as a function 
of load as described in text by  the JKR model (solid lines).  
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Figure 7.2 Friction shear strength as a function of average load for the C12-alkoxy 
monolayer (□) and Si (■) as measured using 50nm line-scans.  Shear strengths were 
calculated by averaging Eqs.6 and 7 for each load. An example line-scan hysteresis 
loop is shown in the inset. 
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Figure 7.3 Wear plots for the C12-alkoxy monolayer at 2 µN, 10 µN, and 20 µN. 
Line-scan loop height (friction) is plotted vs. line-scan # for 200 consecutive scans.  
A decrease in friction is seen during the first ~50 scans for the two highest loads.  
Experiments were performed on new samples (x), and films aged one (■) and three 
(○) months, respectively. 
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Figure 7.4 Wear plots for the Si/diamond interface at 2 µN, 10 µN, and 20 µN. 
Line-scan loop height (friction) is plotted vs. line-scan # for 200 consecutive scans.  
Virtually no change is friction is observed over the 200 scans.  
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Figure 7.5 Images of a C12-alkoxy monolayer before (left) and after (right) 200 line-
scans taken at a normal load of 10µN.  Line-scans and the associated wear tracks are 
~500 Å long.  Images are 0.1µM x 0.1µM and were taken at a load of 1µN . Images 
were taken in derivative mode to enhance the contrast of topographic features on the 
surface. 
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Surface E* (GPa) Work of 

Adhesion (J) 
τ (MPa)  
line-scan 

τ (MPa) 
lateral-
oscillation 

C12-alkoxy 
monolayer 

27 1.72x10-16 54 18.5 

Si 107 1.44x10-15 387 380 

 
Table 7.1 A compilation of our results for both the C12-alkoxy monolayer and Si 
control surface as probed using the IFM and a diamond tip with a ~400nm tip 
radius. 
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