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Nanotribology of Octadecyltrichlorosilane Monolayers and Silicon:
Self-Mated versus Unmated Interfaces and Local Packing Density
Effects
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We use atomic force microscopy (AFM) to determine the frictional properties of nanoscale single-asperity contacts
involving octadecyltrichlorosilane (OTS) monolayers and silicon. Quantitative AFM measurements in the wearless
regime are performed using both uncoated and OTS-coated silicon AFM tips in contact with both uncoated and
OTS-coated silicon surfaces, providing four pairs of either self-mated or unmated interfaces. Striking differences in
the frictional responses of the four pairs of interfaces are found. First, lower friction occurs with OTS present on either
the tip or substrate, and friction is yet lower when OTS is present on both. Second, the shape of the friction versus
load plot strongly depends on whether the substrate is coated with OTS, regardless of whether the tip is coated.
Uncoated substrates exhibit the common sublinear dependence, consistent with friction being directly proportional
to the area of contact. However, coated substrates exhibit an unusual superlinear dependence. These results can be
explained qualitatively by invoking molecular plowing as a significant contribution to the frictional behavior of OTS.
Direct in situ comparison of two intrinsic OTS structural phases on the substrate is also performed. We observe
frictional contrast for different local molecular packing densities of the otherwise identical molecules. The phase with
lower packing density exhibits higher friction, in agreement with related previous work, but decisively observed here
in single, continuous images involving the same molecules. Lateral stiffness measurements show no distinction
between the two OTS structural phases, demonstrating that the difference in friction is not due to divergent stiffnesses
of the two phases. Therefore, the packing density directly affects the interface’s intrinsic resistance to friction, that
is, the interfacial shear strength.

Introduction have some degree of nanometer-scale surface roughness, which
The tribological study of thin organic coatings is motivated causes _the interface to be compos_ed (_)fmultipk_e a_sperity contacts.
by the desire to improve micro- and nanoelectromechanical sys'[em'A‘S’Sess‘mg th_e_ fundamental_con_trlbut|on_s to f”.Ct'on and wear s
(MEMS/NEMS) technologies, and also to develop a more 'ﬁlh:nrg;cg;el;a;:ilrl:gell(taegst)geﬁict)ir;sslderlng the tribological properties of
gﬂgggn:ﬁg# ;g;:;angziﬂg ;g:)glogg Olnr: a?zrc])ﬁrs?; \?/ﬁl(;-nasé Previou_s studies of the nanotri_bological properties_ of _SAMS
molecular precursor, either in a solution or in a vapor, is exposed E:xzveil)urcg?(taw;exﬁiri 2;0232]';rgfiZtggtigf:g%rg‘rfc';g'fgo;rﬂ
to a surfacé.SAMs are ideal for studying fundamental chemical 11 In e’neral the total static frictional forBeis a measure of
and physical phenomena since they can be attached to avariet¥he' registancé of two sliding bodies in contact and may arise
of substrates, they form well-defined and uniform interfaces, from multile sources: 9 y

and both the head and tail groups can be tailored to study their P )

effects on properties such as adhesion and frict®AM coatings E=F+F +F + - )

are important for determining frictional mechanisms because f ! P v
SAMs are tailorable molecularly ordered films.

SAMs with silane head group chemistry allow for passivation
of hydrophilic silicon MEMS surfaces and show promise to reduce
both adhesion and friction for MEMS interfaces and thus improve
device performancé.® Complex devices like MEMS typically

whereF; is the force due to interfacial frictiork, is the force
due to plowing (as in plastic deformation), aRglis the force
due to viscoelastic dissipation (as with rubber friction). There
are other many other sources that have been established or
postulated, including electronic dissipatié®® and phononic
- , - , friction.24-17

Corresponding author. E-mail: carpick@seas.upenn.edu. . . . .
t University of Wisconsir-Madison. For many kinds of nanoscale single-asperity contacts in the
§ Auburn University. wearless regime, one major contribution to friction is interfacial

* Present address: Department of Physics, Luther College, 700 Collegefriction F;, whereby}8
Drive, Decorah, lowa 52101.

#Present address: Department of Mechanical Engineering and Applied (7) Maboudian, R.; Ashurst, W. R.; Carraro, Tibol. Lett. 2002 12, 95—
Mechanics, University of Pennsylvania, 220 S. 33rd Street, Philadelphia, PA 100.

19104. (8) de Boer, M. P.; Knapp, J. A.; Michalske, T. A.; Srinivasan, U.; Maboudian,
(1) Ulman, A.Introduction to Ultrathin Organic Films from LangmuirBlodgett R. Acta Mater.200Q 48, 4531-4541.
to Self-AssembjyAcademic Press: New York, 1991. (9) de Boer, M. P.; Luck, D. L.; Ashurst, W. R.; Maboudian, R.; Corwin, A.
(2) Ulman, A.Chem. Re. 1996 96, 1533-1554. D.; Walraven, J. A.; Redmond, J. Nl.Microelectromech. Sys004 13, 63—74.
(3) Srinivasan, U.; Houston, M. R.; Howe, R. T.; Maboudian, R. (10) Kim, H. I.; Koini, T.; Lee, T. R.; Perry, S. $angmuir1997 13, 7192~
Microelectromech. Sys1.998 7, 252-260. 7196.
(4) Flater, E. E.; Corwin, A. D.; de Boer, M. P.; Carpick, R. Wear2006 (11) Salmeron, MTribol. Lett. 2001, 10, 69—79.
260, 580—-593. (12) Persson, B. N. J.; Volokitin, A. 0. Chem. Phys1995 103 8679-8683.
(5) Wang, Y.Appl. Phys. Lett2004 85, 5736-5738. (13) Tomassone, M. S.; Widom, Rhys. Re. B 1997, 56, 4938-4943.
(6) Maboudian, R.; Ashurst, W. R.; Carraro, 8ens. Actuators, 200Q 82, (14) Tomassone, M. S.; Sokoloff, J. B.; Widom, A.; KrimRhys. Re. Lett.
219-223. 1997 79, 4798-4801.

10.1021/1a063644e CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/27/2007



Nanotribology of OTS

F

TA (2)

wherert is the shear strength of the interface, @i the true
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lower than the tip and substrate stiffnesses. Monolayer stiffness
is affected by the molecular composition, chain length, and
packing density. Packing density may also influence friction by

contact area. Note that, for a given pair of materials under given hanging the effective contact area, that is, the number of SAM
conditionsz may be a constant or it may depend upon load. The Molecules in contact with the tip. The work of adhesion for

contact area depends on load, asperity geometry (size and

interfaces with SAMs also depends on their packing density and

shape), adhesion (interatomic forces), and the mechanicalthe terminal group of the SAM moleculés.s®

properties of the materials in contact. Equation 2 indicates that

Continuum mechanics theories, such as the Johrisendall—

interfacial friction mechanisms may be categorized into two Roberts (JKRYF or Derjaguin-Muller—Toporov (DMTY® theo-

contributions: the intrinsic frictional resistance of the materials
in contact, embodied in the shear strengthnd the size of the
interface, governed by the contact afed he shear strength can

ries, have been used to infer the interfacial contact area for AFM
friction measurements. When surface forces are short range
compared to the resulting elastic deformations (i.e., compliant

be thought of as the friction force per interfacial atom or interfacial Materials, large sphere radii, and strong, short-range adhesion
molecule, while the contact area represents the number of atomdorces), the JKR model accurately describes contact area. The

or molecular groups in contact.

By way of review, we focus here on the behavior of nanoscale
single-asperity contacts that occur between the tip and sample
in atomic force microscope (AFM) measurements. It should be
noted that numerous experiments have been performed on SAM
and other organic thin films using the surface forces apparatus
(SFA) 24 put because of much larger lateral contact sizes, we

shall not discuss the SFA measurements here.
Let us specifically consider the effect of packing density on

interfacial SAM friction. Defects, such as gauche defects in the

chains or vacancies in the SAM, tend to increase frictfoR?

The number of defects present in a SAM depends on the local

ordering and packing density of the film, which is correlated

with monolayer properties such as chain length, substrate
attachment, and deposition conditions. The effect of packing
density and local order on friction has been studied experimentally

in various way£>28 Molecular dynamics simulations have also
been used to directly study the effect of packing der®i#)For
example, Mikulski et al. studied alkane chains on diamond,
comparing fully packed configurations with a monolayer with

30% of the chains removed and observed that decreased packin

density was correlated with increased fricti&n.
The contact properties for SAM interfaces, including contact

area f), contact stresses, interfacial displacements, and their

variations with load, are dictated by interfacial adhesion

(interatomic forces), material (tip, substrate, and monolayer)
stiffnesses, film thickness, and the tip shape. The stiffness of the

monolayer is the most critical stiffness since it is significantly
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opposite limit (i.e., stiff materials, small sphere radii, and weak,
long-range adhesion forces) corresponds to the DMT regime. It
is also possible to model the material behavior between these
two extremes using a non-dimensional physical parameter. There

re several such parameters that describe this transition, including

abor’s parameteti*2Maugis’ parametet? and the Carpick
Ogletree-Salmeron (COS) transition parametérTabor’s
parameter and Maugis’ parameter are physically equivalent and,
within a numerical factor close to 1, correspond to the ratio of
the normal elastic deformation caused by adhesion (i.e., in the
absence of applied load) to the spatial range of the adhesion
forces themselves. If the value of Maugis’ parameter is greater
than 5, the JKR model applies, whereas, if Maugis’ parameter
is less than 0.1, the DMT model applies. Between these values,
the interfacial behavior is said to be in the transition regime. The
COS parameter was empirically determined from the Maugis’
transition equatiorf and ranges from 0 to 1, where 0 is DMT-
like behavior and 1 is JKR-like behavit.

Strikingly good agreement between the shape of friction versus

load measurements and the contact area versus load dependence

@redicted by these theories has been observed in several

ased84546strongly indicating that interfacial friction is occurring
with aload-independent shear strength. However, the continuum
models must be used cautiously, with attention paid to the
appropriate limits and assumptions they entail. Specifically, these
models assume that materials in contact are homogeneous,
isotropic, linear elastic materials. Continuum-based modifications
to account for deviations from these assumptions do exist.
However, continuum mechanics may break down altogether,
and recent molecular dynamics results indicate that, while the
functional form of both friction and contact area versus load may
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resemble the continuum solutions, the actual values are inexperimentally?!Kiely and Houston measured friction between
significant errort”48 an interfacial force microscope (IFM) tungstentip and alkanethiols
Regarding continuum-based modifications, of particular inter- on Au as a function of load and velocity and were able to model
est are contact problems where one or both of the surfaces argheir data using linear viscoelasticity and a standard linear solid
coated with a compliant layer that represents a SAM coating. model®?
There have been several attempts to extend the applicability of ~Aswell, atthe nanometer scale, organic molecules may behave
these models, both analytically and computationally, to problems in ways that simply cannot be described by continuum mechanics.
involving an elastic, layered substrdfe®® Sridhar et al. As mentioned above, Luan and Robbins predict that, even for
investigated deviations from the JKR model for a thin compliant simple solids, the atomic-scale roughness of tips with radii even
layer on an elastic substrate with a rigid paraboloidal indenter. aslarge as 30 nm may cause significant deviations from continuum
They found that, depending on an adhesion parameter thatpredictions for the contact area and pressure distribution for the
involves the work of adhesiop, film thickness, film modulus, contact!’ This indicates that continuum-based models may not
and indenter radiu®, the pull-off force L. varies between be correct at small scales. The idea of contact area itself may
—1.57yR and —2.857yR.53 Another recent method has shown break down entirely at small scales due to complexities associated
that the absolute value of the pull-off force for a material with with the very definition of contact, especially for surfaces
JKR-like coating can be higher than that for the homogeneous interacting under long-range van der Waals for%es.
case. Specifically, the pull-off forces for JKR-like and DMT- Therefore, while significant progress has been made to elucidate
like coatings were identical{27yR).55 Although these two mechanisms of SAM friction, questions remain. Previous
models give differing predictions on the pull-off force, both frictional studies on SAMs have rarely been performed using
indicate that the pull-off force differs from what is predicted by self-mated interfaces, and controlled experiments comparing
purely homogeneous models, which makes appropriate calcula-mated with unmated interfaces are also lacking. There has been
tion of the work of adhesion challenging. no systematic comparison of the effect of coating the tip versus
An additional method to characterize the contact area s throughcoating the substrate. Most studies have only looked at friction,
the contact stiffness. Contact stiffness can be probed eitherand have not included stiffness measureméfftz¢ The
normally (normal stiffness) or laterally (lateral stiffness). The relationship between film stiffness, contact area, and friction

normal contact stiffness of a Hertzian contact is and particularly whether interfacial friction is the dominant
R contribution are subjects that have not been addressed. As well,
Koontact= 2E*@ @) few studies have included tip characterization and experimental

calibration of forces. Here, we study both unmated and self-
mated interfaces in order to determine the effect of coating the
tip, the substrate, or both. We also present lateral contact stiffness
measurements alongside with friction measurements on octa-
decyltrichlorosilane (OTS) to further elucidate the mechanical
* response of the interface. This work is also distinct because of
8G*a 4 : e > A
the rigorous calibration and characterization methods used.

wherea is the contact radiuk* = [(1 — v19)/E1 + (1 — vA)/

E2] 1, E1 andE; are the Young’'s moduli, angh andv; are the
Poisson’s ratios of the two materials in contact. Similarly, the
lateral contact stiffness is

Kcontact™

whereG* = [(1 — v1)/Gy + (1 — v2)/G;] 1, andG; andG; are _

the shear moduli of the two materials. Equation 4 applies to both Materials and Methods

non-adhesive (Hertzian) and adhesive contacts, and both equations OTS (sometimes referred to as ODTS in the literature) monolayer
assume homogeneous, isotropic, linear, elastic materials. Byfilms are of particular interest because they have been extensively
modulating the contact normally or laterally, one can determine used for coating MEMS devices. The schematic in Figure 1 shows
the respective contact stiffne¥s8 and this provides insight ~ the precursor molecule and several molecules attached to silicon
into the variation of the contact area and the elastic response aXde- This figure shows multiple possible bonding configurations
a function of load of the OTS molecules, such as chemisorption, physisorption,

: . . . hydrogen bonding, and short-range cross-linking between the
Understanding the tribology of organic monolayers is further molecules. The exact state of the bonding of OTS molecules to the

complicated by considering nonlinear and time-dependent g rface and to other OTS molecules is not fully determined, but it
(viscoelastic) material behavior. For example, evidence fortime- has been shown that complete and continuous lateral cross-linking
dependent behavior has been observed for submicron-thick layersf OTS is sterically forbiddef

of polystyrene and polyvinyl benzyl chloridéNonlinear elastic The OTS monolayers were created on rigorously cleaned surfaces
behavior of alkanethiols under compression has been reportedusing liquid depositiofi. Surface cleaning of Si(100) samples
consisted of sonication in acetone for 5 min and drying in nitrogen.
(47) Luan, B.; Robbins, M. ONature 2005 435, 929-932. The samples were then exposed to an RF oxygen plasma generated

(48) Luan, B.; Robbins, M. OPhys. Re. E 2006 74, 026111. by capacitively coupled titanium electrodes inside a vacuum chamber.
(49) Johnson, K. L.; Sridhar, 0. Phys. D2001, 34, 683-689.

(50) Hsueh, C.-H.- Miranda, BI. Mater. Res2004 19, 94-100. Plasmacondltl_onswere apprommately 300 mTgrat15 W forward

(51) Perriot, A.; Barthel, EJ. Mater. Res2004 19, 600—608. power for 5 min. After plasma cleaning, water contact angles are
(52) Hsueh, C.-H.; Miranda, R. Mater. Res2004 19, 2774-2781. verified to be less than°dising a Rame-Hart model 200-A contact
(53) Sridhar, I.; Zheng, Z. W.; Johnson, K. I Phys. D2004 37, 2886~ angle goniometer. Typically, full wetting is achieved. The samples

2895.
(54) Wang, M.; Liechti, K. M.; Srinivasan, V.; White, J. M.; Rossky, P. J.;
Stone, M. T.J. Appl. Mech2006 73, 769-777.

are then etched of their oxide layer in concentrated aqueous

(55) Reedy, E. D., JJ. Mater. Res2006 21, 2660-2668. (61) Houston, J. E.; Doelling, C. M.; Vanderlick, T. K.; Hu, Y.; Scoles, G.;
(56) Lantz, M. A.; O’'Shea, S. J.; Welland, M. E.; Johnson, KPhys. Re. Wenzl, |.; Lee, T. RLangmuir2005 21, 3926-3932.
B 1997 55, 10776-10785. (62) Kiely, J. D.; Houston, J. B.angmuir1999 15, 4513-4519.
(57) Lantz, M. A,; O'Shea, S. J.; Hoole, A. C. F.; Welland, M Appl. Phys. (63) Green, J.-B. D.; McDermott, M. T.; Porter, M. D.; Siperko, L.MPhys.
Lett. 1997, 70, 970-972. Chem.1995 99, 10960-10965.
(58) Carpick, R. W.; Ogletree, D. F.; Salmeron, Mppl. Phys. Lett1997, (64) Wei, Z. Q.; Wang, C.; Bai, C. LSurf. Sci.200Q 467, 185-190.
70, 1548-1550. (65) Brewer, N. J.; Beake, B. D.; Leggett, G.LAngmuir2001 17, 1970~
(59) Pigrement, O.; Beaudoin, J. L.; Troyon, Niribol. Lett.1999 7, 213~ 1974.
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Figure 1. A schematic of OTS molecules and their attachment to

a silicon oxide surface. Although the exact bonding details of OTS
are not known, it is probable that the molecules either physisorb or
chemisorb to the silicon oxide, and some of the molecules form
short-range cross-linked structures.

hydrofluoric acid (HF) for 5 min and rinsed quickly with water and
dried in nitrogen. The plasma/HF/water process is repeated at least
three times, and after the third, a sample is inspected with AFM for
particles. Typically, no particles are found within a ¥010 um?

scan. The root-mean-square (rms) roughness of Si(100) cleaned in
this manner is less than 0.2 nm over a0 xm? scan.

Due to concern over the preservation of tip geometry, a different
cleaning procedure was used for the AFM cantilevers. Instead of
repeatedly oxidizing and etching, a single exposure to a low power
(2 W forward) oxygen plasma at 250 mTorr for 5 min was used.
These conditions were verified to produce fully wettable Si(100)
surfaces by starting with pre-cleaned samples that have aged several
days under laboratory ambient conditions (and therefore became Friction
contaminated with adventitious hydrocarbons). . . . . .

The OTS coating process is immediately performed on cleaned Figure 2. AFM images of OTS-coated single-crystal silicon with
samples. The OTS solution consisfsaol mmol solution of OTS ~ Native oxide. The top image is topography and the bottom image
in hexanes (Fisher, technical grade). The OTS93%n-C18 from is friction. Both images show the presence of dendritic regions with

Gelest. The solution is allowed to sit under ambient conditigns ( Sightly higher topography and lower friction, which constitute the
= 22°C, RH = 40%) covered for 30 min before insertion of the more dense LC phase. The LE phase surrounds the LC regions and

samples. Samples are exposed to the OTS solution for approximately> Iesls d%nse. This 512256 pixel image was scanned at nominally
20 min and rinsed at least three times in hexanes before drying in 280 load at 1.0 Hz.
nitrogen.

Tog produce well-defined counterfaces for the experiments, as Optical microscopy was used to measure the in-plane dimensions
well as to closely mimic and compare to MEMS devices, silicon Of the lever, namely, length and width, and transmission electron
substrates, silicon AFM tips, and silicon MEMS friction testdevices  Microscopy (TEM) was used to measure the small critical dimensions
were coated simultaneously with the OTS monolayers. This paper of the cantilevers, such as tip radius, tip height, and lever thickness.
discusses the nanoscale friction results using the silicon substrated' he tip shape was determined using TEM* TEM images were
and silicon tips. Note that all Si surfaces are expected to haviem ~ takenusing either a JEOL 100CX ora JEOL 200CX (Tokyo, Japan),
nm thick native oxide present. For simplicity, we refer to the material With resolution for high-magnification tip images of approximately
as “Si” even though the surfaces are silicon oxide. 3 nm. The radius of the tip was determined by a fitting a circle to

All AFM data were obtained using a Veeco (Santa Barbara, CA) the end of the tip. Friction versus load (FvL) data are obtained by
MultiMode AFM with a Nanoscope IV controller. The EV scanner ~ continuously varying the setpoint using a triangle-wave form from
(maximum in-plane scan range of 4gh) used for the experiments ~ an external function generator at a rate of 5.86 mHz, so that one
was calibrated i, y, andzusing silicon micromachined calibration ~ Period of the triangle-wave is traversed exactly once during a 512-
gratings. Silicon rectangular contact-mode cantilevers (MikroMasch, line image scanned at 3.05 lines/s. The load is ramped as the tip
Tallinn, Estonia) were calibrated experimentally for normal forces Scans to create 512 512 pixel images of both normal force and
using the Sader unloaded resonance méthadd calibrated for lateral force.
lateral forces using the wedge calibration metfb®@TheQ factor, Arepresentative AFM image of the OTS-coated surface is shown
which is needed for the Sader method, was obtained from the in Figure 2. The surface has very low roughness (0.1 nm rms for
resonance curve of the cantilever, wh@is the resonance frequency  this 4 x 4 um? image). However, the surface exhibits dendritic
divided by the full width at /2 of the maximum of the peak. formations in both topography and friction. The nature of this contrast

(68) Sader, J. E.; Chon, J. W. M.; Mulvaney,Rv. Sci. Instrum1999 70, (71) DeRose, J. A.; Revel, J.-Microsc. Microanal.1997, 3, 203-213.
3967—3969. (72) Schwarz, U. D.; Zworner, O.; Koster, P.; Wiesendanged. Rac. Sci.
(69) Ogletree, D. F.; Carpick, R. W.; Salmeron, Reev. Sci. Instrum1996 Technol., B1997, 15, 1527-1530.
67, 3298-3306. (73) Erts, D.; Lohmus, A.; Lohmus, R.; Olin, H.; Pokropivny, A. V.; Ryen,
(70) Varenberg, M.; Etsion, |.; Halperin, Bev. Sci. Instrum2003 74, 3362— L.; Svensson, KAppl. Surf. Sci2002 188 460-466.

3367. (74) Fujisawa, S.; Kizuka, Tpn. J. Appl. Phys. 2003 42, L1182-1.1184.
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will be discussed in detail further below. For newly deposited
substrates, the dendritic patterns were not evident initially, but as
loosely bound material was swept away by the tip during imaging,

the patterns readily became apparent. This loose contamination,

which is likely unbound OTS molecules remaining from the
deposition, was typically removed after five to six imaging scans
at zero applied load. Two weeks after deposition, this loose material

was no longer observed. The dendritic patterns were seen regardless

of the tip used or whether the tip was coated with OTS. The friction
force in the dendritic regions can be -100% lower than the
surrounding regions, depending on the tip.

Precise, reproducible nanotribological measurements with AFM

are challenging, and several instrumentation issues must be carefully

considered to achieve consistent results on SAM films. Since the
OTS surface is frictionally inhomogeneous, the precise location on
the surface for friction measurementsis critical. Accurate positioning
while the load was ramped was achieved using tilt compensation to
nearly eliminate the longitudinal displacement of the tip along the
substrate’s surface that otherwise would occur due to the cantilever’s
tilt angle’® Positional uncertainty due to creep of the piezoelectrics
and thermal drift was characterized and compensated for by
systematically returning the tip to its original location on the surface
after every few scans using a fiducial image feature.

Even with carefully addressing unwanted in-plane positional
displacement of the tip, measured friction and adhesion forces can
vary substantially for the same substrate and tip. Several AFM
studieg® 78 show that, when working with SAMs, the tip shape and
chemistry can be “run-in”to an equilibrated state, which then allows
for reproducible experiments. For the experiments described in this
paper, each tip was first scanned for 30 min at an applied load of
65 nN on an OTS substrate to induce a moderate amount of tip
modification and to equilibrate the tip chemistry. Run-in led to
significantly more consistent friction measured on the OTS substrate,
indicating that an equilibrated tip geometry and chemistry were
obtained. This run-in is different from that which is commonly seen
for macroscopic contacts. Such behavior involves significant transfer
and transformation of material. However, in the case of SAMs,
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Figure 3. FvL plots of Si-on-Si, Si-on-OTS, OTS-on-Si, and OTS-
on-OTS friction. Friction for Si-on-Si shows sublinear behavior,
while the Si-on-OTS tip displays superlinear friction. In contrast,
OTS-on-Si shows different concavity than Si-on-OTS, showing that
the curvature of the SAM-coated surface plays an important role.
The OTS-on-OTS friction also displays the superlinear behavior of
Si-on-Si, suggesting molecular plowing behavior.
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transfer of material occurs, at most, at the molecular scale. Such afigure 4. Normalized pull-off force, which is the pull-off force

phenomenon is extremely difficult to observe and verify directly,
as no techniques for the in-situ spectroscopic imaging of nanoscale
tips exist. However, the behavior seemmodest amount of transient
behavior followed by stable friction and adhesion characteristics

is consistent with this idea, as well as with previous reports in the
literature?”780ne plausible hypothesis is that run-in removes weakly
bound material from the tip.

Results and Discussion

Uncoated and Coated Tips and Substrate#\s stated above,
both silicon AFM tips and single-crystal silicon substrates were
coated with OTS. For simplicity, the four frictional interfaces
studied are labeled in the form “tip-on-substrate”. Comparisons
of frictional behavior were made between the following four
interfaces: a Si tip sliding on a Si substrate (Si-on-Si), the same
Sitip sliding on an OTS-coated substrate (Si-on-OTS), an OTS-
coated tip sliding on a Si substrate (OTS-on-Si), and the same
OTS-coated tip sliding on an OTS-coated substrate (OTS-on-

divided by the tip radius. The work of adhesion is inversely
proportional to the tip radius, but the scaling factor depends on the
details of the material interactions. This plot shows the relative
differences in the work of adhesion between the different types of
coated and uncoated interfaces. The Si-on-Si interface has the highest
work of adhesion, with a large variability due to the variable surface
chemistry of Si.

The phase of OTS on the tip is unknown. It has been suggested
that the OTS film on nanoscale asperities may be different from
the OTS film on the sample since the significant curvature of
the tip may cause the chains to spread further apart than on
smooth surface®.For each case, friction was first measured on
the OTS-coated substrate, then measured on the bare substrate,
and then back to the OTS surface to check for changes in friction.
Friction on OTS was consistent when the tip was run-in prior

to these experiments, as explained above.

The results are shown in Figure 3. Each data set shown is an

OTS). The same tips and substrates were used in these2verage of the increasing and decreasing load portions of the

combinations to investigate the frictional variations between the

particular FvL experiment. Averaging is feasible due the high

different interfaces. As discussed further below, the OTS film reproducibility of the measurements. All of the error bars in the
is heterogeneous, as it consists of two coexisting phases knowrf VL plots indicate the statistically determined standard error of

as the liquid condensed (LC) and liquid expanded (LE) phases.
For consistency, locations on the sample corresponding to the
LC phase were chosen for study (the dependence of friction on
the OTS phase was also investigated and is discussed below)

(75) Cannara, R. J.; Brukman, M. J.; Carpick, R.Ré. Sci. Instrum2005
76, 053706.

(76) Wenzler, L. A.; Moyes, G. L.; Harris, J. M.; Beebe, T. P.Alval. Chem.
1997, 69, 2855-2861.

(77) Qian, L. M.; Xiao, X.-d.; Wen, S. ZLangmuir200Q 16, 662-670.

(78) Brukman, M. J.; Oncins Marco, G.; Dunbar, T. D.; Boardman, L. D.;
Carpick, R. W.Langmuir2006 22, 3988-3998.

the mean, which means that there is 68% confidence that the true
value occurs within that interval. The Si-on-Si friction curve
shows the familiar sublinear behavior for a single-asperity contact
exhibiting interfacial friction. The same Sitip was used to measure
friction on OTS (Si-on-OTS), but it shows a different frictional
response. In this case, the slope of the friction curve increases
with load, which is a superlinear curve. Similarly to the case of
Si-on-Si, OTS-on-Si friction varies in a sublinear manner. For

(79) Batteas, J. D.; Xu, C.; Helt, J.; Weldon, M. KNTEC 2001 Proc2001,
2, 1951-1954.
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Table 1. Pull-off Forces and Work of Adhesion Values for Different OTS and Si Contact Pairs, as Determined by Applying Contact
Mechanics Model$

pull-off force, relative pull-off force, work of adhesion,
tip/substrate Lc (NN) LoJ/R (NN/nm) y (MJ/n?) model for work of adhesion
Si-on-Si 63.4+31.1 2.62+1.16 826+ 186 transition fit,acos= 0.56
Si-on-OTS 38. 74 11.6 1.68+ 0.47 268.1+ 75.6 DMT
357.5+ 100.8 JKR
OTS-on-Si 12.9: 0.9 1.00+ 0.21 159.2+34.2 DMT
OTS-on-OTS 23.5-115 0.76+ 0.01 121.6+2.2 DMT
162.1+ 2.9 JKR

aUncertainty in the measurements was calculated using the standard error of the mean from the statistical ensemble of measurements.

OTS-0on-0OTS, the frictional response again gives a superlinearhas a high level of stability and consistency in its work of adhesion.
frictional curve. It also implies that, for example, MEMS device performance
Pull-off forces were determined from FvL plots, and these and consistency should be improved by coating silicon MEMS
measurements were repeated using several tips and substrategyrfaces with OTS. This is indeed what has been observed
The average pull-off force values and their uncertainties are ShOW”experimentaIIy“. This is further corroborated by the fact that

in Table 1. Typically, two to three pull-off force measurements : I . - .
are extracted from the FyL plots for each-tisample pair and OTS reduces interfacial friction for single asperities (Figure 3).

averaged. Just as in the FvL plots, the error bars represent the These results, that the tip coating would have a significant
standard error of the mean values. Even though the exact naturéffect on pull-off force and that the Si-on-Si interface would
of the material interactions and the validity of contact mechanics have the largest pull-off force, agree with expectations. The large
models for this system are uncertaimedative comparison of Si-on-Si pull-off force can be attributed to the naturally hydrophilic
the work of adhesion values is certainly meaningful, provided native oxide of the bare silicon surface, which can exhibit high
thatthe constant of proportionality between the work of adhesion adhesior# In this particular case, the Si surface used for Figure
and pull-off force, as explained above, does not change 3 yas cleaned using First Contact, a contamination removal
significantly for the four interfaces. For this reason, we present polymer film (Photonic Cleaning Technologies, Platteville, Wi).

a comparison of the relative pull-off force, that is, the pull-off This cleaning procedure leaves the surface free of debris and
force normalized by the tip radius (Figure 4, Table 1). Some -aning p . . .
contamination according to optical microscopy and AFM

variations in pull-off forces occur, as seen by the differences . - h e
between the example in Figure 3 and the averages in Figure 4.topographic imaging. Certainly any substrate exposed to air will
This may be due to premature pull-off during FvL measurements, Possess both water and adventitious hydrocarbon contamination.
butregardless, the trends for different interfaces are reproducibleThus, as with any other AFM measurement in air, the precise
and consistent with other measurements including force versussurface chemistry is unknown.

dls_l|_orl1acer?9:[.nt datallll o . . or the Sion.Si The ANOVA methodology also shows that there is 95%
__'he relative pull-Oft Torce Is much larger Tor theé SI-0n-Sl  confidence that both the tip coating and the substrate coating
interface than for all the others. The Si-on-OTS, OTS-on-Si, and ¢ significant effects on the frictional response of the various

OTS-on-OTS interfaces all have similar relative pull-off forces interfaces. This was determined by comparing the values of the
within their 68% confidence intervals (i.e., their standard errors). _ .. ) . Y paring
friction force at zero applied load for each interface. As well,

It is interesting to note that the OTS-on-OTS interface has the : - - ’ -

variation among the values measured. The large variation for the effects of the tip coating and the substrate coating. Since
Si-on-Si is consistent with measurements by Batteas &P al., pull-off force and friction are both influenced by the substrate
who attribute this to the spatial variations in local charge density coating, the data in Figure 3 are separated according to the
on the oxidized silicon surface that result from local variations substrate (Figure 5). It is obvious that whether sublinear or
in the density of silanol groups. ~ superlinear behavior occurs for the FvL curve depends on the
We can use the analysis of variance (ANOVA) to determine nature of thesubstrate(coated vs uncoated) and not the tip.

whether therg is a statlstlcalldlfferenc.e in a sample measurement In Figure 5a, the data for Si-on-Si and OTS-on-Si are extremely
due to the variation of a particular variable. For the pull-off force . . )

well fit by a continuum mechanics model for the contact area

measurements, we consider the different interfaces in terms ofof an elastic adhesive single asperity (solid lines) and assumin
varying two specific variables: the tip coating and the substrate . 9 perty 9

coating. By looking at the differences in all the combinations of mte_rfa_cial friction (eg .2) with a constant she_ar strength. A small
tip and substrate, one can determine (a) whether the tip coatingdev'at'on from the fit is seen for_ (_)TS-on-S|_ on_Iy at the highest
has an effect on pull-off force, (b) whether the substrate coating 1°2dS €140 nN). The Si-on-Si interface is fit by the COS
has an effect on pull-off force, or (c) whether coating the tip and fcrar'lsmon modell, with a CQS'transmor.l parameter of 0.56, which
coating the substrate influence each other in determining the INdicates material behavior intermediate to the DMT and JKR
pull-off force (e.g., if the effect due to coating both the tip and "€dimes. The corresponding Maugis’ parameteris 0.78. The OTS-
the substrate is greater than the sum of the effects of either coating?n-Si interface, on the other hand, is best described by a purely
the tip or coating the substrate). MT model. In contrast, t.he $|-on-OTS and OTS-on-OTS curves
The analysis shows that there is a 50% confidence level that (Figure 5b) cannot be fit with any known contact mechanics
there is a difference in pull-off force due to the tip coating, and Model for contact area with a constant shear strength, since no
80% confidence that there is a difference in pull-off force due models predict a superlinear behavior for a paraboloidal tip.
to the substrate coating. In addition, there is a lack of evidence Therefore, arange of possible work of adhesion values using the
that the tip coating and substrate coating influence one anotherDMT and JKR values as limits are presented in Table 1 for these
for determining the pull-off force. This information, along with ~ interfaces.
the overall low value and small confidence interval for the OTS-
on-OTS pull-off force, indicates that the OTS-on-OTS interface  (80) Batteas, J. D.; Quan, X.; Weldon, M. Kribol. Lett.1999 7, 121-128.




9248 Langmuir, Vol. 23, No. 18, 2007 Flater et al.

60 . . T T T T
a) OTS molecules
50 |
= 40 Si-on-Si
= FRONT VIEW
S 3o0p :
° OTS molecules
C ool OTS-on-Si |
10 - .
., SIDE VIEW
50 0 50 100 150 200 250 300 Figure 6. Cartoon illustrating a 20 nm tip plowing into OTS
Load (nN) molecules. Because of relatively weak chain-to-chain interactions,
compression of molecules under the tip has little influence on the
60 : : : . : i molecules outside of the contact area. As the tip moves laterally, it
b) plows into the molecules in front of it, which occupy the projected
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% contact area increasing only sublinearly. If there was indeed a
-% o i pressure-dependent shear strength when sliding over an OTS-
£ 2l Si-on-0TS i coated surface, it would be expected that Si-on-OTS and OTS-
on-Si friction should exhibit the same behavior, but this is not
10 - . observed.
9 , L The second explanation is that an additional contribution to
50 0 50 100 150 200 250 300 friction, independent of interfacial friction, contributes to this

Load (nN) superlinear behavior. Here we propose one plausible mechanism,
Figure 5. Friction vs load for OTS-coated and uncoated tips and namely, molecular plowing. Because of relatively weak lateral
substrates. The number of data points has been reduced from thehain-chain interactions in the SAM, the compression of
plots in Figure 4 to clearly show the curve fits. (a) Frictional data molecules under the tip has reduced influence on the height of

for tips sliding on Si are well-described by a DMT-like model for . : '
contact area (fits shown by black lines). (b) Frictional data for tips the molecules outside of the contact area (assuming vertically

sliding on OTS cannot be easily fit to contact mechanics models, Oriented molecules). As the tip moves laterally along the film,
even for alimited range of loads. Frictional behavior can be attributed the tip therefore plows into the uncompressed molecules in front
to molecular plowing in the OTS film. of it. Those molecules must be compressed toward the substrate

or tilted laterally for the tip to pass through. This kinematic

since the modulus of the OTS layer is unknown. For the Si-on-Si processis shown schematically in Figure 6, where the compression

plot in Figure 5a, which was fit using a tip rédius of 15 nm of the molecules is exaggerated to illustrate the hypothesized

(determined by 'I"EM) and using bulk values for the elastic effect. This effect will produce aforce resistive to forward motion.

modulus and Poisson’,s ratio of Si(10B)the shear strength is Ir) a fully elastic system, the recovery of compressed or Iaterall_y

calculated to be 110& 20 MPa. The fact that this data can be displaced molecules behind the tip would compensate for this

fit by the COS equation is consistent with the hypothesis that "esistive force. However, thermal fluctuations, viscoelasticity

continuum linear elasticity accurately describes the contact area(témporal delay in the elastic recovery), and other random

variation with load for this interface, and that its interfacial shear Processes involving the SAM molecules will interfere with this.

strength is load-independent according to eq 2. On the basis ofThus, a net resistive force occurs.

the fits, we can estimate that the contact radius for the Si-on-Si

interface varies from 1.02 0.01 nm at a pull-off load of-25.3

+ 0.7 nN to 2.83+ 0.03 nm at 200 nN. The mean contact . . gy g .

stresses (load divided by contact area) at these loads it (i.e.,Fr=F;+ Fp). Theinterfacial friction term is still proportional

and 7.95 GPa, respectively to the interfacial contact arek;(= rA), while the plowing force
The small deviation from the DMT fit for the OTS-on-Si data 'S &1 Unknown nonlinear function of load and contact radfs (

above 140 nN load may suggest an additional frictional — Fe(L.@), such that

contribution at the higher loads. Furthermore, while the shape

of the FvL curve for OTS-coated substrates depends on t_he type Fo=1A+ Fp(L,a) (5)

of tip (bare, or OTS-coated) used, the common trend is that

friction is nonlinear with an increasing slope as the load increases.

These superlinear FvL plots could be explained in two different |n other words, the two contributions to the force resisting sliding

ways. The first explanation is that friction is still proportional - are (1) an interfacial friction force, which arises from the fact

to contact area (i.e., interfacial frictiof; = 7A), but with @ that molecular groups at the interface itself have a preferred

pressure-dependent shear strengtlif so, then the pressure jniarfacial arrangement, the shearing of which requires energy

dependence itself must be superlinear to compensate for theto be expended, and (2) plowing, which arises from the need to

(81) The mechanical properties of Si used for this calculation were 150 GPa compress or dlsplace molecules in frontof the tip to move forward,
for the modulus and 0.28 for Poisson’s ratio. which also requires energy to be expended.

The shear strength can only be determined for Si-on-Si,

In this picture, the major contributions to friction for SAM
systems are due to both interfacial friction and to plowing friction
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Macroscopic plowing behavior in tribological contacts has examples in the literature where superlinear friction has been
been studied for decades and typically involves plastic deforma- seen at higher loads with SAM&’” For example, Xiao et al.
tion B2butit has been previously suggested that molecular plowing observed that, for 8 and 18 carbon alkylsilane monolayers, the
also contributes to friction for monolayer systems at the FvL shows superlinear behavior atloads above 50 nN. In addition,
nanoscalé®8384 Brukman et al. showed that, from simple superlinear friction was seen by Qian et al. at loads from 30 to
geometry, the ared, of a parabolic tip projected onto the plane 90 nN. Above these superlinear regimes, the frictional behavior

normal to the scanning direction is proportional 45163, where agaﬁn becomes linear. Both of thgse groups gttripute this to the
8 is the penetration depth of the tip into the layer. For a Hertz fTictional response of the underlying muscovite mica substrate,
or DMT contact, the applied loddvaries with penetration depth that is, the tip has penetrated the SAM and is in contact with the

) _ *P o substrate. However, they did not propose a mechanism to explain
according toL = (4/3)E*VR5". Note that the penetration is  he superlinear dependence prior to breaking through the SAM,

taken to be the compression of the interface, which involves nor gig they show if the superlinear friction behavior was
compression of both the tip and substrate (i.e., the film). However, yeersible upon reducing the load. Here we clearly see that it is
for Si-on-OTS, the film is far more compliant than the tip, and e\ ersible. We argue that the superlinear region is a reversible

therefore the compression will primarily occur in the film. For  achanical phenomenon that can be attributed to molecular
OTS-on-0OTS, ideally the compression should be equal for the plowing.

two surfaces, but the total penetratibstill represents the amount Superlinear behavior cannot be accounted for simply by

that molecules (on either the tip or sub;tr_ate) outside the Contalthonsidering the fact that the effective stiffness of the monolayer-
zone must be compressed to allow sliding.

Using the above relationships between load and penetration coated Siincreases with load. At high loads, the effective contact

the projected area of contagwill be proportional to the applied 'modulusE* will increase due to increased interaction with the
. ) ! ignificantl iffer silicon r n he ex
load L, but independent of the tip radit®8?In the case of an significantly stiffer silicon substrate and due to the expected

: ) nonlinear stiffening of the OTS molecules®® Both of these
gdheswe but non-DMT-like contact, the dependencb qh 0 effects would cause the contact area to grow more slowly with
is more complex, but the dependence on radius remains weak

and soA, is nearly proportional té. except close to the pull-off load, and therefore, according to the interfacial friction model,

load. Similarly. if w nsider th ntact mechanics of a SAM the friction force should be even more strongly sublinear than
oad. arly, it we consider tne contact mechanics of a the DMT or JKR (or intermediate) models predict. Considering
as represented by a thin, non-adhesive elastic co?ftiigan

be shown that. = 7(RE/R)0% whereE, is the uniaxial strain the mechanics of the thin coating geometry does not change this

modulus of the thin layer ant is the thickness of the layer conclusior> However, the superlinear behavior could be
Y yer. explained by assuming that the nonlinear stiffening of the

Since A, is proportional tov'R6®, A, can be shown to be  molecules under compression leads to a greater amount of energy

proportional toL*4, again with a weak radius dependence. We required (and subsequently lost) when compressing the molecules
note that further work is required to determine how this analysis during plowing.

should be modified to include adhesive interactions. The difference between the Si-on-OTS and OTS-on-Si results
Therefore, itis hypothesized that molecular plowing generates gjyes additional support for the molecular plowing hypothesis.
an additional resistivel force that can be very.roug.hly given by For Si-on-O0TS (Figure 5b), the molecular plowing contribution
Fp=nAp O L, wherey is a constant of proportionality that has  js sjgnificant at all loads. For OTS-on-Si (Figure 5a), the FvL
a similar connotation as for interfacial friction. The plowing  phehavior agrees well with the interfacial friction model at low
model agrees with the observations both here and by Brukman|oads, indicating that plowing has little influence. The deviation
et al. that the shape or the slope of the friction curve for a given from the contact mechanics fit at higher loads (absxt&0 nN)
interface is relatively insensitive to changes in the pull-off force. may indicate that molecular plowing becomes significant in this
Changes in pull-off force are indeed observed for this work, and regime. This can be explained by considering the curvature of
could be due to a change in the tip radius or in the work of e tip. For OTS-on-Si, the tip curvature reduces the effect of
adhesion during the experiment. This molecular plowing model, molecular plowing at low loads since the molecules on the tip
with a roughly linear relation between friction and load, also just outside the contact region are already located “out of the
provides agood description of the FvL data presented by Brukmanyay” j.e., vertically displaced from their neighbors in the contact
et al’® as well as several other papers that observe linear FvL region, providing a kinematic advantage to sliding. At higher
curves for uncoated tips sliding on various SAMS2385851544s " the OTS molecules on the tip become sufficiently
For the data in Figure 5b, there is good agreement with this compressed so that the tip molecules do require plowing. Since
molecular plowing model at low loads up t80 nN for Si-  thereis no evidence of large scale wear of the OTS after scanning
on-OTS and-250 nN for OTS-on-OTS, as the interface exhibits  at high loads (Figure 7), the majority of the deformation of the
linear FVL curves over these load ranges. OTS molecules is recovered, with irreversible molecular
Athigher loads, the deviation from linearity is more significant - geformations occurring only to a limited, unobservable extent.
and takes on a superlinear character. This cannot be explained The fact that molecular plowing takes place is corroborated

bhy resorting to I|nez:|r elastic ccr)]ntact mechr?nlcs (_:issc?pthn_sl Of by molecular dynamics simulations that show extreme deforma-
the contact area. However, there are other strikingly similar g, g plowing for silicon oxide tips with radii of 10 nm scanning

(82) Bowden, F. P.; Tabor, CFriction and Lubrication of Solids: Part;| onan OTS_Coat.Ed SUbStr&Eé' .
Oxford University Press: Oxford, U.K., 1950. Effect of Packing Density.Another key factor affecting the

(83) Clear, S. C.; Nealey, P. B. Chem. Phys2001, 114, 2802-2811. it i H H i i
(84) Cloar. S. .. Nealey. P. Eangmuir 2004 17, 720-732, frictional properties of SAMs is their packing density. As

(85) Graupe, M.; Koini, T. Kim, H. . Garg, N.; Miura, Y. F.; Takenaga, M.;  discussed above, previous work on SAMs composed of molecules
Perry, S. S.; Lee, T. RColloids Surf., AL1999 154, 239-244. with different chemical structures (chosen so that they lead to

(86) Kim, H. I.; Graupe, M.; Oloba, O.; Koini, T.; Imaduddin, S.; Lee, R. L,;
Perry, S. SLangmuir1999 15, 3179-3185.

(87) Kim, H. I.; Koini, T.; Lee, T. R.; Perry, S. Sribol. Lett.1998 4, 137— (89) Kiely, J. D.; Houston, J. E.; Mulder, J. A.; Hsung, R. P.; Zhu, XTkbol.
140. Lett. 1999 7, 103-107.
(88) Zhang, C.; Liang, Q.; Wang, B.; Xiao, 3. Appl. Phys2004 95, 3411~ (90) Chandross, M., Sandia National Laboratories, Albuquerque, NM. Personal

3416. communication, 2006.
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Figure 8. FvL for an OTS-coated tip on an OTS-coated substrate
on the LE and LC phases. There is a modest but clear distinction
BEFORE between the frictional properties of the two phases over a large
range of loads. Data from increasing and decreasing loads on a
given phase are indistinguishable from one another and are averaged
together for this plot.

its higher density since the tighter packing causes the molecules
to orient more perpendicularly to the surface. The fact that the
LE phase has higher friction than the LC phase is not surprising
because, as discussed previously, decreased packing density
increases friction because defects form more readily in less dense
monolayers during sliding. This can increase friction in several
ways, as it creates a more corrugated surface, exposes a larger
fraction of methylene groupsto the surface, and creates additional
channels for frictional energy dissipation during sliding. The
defects in the chains most likely form outside of the area of
contact, where there is more free volume.

It is also probable that there is an additional contribution to
the frictional variation due to changes in the orientation of the
AFTER tail groups of the OTS molecules within each phase. At a lower

Figure 7. Representative images of OTS surface topography before packing density, the ends of the chain are able to rotate more
and after an FuL experiment. The maximum load during this freely. Thus, instead of a mostly methyl-terminated interface,

experiment was approximately 150 nN, applied over a scan rangehere would be a higher percentage of methylene groups at the

of 200 nm, in the center of this image. No observable wear is evident, interface. This has been shown in molecular dynamics simulations,
and the variation in the topography of a few Angstroms is much less whereby both the chemical identity and the orientation of the

than the~2.5 nm thickness of the monolayer. end group of a hydrocarbon chain has a significant effect on
friction, with disorder, gauche defects, and methylene group
exposure increasing frictiot:%

s To definitively demonstrate the distinct frictional responses
of the two phases, the FvL procedure (with tilt compensation)
was performed on aregion that contained both LC and LE phases

phases of the OTS monolayer, in exact agreement with thoseside-by-side.With this approach, friction is measured repeatedly
on both phases at each load for each scan line, and the location

reviously documented and explained by Carraro &t @hese . ) o .
P i b y on the substrate is easily verified. In other words, we directly

same dendritic patterns have also been observed by LilP&t al. . . o P
The dendritic formations are denoted as the denser LC phasemeasure the effect of packing density variations for one specific

and the surrounding regions are the less dense LE phase. Thaolecule instead of comparing films composed of different

LC phase consists of confined regions of high-density, closely molecul_es (e.g.,with.different.chain Iengths),whic.h isan indire_ct
packed, fully extended monolayer chains, while the LC phase Comparison of packing density effects. The continuous fashion
consists of disordered molecules with a uniform but lower packing ©f @cquiring comparative data within the same image completely
density. The independent observations of these types of dendriticEliminates uncertainties associated with tip, substrate, instru-
features for OTS films demonstrates that these phases do nofnental, and environmental changes.
arise from inhomogeneities in the substrate, but from the nature  In agreement with the friction image in Figure 2, the FvL plot
of the OTS phases that form under specific deposition conditions. in Figure 8 shows that the less dense LE phase consistently
We observe that the LC phase as seen in Figure 2 has slightlyexhibits higher friction than the denser LC phase over the entire
higher topography and significantly lower friction than the LE range of applied loads. The example shown in Figure 8 is for
phase. The higher topography of the LC phase is consistent with

different packing densities), leads to contrast in friction. Results
for two chemically identicamonolayers with different packing

densities are presented here. Figure 2 shows that the OT
surface is inhomogeneous, forming dendritic patterns on the
surface. This reveals the two known coexisting thermodynamic

(93) Mikulski, P. T.; Gao, G. T.; Chateauneuf, G. M.; Harrison, JAChem.
(91) Carraro, C.; Yauw, O. W.; Sung, M. M.; Maboudian,JRPhys. Chem. Phys.2005 122, 024701.

B 1998 102, 4441-4445. (94) Mikulski, P. T.; Herman, L. A.; Harrison, J. Aangmuir2005 21, 12197
(92) Liu, Y.; Wolf, L. K.; Messmer, M. CLangmuir2001, 17, 4229-4335. 12206.
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a) 30 — attributed to a viscoelastic time lag in the contact &Peigure
9a, on the other hand, shows that the approach curve (increasing
25 T load) has higher friction. This effect cannot be explained by a
change in the tip or the substrate during the experiment, or by
s 20r ] spatial drift, since the curves were traced reproducibly for multiple
% OTSLE ; FvL runs. Itis not clear what causes this hysteretic FvL behavior,
s 5r 1 but one possible origin may be due to the plowing behavior of
E 10 the molecules during these constantly varying load experiments.
I ’ When the load increases during sliding, itis increasingly difficult
5| | (albeit slightly) for the viscoelastic OTS molecules to get out of
the way of the tip, and this may contribute to the higher friction
0 L in the approach curve. Then, when the load decreases during
50 0 50 100 150 200 250 300 350 sliding, the molecules have slightly more opportunity to relax

Load (nN) and allow for the passage of the tip, which slightly reduces the
resistance to sliding. Regardless of the frictional details in Figure

b) 350 9a, the LE phase consistently exhibits higher friction than the
— 300k ) LC phase, and this persists regardless of the pressure exerted on
5 the film by the tip.
% 250 | ] To further explore the origins of the contrast between the LC
§ and LE phases, and to further understand the load-dependence
£ 200F 1 of friction, lateral stiffness measuremetitwere also performed
2 150l i inthe two distinct regions. The total lateral stiffnegsmeasured
£ by the cantilever will depend on the lateral contact stiffness,
S 100 | 4 the lateral stiffness of the levert;, and the lateral stiffness of
® the tip,«qp. Itis possible to experimentally determine the torsional
§ 50 T stiffness of the lever using the torsional Sader mefttaat, due
| Lt \ ) \ ) \ to overlapping normal and torsional resonances of this particular
50 0 50 100 150 200 250 300 cantilever, a geometrical calculation of the torsional and lateral

Load (nN) cantilever stiffness was performed instead. Using the measured
Figure 9. FvL and lateral contact stiffness of an OTS-coated tip dimensions of the lever and 60 GPa for the shear modulus of
on an OTS-coated substrate. (a) OTS-on-OTS FvL data. These datssilicon, the lateral stiffness of the lever was calculated to be 127

are similar to the data in Figure 6a, where the slope of the friction N/m. Since the contribution of the tip’s lateral stiffness can be
curve increases with load. (b) OTS-on-OTS lateral contact stiffness sjgnificant” this was inferred from a plot afe; X versusF; /2,

data. This data was taken immediately prior to each of the FVL |ynare F is the friction force. This value was found to be

curves shown in panel a. approximately 240 N/m, which corresponds well to values
calculated by Lantz et al. for 3660 nm contact-mode tigs.

an OTS-coated tip, but the contrast is also seen with uncoated FvL (Figure 9a) and stiffness versus load (Figure 9b)

tips. In this example, the offset between the LC phase and LE measurements for an OTS-on-OTS interface were obtained on

friction is 1=2 nN for applied loads greater than 0 nN. both the LE and LC phases of the OTS sample. Although there
The difference infriction force for the tworegions is dependent s 5 clear difference in friction between LC and LE phases in
on the tip used for the particular experiment, and its scanning Figyre 9a) and all other friction measurements, the difference in
history. For example, a different OTS-coated tip again Shows |atera| stiffness for the two phases is not significant. Thus, the
higher friction for the LE phase (Figure 9a), but this time the LE  frictional contrast between the OTS phases cannot be attributed
phase exhibits friction forces4—6 nN higher than those forthe g 5 difference in their elastic moduli, since this would show up
LC phase. Higher friction for the LE phase is consistently ;s 3 difference in stiffness at the same load. The difference between
observed, but the relative difference between the phases can ¢ and LE is not due to a contrast in contact area either, since,
vary between 10 and 70%. This may be due to variability in tip for the same tip and load, the contact areas should be similar
structure and chemistry. The larger contrast between the LC andsjnce the stiffnesses are nearly the same. Furthermore, the lateral
LE phases in Figure 9a compared to those in Figure 8 may indicatejffness plot shows an unusual superlinear behavior, seemingly
that the specific tip used has a chemical termination that is more gimilar to that of the FvL plot. For an axisymmetric single asperity
sensitive to the friction differences of the OTS phases. The pull- contact between linear elastic isotropic materials, contact stiffness
off force in Figure 9a is slightly larger for the LE phase than for ;g given by eq 4, which increases in a sub-linear manner (e.g.,
the LC phase, butthe slopes of the FvL curves are approximatelysor 4 Hertz or DMT interface, the contact radius and thus the
the same at a given load. Therefore, the increase in friction for |teral stiffness increase BY3). However, in Figure 9b, stiffness
the LC phase cannot be wholly attributed to the differences in jncreases in a much more dramatic, superlinear manner. This
adhesion between the two phaseg since the friction difference ISimplies that either the continuum description is not appropriate,
much larger than the adhesion difference. or the contact shear modul@ of the contact increases with
Hysteresis between increasing and decreasing load portiongoad. This can occur either due to nonlinear elasticity (stiffening)
of the FvL curves (Figure 9a) is observed and is reproducible of the SAM at higher loads, or due to an increased amount of
for this particular measurement, with friction being slightly lower - sampling of the stiffer substrate at higher loads. Since a superlinear

when the load is being decreased. However, as seen in Figurestiffness is observed, stiffening of the contact region should lead
8, this hysteresis does not always occur. Other researchers have
observed hysteresis in stiffness versus load curves for polymeric__(95) Wahl, K. J.; Stepnowski, S. V.; Unertl, W. Wribol. Lett. 1998 5, 103~

materials, but, in that case, the approach curve had lower contaclloz%) Green, C. P.; Lioe, H.: Cleveland, J. P.: Proksch, R.: Mulvaney, P. Sader
stiffness than the retract curve (decreasing load), which wasJ. E.Rev. Sci. Instrum2004 75, 1988-1996.
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to areductionin the rate of increase of contact area, and should friction. Friction, adhesion, and stiffness were measured at the
therefore render interfacial friction more strongly sublinear. Since nanoscale using quantitative AFM techniques. The precise
the opposite is observed, it supports the hypothesis that there idocation of our tip is controlled using tilt compensation and drift
an additional friction contribution beyond interfacial friction. compensation, which enables quantitative comparisons to be made
As discussed in the previous section, one possibility is that the between different phases of the SAM. Transfer of SAM molecules
higherthe load, the more difficultitis forthetipto move thl’OUgh or other contaminants to uncoated tips is common, so tips are
the monolayer, and thus the molecular plowing contribution to run over a sacrificial area of the substrate by applying relatively
frictionincreases drastically with load. Thisis equivalentto saying high loads for a fixed period of time during scanning to equilibrate
that the monolayer has a nonlinear viscoelastic character, andiy geometry and chemistry. This has wider importance for the
the storage and loss moduli both increase at higher stresses. Thgcqyisition of reproducible AFM nanotribology measurements
effects of nonlinear stiffness and the possibility of molecular general, and strongly suggests that AFM researchers should

pI_or\:v ing make it difficult to alnalxze (';hese results '”f“fther detf‘" strive to characterize and control the chemistry and structure of
without comparison to molecular dynamics simulation results. oi"tins to obtain meaningful measurements,

This work is in progress. . . . .
prog Comparisons of the interfacial properties of bare and OTS-

The effective modulus of the Si-on-OTS contact can indeed ‘ >,
be influenced by the substrate at high penetration depths. TheC0at€d tips sliding on bare and OTS-coated substrates were

effect of the substrate on the measured monolayer stifiness wad’€rformed. The pull-off force and thus the work of adhesion
demonstrated by Kiely et al. for IFM experimefsThe IFM varleld.from tip to tip, gnd yarlgd most significantly for the Si-
is amechanically stable local probe device that can simultaneouslyPn-Si interface. Despite this, it was clearly demonstrated that
measure the normal force and deflection of the contact, and thisadhesion is reduced by nearly a factor of 5 by coating the tip,
enables direct measurement of interfacial forces. Friction can Substrate, or both with OTS. Tips sliding on Si, regardless of
also be measured. Kiely et al. observed that the friction force their functionality, showed the familiar sublinear single-asperity
leveled off at pressures of 2 GPa, indicating an extremely stiff interfacial friction behavior, while tips sliding on OTS exhibited
interfacial contact that they interpreted as the interaction of the superlinear FvL behavior. This is consistent with the hypothesis
tip with the stiffer substrate under the monolayer. A rough estimate that the additional contribution to friction is kinematically required
of the penetration depthcan be made for the conditions studied plowing of the SAM molecules.

in this paper by using the DMT model and considering the  For the two phases of the OTS-coated surfaces, the LC phase
deformation of the SAM alone. For a 45 nm tip applying aload shows measurably lower friction than the LE phase for a large
of 300 nN, assuming a modulus of 10 GPa and a Poisson’s ratiorange of loads, demonstrating that lower friction is associated
of 0.4 for the monolayer, the predicted penetration depth is 3.3 yith higher packing density of the molecules. The difference in
nm. Since this is larger than the thickness of an OTS monolayer riction varies with the particular tip used, but ranges from a 10
(2.5-2.6 nnf"%), the compression at these loads must cause y, 7094 increase for the LE phase. Lateral stiffness measurements
significant elastic deform'atlon of the underllymg supstrate 8S demonstrate stiffening of the interface due to nonlinear elasticity
well There_fore, the effectlv_e m_odulus of the m_terface INCIEASes ot the molecules and/or interaction with the stiffer substrate.
:Z:)u;j to an increased contribution from the stiff substrate with _Thi_s e§taplishes that the pa_lcking density contrast arises from an
In.conclusion the lower density LC OTS phase has lower intrinsic difference in the frictional response of the LE and LC
’ regions, not from a difference in the elastic properties of the

friction than the LE OTS phase, and the difference is not due contact. Further work, including molecular dynamics simulations
to a difference in the stiffnesses of the two phases. Rather, itis. : ' 9 y '

consistent with the proposed mechanism of friction whereby is required t(_) clearlye_lu_cidatethe_re_lationshipbetween monolayer
higher packing density decreases the propensity for defectStructure, viscoelasticity, and friction.
formation and viscoelastic effects. This was shown by measuring
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