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Abstract

Atomic force microscopy (AFM) is capable of solid surface characterization at the microscopic and submicroscopic scales. It can also
be used for the determination of surface tension of soliddrom pull-off force (F) measurements, followed by analysis of the measured
F values using contact mechanics theoretioaldels. Although a majority of the literatuge results was obtained using either Johnson—
Kendall-Roberts (JKR) or Derjaguin—Muller—-Toporov (DMT) models, re-analysis of the published experimental data presented in this paper
indicates that these models are regularly misused. Additional complication in determinajiovabfes using the AFM technique is that
the measured pull-off forces have poor mqhucibility. Reproducile and meaningfuF values can be obtained with strict control over AFM
experimental conditions during the pull-off force measurements (low humidity level, controlled and known loads) for high quality substrates
and probes (surfaces should be free of heterogeneity, roughness, and contamination). Any probe or substrate imperfections complicate tl
interpretation of experimental results and often reduce the quality of the generated data. In this review, surface imperfection in terms of
roughness and heterogeneity that influence the pull-off force are analyzed based upon the contact mechanics models. Simple correlations
proposed that could guide in selection and preparation of AFM probes and substrateefermination and selection of loading conditions
during the pull-off force measurements. &liy, the possibility of AFM measurements oflisbsurface tension using materials with rough
surfaces is discussed.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction termined through any of the “conventional” techniques such
as tensiometry, solubility studies, crystal cleavage, zero-
Many modern materials possess surfaces that are engicreep method, etc. The theoretical background and exper-
neered to have special wettingeetronic, optical, and other  imental techniques for solid’s surface tension determination
properties. Material modification is often accomplished have been reviewed previougly, 2] and will not be repeated
through an alteration of the material surface region at a depthhere. Additionally, these coawtional techniques are usually
of a single atomic or molecular layer to several micrometers. applicable to macroscopic ks, whereas the current trend
This can be achieved by adsorption of organic modifiers, de- in miniaturization of products and devices pose the need
position of thin inorganic or organic films, surface etching, for examination of nanosurfaces or surfaces with nanoscale
initiation of chemical reaction at the surface, etc. Many en- characteristics. New determination methods need to be
gineered surfaces cannot be melted, dissolved, or fractureddeve|oped to meet these needs. Two techniques based on ei-
therefore their surface/interfacial tensign) cannot be de-  ther (i) contact angles for macroscopic surfafgisor (ii)
adhesion force measurements for microscopic and submi-
" * Corresponding author. croscopic surfaces by AFN4] have been under intensive
E-mail address: jwdrelic@mtu.edy(J. Drelich). development by several research groups in recent years.
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cantilever

The experimental approach to determipeof solids
based on contact angle measurements is relatively simple
for flat, smooth, homogeneous, and inert macroscopic sub-
strates. Problems arise with substrates that are: (i) reactive Sistapen substrate
with, or sensitive to, the environment (common case for ////////57/7/274
solids in contact with many liquids or solutions), and/or
(i) have small dimensions (e.g., small or powdered sam- TOUGHINY
ples, patterned heterogeneous substrates with microscopic
domains). In other words, the contact angle measurement
technique is limited to materials that are stable in the envi-
ronment of the probing liquids. Any ionization of functional
groups, chemical instability of ehsolid, or dissolution of
the solid by the probing liquid invalidates this method for
determination. Also, the interfacial tension between a solid
and a solution cannot be deduced from contact angle mea-
surement results. Additionally, the contact angle technique
probes “average” surface properties of heterogeneous sur- _
faces and thus, is unable to distinguish the discrete nature of N7 Z POSITION
such surfaces at the microscopic and submicroscopic levels. (reglon of siredon forces)

The direct method of pull-off force measurements using the
atomic force microscope is a very attractive technique for
surface characterization of such engineered materials.

In this paper, we first briefly discuss the basics of the
AFM technique for the determination of the solid surface tween a probing tip and a substréfég. 1shows a schematic
tension and then, discuss common technical problems facedf the cantilever deflection vs tip—substrate distance curves
by the researchers during normalization and interpretationandFig. 2 shows two examples of cantilever tips.
of the AFM pull-off force measurements. The AFM pull-off As shown inFig. 1, the AFM measurement starts at a
force measurements have not been widely accepted for meatarge tip—surface separation in the so-called nontouching
surements of of solids because of an irreproducible nature regime. Then with or without a slight deflection, depending
of the data generated by this approach. Factors such as varyen the long-distance tip—surface interactions, the surface ap-
ing surface roughness and heterogeneity characteristics oproaches the tip following the horizontal line moving right to
both probes and substrates, and varying loads/deformatiorieft in the force vs distance curve. At a certain point, when
of the tip and substrate are among the major reasons forthe tip—substrate attractive interactions overcome the stiff-
widely scattered data, even for the same set of materials usethess of the cantilever, the transition from nontouching to
in a single experiment. Strict control of all of these condi- touching occurs, and the tip “jumps” onto the sample sur-
tions should be recognized. This paper reviews progress onface.
application of the AFM techijue as an analytical tool in Moving the substrate (surface) still further causes deflec-
measurements of surface tension of engineered surfaces, anglon of the cantilever equal to the distance that the substrate is
several new aspects of these measurements are presented fioved. This is referred to as the touching regime or constant
this paper. compliance region represented by the diagonal line in the left

part of the force vs distance curve. Upon retracting the sur-
face from the tip, i.e., going toward the right in the force vs

tip

NON-TOUCHING
{region of surface forces) NON~TOUCHING

CANTILEVER DEFLECTION

Fig. 1. Schematic of a cantilever deflection vs vertical position of cantilever
curve in the AFM measurement of surface forces.

2. Measurements of pull-off forces using atomic force distance curve, the cantilever again moves with the surface.

miCr oscopy The cantilever deflects toward the surface due to adhesion
) ) force before the tip breaks contact with the surface, going

2.1. Basicsof the AFM technique through the lowest point in the force vs distance curve. At

o ] ] ~ this “jJump-off” point, the tip completely loses contact with
The principles of the AFM are well described in the lit-  {he surface, and the cycle is complete. The force required
eraturef4—6]; here, the major features of surface force mea- , pull the tip off the substrate surface is caligal-off or
surements are reviewed. The AFM measures the deflectionygnesion force (F) and is calculated from Hooke’s law,

of a cantilever spring with a sharp cantilever tip (tip radius

is usually 10 to 100 nm) or an attached particle (a particle g _ kAx, (1)
with a diameter ranging from about 2 to more than 20 pm is

glued to the end of the cantilever) as a function of displace- wherek is the spring constant of cantilever ardc is the
ment from a horizontal position. The deflection, monitored maximum deflection of cantilever during tip—substrate adhe-
by a laser—photodiode system, relates to the forces acting besion.
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Fig. 2. Scanning electron micrographs of a cantilever tip (left) afididal probe (borosilicate glass) glued to a tipless cantilever (right).

Accuracy of theF measurement, which directly relatesto values specified by producers are however, average spring
the solid surface tension (as will be shown later), depends onconstants, usually determined for a batch of cantilevers.
the precision of which both the spring constant of cantilever Small variations in the dimensions of the cantilever dur-
and its deflection during puthf force measurements are de- ing manufacture result in significant changes jtherefore,
termined. The laser beam—photodiode detector systems ofthe spring constant for each cantilever may deviate from
the AFM instruments are usually capable of recording de- the specified average value by as much as 10-20% for V-
flection of the cantilever to subangstrom precision and the frame cantilevers (which are very regular in shape) and up
major error in pull-off force determination is associated with tg 100% for single beam cantilevers (which are more irreg-
the k value determination. This error, however, is constant yjar in shape). In quantitative force studies, such as those

and cannot cause a scatterobalues, always reportedinthe  discussed in this paper, it is necessary to determine the can-
literature even for the highest quality and most carefully pre- tjjever spring constant more accurately.

pared probes and substrates. Standard deviation from 10% Among several proposed approaches, three methods are
to 20% of an average value is commonly reported. Errors in commonly used for the spring constant determination (see
piezo responses resulting from piezo hysteresis and creep, agef. [7] for review). The first method is based on conven-
well as fluctuation of light intensity and its interference, may tional static mechanics, and the spring constant is calculated

cause variations in th& value determination. Nevertheless, 1 the cantilever dimensions and Young's modulus of the
the major causes for the scatterfobialues are imperfections materials used for cantilever fabricatipf]. This method is

in solid surfaces of both substrates and probes and UNCONL,ore suitable for cantilevers that are regular in shape and

gggeigg(fjoforgzﬂ?nioor]:(;'r;%rrgat\i/gals]Pr(:gste?ntg tjhnecsc;nzgnz(; requires that the material properties are known and uniform
vanl ng tions. e witlretu 1SSUES ver the entire cantilever. The presence of submicroscopic

in a later part of this paper. defects are detrimental to meatical properties of micro-
scopic cantilevers and can cause deviation from what is ex-
pected for bulk material. The thickness of a coating (gold,

Two basic types of cantilevers, triangular (V-frame) and fOr xample), if applied, must also be known.
single beam cantilevers (rectangular or trapezoif&B], A second method relies on measurement of the resonant

commonly used for imaging of substrate topography, are frequency of the cantilever before and after an end-mass is

also used for force measurements. V-frame cantilevers aredttached8]. A spherical particle, typically tungsten, is at-

made of polycrystalline silicon or silicon nitride. They come tachedto the cantilever throughpillary forces. A drawback

available with a variety of elastic constants, from a fraction ©f this nondestructive method is that particles often do not

of N/m to several Nm. Single beam silicon cantilevers are Stay attached to the cantilever without glue. Also, precise

stiffer with spring constants varying from severalm to weights of particles are required for accurate determination

tens of Ym. The expected strength of the adhesion between of k.

the tip of the cantilever and a substrate dictates the choice A third method is called the thermal noise metHgl

of cantilever (i.e., strong adhesion forces require cantilevers Although this method is restted to cantilevers wittk <

with large spring constants). 1 N/m, it has became very popular among service labora-
Estimates for the cantilever spring (elastic) constant for tories. This method relies on measurements of mean square

every type of cantilever is provided by the manufacturer. The displacement of the unloaded cantilever due to thermal mo-

2.2. Cantilever’s spring constant
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tion. The details of this method as well as two other above-  Two contact mechanics models derived by Johnson et
mentioned methods are reviewed by Sgdér al. [10] and Derjaguin et al[11], named JKR and DMT
These days, precalibrated cantilevers can be purchasednodels, respectively, are frequently used by researchers to
from several companies and this task is usually no longer interpret the pull-off forces measured by the AFM technique.
necessary for researchers. It should be recognized, howevelThese analytical models were reviewed in detail by many
that the experimental spring constants are always determinedauthors[4,12—16] and will not be repeated here. In gen-
with limited precision and errors of typically 5-10% are en- eral, both JKR and DMT models apply to particle—substrate
countered, though a 20% error is not unusual. systems where the following assumptions are met: (i) defor-
mations of materials are purelyastic, described by classi-
cal continuum elasticity theory, (ii) materials are elastically
3. Correlation between pull-off force and solid surface isotropic, (i) both Young’s medulus and Poisson’s ratio of
tension materials remain constant during deformation, (iv) the con-
tact diameter between particle and substrate is small com-
The equilibrium work of adhesiori¥a) is defined by the  pared to the diameter of particle, (v) a paraboloid describes
negative of the Gibbs free energy change per unitat&@)(  the curvature of the particle in the particle—substrate contact
of interacting interfaces, and is expressed by the Dupré equazrea, (vi) no chemical bonds are formed during adhesion,
tion 3], and (vii) contact area signéfantly exceeds molecular/atomic
) dimensions.

The difference between JKR and DMT models occurs in
where subscripts,12, and 3 describe three different phases assuming the nature of forces acting between particle and
of the system: solid 1, solid 2, and fluid. substrate. Johnson et §10] assumed in their model that

If we replace one surface with a spherical particle (or attractive forces act only inside the particle—substrate con-
probing tip), such as the systems used in AFM studies, thetact area, whereas Derjaguin et[dl1] included long-range
relation between the work of adhesion and adhesion (pull- surface forces operating outside the particle—substrate con-
off) force (F) can be described by the Derjaguin approxima- tact area. Both JKR and DMT models describe the correla-
tion, tion between pull-off force ¥) and work of adhesioni¥a)

F =27 RWa. 3) through a simple analytical equation of the following form,

which is applicable to perfectly rigid particles in contact. F =cm RWh, (4)
The Derjaguin approximation is valid for systems where the . ) i
separation distance between the sphere and substrate is mucfhich leads to Eq(S) for a symmetrical system (when inter-
shorter than the radius of the sphere (probe). In measure-2Cting materials and their surfaces are the same):
ments of adhesion forces this assumption always applies, F
but this approximation can fail in the examination of (long- v = . (5)
o A 2cm R

range) noncontact forces. It is important to note that in real-
ity, particles and/or substrates deform elastically and/or plas- R is the radius of the particle (probing tip) aeds a con-
tically under applied loads during adhesion, and particle— stant;c = 2 in the DMT model and = 1.5 in the JKR
substrate analysis requires more accurate contact mechanicgodel. Thus, knowing which contacts mechanics model ap-
models that include a physical deformation component. plies to a particular system under study, and setting operation

In AFM pull-off force measurements, continuum con- conditions during the AFM measurements that satisfy the
tact mechanics models areromonly used to describe particular model, thes value can be determined. Note that
the probe—substrate system with a high degree of ideality. (i) both models, JKR and DMT, were derived based on the
Typical AFM measurements utilize either spherical parti- Hertz theory[17], and (ii) an analytical solution to the DMT
cles glued to cantilevers or commercial cantilever tips with model was provided by Maugj46].
rounded ends and such systems are modeled as a sphere in Which of the contact mechanics models should be se-
contact with a flat surface. Many practical systems deviate lected for interpretation of the AFM pull-off forces is not
from this idealized geometry, often causing problems in in- always straightforward. In general, the DMT model is more
terpretation of measured AFM pull-off forces. As a result, appropriate for systems with hard materials having low sur-
significant effort is always carentrated on preparation of as face energy and small radii of probe curvature. The JKR
close-to-perfect sphere—flat systems as possible in order tanodel applies better to softer materials with higher surface
simplify the analysis of experimental pull-off force results. energy and larger probes. This generalization, however, does
However, this has not always been accomplished and manynot bring the researcher any closer to the selection of the ap-
literature reports lack complete characterization of probes propriate model and mistakes are often made (including our
and substrates (i.e., probe geometry and dimension, probeown).
and substrate surface roughness, probe and substrate surface Maugis analyzed both the JKR and DMT models and sug-
heterogeneity, etc.). gested that the transition between these models can be pre-

Wa =—AG =y13+ y23— Y12,
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dicted from the dimerisnless parameter defined a$16] performed either in liquid or gaseous environments. As for

substrates, gold films modified with organic functionality,

- 2.06 5 R_W,f () polymers, and inorganic materials were used in the AFM
" 720 V rKk? experiments. The spring constant is shownTable 1to

wherezg is the equilibrium separation distance between the
probe and substrate is the radius of the probéV, is the
work of adhesion, and is the reduced elastic modulus for
the particle—substrate system where

depict calculations performed for the tested systems in or-
der to determine what constant) (is appropriate for de-
termining Wa from force measurements, according to the
MD model[16]. In this contribution, we used the approach
proposed by Carpick et 18] in determination of the pa-
rameter. The corresponding recalculat&g value is shown

in the last column of the table.

Table 2shows the material properties used in calculations
of the reduced elastic moduluk’] for the probe—substrate
systems presented Table 1 Finally, Table 3shows the cal-
culatedK values. Note that for self-assembled monolayers,
the material properties of the underlying substrate were used
to determinek and not the properties of the monolayer films

_ - (1 themselves due to the small thicknesses (1-1.5 nm) and ex-
_ a3 s q2f /2 2 1f +
pP=A"—2A ( m? —14m*cos <m)) ®) pected pliancy of the monolayers.

derive possible loading conditions experienced during mea-
surement, a parameter often left unreported. In addition, the
contact mechanics model used by the authors to calculate
the work of adhesionWa) along with the reportedva is
included. This is contrasted with what is predicted Y&

1 3/1-vi 1?2 from contact angle determinations of surface tension com-

=== += ) @) - i

K 4< E, E, > ponents for the tested materials. The final four columns

v is the Poisson ratio and is the Young’s modulus, angd

ands stand for probe (particle) and substrate, respectively.

For A — oo (A > 5) the JKR model applies whereas

the DMT model is more appropriate for systems with>

0 (A <£0.1). The transition between these two models is de-

scribed by the Maugis—Dugdale (MD) theqfy]. Often for

AFM pull-off force measurements, the MD model seems to

be more appropriate than either of the JKR or DMT models

as will be shown in the next section.

In the MD model, two parametric equations must be
solved to describe the transition region between JKR and
DMT mechanics. These equations §i6]

3 A2 1 As shown inTable 1, both continuum contact mechan-
- |:\/m2 —14@m?-2) cos‘l<—)} ics models, the JKR model and DMT model, were used in
n analysis of the measured pull-off forces, although selection

4\2A 1 i iustifi
+ —m _|_1+\/mz—_1005—1 =) =1, ) of a_parucular model was rgrely Just|f|eq. Alsq, based on
3 m the literature reports there is no clear distinction between

wherem = b/a is the ratio between an outer radius at which analysis of the data generatedth sharp tips and colloidal
the adhesive stress no longer acts in the gap between thrOP€s, in spite of the fact that both the size of the probe
surfaces and the contact radiisandA are the normalized and spring constant of cantilever differ significantly in both

load and normalized radius tfe contact area, respectively: Cases. Additionally, although we do not analyze all details of
P previous experimental work, we noted that many papers also

pP= ’ (10) lack reporting of mechanical properties of materials used in
7 RWa experimentation and loads that are used during pressing the
f—__* (11) tip or colloidal probe on the sutrate surface. This informa-
(m R2Wa/K?)Y/3 tion is important for detailed analysis of the pull-off forces
A problem with this model is that there is no single expres- and behavior of the tip—substrate system.
sion between a an@ and both Eqs(8) and (9)must be The calculated values of the Maugis parametgfdr the

solved simultaneously. Importantly, there is also no simple literature systemsT@able ) indicate that a common charac-
relation for pull-off force and iteration is needed to calculate teristic in a majority of publications is the use of an incorrect
thec value (15 < ¢ < 2) in Eq.(4). Examples of calculated ~ contact mechanics model for analysis of pull-off forces and
c values for differeni. parameters are presented18]. subsequent calculation of the work of adhesion or surface
energy. The JKR model was used most frequently in analy-
sis of pull-off forces obtained with colloidal probes coming
4. Solid surface tension values determined by the AFM in contact with various substrates. Although the selection
technique: critical literaturereview of the JKR model for analysis of the results from colloidal
probe microscopy studies is often appropriate, this selection
Table 1summarizes a number of data reported in the lit- should not be blindly made without analysis of theara-
erature for adhesion force measurements made with atomicmeter; examples of the systems where the MD model is more
force microscopy. This table includes data from pull-off appropriate are shown ifable 1 Also, the JKR model was
force measurements for AFM cantilever tips, both unmod- the most popular in analysis of pull-off forces measured with
ified and coated tips, as well as for some colloidal probes, sharp tips (regular and coated), in spite of the fact that the
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Table 1
Measured and calculated values of the work of adhesion for different systems
Ref. System Probe Lit. results This study
Surface Medium R[nm] & W [md/m?] Model K Az= ¢ Wa
chemistry or [um]  [N/m] Predicted Determined used [GPas] 0.2-04 nm) [mJ/mZ]
Sharp tips R in [nm])
Noy et al.[19] COOH-COOH  Ethanol 54 0.12 ND B+31 JKR 64.4 0.04-0.07 2.0 .B+23
CH3-CHg 5 39+15 ¢=15 644 0.03-0.06 2.0 .2+11
Van der Vegte  CH3—CHg Ethanol 35 0.2 5 5 JKR 64.4 0.03-0.05 2.0 3.8
and Hadziioan- CH3z—CHg Water 104 103 c=15 644 0.2-0.4 1.8 86
nou[20] OH-OH Ethanol ND 6 64.4 0.02-0.04 2.0 23
NH>—NH, Ethanol ND 5.6 644  0.01-0.03 20 2.1
COOH-COOH  Ethanol ND 9 64.4 0.03-0.05 2.0 34
CONH,—CONH, Ethanol ND 10.6 64.4 0.03-0.06 2.0 4.0
Tsukruk and SiOH-SIOH Water 40-500 0.23-0.25 ND 4 JKR ND ND ND ND
Bliznyuk [21]  Si3N4—SiNy 8 c=15 2207 0.01-0.06 2.0 6
NH2—NH» 45 76.9 0.02-0.08 2.0 3.4
SO3H-SO;H 15 76.9 0.01-0.04 20 1.1
CH3—CHg 0.5 769 <0.02 2.0 04
Clear and CH3—CHs Hexadecane ~60 0.44 1.6 4.1 JKR 70.2 0.02-0.03 2.0 3.1
Nealy[22] Ethanol 5.5 3.3 c=15 702 0.03-0.07 2.0 25
1,2-Propanediol 27.1 20.7 70.2 0.1-0.2 19 16.3
1,3-Propanediol 43.7 41.5 70.2 0.13-0.27 1.9 32.8
Water 102.8 102.9 70.2 0.24-0.47 1.8 8538
COOH-0x-OYTS Hexadecane ND 19.6 70.2 0.1-0.2 1.9 155
Ethanol ND 10.1 70.2 0.04-0.08 2.0 7.6
1,2-Propanediol ND 16 70.2 0.05-0.1 20 12
1,3-Propanediol ND 6 70.2 0.03-0.07 2.0 45
Water ND 1.7 70.2 0.01-0.02 2.0 1.3
COOH-COOH  1,2-Propanediol ND 14 70.2 0.05-0.09 2.0 10.5
1,3-Propanediol ND 14.6 70.2 0.05-0.1 20 11
CH3-0x-OYTS  Hexadecane ND 4.6 70.2 0.02-0.04 2.0 35
Ethanol ND 2.1 70.2 0.01-0.03 2.0 1.6
1,2-Propanediol ND 4.9 70.2 0.02-0.04 2.0 3.7
1,3-Propanediol ND 6 70.2 0.03-0.07 2.0 45
Water ND 0.9 70.2 0.01-0.02 2.0 0.7
El Ghzaoui SiO—PTFE Dry N 70 NA 95 88 DMT 0.7 1.7-3.4 1.6 110
[23] SiO,—PP 110 114 c=2 2 1.0-2.0 1.6 142
SiOy—PU 145 150 ~(1-2 ~(1-2 1.6 187
Skulasonand  CH3—CHg Water 15-130 0.23-0.28 103 11010 JKR 64.4 0.16-0.64 1.8 98
Friesbie[24] c=15
Jaquot and SigNg—silica Water 200 0.3 27.9 30 DMT 99.9 0.1-0.2 1.9 32
Takadoum25]  SigN4—TiN 20 18.3 c=2 ND ND ND ND
Si3gNg-DLC 135 12 337.7 0.03-0.06 2.0 12
Si3N4—Si(111) 275 42 1141 0.1-0.2 1.9 44
SizN4—-Si(100) 19.9 24 114.1  0.09-0.2 19 25
Leite etal.[26]  Si—mica Water 23 0.13 110 83 DMT 36.6 0.3-0.6 1.8 92
Si—mica Air 215 173 c=2 36.6 0.4-0.9 1.7 204
Colloidal probes g in [um])
Burnham etal. W-mica Dry N 25+05 50+10 369 21 DMT 44.4 24-48 1.5 28
[27] W-graphite 210 14 c=2 ND ND ND ND
W-Al>03 20+£0.5 128 8 286 0.3-0.8 1.7 9.4
W-CHg 98 3 286 0.3-0.6 18 33
W-CR3 25+05 96 1 286 0.3-0.7 1.8 1.1
W-PTFE 20+ 05 92 0 0.7 15-35 1.5 ND

(continued on next page)
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Table 1 ¢€ontinued)

Ref. System Probe Lit. results This study
Surface Medium R [nm] &k Wa [mI/m?] Model K Az= c Wa
chemistry or [um]  [N/m] Predicted Determined used [GPas] 0.2-04 nm) [mJ/mZ]
Biggs and PS—mica DryN 5 27+1 102.4 148.5/122.5 JKR/MP 4 7-14 1.5 1485
Spinks[28]
Nalaskowski et PE-SIQ Water 5-9 27-30 21 4.4 JKR 2 2-7 15 44
al.[29] PE-SiQ (heat) 35 21 c=15 4-8 15 21
PE-CH; 66 64 6-12 15 64
Table 2 Table 3
Elastic modulus and Poisson’s ratio for materials analyzed in this study Reduced elastic moduli for AFM systems reported in the literature
Material Young’s modulus  Poisson’s Source System 1K K [GPa]
[GPa] ratio Au-Au 155077 1011 64.4
Au 78 044 [30] Si-Si 129967x 10-11 76.9
W 411 028 [30] SisN4—SizNy 4.53143% 10712 2207
PS 2.8-3.5 38 [31] W-mica 225073x 10~ 11 44.4
PP 1-16 0t (assumed)  [31] W-PTFE 153827x 1079 0.7
PTFE 0.41 06 [31] PS—mica 50004x 1010 4.0
Mica 34.5 0205 (32] Si-mica 273239x 10-11 366
S 107 027 [33] SigNg—Si 876408x 1012 1141
2:%'\2‘4 (hot pressed) 94300‘330 o% Eg} AU-Si 142522x 10-11 702
; : W-Al,04 3.5031x 10712 2855
Diamond 1035 @-029 [34] SieNA_Si 100139 10-11 99,9
Al,O3 390 02-025 [33] 3N4=SIi : x 107 :
SigN4—DLC 296137x 10~ 3377
SiO-PTFE 144994x 10~° 0.7
SiO,—PP 492364x 10710 2.0

small dimensions of the tips comply better with the assump-
tion of the DMT model. As shown iffable 1 the results of
chemical force microscopy studies (sharp tips modified with
organic functionality) can usually be analyzed by the DMT meric materials on the cantilevéips, although researchers
model. This again cannot be assumed a priori, and systemdiave not explored this option, mainly due to the dangers of
with softer substrates such as polymers require analysis withdepositing polymer on the cantilever leg, which can cause
either the MD model or JKR model. problems with reflection of the laser beam and affect bend-
ing of the cantilever.
Silicon or silicon nitride surfaces can be directly modi-

5. Common sour ces of experimental errors(and fied with (organic) silanes, but the quality of the adsorbed

misconceptions) molecular layers is often quisnable. Instead, tips are usu-
ally coated with a thin film of gold, which is next modi-

5.1. Characterization of the AFM probes fied with self-assembled monolayers (SAMs) of thiols with

a desirable functionality. SAMs of thiols (X—(Gh,—SH)

One of the key to a successful understanding of pull-off form a very regular, close-packed structure by reacting the
forces measured by AFM, andtablishment of their rela- —SH end group with a gold surface whereas the other end
tion with surface tensions, is a detailed characterization of group (X: CH;, OH, COOH, NH, and others) is exposed
the system under investigation including both shape and sizeto the environment. Force measurements made with SAM-
of the probe tip. Conventional cantilevers have tips made of modified tips are categorized as chemical force microscopy
only two type of materials, silicon or silicon—nitride, there- (CFM) and have become an area of intensive fundamental
fore tips are often modified or replaced with particles (as researctj35,36]
discussed in the previous section) to broaden the spectrum A small particle with a diameter of 2 to 20 um (or even
of materials that can be studied with the AFM technique. larger) can also be attached to the cantilever, typically by
The tip material may be altered by coating with a thin film gluing or in some cases melting the particle to the cantilever
of metal, however, due to high surface energies of metals, (we follow previous reports and call such probes “colloidal
the control of their surface chemistry is difficult. For exam- probes” in many parts of this paper, although the size of
ple, oxide films grow very fast on a majority of deposited such probes are larger than frequently accepted size of col-
metals. Organic contaminants also adsorb very quickly on loids, <1 um). Both tipless cantilevers and cantilevers with
both metals and oxides when exposed to a regular laboratoryregular tips are used for this purpose. This allows nearly lim-
environment. It is also possible to form coatings of poly- itless combinations of materials to be used in force testing.
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Fig. 2 shows example of both a commercial tip and a col- Second, the technique callddind tip reconstruction
loidal probe. (BTR), developed by Villarubig4?2], is more versatile and

A problem with manufacturing of colloidal probesis that used frequently in our laboratory. In BTR, either the AFM
not many materials are commercially offered in the shape of tip or colloidal pr i nn ver an ultrasharp silicon
small spherical particles, and often a new methodology of gratin ially fabricat rr f sharp silicon spikes

colloidal particle precipitation, characteristic to that particu- or asperities such as in TGT or TGG gratings, respectively,

lar material (as, for example, [87,38]), must be developed offered by NT-MDT Co., Moscow, Russia). The grating fea-
for this purpose. This is not practical for some materials, tures must have a higher aspect ratio than the shape of the

therefore force measurements have been carried out withAFM tip in order to produce an inverted image of the tip
irregular particled39-41] which make quantification and rather than the image of the spike/asperity. Also, radii of the
interpretation of the experimental data difficult or even im- grating feature tip or edge should be small (they are less than
possible. Even “spherical” particles can show rough surfaces10 nm for TGT and TGG).
at the nanoscale that can affect the contact area between the Using (Deconvo) software based on mathematical mor-
probe and substrate during the AFM pull-off force measure- phol rations (NT-MDT Co.), the radius of curvature
ments. of the tip is determined from images generated by the BTR
Characterization of the probe size and its shape, including method Fig. 4 shows an example of AFM image and corre-
determination of surface defects and nanoroughness at thesponding cross section of this image produced by scanning
tip apex, is an important task for analysis of the results from the colloidal probe made of borosilicate glass over the TGT
AFM pull-off force measurements. The radius of curvature grating.
for AFM cantilever tips are less than 100 nm and standard  Noise artifacts in the imaghave a large influence on
thermionic emission scanning electron microscopes (SEMs)the results of BTR experiments. Low scan rates should be
cannot resolve the edges of such small features without re-used and the AFM instrument should be placed on an antivi-
ducing the signal to noise ratio to the point that the object bration support; a cement plate suspended by bungee cords
is indistinguishable from the background. Field emission (offered by Digital Instruments) is probably the best choice
SEM (FE-SEM) techniques have much better resolution than in eliminating vibrations. Even after such precautions, sharp
thermionic emission SEM, and are often used to characterizechanges in height of the grating features can produce arti-
the AFM tip shape and topography. Two alternative methods, facts in the imagg36]. An additional complication in the
both utilizing the AFM instrument, are used in our labora- BTR method is the possibility for scratching of the probe
tory. with the harder silicon spike/asperity. To avoid scratching,
First, larger (colloidal) probes can be imaged directly probe—contact forces during imaging should be minimized.
with another (much sharper) AFM cantilever using Tapping-
Mode AFM imaging.Fig. 3 shows an image of a poly- 5.2. Plastic deformation of the probe
ethylene microsphere obtained by this technique. A problem
with this approach is that positioning of the scanning can-  As shown inFig. 5, the probe can be severely damaged
tilever tip over the top of the colloidal probe is difficult using  during the pull-off force measurements. Loads and frictions
the optical microscope attached to the AFM instrument. Also experienced by the probe during multiple contacts with sub-
it is difficult to keep the cantilever solid and stable during strate can induce plastic deformation in the material, or sim-

imaging. ply fracture the tip.
z - Section Analysis
e 2 ~
=il - L 12.131 pm
8 & ST RMS  B55.43 nm
@ le DC

RaCle) 723.35 nm
- Rmax  3.332 pm
Rz 3.250 pm
Rz Cnt 2

Radius 7.576 pm
Sigma 135.11 nm

0

-2500
1

10.0 15.0

o-
[
o

1L

Surface distance 14.495 pm
Horiz distance(L) 12.131 pm
Uert distance 37.363 nm

5
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particle. The SEM micrographs for similar particles are present§8i7in
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Fig. 4. On the left: three-dimensional AFM image of th8 x 3 um area of the 10 pm colloidal probe (borosilicatasg) obtained by the blind tip reconstruction
method (left image) during scanning over the array of spikes separatedrbyfr8m each other. The graph on the right represents a cross section ofttlis A
image. The picture at the bottom shows the SEM micrograph of the prolettraitthe nanoroughness recorded on the AFM image is indistinguishable from
the SEM micrograph due to a low resolution of the picture).

An analysis performed by Maugis and Pollddid] indi- phenomenon during the pull-off force measurements. The
cated that the applied loadPf) for inducing full plasticity solution to this problem can be the use of larger diameter
(irreversible deformation) of the particle with radidsis probes.
given by the equation Two drawbacks must be considered however, before

su3 switching to larger probes. First, larger probes are more
P, = 1080071£, (12) likely to have rough surfaces and if brittle, the nanor-
E? oughness will reduce the probe—substrate contact area, and
and the radius of the circle of contact between particle and therefore complicate interpiton of the measured pull-off
substrate during full plasticity can be predicted from forces. With soft materials, the nanoroughness of the probe
may not be a problem as surface asperities can deform dur-
ap =60E, (13) ing pull-off force measurements, as discussed in the next
E part of this paper. Second, the pull-off forces increase with
whereE is the Young’s modulus anH is the yield strength  the size of the probe (see E@)) and larger probes need
for the material. to be attached to cantilevers with larger spring constants. It
Knowing the probe radius of curvatur®) and mechan-  is important to select new cantilevers with a spring constant

ical properties of materialy{ E), the maximum load that that scales approximately with the valueRfor at least less
can be applied in pull-off force experiments without induc- thanR2. Otherwise, if k scales witi®? (or larger), the same

ing plastic deformation can be predicted from EtR). For (or worse) problems of probe deformation will be experi-
example, consider a sharp cantilever tip coated with a thick enced.
film of gold (E = 77.5 GPa,Y = 0.2 GPa,v = 0.42). For Adhesion forces alone can cause plastic deformation of

R =50 nm, the full plasticity of gold will be reached atloads material. Using the model presented[#8], the radius of

of P, =113 nN @, = 7.7 nm) or larger. For the commonly the probe below which fully plastic deformation occurs can
used V-frame cantilever with a spring constant &&&N/m, be calculated as
the cantilever’s mechanical bending of 0.2 um in the con- Wa E2
stant compliance region of AFM force mode operation is R ~ 1.5 x 10442
sufficient to reach this level of loading. This clearly indicates (1—v2)2y3
that deformation of the sharp probes, or at least irregularities Consider a colloidal probe made of polystyreme=(0.33,

present on the probe ap§28,43,44] should be a common E = 255 GPa,Y = 10.8 MPa) that is pressed against

(14)
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Fig. 5. Field-emission scanning el micrograph of a tip before and after use. The right picture shows that the tip was damaged (plasticaiigdjedod
contaminated during pull-off force measurements.

mica Wa = 120 mJym?) as studied ir[28]. According to sion by the AFM technique. Due to the small dimensions
Eqg. (14), the polystyrene probe will deform plastically if of the probes, both nanoroughsseand nanoheterogeneity
R <117 nm. Colloidal probes this small made of polymer influence the measured pullidbrces. There was neither
are not used in AFM pull-off force measurements. Nev- experimental or theoretical research done that could lead to
ertheless, these calculations indicate that any topographicdetermination of the size of surface imperfections and conta-
irregularities on the probe surface that have a radius of cur- mination, which affects the value of pull-off forces to such a
vature smaller than 117 nm can be deformed during ad- degree that the calculated solid’s surface tension (or work of
hesive polystyrene—mica contact. The experimental resultsadhesion) is not reliable for a particular material. In the next
presented in the literature support this possib[2§,44] part of this section, we present simple models, which could

be used for this purpose.
5.3. Substrate/probe imperfections: size limits

5.3.1. Roughness

Contamination of a probe and a substrate by particulates : . .
b yp It is well recognized that substrate roughness, for which

and adsorbates is a common problem in the AFM laborato- ities’ di . bl ller to the di
ries. It is important to recognize that all pull-off force mea- asperities: dimensions are comparable or smafler 1o the di-

surements should be done with cleaned surfaces. CIeaning{nenS'Ons of the probe, as well as any surface roughness at
the probe is usually a bigger challenge than cleaning the sub-N¢ Probe apex, can affect the sphereflat contact area to
stratesFig. 6shows two images of borosilicate glass probes; & degree that is not taken into account by simple contact

one probe had been imaged before cleaning and another on&echanics models discussed thus far. If this happens, inter-
after cleaning in a surfactanolstion, water, and organic pretation of the pull-off forces is difficult or even impossible.

solvent. Severe contamination of the glass bead shown inBoth microscopic and submicroscopic roughness effects can
Fig. 6 was the result of static charge effects between dried P€ €liminated in many experiments by appropriate selection
dust particles and glass. Surface contamination by dust parti-2nd preparation of the substrates. Nanoroughness of col-
cles is difficult to avoid during the probe preparation/gluing, loidal probes and/or substrates often cannotbe avoided. Nev-
cantilever’s storage and use (particles purchased from the€rtheless, as discussed in the literaf@829,44] nanoscale

vendor that are used for preparation of colloidal probes may asperities can be squeezed and flattened out during the pull-
already be contaminated). off force measurements to such a degree that the probe—

Cleaning procedures should differ for each probe and Substrate contact area is the same as predicted by one of the
substrate. Such effects as dissolution of glue by solvent,contact mechanics models (usually JKR or MD model for
etching or dissolution of the probe/substrate surface, changecolloidal probes). In order to reach such experimental con-
in probe/substrate surface functionality, or chemical adsorp- ditions, stiff cantilevers and higher loads need to be used in
tion should be taken into consideration before selecting sol- the AFM pull-off force measuremen{29].
vents and cleaning conditions. We expect that the asperity may be flattened out by ap-

Surface defects such as roughness and heterogeneity (inplying a sufficient load to initiate its plastic deformation.
herent or introduced by adsorbed/deposited species) are sefherefore, if we adopt the Maugis—Pollock analygi8],
rious problems in the determination of the solid surface ten- Eq. (12) predicts that at a specified lod®?, asperities with
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Fig. 6. Scanning electron micrographs of a colloidal probe (borosilidats ¢pead) glued to a tipless cantilebefore cleaning (left) and aftefe@ning (right).

radius of curvature oR, and smaller will flatten out: a negligible effect on the meaed pull-off force. In most
5 of the systems this will occur if the impurity and/or hetero-
R, < PE® (15)  geneity has a dimensiorY smaller than 10% of the probe—
~ '\ 108007 ¥3 substrate contact area at zero load conditiongl?f/4 <

It is also possible that asperities of a certain size and (0.17a3), and thereforel < 0.63ao, whereag is the probe—
shape may deform elastically to such a degree that a probesubstrate contact radius at zero load. Assuming also that the
establishes its full contact area with a substrate during load-System meets the terms of the DMT model, the size (diam-
ing and fully recover elastically after the probe-substrate eter) of the heterogeneity/impurity that can be accepted in
contact is broken, if sufficient time for this recovery is al- the pull-off force measureemts can be estimated from the

lowed. This will happen if elastic deformatiod)(is com-  following equation:

parable to the height of asperity)( § > h. This means that

only asperities with a radius of curvature much larger than 3/ 2 R2Wp
: . : 4 <063 ——=. (18)
the height of the asperity can experience such deformation.

If this possibility is analyzed in view of the JKR mod&D],

_ _ 2 o
we conclude that For example, forR = 50 nm, Wa = 100 mym*, K =

63 GPa (which are characteristic values determined for sharp

< “_2 _E [6aWa (16) tips coated with a gold film and modified with SAMs of
R, 3 K thiols [45]), the heterogeneity with a diameter as small as
where 1.8 nm will influence the meased pull-off force. This
JR means that a few molecular defects in the structure of SAMs,
a= \/—“[P + 37 R, Wa + V67 R WA P + (31 R Wa)?]. which are common for thiol monolayers aligned into do-
K (17) mains on gold surfacg46], most likely affect the magnitude

Consider, for example, a polymeric probe interacting with and variation of measured pull-off forces, and one (repro-
a rigid material. Assuming that asperities on the probe sur- ducible) pull-off force value is almost impossible to obtain
face have radii of®, = 100 nm, and the system is charac- €xperimentally for such systems. Replacement of the sharp
terized by the following parameterg = 65 GPa,Wa = probe with a 10-um-diameter colloidal probe, which more
120 mJm?, and P = 10 uN, we calculate that asperi- likely will operate in the regime described by the JKR model
ties with the height of: < 6.2 nm can be completely de-  (therefore, factor 2 must beplaced with 6 under the square
formed elastically to allow for the probe—substrate contact root in Eqg.(18)), will increase this limit to about 90 nm.
area that is predicted by the JKR model. Alternatively, the The heterogeneity size of less than 90 nm is more realisti-
load needed to produce a desired deformation of the surfacecally avoidable in routine pull-off force measurements and

topographic irregularitiesauld be estimated by E16) if the use of larger probes seems to be more approprigte in
the dimensions of irregularitiesk(, and%) are determined  determination, from the prospective of surface heterogene-
with the AFM or another technique. ity. Problem is that colloidal probes of perfect sphericity
with smooth surfaces are difficult to manufacture. Never-
5.3.2. Heterogeneity theless, as discussed in the previous section, nanoroughness

Using contact mechanics models we can also estimate aof soft probes (and substrates) can be flattened out during
maximum size of an impurity/surface heterogeneity that has pull-off force measurements reducing or eliminating the ef-
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fect of roughness on probe—substrate contact area. The samexperiments. For these systems, the work of adhesion be-

“trick,” however, cannot be imposed on hard materials. tween the probe and a submicroscopically rough substrate
can still be estimated from the measured pull-off forces. This
is possible with the theoretal model recently introduced by

6. Can solid surface tension be determined for rough Rabinovich et al[48]. Assumptions and details of the math-

surfaces? ematics of the Rabinovich model will not be repeated here
and only final equation is presented:

The factor that complicatesterpretation of the measured
AFM pull-off forces the most is surface roughness. Quantita- vy, — <F B) m (19)

tive calculations of the adhesion force between a particle and R Cﬂkg

rough surface are difficult for many reasons. The size, shape,Where

homogeneity, mechanical properties and distribution of the

asperities (deviations from an ideal planar surface) ianuenceB _ A 1 (20)
the actual area of contact, and therefore directly affect the 623 (1+58Rrmsy/A2)(1+ 1.82rms/z0)2’

pull-off force [39,45,47] The particle can also have an ir- .

regular geometry leading to more difficulties in quantitative |32 [y ¥?r1 dry, 1)
analysis of pull-off force datf39] but this case is not dis- B 22 P

cussed here. ¢ is constant equal te = 1.5 if JKR contact mechanics
Surface roughness causes the actual area of contact tqQ

vary significantly from the ideal spherical particle on flat apply ande = 2 if DMT contact mechanics apply (note

. ) that in original paper by Rabinovich et 448] ¢ = 1.5);
surface contact. Roughness can increase the adhesion of Pal ihe peak-to-peak distance between asperities 4r);

ticles to a surface or decrease it depending on the scale ofthg{ is th of kina debsfor close-packed spher
roughness, location on the surface where contact is made, ” s the su.ac.e packing dengfo cose. packed spheres
(k, =0.907); A is the Hamaker constand is the distance

and the size and geometry of the particle. . of closest approach between the two surfacesnd R are
The actual area of contact between a particle and rough : . . . :
. the radius of the asperity dnparticle, respectivelyk; is

surface depends on the size and distribution of the asperi- - . .

. a coefficient relating the rms roughness and the maximum
ties on the surfacg9,45] The probe—substrate contact area eak heiaht. which is equal to 1.817 for the assumed qeom-
often increases for probes whose size is smaller than theP gnt, qua ' : 9

: " : . etry. The model geometry is shownHig. 7.
distance between asperities of a microscopically rough sur- . ) oS
face. However, the increased area of adhesion between the In this model, surfaces Wh'(.:h exhibit tW.O scales of rough-
probe and rough surface can also result from multiple probe—gie(jzsrézoér srga!ll_ehret?i?; ihej'gfrgzsﬂzgggalgﬂzzer’ a.; € con-
substrate contacts, if the probe only partially penetrates the 9. . yp 9 ’ m

space between asperities and interacts with the walls of tWOzfnssf:?t;iwr;t:eilsoré%i;zerakgoézziléigltsetgﬁ?ﬁ;z(;gglcljer
or more asperitiept5]. Multi-modal distribution of pull-off 9 ' m

peak-to-peak distancg;.
forces can be recorded for such systems. It should be recog Because for many systenis/R B, Eq. (19) can be

nized however, that the appearance of multi-modal distribu-
tion of pull-off forces does not necessarily indicate that the reduced to
multiple contact points are experienced during the pull-off _ 58Frmg
force measurements. Surface heterogeneity is another cause * — emrd
for generation of similar graphs and therefore results similar o
to those presented [45] should be interpreted with caution. Again, if both probe and substrate are made of the same ma-
When the size of the probe is larger than the distance t€rial,
between asperities, the probe cannot penetrate the interasper-  29rrms,
ity space and the contact area between probe and substratés = ———5—
is reduced. As a result, the Iboff forces are weaker than
expected for the sphere—flgeometry. Two different sce- To test the Rabinovich model we analyze the results of
narios are possible in such a sphere—rough surface systempull-off forces measured for silanized glass probes in contact
First, as discussed earlier, if the loads applied during probe—with rough polypropylene substrates and reporte3@i.
substrate contact are increased to high values, elastic and/ofable 4lists substrate characteristics, measured (average)
plastic deformation of asperisecan be induced. For applied pull-off forces, and calculated values of the work of adhe-
loads that are properly managed, the probe—substrate contacion. The work of adhesion was calculated using &q.
area corresponds to that predicted by contact mechanics ofassuminge = 1.6. Three polypropylene substrates of very
sphere—flat geometry system. random roughness, regarding the size of asperities and their
In many systems, however, sufficient deformation of as- distribution, which as reported earlif89] did not fit to the
perities cannot be initiated due to the low stiffness of avail- Rabinovich model, are not included in the presented analy-
able/used cantilevers and high hardness of materials used irsis.

(22)

23
crrk% (23)
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Fig. 7. Rabinovich’s model geometry forrfaces having two different scales of roughness.

Table 4

Surface roughness of polypropylene samples, average futiraEs between polypropylene and silanized glass pf88k and calculated polypropylene-
silanized glass work of adhesion

Sample Surface roughness characteristics Pull-off Work of adhesion [mdn?]
rms; [nm] Aq [um] rmsp[nm] Ao [nm] force [nN] Exp. Theor.
1 25 37 6.5 366 76 42
2 42 45 156 598 136 68
3 386 58 396 964 100 49 48-5%4
4 194 75 326 685 41 33
5 31 31 136 548 74 38
6 37 39 160 345 63 98
Average: 55 (49 ~50

@ Estimated usingV ~ Z(ylyz)l/z, wherey; = 25.7 mJ/m2 is the surface tension of polypropylef8, andy, = 22-28 m,Jm2 is the surface tension of
silanized glass (own data).

b n parentheses: average value calculateddar 8amples, without result for samples 4 and 6.

As shown inTable 4 an average value of the work of larger probes reduces the detdntal effects of molecular
adhesion between polypropylene and silanized glass, calcuheterogeneity on the measured pull-off force, but conversely,
lated from the Rabinovich model, relates well to the theoret- increases the danger that surface roughness will reduce the
ical value estimated from the surface tensions of interacting probe—substrate contact area.
surfaces. Varying loading conditions imposed on a probe by the de-

flected cantilever during the pull-off force measurements can
be another source of pull-off force variation. Loads should
7. Concluding remarks be managed properly to avoid plastic deformation or dam-
ages to rigid probes. On the other hand, deformations of

The atomic force microscopy is commonly used in mea- the nanoscaled surface irregularities of compliant materials,
surements of particle—substrate adhesion through pull-off managed by increased loads, can reduce or even eliminate
force measurements, and the measured pull-off force val-the effects of nanoroughness on the probe—substrate contact
ues are used to determine the work of adheslgr)(and/or area, promoting conditions described by the contact mechan-
solid’s surface tension/surface energy.(However, the ex-  ics models for the sphere—flat system.
perimental results presented in the literature over the last Determination ofWa andy from pull-off force measure-
several years indicate inconsistency and poor reproducibil-ments has been practiced over the last several years using
ity of pull-off forces measured with the AFM technique. The contact mechanics theoretical models derived for sphere—flat
scatter and irreproducibility of the experimental results is systems. Unfortunately, the theoretical models were often
mainly caused by variation in solid surface roughness and selected without careful analysis of both the experimental
heterogeneity characteristics (that of probe and substrate)system and theoretical model. A majority of the literature
and these characteristics should be analyzed and reportedsolid’s surface tension results was obtained using either JKR
As demonstrated in this paper, imperfections and defectsor DMT models, although our re-analysis of the published
of the interacting surfaces as small as a few angstroms carexperimental data indicates that these models were misused
substantially influence the measured pull-off force, partic- and very often should be replaced with the Maugis—Dugdale
ularly for small probes made of rigid material. The use of (MD) model. As a result, many publishétiy andy data
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should be regarded with caution. It is also important that
further research on pull-off fae measurements be contin-
ued but under more restrictexperimental conditions.

The analysis of pull-off forces measured for rigid sub-

strates and probes having nanoroughness characteristics iﬁg]

terms of Wa and y still seems possible if probes selected
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