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Mechanical Detachment of Nanometer
Particles Strongly Adhering

to a Substrate: An Application

of CorrosiveTribology

J. T. DICKINSON*, R. F. HARIADI and S. C. LANGFORD

Department of Physics and Materials Science Program, Washington State
University, Pullman, WA 99164-2814, USA

(Received 25 June 1999; In final form 14 October 1999)

The tip of a scanning probe microscope was used to detach nanometer-scale, single
crystal NaCl particles grown on soda lime glass substrates. After imaging a particle at
low contact forces, a single line scan at high contact force was used to detach the particle
from the substrate. The peak lateral force at detachment is a strong function of particle
contact area and humidity. As the relative humidity is raised from low to high values, the
strength of the particle-substrate bond decreases dramatically. We interpret these results
in terms of detachment by chemically-assisted crack growth along the NaCl-glass in-
terface. Numerical estimates of the electrostatic and dispersive contributions to the work
of adhesion are also discussed.

Keywords: Particle removal; Humidity effects; Scanning force microscopy: Crack
growth, chemically assisted; Work of adhesion, Model

1. INTRODUCTION

Particles smaller than about a micron in diameter can be extreme-
ly difficult to remove from many surfaces. The technologies of
chemical-mechanical polishing [1] and laser-assisted particle removal
[2, 3], among others, have been developed in part to ensure that such
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particles are removed prior to critical surface operations. Particle
removal is often facilitated by the presence of a liquid phase, which
reduces the adhesive forces binding the particle to the substrate. The
nature of the interfacial binding forces, the character and role of in-
terfacial defects, and the effect of the liquid phase are not presently
well understood.

In this work, we study the effect of humidity on the force required to
detach submicron salt crystals from soda lime glass substrates. The
chemical activity of water vapor is readily varied over a wide range by
changing the pressure of the vapor. Particles were detached with the
tip of a scanning force microscope (SFM). The SFM tip is analogous
to a well-characterized asperity which “‘rubs” adhering particles from
the substrate. Sodium chloride crystals of the appropriate size are
readily grown by evaporation from a dilute aqueous NaCl solution.
The resulting crystals adhere strongly to soda lime glass, forming
symmetric protrusions on a reasonably flat substrate. Both NaCl and
soda lime glass are hydrophilic and, thus, interact strongly with water.
The effect of water vapor on crack growth in soda lime glass has been
well studied [2].

Previous studies of particle adhesion using scanning probe micro-
scopy include that of Meyer er «l. [3] (adhesion and motion of Cgg
molecules on NaCl) and Junno er al. [4] (silver particles on semi-
conductor surfaces). Lebreton et al. [5] found that atom removal with
scanning tunneling microscopy (STM) was facilitated by humidi-
ties above a critical value. Significantly, a large fraction of the in-
terfacial bonds binding very small particles to the substrate lie along
their perimeter; this strongly amplifies the response of the particle
to chemically active agents in the surrounding atmosphere. In this
work, we show that raising the humidity from low values dramati-
cally lowers the lateral force required to fracture the NaCl-glass
bond as the SFM tip is drawn across the particle.

2. EXPERIMENT

Submicron NaCl crystals were deposited on soda lime glass substrates
by dissolving 1-3 grains (~ 1 mm?®) of commercial salt in a drop of
de-ionized water on a clean microscope glass slide. The solution
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was gently spread across the slide with a cotton swab and allowed
to evaporate to dryness at room humidity and temperature. Both
evaporation and sample storage were under ambient laboratory at-
mosphere conditions—typically 20—-40% relative humidity (RH).

A Digital Instruments (Santa Barbara, CA) Nanoscope III scan-
ning force microscope mounted in a controlled environment cham-
ber was used to image and manipulate the particles. This work
employed commercial Digital Instruments Si;N4 cantilevers. A re-
presentative sample of tips was characterized by imaging niobium
“artifacts” from Electron Microscopy Sciences, Fort Washington,
PA [6], vielding an average tip radius of 37 £ 4nm. This value is con-
sistent with previous measurements in our laboratory, as well as
radii measurements inferred from image deconvolution. Due to the
small size of the NaCl crystals employed in this work, deconvolution
significantly improved our measurements of particle dimensions. De-
convolution was performed with the DECONVO program from
Silicon-MDT of Moscow, Russia [7, 8]. As the particle bases are not
imaged, even in the deconvoluted images, the area of the top of the
particle was taken as the particle area. This is equivalent to assuming
that the particles are rectangular parallelepipeds, like their macro-
scopic counterparts in table salt.

Considerable effort was devoted to tip characterization and calibra-
tion. The spring constant for normal deflections, k;omar, Of @ sample
of typical SFM cantilevers was determined by analyzing the power
spectra of thermal fluctuations in the cantilever deflection [9-11],
yielding Kporma1=0.31 N/m. The spring constant for lateral deflec-
tions, Kiera, Was estimated by multiplying Kyormar by the expected
Knormal : Kiateral (0.0032, from finite element calculations [12]), yield-
Ing Kijgrerar= 96 N/m [13]. This Kpormal tO Kjageral ratio is within 5% of
an experimental measurement using the method outlined by Bhushan
et al. [14]. The detector sensitivity in the normal direction was
determined to be 9.22nm/V by performing the force calibration
procedure on a stiff substrate (aluminum oxide), where the deforma-
tion of the substrate and tip can be neglected [3].

Particle detachment experiments were initiated by setting the
humidity to the desired value by adjusting the flow of dry air and
humidified air into the chamber. The RH in the chamber was con-
tinuously measured with a BioForce Laboratory humidity sensor.
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The glass surface was then scanned in contact mode to locate attached
particles of the appropriate size. High tip velocities (typically 42 um/s)
and low applied normal forces (less than 20 nN) were employed dur-
ing imaging to minimize the effect of scanning on particle adhesion.
Scanning was continued until the tip was positioned to cross the center
of the chosen particle (the white line in Fig. 1(b)); then the contact
force raised to a high value (<320 nN).

When an appropriate particle was found, the tip was positioned to
cross the center of the chosen particle and the tip speed reduced to
0.20 pm/s. As the tip approached the particle, the normal force was
raised to a high value (180 - 320 nN). Given a particle of the appropriate
size, the particle would then be detached from the substrate upon the
tip’s first encounter with the particle. After each detachment event, the
signal corresponding to zero lateral force was determined by averag-
ing the signals during trace and retrace portions of the linear scan.

30 nm
]
0.50 pum
e | I e |
0.20 um 0.50 pm 0

FIGURE | Low contact force images of NaCl particles (a) before particle removal, (b)
a close-up immediately prior to the linear scan that removed the particle, (c) a close-up
immediately after the line scan that removed the particle, and (d) an additional scan of
region imaged in (a), showing the removed particle at the end of the 500 nm linear scan.
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Subsequently, low contact force, high scan rate images were acquired to
locate the detached particle. Room temperature during data acquisition
was typically between 21 and 24°C.

3. RESULTS

Images taken before and after particle detachment at low RH are
shown in Figure 1. Particle A in Figure 1(a) was selected for removal,
and imaged at higher magnification in Figure 1(b). Note that the
rectangular form of the particles in these images reflects the pyramidal
tip geometry and not the actual particle shape. After aligning the SFM
along the dotted line in Figure 1(b), the contact force was raised to
a high value and the tip was drawn once across the position of the
particle. Low contact force imaging was then resumed, confirming
that the particle had indeed been removed (Fig. 1(c)). Imaging at
lower magnification (Fig. 1(d)) subsequently located the detached
particle at the end of the high contact force scan. Subsequent images
do not always show the detached particle, especially at high re-
lative humidities. Although it is possible that these particles are for-
cibly ejected some distance after detachment (a *‘slap shot”), it appears
that these particles often adhere to the SFM tip and are moved
some distance without being imaged.

Typical height and lateral force signals during scanning across a
NaCl particle at 10% RH are shown in Figure 2. The signals in Fig-
ures 2(a) and 2(c) were acquired at low applied normal forces (10 nN)
and high tip velocities (42 umy/s) prior to particle detachment. The
height signal in Figure 2(a) shows the particle profile, while the later-
al force signal in Figure 2(c) shows characteristic upward and down-
ward spikes as the tip slides up onto and down off of the sample,
respectively. Interestingly, the lateral force as the tip passes over the
center of the NaCl particle is measurably lower than the lateral force as
the tip passes over the glass substrate. This difference cannot be
attributed to elastic deformation effects, as the glass is actually stiffer
than the NaCl. Young’s modulus in soda lime glass is typically about
73 GPa; in NaCl the modulus (directionally averaged) is 37 GPa [15].
The salt-to-glass lateral force ratio ranges from about 0.8 at 3% RH to
0.3 at 68% RH. The changes in lateral force with humidity suggest
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FIGURE 2 (a) and (b) Height, (c) and (d) lateral force signals during the low contact
force scan used to align the tip on the particle, and during the slow, high contact force
scan used to remove the particle from the substrate. Inset (e) shows the tip and NaCl
position just before fracture.

that the adsorbed water layer on these hydrophilic surfaces strongly
affects the apparent coefficient of friction, perhaps due to capillary
effects.

The height and lateral force signals during detachment are
shown in Figures 2(b) and 2(d). The tip velocity was reduced from
42 um/s to 0.20 um/s before beginning this scan. Approximately a
quarter of the way through the scan, the nominal contact force was
raised to 57nN, producing a dramatic drop in the height signal of
Figure 2(b). (To increase the normal force, the piezoelectric trans-
ducer must move downward, which changes the height signal in much
the same way as a change in topography.) Increasing the normal
force also produced a small, stepwise increase in the lateral force signal
(Fig. 2(d)) due to the accompanying increase in friction. Midway
through the scan, the tip encountered the particle, lifting slightly
(~4 nm) onto the edge of the particle before detachment. Because the
tip is not in contact with the glass at the moment of detachment (Fig.
2(b)), the friction between the tip and the glass does not contribute
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to the measured lateral force at detachment. Thus, the entire lateral
force at detachment is applied to the particle, and it is this force that
induces detachment.

We identify the peak in lateral force and height signals with the
detachment event itself. An upper bound on the energy per unit area
required to fracture the interface is provided by the area under the
rising portion of the lateral force vs. displacement plot prior to failure.
In Figure 2(d), this amounts to about 50 mJ/m? In the fracture of
more-macroscopic, highly-brittle samples (including soda lime glass
and NaCl), it is not uncommon for two-thirds of this energy to be
dissipated via plastic deformation and similar processes. Since plastic
deformation is strongly hindered in nanometer-scale systems [16], its
role in the removal of nanometer-scale particles is an open question.

Both the height and lateral force signals show distinct tails after
detachment. Their duration depends strongly on RH and can extend
much further than the physical extent of the particle. Thus, these tails
cannot be attributed to incomplete detachment. We attribute these
tails to the gradual drop in lateral force as the particle slips out from
under the SFM tip. At low RH, the particle slides more freely along
the glass, and the lateral force drops rapidly. However, at high RH,
the particle encounters wet glass and slides more slowly.

The peak lateral force (at detachment) is a strong function of tip
velocity. Figure 3 displays the lateral force signal during two successive

p— [‘:’ 1 | '} | PRI —— .
e a 50
= | 50 nN Fast scan speed
— 404 5.00ms | 20 um/s
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5 I 0.10 um |
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FIGURE 3 Lateral force signal during linear scans across the same NaCl particle at tip
velocities of (a) 20 um/s and (b) 0.40 pm/s. The normal force in each casc was 17nN.
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linear scans across the same NaCl particle at an applied normal force
of 17nN and a high relative humidity (51%). After the scan of Fig-
ure 3(a) and before the scan of Figure 3(b), the tip velocity was re-
duced from 20 pm/s to 0.40 pm/s. During the first scan (at 20 pm/s), the
SFM tip passes cleanly over the particle. However, during the slow
scan (at 0.4 um/s) the particle is detached. Furthermore, the peak later-
al force during the slow scan (38 nN) is significantly lower than the peak
lateral force during the fast scan (50nN), which did not remove the
particle. Experience indicates that a single scan at the faster rate of
20 um/s does not significantly weaken the NaCl/glass bond. (A large
number of scans at 20 um/s do weaken the interface.) The dramatic
effect of scan rate suggests that the duration of the applied force is
critical, and that particle detachment is not merely due to the applica-
tion of some critical stress associated with the intrinsic strength of the
interface.

These results suggest that particle detachment involves the relative-
ly slow growth of an interfacial crack. At low scan rates, relatively
low crack velocities can detach the particle before the SFM tip passes
onto the particle. Lower stresses are required to produce these lower
crack velocities, so that failure occurs at lower applied lateral forces.
At high scan rates, particle detachment during tip-particle contact re-
quires higher crack velocities and higher lateral forces. The failure
stresses reported below were all determined with a minimum of prior,
low contact force scanning at relatively high tip velocities ( > 42 pum/s)
and low contact forces ( <20nN), followed by a single, high contact
force scan (typically 150 nN) at tip velocity of 0.20 um/s. This proce-
dure yielded consistent failure stress measurements. The crack velo-
cities required for particle detachment at these scan rates (1 - 10 pm/s)
are very low—consistent with crack velocities measured in soda lime
glass and similar materials at low stresses in chemically-active environ-
ments [2].

For comparison purposes, we define a nominal shear strength,
o., of the interface equal to the peak lateral force divided by interfa-
cial area, A. Values of o, from a large number of particie detachment
events at several relative humidities are plotted in Figure 4 as a func-
tion of particle size. We have scaled the values of o, for 3% RH by a
factor of ten for presentation purposes; the smallest particle at 3% RH
failed at an nominal shear stress of 55MPa. At lower humidities,
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Failure Stress vs Particle Contact Area
at Six Different Relative Humidities
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FIGURE 4 Nominal shear stress at failure vs. NaCl/glass contact area for NaCl cubes
of various sizes at relative humidities ranging from 3% to 68%. Note that the failure
stresses at 3% RH have been scaled (reduced) by a factor of ten for convenient display;
the smallest particle tested at 3% RH failed at 55MPa. The dark lines represent one-
paramecter, least-squares fits to the data. assuming that the nominal shear stress is
proportional to 47", where A is the area of the NaCl cube in contact with the glass. The
shaded region of the graph marks the size range in which the cubes are smaller than the
radius of curvature of the SFM tip.

raising the humidity dramatically decreases o.. Particle size (here
parameterized by the contact area, 4) also strongly affects the shear
strength, especially for the smaller particles. Both effects impose ex-
perimental limits on the size of particles amenable to study at the
lowest humidities, where the SFM tip may break before a large particle
will be removed. This is consistent with anecdotal reports of the difh-
culty of particle removal from surfaces under dry conditions. Signifi-
cantly, increasing the humidity beyond 50% has little additional effect
on the shear stress at failure. Similarly, the particle-size dependence be-
comes weak for particles with contact areas larger than 3000 — 4000 nm?.

The effect of humidity on shear strength is quantified in Figure 5,
where the failure stress for particles with nearly equal contact areas
(5000 nm?) is plotted as a function of relative humidity. (The value
for 3% RH has been extrapolated due to our inability to remove
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Nominal Failure Stress vs. Relative Humidity
for Particles with Contact Areas of about 5000 nm2
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FIGURE 5 A plot of the peak lateral forces observed for cubes of nominal contact
area 5000 nm> (~70nm x 70nm) as a function of relative humidity. The point for the
lowest RH (= 3%) is extrapolated from the data, due to the difficulty of removing
particles of this size at RH =3%.

30 nm

8.00 um

FIGURE 6 A SFM image of a region of the substrate cleared of adhering NaCl
particles at 55% RH and a contact force of 51 nN.

particles of this size at low RH.) The failure stress drops rapidly
with increasing RH in the lower humidity range, and falls more gradual-
ly at the higher humidities. The dark line represents a least squares fit
of a model to the data, described below.
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At high RH, relatively large particles can be removed from the
substrate at modest contact forces. Under these conditions, the SFM
tip can be used to remove virtually all the particles from large areas.
The results of such a sweeping procedure at 55% RH and 5! nN con-
tact force are shown in Figure 6. An 8 x 8 um? area has been swept
clean of NaCl particles, and the resulting debris is piled up around
the edges, exhibiting a fair amount of order due to their alignment.
This illustrates the effectiveness of combined chemical and mechanical
stimuli in particle manipulation.

4, DISCUSSION

4.1. Chemically-assisted Crack Growth

Considerable effort has been devoted to the understanding of
chemically-assisted crack growth, often designated environmental
crack growth. Nevertheless, a universal, detailed understanding
of it has not yet been achieved. For the purposes of discussion,
we adopt a description outlined by Lawn [2] who treats crack growth
as a stress-activated chemical reaction. This picture grew out of stud-
ies by Wiederhorn, Michalske, Freiman, Bunker, and Lawn. (See
Ref. [2] and references therein.) In this approach, the crack velocity,
V, is represented as the product of a classical “attempt frequency”,

Jo (a typical vibrational frequency), a “crack propagation distance

per successful attempt”, ap (a typical intermolecular spacing), and
a probability factor equal to the fraction of attempts yielding a brok-
en bond. Ignoring the reverse reaction (crack healing), classical kine-
tic theory yields:

V= a()f() CXp(—AF/kT) (1)

where k is Boltzmann constant, 7 is the temperature, and AF is the
free energy change associated with fracture in a chemically-active
environment.

The effect of chemical environment and stress on AF is convenient-
ly described in terms of the relevant energy terms. The chemical
environment affects the energy per unit area required to form new
fracture surfaces, R. Classically, increasing the stress increases the
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available elastic strain energy per unit area to drive crack growth,
G (the strain energy release rate). In classical fracture (Griffith) theo-
ry, crack growth occurs when G > R. An alternate approach, adopt-
ed here, is to replace G with the appropriate stress intensity factor,
K, where K=(GE)"? and E is the relevant Young's modulus. K re-
flects the magnitude of the stress singularity at the tip of an infinitely
sharp crack. Replacing G with K is not a trivial change; in chemical
terms the difference corresponds roughly to the difference between a
stress-activated process (with G) and a volume-activated process
(with K). We adopt the stress intensity description because it pro-
vides a more consistent description of our data. In general, the ques-
tion of which description is to be preferred in chemically-assisted
crack growth has not been settled. In previous studies of stress-
enhanced dissolution of atomic steps on single crystal surfaces, a simi-
lar comparison of stress- vs. volume-activated mechanisms also favored
a volume-activated process [17, 18].

In our case, it is convenient to express the effect of stress on crack
velocity in terms of the excess available mechanical energy (propor-
tional to K) over the energy required to form the fracture surfaces
(proportional to R). Expanding AF in terms of this difference yields

AF = AFy+ (aK — BR) + - - - (2)

where AFy,=AF when aK=8R’', and a and 3 are constants of
proportionality. Equation (1) then becomes

V = ag fo exp(—AFy/kT) exp{(aK — BR)/KT] (3)

In this formalism, the effect of mechanical stress and chemical attack
on crack growth reduces to finding appropriate expressions for K and
R. Although we do not measure the crack velocity per se, the expo-
nential dependence of crack velocity on K and R assures that velocities
which yield fracture on a given experimental time scale will be associ-
ated with similar values of (K— R). In the limit of low crack speeds
(typically < 10 um/s), R is a simple function of RH. At sufficiently
high crack speeds, R becomes less dependent on humidity due to the
inability of diffusing vapor to keep up with the advancing crack tip.
The strong effect of humidity in this work indicates that the time-to-
failure is dominated by crack growth in the low velocity limit. In all
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cases, failure on a given experimental time scale requires that the crack
velocity [and, thus, (K — R)] be large enough to produce failure while
the tip is applying a significant lateral force to the particle. We treat
the minimum K value for failure on a given time scale (here determined
by the tip velocity) as a critical value for failure and denote it as K..
In general, raising the humidity will lower R and, thus, lower K.

The applied stress intensity, K, is a function of sample geometry.
including crack geometry, and is generally treated numerically. For a
cube bound to a planar substrate with a small, sharp interfacial crack,
K is expected to scale as

K~ a(T,(_Vcl/2 (4)

where oy, is the nominal shear stress applied to the particle (lateral
force divided by particle/substrate contact area), ¢ is the crack length,
and « is a constant of order 3 [19]. A complication in our loading
scheme is the effect of the normal (compressive) stress exerted by
the SFM tip on the adhering particles. This compressive stress tends
to close any existing crack and effectively reduces K. For the purpose
of analysis, we assume this effect is independent of particle size.
(Proportionally higher compressive stresses are expected for parti-
cles shorter than the radius of curvature of the SFM tip. The shaded re-
gion in Figure 4 identifies data points where this may be a factor.)
Assuming that all particles of a given size have (at least statistically)
similar interfacial flaws, we can replace K. with o, where o, =0y, at
detachment.

In Figure 4 we presented these critical values of shear stress as a
function of the nominal particle/substrate contact area, A, for several
values of relative humidity. The monotonically decreasing shear stress
with area led us first to a two-parameter curve fit of o.~ 47" for each
value of RH. Each fit yielded n=0.5 to within the uncertainty of the
curve-fitting procedure (typically £+ 0.1). The dark lines in the figure
represent one-parameter least-squares fits of a function proportional
to A~'?. This dependence is quite reasonable if we assume that the
size of the initial interfacial flaws at the perimeter of the particles scale
with particle area. [Assuming failure occurs at K=K, in Eq. (4),
constant for a given RH, oy, ~ K, ¢ "2~ 4717 requires that c¢ is pro-
portional to A.] This model suggests that flaw size is responsible for
the area dependence of the failure stress.
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Humidity influences o, through its effect on R. Raising the partial
pressure of water vapor lowers R, which in turn lowers K, and o.. For
interfacial failure,

R= Yglass + Ysalt — Vsalt —glass — AUglass - AUS'A}U (5)

where 7piass and 7say are the two surface energies after detachment
(Yglass # Vsalt)s Vsali—glass 1S the interfacial energy before detachment,
and AUy, and AU, are the changes in the two surface energies due
to the reactions with water vapor.

The adsorption energy is a complex function of humidity and
surface coverage, especially at high relative humidities where more
than one monolayer of water may cover the surface. For submono-
layer coverages, the Langmuir isotherm describes the adsorption
in many adsorbate/substrate systems. It also provides a convenient
empirical description of adsorption in the present case. For the
Langmuir isotherm, AU=2T"In(p/po) [2]. where 'y, is the adsorp-
tion energy per unit area for full (monolayer) coverage, p is the par-
tial pressure of the adsorbate in the surrounding atmosphere (here
proportional to the relative humidity), and py is the partial pressure at
which the coverage equals half a monolayer. In the present context,
full coverage will amount to several monolayers of water on both
glass and NaCl, so the interpretation of these values will be some-
what strained. This problem is mitigated somewhat by the hydro-
philic nature of glass and salt surfaces, which ensures that water-
glass and water—salt bonds are much stronger than water—water
bonds. Thus, the total energy of water sorption will be dominated by
the energy of the first monolayer. With these assumptions, the crack
velocity as a function of o, and partial pressure, p, become:

V = apfo(l +p/po)2“F‘“ exp|—(2v + AFy)/kT]expl’ac'/?/KT].  (6)

Again assuming that interfacial fracture occurs on experimental
time scales for cracks that reach a critical speed, o, for NaCl cubes of a
given contact area will scale as:

oc = min[n/(1 + p/po)] (N

where m, n, and pg are parameters. A fit of Eq. (7) to experimental data
for particles with contact areas close to 5000 nm? appears in Figure 5.
The model describes the data quite adequately.
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The kinetics approach to environmental crack growth (Eq. (6))
predicts that temperature changes alter the crack velocity. We plan to
explore the effect of temperature on particle removal in future work.

4.2. Work of Adhesion Estimate

Particle detachment requires that work be done against interfacial
forces whose origins are electronic in nature. In many systems, disper-
sion (van der Waals) forces dominate adhesion between dissimilar
materials. However, the highly ionic nature of NaCl suggests that elec-
trostatic forces (via image charges) may contribute. An understand-
ing of these effects is necessary if the effect of water and other solvents
is to be understood on the molecular level. As a first step in this
direction, we have estimated the contribution of electrostatic and dis-
persion forces to adhesion in the salt —glass system.

The electrostatic contribution to the work of adhesion was estimat-
ed by performing a Madelung-like sum of the electrostatic poten-
tial energy of an array of plus and minus charges (the NaCl crystal)
in the presence of a similar array of reduced strength (image charges
in the glass). The NaCl crystal was treated as a lattice of charges
of magnitude +e (where ¢ is the electron charge) with the rocksalt
structure and nearest neighbor distance of 2.82A (as in NaCl). The
glass was treated as a continuous dielectric positioned parallel to
one edge of the NaCl lattice, with the interface arbitrarily positioned
one-half the nearest neighbor distance from the nearest NaCl plane.
(This choice of interface is analogous to treating the glass as a continu-
ous extension of the NaCl crystal.) The magnitude of the dielectric
constant, s, is a key uncertainty in this estimate, due to the contribu-
tion of ionic diffusion (which increases in the low frequency limit). For
this work, a typical value of « for soda lime glass at 100 Hz was used
(x=28.3) [1]. Reasonable convergence was obtained with NaCl lat-
tices containing 2000 ion pairs. with a corresponding work of adhesion
of 20 mJ/m".

The contribution of dispersion forces was estimated by comput-
ing an appropriate Hamaker constant and assuming an interfacial
separation equal to one nearest-neighbor distance in NaCl. The
Hamaker constant for the system was taken as the geometric mean
of the Hamaker constants for soda lime glass and NaCl, which, in
turn, were estimated from the Clausius-Mosotti equation for the
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Hamaker constant in terms of the bandgap and high-frequency di-
electric constant [20]. This procedure yielded Hamaker constants of
6.2x1072°J and 3.1 x 1072 for the salt and the glass, respectively.
The resulting contribution to the interfacial work of adhesion amounts
to 15ml/m?.

Our estimate of the total work of adhesion, Wy, is equal to the sum
of the electrostatic and dispersion contributions, or 35mJ/m?. In the
near future, we hope to extend these calculations to include the effect
of water vapor.

The work of adhesion is related to the energy per unit area required
for crack growth, R, by the relation Wgs = VglasstVsait — Vsali - giass [20]-
Equation (5) then yields R= Woqs — AUpgjass — AUsai, With R= W44 in
the limit of zero humidity. The area under the lateral force curve at
11% RH provides an upper bound on R and, thus, W,q, of 50 mJ/m?.
Our estimate of W,qs~ 35mJ/m? lies comfortably below this upper
bounds. Qur estimate is also well below the experimental fracture
surface energies for NaCl (~ 0.3 J/m?) and soda lime glass (4—5J/m?)
[1], consistent with failure along the interface. Although the precise
nature of the interface is not known, the surface exposed by particle
removal was indistinguishable from the surrounding surface within the
resolution of the SFM. If failure is not ideally interfacial, the deviation
cannot be much more than a monolayer.

5. CONCLUSIONS

The lateral forces required to remove particles from a soda lime glass
substrate with the tip of a scanning force microscope are strong
functions of particle size and relative humidity. At 3% RH, only the
smallest particles could be removed by the SFM tip at any accessible
contact force. Increasing the RH to 30% dramatically reduces the
stress required for particle removal and promotes the removal of
much larger particles. Increasing the relative humidity further yields
smaller decreases in the failure stress. Clearly, a combined chemical
and mechanical attack is most effective for particle removal.

The humidity dependence of the failure stress is well described
in terms of the energy required to form the final fracture surfaces,
where these surfaces are in equilibrium with a given partial pressure of
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water vapor. This reduces the energy and, thus, the stress, required
for slow crack growth. Although somewhat empirical, the Langmuir
isotherm adequately describes the humidity dependence of the stresses
required for particle removal. The small size of these particles is im-
portant for clear observation of this effect, due to the large perimeter-
to-area ratio of the interface. For these particles, the interaction of
water vapor with the perimeter of the interface has a significant effect
on the strength of the interface as a whole.

Particle removal is an important factor in a number of technologies,
including integrated circuit manufacture and optical component
manufacture. An improved understanding of these processes should
facilitate intelligent redesign of particle removal processes as new par-
ticle removal challenges present themselves.
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