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Abstract

The humidity present in ambient atmosphere affects the adhesion of small particles by causing capillary bridge formation between the particle
and the surface. Even in moderate relative humidities this, usually attractive, force can have a significant effect on adhesion behaviour of micro
and sub-micro particles. We have directly measured the pull-off forces of initially adhered oxide particles on oxide surfaces with atomic force
microscope in controlled atmosphere with adjustable humidity. We demonstrate the effect of the surface roughness resulting in two different
regions of capillary formation and the particle shape having a strong effect on the humidity dependency of adhesion. The experimental results are

explained by theoretical framework.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Small particles adhere to surfaces due to the van der Waals
interaction. Moisture changes the nature of this phenomenon
and increases the adhesion of colloids to surfaces leading, e.g.,
to enhanced agglomeration of powders. This phenomenon is
widely studied and is considered problematic in, e.g., pharma-
ceutical industry. There is a possible capillary meniscus for-
mation between the bodies of interest in many systems, water
being the most common liquid in normal conditions [1]. Simi-
lar effects might be found in systems with any vaporized sub-
stance.

The atomic force microscope (AFM) [2] has become very
popular tool for various fields of science during the past 20
years. The ability to measure small forces and distances is uti-
lized in multiple ways, e.g., in adhesion studies [3,4]. AFM
studies often take place in ambient conditions with some hu-
midity present, that can obscure the interpretation of the adhe-
sion experiments, since the capillary force can be significant
compared to other surface forces [1].
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The capillary force between a small particle and surface has
been measured with AFM by Mate et al. [5,6] using nonvolatile
liquid films. The capillary force originating from the condensed
water from ambient atmosphere has been shown to increase
with humidity [7,8]. The surface roughness also plays a role
in the capillary formation [9-12].

The modelling of the capillary force started very early with
the standard approximation, for a review see, e.g., [1]. This
humidity independent model was shown to be incorrect by Mar-
mur [13] and further by de Lazzer et al. [14]. Ata et al. [11]
present a model for capillary formation on a rough surface,
where in low humidities the water meniscus appears between
the particle and an asperity on the surface and in higher humidi-
ties the film extends to the planar surface below the asperity, as
shown in Fig. 1. The calculation of the capillary forces between
two spheres of unequal sizes has recently been done, e.g., by
Rabinovich et al. [12]. The rigorous model described by Pakari-
nen et al. [15] includes any axially symmetric particle shape,
although it is computationally more time consuming.

We have measured the humidity dependency of the pull-off
force with spherical probes and truncated cones with AFM. We
apply the model for the capillary force described by us [15] to
the experimental results, using simplified meniscus shape, i.e.,
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Fig. 1. Model for advancing meniscus formation on surfaces with finite rough-
ness [11].

we assume a circular profile for the water meniscus. As shown
previously [15] this makes an error less than 2% in the size
scale of interest. In the experiments, we have discovered two
humidity dependent regions, that can be nicely explained by our
model using the two possible meniscus geometries of Fig. 1.

2. Experimental
2.1. AFM system

The experiments were performed with a Digital Instruments
Nanoscope III atomic force microscope with extender electron-
ics. The system is equipped with an atmospheric hood, which
enables controlling the ambient atmosphere. The apparatus was
used for force measurements as well as for surface imaging.

We used dry nitrogen (99.5%) gas to produce atmosphere
with various humidity levels inside the hood. After introducing
the sample and the probe, the atmosphere was dried by flow-
ing dry nitrogen through the system. After drying the flow of
nitrogen was reduced to amount sufficient to keep the relative
humidity (RH) low (<5%) and constant. The humid gas was ob-
tained using two-stage bubbler-type humidifier immersed in a
heat bath. The dry and humid nitrogen were mixed to obtain the
desired humidity. Humidity inside the hood was monitored us-
ing a Vaisala HMP233 humidity meter. The humidity was kept
within RH 2% during each measurement point.

2.2. Surfaces and particles

The surfaces used in this study were a polished silicon wafer
with native oxide and an atomic layer deposited (ALD) TiO»
film [16,17]. The TiO; film was grown on borosilicate substrate
at temperature of 620 K resulting in polycrystalline (anatase)
film structure. Both surfaces were characterized using AFM
imaging prior to the adhesion measurements. After filtering out
the high frequency noise by a median filter, the asperity dis-
tributions were determined from the topographic AFM images
by fitting a paraboloid on to each local maximum found on the
1 um? image. The radius of the asperity is then obtained from
the curvature of the fitted paraboloid. The height of the asperity
is the difference between the maximum of the fitted parabola
and the mean level of the grain border.

The radius and height distributions of our surfaces are shown
in Fig. 2, where the mean asperity heights are 0.2 £ 0.1 and
0.9 £ 0.5 nm, and the radii of curvature 190 + 80 and 50 +
30 nm, for silica and titania, respectively. Although, these are
only mean values, they give more information on the asperities
than just the RMS roughness or some other single roughness
parameter [18]. Contact angles were also measured by pho-
tographing the droplets on the surface resulting in 60° for silica
and 80° for titania surface.
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Fig. 2. Silica (light grey) and titania (dark grey) surface asperity (a) radius of
curvature and (b) height distributions.

We used three types of model particles: sharp AFM probes as
small particles (CSC17-F, Mikromasch and CONT, Nanosen-
sors), silica spheres glued on AFM cantilevers (Novascan) as
microspheres and eroded AFM probes as blunt particles. The
blunt particles were made by eroding the fresh tips by scanning
them in several directions against a silicon sample. Approx-
imate scanning parameters were scan size 4 um, rate 4 Hz,
normal force 50 nN, and angles 0°, 45°, 90°, and 135°. The
size of the flat area was controlled by the scanning time, though
some variations on the normal force were also used. A set of
sharp probes were also coated with titania using the ALD tech-
nique. We calibrated the force constants of all cantilevers using
the Sader method [19], except the Mikromasch tips that were
calibrated by the manufacturer using the same method.

2.3. Pull-off force measurements

The adhesion was measured using displacement—deflection
curves obtained moving the sample toward and away from the
probe and measuring the corresponding cantilever deflection as
described earlier [3,20]. The loading, typically below 10 nN,
was kept constant during measurements although the absolute
value did not affect the pull-off forces. Each model particle
was first used for a few hundred force measurements in dry
N, atmosphere before the actual experiments since the pull-off
force levelled off after an initial increase. When the humidity
dependency was measured, the humidity was increased in RH
5-10% steps up to RH 80%. The humidity was then reduced in
a few steps back to below 5% RH and the measurements were
repeated in order to detect possible hysteresis between increas-
ing and decreasing humidity. This would also reveal possible
erosion of the probes during the measurements. We found no
hysteresis nor erosion if the system was allowed to stabilize for
about half an hour after any changes in the humidity.

In order to guarantee sufficient statistics, 100 displacement—
deflection curves were recorded evenly distributed on an 1 um?
area. Two such sets of data were recorded on different lo-
cations on the surface. The measurements thus resulted in
200 displacement—deflection curves for each probe—surface—
humidity combination covering 2 um? of surface. The mean and
standard deviation for each data set was calculated, and these
values were used for further analysis.

The pull-off forces were extracted from the displacement—
deflection curves by Perl scripts. The zero deflection was set
to an average value of the retracting curve after the pull-off.
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Lines were fitted to the contact part and the vertical pull-off
part and the intersection of these lines with the zero deflection
were used to calculate the distance the Z-piezo travelled be-
fore the pull-off. This distance was converted to force using the
force constant of the cantilever. This indirect way to determine
the pull-off force helps us to avoid the problems in photodiode
calibration since the force is calculated from the Z movement
of the piezo tube alone.

3. Model for capillary forces
3.1. Capillary forces

The presence of water vapour in ambient environment causes
capillary film formation between the particle and the surface
in suitable conditions. The vapour pressure, p, determines the
shape of the equilibrium water meniscus, characterized with the
two radii of curvature, r; and r,, as follows from the Kelvin
equation [1]
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where rk is the Kelvin radius, pgy is the saturation vapour pres-
sure, y is the surface energy of the liquid, Vp is the mean vol-
ume of one water molecule, kg is the Boltzmann constant, and
T is the temperature. Although, the sectional interface of the
meniscus corresponding to the radius r; in Fig. 3 is not exactly
circular, we have shown elsewhere [15] that circular profile as-
sumption is valid in the size range where continuum modelling
of water can be used.

The shape of the meniscus and its surface energy induce a
pressure difference across the liquid/vapour interface [21]:

14
Ap=—. 2)
K
The negative Laplace pressure, Ap, together with the direct sur-
face tension make up the capillary force felt by the particle as

additional adhesion force [15]

F=F,+ Fy, 3)
Fo=A,Ap, “
Fy=lyy, )

where A is the horizontal projection of the wetted area, y
is the vertical component of the surface tension, and / is the
length of the closed perimeter of the water meniscus at contact
with the particle.

The water film not only causes additional capillary forces,
but it also screens the van der Waals interaction. We include this
effect by scaling the force measured in dry conditions with the
ratio of water-mediated and vacuum-mediated Hamaker con-
stants. The ratios used were 0.11 for silica [4] and 0.33 for
titania [22] and 0.19 for SiO,-TiO;. The value for titania is
for rutile, since no data for water mediated Hamaker constant
for anatase was found. The SiO,—TiO; value is obtained using

the approximation A2 = +/A1142 [1].
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Fig. 3. Schematic diagram showing the meniscus formed between the particle
and the surface.

3.2. Spherical particles

Using the geometry presented in Fig. 3, the capillary pres-
sure force and surface tension force are obtained for a spherical
particle as

Fy=m(Rysina)? L (6)
K
Fg =2n Ry sinay sin(ao + 61). @)

The filling angle o may be determined using 6; and 6, and radii
R1, R», and ry. First expressions for the distances AB and BC
can be derived using the cosine rule

|AB? :r12 + R% —2r1 Ry cos(mw — 61)
=r12 + R% + 2r1 R cos6q, ()
|BC|2=r12+R%+2r1R200892. ©)]

The distance BC can be written also using the triangle ABC and
a+38as

|BCI* = (Ri + Ry + D)* + |AB|?
—2|AB|(R1 + R2 + D) cos(x + 6). (10)
Finally, the angle « is obtained by subtracting § from o + &,
since § can be solved from the triangle ABE.
In the case depicted in Fig. 1b Eq. (8) still applies, but the

distance |BC| has no meaning. The angle « + § can, however,
be solved easily from the following equation (see Figs. 1 and 3)

Ri+ D+ H =|AB|cos(x + §) +r;cosO; (11)

and the angle « is obtained as above for the two sphere sys-
tem. Equivalently, Eq. (11) is valid for a sphere above a planar
surface when H = 0.

3.3. Blunt particles

The other particle shape we considered was a truncated cone.
Using the geometry of Fig. 4 we can calculate the geometrical
parameters A and [ of Egs. (4) and (5). The distance x can be
written as

x=(a+b)tang = r(cos6r + sin(¢ — 6))) tan . (12)
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Fig. 4. Capillary bridge around a truncated cone on a flat surface.

Using the area of the wetted annulus we get for the vertical
components of the pressure force and surface tension force

2 p2

P ZJT(M)% (13)
K

Fy=2m(R + x)y cos(¢ — 0). (14)

Another assumption made above is that, there is water directly
between the particle and the surface, but it does not exhibit the
same pressure as the water annulus around it. If the clearance
D between the particle and the surface is of the order of the size
of a water molecule, the water between the surfaces cannot be
considered as continuum and the pressure may vary from the
value inside the water meniscus [15]. However, the screening
of van der Waals forces through water is assumed as described
above.

4. Results and discussion
4.1. Small particles

The measured pull-off forces for small silica particles on sil-
ica and titania surfaces as a function of humidity are presented
in Fig. 5. Fig. 6 presents the same for titania coated particles.
The measured series consist of three regions; humidity indepen-
dent part below RH 20%, and two humidity dependent parts of
advancing meniscus formation as shown in Fig. 1.

The experimental results were fitted to the model of Sec-
tion 3.2. The geometrical parameters Ry and H were obtained
from the topographical images of the surfaces. The calculation
was performed by scanning through r; values and solving the
corresponding r, values defined by r;, geometry and contact
angles. The relative humidity is then obtained from Eq. (1) and
the force using Egs. (6)—(11). The low and high humidity re-
gions were calculated separately using appropriate geometries
and the results are shown with dashed and solid lines in Figs. 5
and 6. Parameters used in the calculations are shown in Table 1.
The sizes of the particles, Ry, were optimized to give the best
fits to the experimental data. Some adjustments in other para-
meters were also needed, though they were kept inside their
uncertainty limits. The value for particle-substrate separation
D was fixed to 0.25 nm.

For silica particles the model for the humidity dependency
of the adhesion is very good. The shape of the force—humidity
curves are nicely explained by the growth of the water menis-
cus between the particle and the surface as shown in Fig. 1.
The difference in the optimal R; values for SiO, particles falls
within the experimental error and agrees with the tip size ob-
tained from scanning electron microscopy (SEM) images.
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Fig. 5. Pull-off forces for small silica particles on (a) SiO, and (b) TiO, sur-
face as a function of humidity. The dashed and solid lines represent theoretical
humidity dependency with small and large water meniscus shown in Fig. 1.
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Fig. 6. Pull-off forces for small TiO; coated particles on (a) SiO; and (b) TiO;
surface as a function of humidity. The dashed and solid lines represent theoreti-
cal humidity dependency with small and large water meniscus shown in Fig. 1.

The high contact angle on TiO; probes resulted in much less
satisfactory agreement between the theory and the experiments
for TiO; particles. For the TiO,—TiO, system the low humid-
ity curve could not be fitted at all. For small probes, the contact
angle might be less than the value measured from the flat sur-
face leading to similar agreement in the low humidity region
as with silica spheres. We also had to use low asperity height
H for TiO; surface. This might result from the probes being
smaller than the typical distance between the asperities caus-
ing the probe to fall to contact with a lower asperity in between
the larger ones. Since the TiO» tips were coated silica tips, the
larger radii are easily explained by the thickness of the coat-
ing.

The shape of the small probes is not exactly known, and
can significantly differ from spherical. However, the assumed
spherical shape gives reasonable results. In comparison with
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Table 1

Parameters used in calculating the theoretical humidity dependencies for small
particles

Materials R Ry 01 2 H
particle—surface (nm) (nm) (deg) (deg) (nm)
Si0,-Si0; 35 140 0 60 0.27
Si0,-TiOy 40 80 0 70 0.40
TiO,-SiO, 45 200 70 60 0.30
TiO-TiO, 65 - 65 70 -

previous studies, the two humidity regions were also present
in the studies by Ata et al. [11]. However, they do not observe
humidity dependency inside these regions, only difference in
the pull-off force between the two regions, probably due to un-
matched sizes of the particle and the asperities.

4.2. Microspheres

The humidity dependency of the adhesion of silica mi-
crospheres on silica surface is shown in Fig. 7. Experimental
data shows for both 1.0 and 2.5 um spheres two regions; at low
humidities the adhesion is constant and above RH 30% it starts
to increase.

The solid lines in Fig. 7 represent the theoretical humidity
dependence on flat substrate given by Egs. (6)—(8) and (11).
The best fit radii for the 1.0 and 2.5 pm spheres are 0.75 and
1.2 pm, respectively. Other parameters were 81 = 0°, 6, = 60°,
and D = 0.25 nm. The calculated force-humidity curves seem
to reproduce the measured data if the radii of curvature are as-
sumed smaller than the radii determined from SEM images. It
seems that the part of the sphere making the contact with the
surface has some corrugation giving rise to a smaller local ra-
dius than that of the whole sphere.

The standard approximation [1] predicts that the adhesion
force is independent on the relative humidity if the radius of
spherical particle is larger than 1 um and the particle—surfaces
distance is zero. Neither particle used in this study satisfies the
humidity independency, but they both exhibit similar humid-
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ity dependency as smaller particles. There is, however, only
one humidity dependent region, because the particles are much
larger than the surface asperities. The relative increase in the
adhesion due to humidity is much weaker the larger the parti-
cle.

4.3. Blunt particles

For blunt silica particles we obtained humidity curves
shown in Fig. 8. The computational forces are calculated us-
ing Eqgs. (13) and (14) and assuming the absence of asperities
both on the particle and on the surface. To obtain reasonable
agreement, we fitted the parameters R and ¢ in Fig. 4 resulting
in R = 14 nm and ¢ = 75° for the smaller and R = 28 nm and
¢ = 81° for the larger particle. These values differ significantly
from the nominal radii of 50 nm and 150 nm and half cone an-
gle 10°-20° obtained using SEM, as shown in Fig. 9a for the
larger blunt particle. Fig. 9b shows a section of a reverse AFM
image of the same particle, obtained by scanning the probe
over a reference grating with an array of sharp needles (TGTO1,
Mikromasch) resulting in an image of the probe instead of the
grating. The SEM and reverse AFM images give the same in-
formation when they are scaled similarly. The contact angles
and separation, D, were the same as for microspheres.

With blunt particles we expected much larger effect due to
capillary formation since the radii of the flat tops after erosion
were quite large. With a closer look on the reverse AFM images
the flat tops were however slightly rounded as seen in Fig. 9b,
and there might be enough room for capillaries to form between
the particle and the surface, giving an effective radius of some
tens of nanometres and half cone angles in the range of the fitted
values.

The assumptions made in deriving Eqgs. (13) and (14) seem
to be justified: No continuum water film exists between the con-
tact area of the particle and the surface, since the pressure force
would increase the capillary force at least by a factor of 2. On
the other hand, there obviously are water molecules between
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Fig. 7. Pull-off forces for silica microspheres on silica surface as a function of
humidity: (a) Ry = 1.0 and (b) 2.5 um.
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Fig. 8. Pull-off forces for blunt silica particles on silica surface as a function of
humidity: (a) R =35 and (b) 120 nm.
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Fig. 9. The larger blunt particle: (a) a SEM image and (b) a section of a reverse AFM image. Note the scaling of (b).

the adhering surfaces screening the van der Waals interaction,
since the absence of these would double the adhesion.

5. Conclusions

We have measured the humidity dependency of the adhe-
sion with three types of particles. With small spherical particles
the behaviour exhibit two regions, that can be explained by ad-
vancing meniscus formation first between the particle and an
asperity and then between the particle and the surface. For mi-
cron sized spherical particles only the second type is detected.
The blunt particles show only one humidity region, and the wa-
ter layer directly between the particle and the surface is shown
to screen the van der Waals force but not to mediate the hydro-
static pressure from the surrounding annular meniscus.

In the presence of experimental results, it is evident that the
existence of the capillary force requires a certain threshold hu-
midity. This is due to the instability of capillary film with very
small radius of curvature as there are only few molecules to
form the curved surface. Below RH ~ 25% there is no contin-
uum water to form a meniscus, and adhesion is not affected
by capillary forces [8]. However, there might be effects due to
monolayers of water on each object.

Present model for the effect of humidity explains well the
experimental findings for different particle sizes and shapes.
However, usage of parameters obtained from, e.g., SEM im-
ages may not result in correct estimates, since the phenomenon
is very sensitive to local geometry, which may not be visible.
Real applications often posses surface features covering many
length scales, thus the correct parameters have to be selected
carefully.
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