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Capillary-force measurement on SiC surfaces
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Capillary forces have been measured by atomic force microscopy in the sphere-plate geometry, in a controlled
humidity environment, between smooth silicon carbide and borosilicate glass spheres. The force measurements
were performed as a function of the rms surface roughness ~4—14 nm mainly due to sphere morphology, the
relative humidity (RH) ~0%—40%, the applied load on the cantilever, and the contact time. The pull-off force
was found to decrease by nearly two orders of magnitude with increasing rms roughness from 8 to 14 nm due to
formation of a few capillary menisci for the roughest surfaces, while it remained unchanged for rms roughness
<8 nm implying fully wetted surface features leading to a single meniscus. The latter reached a steady state
in less than 5 s for the smoothest surfaces, as force measurements versus contact time indicated for increased
RH~40%. Finally, the pull-off force increases and reaches a maximum with applied load, which is associated
with plastic deformation of surface asperities, and decreases at higher loads.
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I. INTRODUCTION

Capillary forces [1] are essential surface interactions in
the technology of micro- and nanoelectromechanical systems
(MEMS and NEMS) since they can lead to irreversible ad-
hesion between moving components [2]. In general, adhesive
forces between surfaces have several contributions, such as
electrostatic forces, van der Waals (vdW) forces, capillary
forces, and forces arising from physicochemical processes
between interacting surfaces. For hydrophilic interfaces under
ambient conditions, the dominant force usually is the capillary
force associated with the formation of liquid capillary bridges
between two surfaces. Furthermore, with the advent of atomic
force microscopy (AFM), force distance curves measured
between surfaces and AFM probes enabled measurements
of capillary adhesion forces with pN to nN sensitivity [1].
Under ambient conditions the capillary forces impose an
important restriction on accurate measurements with AFM
of fundamental dispersion forces such as vdW and Casimir
forces at close separations of ~10 nm using colloidal probes
with radius ~10-100 um. These forces have the same origin as
a consequence of quantum fluctuations of the electromagnetic
field with the vdW force being the short-range limit (typically
<10 nm), while the Casimir force acts at longer separations
(>20 nm) where retardation is important [3]. In fact, relatively
stiff cantilevers (with spring constants k ~ 4N/m) for colloid
probe AFM force measurements still require several microns
retraction distance due to capillary stiction [4,5]. However,
for softer cantilevers, which offer higher force sensitivity,
capillary forces lead to jump to contact and prohibit continuous
force measurements since the cantilever must be retracted over
distances even exceeding the range of the AFM piezo tube
(>20 pum) [6].

Surface roughening and/or reduction of the relative humid-
ity can provide a remedy for reducing the capillary forces
so that dispersion force measurements with softer cantilevers
(k ~ 1-2N/m) could become feasible [4—6]. From previous
works [5] it was concluded that the scaling of the capillary
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force with the rms roughness of two surfaces depends on the
wetting properties of the material. Moreover, the knowledge
of capillary forces between material surfaces, possessing
attributes such as high durability combined with high stiffness
and low thermal expansion, is important for a multitude of
applications ranging from optical bonding to macroassembly,
and MEMS technologies. Silicon carbide (SiC) is a material
that offers the previous special attributes, and it is currently
utilized for precise instrumentation frames and mirrors. There
is also a possibility to be used in macro- and nanoassembly
technologies via direct (optical) bonding [7]. Moreover, for
MEMS applications, e.g., in the automotive industry and space
applications [8,9], MEM sensors are required to operate in
harsh environments that can be a challenge for Si devices,
whereas SiC is considered a substitute for Si due to its
excellent properties. In fact the limitation to Si-based MEMS
is highly apparent in applications involving high temperature
environments where diamond, gallium nitride (GaN), and SiC
are considered the leading candidates. SiC is also an excellent
material for high frequency NEMS since the ratio of its
Young’s modulus E to mass density p (also known as acoustic
velocity) is significantly higher than for other semiconduct-
ing materials commonly used for electromechanical devices
[10-12]. The relatively low residual stress level in the layers,
the high stiffness, and excellent etch-stop properties allow the
fabrication of freestanding SiC microstructures using standard
Si bulk micromachining techniques [8,9]. Silicon carbide is
also well suited as a protective coating of micromachined parts
since it exhibits high hardness, chemical inertness, and ability
to survive operation at high temperatures, as well as harsh
corrosive environments [13,14]. Finally, SiC is one of the few
semiconducting materials that combines biocompatibility and
high sensing potential [12].

Since SiC samples can be fabricated very flat with rms
roughness amplitudes of the order of ~1 nm or less they
have been used for dispersive force measurements at short
ranges with borosilicate spheres (~10 nm) [6]. Note for
comparison that when Casimir and any remnant electrostatic
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FIG. 1. AFM topography and height distribution of the borosil-
icate spheres roughness obtained by scanning (800 x 800 nm? scan
size) on top of the sphere (right) and top view scanning electron
microscopy (SEM) image of a sphere attached on a cantilever (left).

forces cause cantilever bending up to ~10 nm, the capillary
forces easily account for bending in ambient of ~600 nm or
more. Therefore, here we study the capillary forces using the
colloid probe AFM technique (Fig. 1). They will be measured
versus surface roughness of the spherical probe and sample
surface, relative humidity, applied load, and contact time of the
probe onto the SiC surface. From the set of surface roughness
parameters, our focus will be on the rms roughness amplitude
since it has the major contribution on capillary forces as
was shown in former experiments between rougher Au-Au
surfaces [5].

II. EXPERIMENTAL PROCEDURE

For the force measurements nitrogen (N) doped SiC sam-
ples (thickness 400 pm and chemical-mechanical polished)
were obtained from University Wafers [15]. For the measure-
ment we used a Bruker Pico Force AFM operated in air as well
as within a bell jar to achieve controlled humidity conditions.
The bell jar, with the AFM embedded, could be evacuated
down to ~107° mbar and then refilled with any desired gas.
The humidity was measured using a sensor (SHT75) with
accuracy ~1.8% and ~2%—4% for relative humidity (RH) in
the range RH~10%-90% and for RH~0%—10%, respectively,
at room temperature (RT). In any case, before starting force
measurements the RH was allowed to reach its equilibrium
value by waiting for a half hour.

The force measurements were performed in the sphere-plate
geometry where a 20-um-diameter borosilicate sphere (Duke
Scientific) was glued on Au coated tipless cantilevers (Fig. 1).
We used a variety of cantilevers with spring constants k =
2,3, 5N/m. One relatively fast method to obtain the spring
constant with accuracy ~8%—10%, as we routinely performed
for our cantilevers, is thermal tuning [16], which involves
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FIG. 2. (a) AFM topography and height distribution of the SiC
sample (4 x 4 um? scan size). (b) Height distribution and distance
upon conduct d, s;c due to SiC surface.

measuring the mechanical response of the cantilever due to
agitations by impinging molecules from the surrounding fluid
(e.g., air, gases, or liquids) and due to thermal dissipation
via internal degrees of freedom. The thermal tuning method
gave k = 2 + 0.3 N/m. For the used cantilevers more precise
values based on the electrostatic calibration were available
from earlier Casimir force measurements k = 2 + 0.08 N/m
[6], k =3+£0.24N/m,k =5+ 0.38N/m.

During force measurement the piezo speed was 100 nm/s
(the same for approach and retraction), while during studies
of the effect of contact time on the capillary pull-off force
the piezo speed changed between 100 nm/s and 5 pm/s. For
each force measurement we obtained 27 force versus distance
curves (40 000 points per curve) at three different points on the
sample and finally the data were averaged to obtain the pull-off
force. No significant variation was observed in the force data
above the reported error bars. This is also expected because
the SiC surfaces are very smooth. Finally, the topography of
both the borosilicate sphere (Fig. 1) and the SiC plate (Fig. 2),
which were used for the capillary-force measurements (Fig. 3),
was inspected by AFM and by scanning electron microscopy
(SEM) (see Fig. 1) after complete preparation and prior to
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FIG. 3. Schematic representation of a force-distance curve. Red
line represents approach and blue line retraction.
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the force measurements. The rms roughness amplitude of SiC
samples is shown in Fig. 2 with the corresponding height his-
togram indicating the contribution of the SiC surface in the dis-
tance upon contact d, sic between the interacting surfaces [17].
Note that the spheres with radius R~10 pum (or smaller) are
rather restrictive for morphology measurements with an AFM
due to curvature effects limiting the scan size to ~1 pwm or less.

III. ANALYSIS OF THE FORCE MEASUREMENTS

Adhesion force measurements between Au-Au surfaces in
the past indicated no significant influence of the RH on the
measured forces in the range RH~15%—-60% [5]. Here we
performed similar measurements for humidity 2% <RH<40%
indicating that for SiC surfaces, which are significantly
smoother than evaporated Au surfaces, RH can play a sig-
nificant role depending on surface roughness. The roughness
analysis indicated almost atomically flat SiC surfaces with
a root-mean-square (rms) surface roughness ws;c ~ 0.12 nm
[6,14]. Therefore, the maximum surface peak on SiC is at
most d, sic & 0.5-0.6 nm as obtained by the height histograms
[6,18]. AFM measurement of the sphere roughness gave
a maximum surface peak in the range d, opn ~ 4-40nm
(do,sph ~ 4.5wepn Where wgn is the rms sphere roughness
over an 800 x 800 nm? scan area, while in all cases we have
wsic < Wspn). Therefore, the maximum total distance upon
contact of the sphere on the SiC surface limited due to random
surface roughness (of both interacting surfaces) is estimated
to be domax = do sic + dosph if the highest peak at the SiC
surface and the sphere surface are at the same location [17].
The latter is rarely true and for an average estimate for d, (with
do < domax) We consider d, ~ wsic + do ph(= 4 nm) since the
SiC sample is smooth and the main roughness contribution
comes from the sphere surface features [6]. Note that the
AFM scan sizes are larger than the typical interaction area
Aint & md, R for a colloid probe of radius R [17], and it makes
it possible to capture the necessary roughness wavelengths of
both interacting surfaces. In any case these values of d, indicate
that the sphere can still approach the plate at a separation less
than 10 nm, which is limited only due to jump to contact by
formation of a large capillary meniscus.

Spontaneous vapor condensation and formation of a capil-
lary meniscus (both interacting surfaces are hydrophilic) will
lead to jump to contact at separations >d,. The latter occurs
when the surface separation is comparable to & 2Ry, where
Ry =—(yVin/ RT)[log(RH)]’1 with y being the liquid surface
tension and V), the molar liquid volume [1,19]. For water at
T =300K and y = 73 mJ/m? (y V,,/RT = 0.54nm [17]) we
obtain 2Ry &~ 0.5—2.7 nm for RH~=~1%-40% [16]. Therefore,
the minimum possible separation prior to jump to contact is
estimated to be dpi, ~ d, + 2Ry, where substitution yields
dmin > 5 nm for the smoothest surfaces. Note that even when
the AFM was pumped at a pressure as low as ~10~> mbar and
vented several times with dry N,, the water surface layer on
hydrophilic surfaces, and the associated capillary forces, can
only be reduced but not fully eliminated [1,5,19-22].

It is important to estimate the upper and lower limits for the
pull-off adhesion force in the case of strong and weak surface
roughness, respectively. For the relatively smooth surfaces the
pull-off capillary force is defined by a large meniscus, and
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FIG. 4. Contact angle measurement of a water droplet on the SiC
surface.

ignoring weak vdW interaction one has [21]
F. = 2my R[cos (6;) + cos (62)], (1)

where 0, and 6, are the contact angles on the plate and the
sphere, respectively, and R is the sphere radius. The angles
are estimated as 0;(sic) = 50° [21] and O (porositicatey = 30° [S].
We also measured the contact angle on SiC to be 50°£5° (see
Fig. 4). Therefore, the force between smooth sphere and plate
surfaces with one large meniscus coincides with the upper
force limit that yields F.,/R =2ny 21.2:1 cos(6;) (Fig. 6).
For rough surfaces, where contact down to a single or few
asperities is possible [with formation of nanosize capillary
bridges, Fig. 5(b)], R represents an average asperity radius
Rasp ~ 135 nm. Since the SiC surface is much smoother than
that of the sphere, wsic < wgpn, the top of an asperity can
be well approximated by a sphere. Therefore the average
asperity radius R,y, was derived from the size of asperities
of rough spheres with rms > 14nm), and yields a lower force
limit F,.;/R = 27y (Rysp/R) Y1, cos(6;) (Fig. 6).

Figure 6 shows the adhesion pull-off force measured as a
function of roughness of both the sphere and the sample. With
increasing rms surface roughness up to 8 nm no significant
change of the pull-off force is observed (beyond the error bars)

(a)

Sphere

(b)
Plate

FIG. 5. (a) Schematic of water meniscus between a sphere and
a plate. (b) Schematic of capillary condensation between rough
surfaces, where menisci form at contact of asperities.
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FIG. 6. Force measurements versus rms surface roughness of
both sphere and sample (in air) using spheres with varying roughness
as the AFM inspection also indicated. The theory prediction via
Eq. (1) for the upper (using the sphere tip radius R = 10 um)
and lower (using an asperity radius Ry, ~ 135nm) force limits
(horizontal lines).

indicating that the capillary meniscus is formed over a large
area upon sphere-sample contact. The measured force values
are close to the upper limit predicted by Eq. (1). However,
for rms roughness above 8 nm the pull-off capillary force
drops drastically. For an additional increment of 6 nm in the
rms roughness the force decreases by nearly two orders of
magnitude. The lowest force values are close to the theory
prediction, F.;/R, where only a few menisci form capillary
bridges.

The measured capillary pull-off forces can also be related to
the capillary bridge height (BH) between the rough contacting
surfaces [5]. Indeed, the water bridge that wets both the sphere
and the sample surfaces must be higher than the roughness
peak upon contact do(~ wsic + do sph). If the water bridge
is smaller than d, then the force drops rapidly (Fig. 6). For
SiC the pull-off force drops by an order of magnitude of the
maximum measured force while the rms roughness increases
from 8 to 12 nm. For the rms ~ 8 nm the corresponding
distance upon contact is d, ~ 40nm (d, &~ 4.5 x rms [17])
and therefore BH ~ 40 nm (3> 2R}.). As aresult the water layer
thickness (d,,) that contributes each of the smoother surfaces
on the meniscus is approximately d,, ~20nm yielding a
pull-off force close to the upper force limit (Fig. 6). If
do,1/10 is the distance upon contact due to roughness, where
the adhesive force drops by an order of magnitude, then
since dy 1710 ~ 4.5 x rms [17] and with rms =~ 12 nm we
obtain d, 1/10 ~ 54nm. In this case the water layer BH is
significantly smaller than d, /10 with only a few asperities
forming capillary meniscus around their apex [Fig. 5(b)] so
that BH < d,, 1/10—2d,, or in the present case BH<14 nm.

Moreover, the formation of the capillary bridge is a dynamic
process that depends on the contact time [23] that is measured
by the point of contact during approach and retraction as shown
in Fig. 3. If we denote with V,, the AFM piezo speed (the same
for approach and retraction) then if dypre; 18 the distance the
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FIG. 7. Adhesion force measured as a function of the contact
time at different relative humidity for (a) smoothest sphere, and (b)
roughest sphere. The inset shows the capillary force versus piezo
speed for two different values of RH as indicated.

piezo moves from the point of contact (during approach and
retraction) and d,q, is the distance it moves from the point of
contact before pull-off, then the total contact time is defined as
t X 2dypret/ Vp) + (dagn/ V). The latter can be controlled by
altering the approach or retraction piezo speed, the piezo ramp
size, and the applied load on the sphere (Fig. 7). Butt et al.
[24] extensively investigated the kinetics of capillary bridge
formation. They pointed out that the meniscus is formed in
less than 1 ms, which shows that the speed of the piezo can
have an effect on the capillary force at very short time scale
(~1 ms, while in our case we probe much longer time scales of
>100 ms). Additionally, this factor might play arole in a single
tip system [25]. In order to exclude any possible dependence of
the adhesion in piezo retract speed in our experimental results,
we illustrate in the inset of Fig. 7(b) that the capillary force has
no dependence on the piezo speed within the error bar of the
force measurement. Usually capillary bridges form and rupture
quickly. The meniscus can break if the retraction velocity is
high and the liquid is viscous, which also makes the meniscus
kinetically unstable [26,27]. For multiple asperities (as is case
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for the sphere-plate setup) with no direct contact, the formation
of a capillary bridge is an activated process. This could strongly
influence the time dependence of the capillary force [23,24].
However, in our experiment the minimum contact time was
100 ms (Fig. 7), which is much larger than the time where the
speed of the piezo could play any significant role.

Figure 7(a) shows that the pull-off capillary force for the
smoothest sphere (Fig. 6, rms ~ 4nm) remains unaffected
by increasing the contact time at very low relative humidity
(RH ~ 0%) within the error bar of the force measurement.
One can see from Fig. 7(a) that with increasing RH the
force increases with contact time and reaches a steady
state (saturation) at ~5 s for RH = 40%, while for lower
RH the force is still increasing with increases of contact
time. An approximate linear fit gave an increment with
the contact time ¢ :In[F/R]rua=40% = 3.5 X 1072 4+ 0.32,
and In[F/Rlru=30% = 2.9 x 1072¢ + 0.22 for different RH
indicating the steeper increase of the pull-off force with contact
time to reach saturation faster at higher RH.

On the other hand, for the roughest sphere (Fig. 6, rms
~ 14 nm), which is close to the lowest pull-off force limit, the
force increases with increasing humidity but as a functions
of the contact time it decreases, reaching steady state at
t ~2s. It is apparently the time for stabilization of the
capillary bridge, which further remains unaffected within the
error bars. These findings are in agreement with the previous
studies of the contact time between Au-Au surfaces. The latter,
however, were performed for significantly higher RH (~60%)
[5], while here we investigated different values of RH. The
stabilization times for the smoother Au-Au surfaces (total rms
roughness 3.5 nm) were significantly longer (=100 s) [5].
These differences show that the morphology details here and
in [5], besides the rms roughness, can have also significant
impact on the temporal evolution of capillary bridges.

Measurements of the pull-off capillary force as a function
of applied load indicated similar behavior for the smoothest
and roughest spheres at different RH, but the magnitude of
the changes depended on roughness (Fig. 8). The maximum
capillary force is observed at the same applied load, which
could indicate that at this load significant plastic deformation
of the asperities sets in. In fact, the compressive stresses of the
involved materials are ~2 and ~1.38 GPa for borosilicate glass
and SiC, respectively [28]. For a sphere with R = 10 um, the
contact pressure at the effective interaction area between the
sphere and the plate (~ wd,R) reaches a value of ~1.5 GPa,
which is comparable to the compressive strength of both
borosilicate glass and SiC. Therefore, we cannot neglect plastic
deformations when the bodies come into contact for the applied
loads, which can be very significant, especially for the sharp
asperities [5]. As a result borosilicate spheres which have
a major contribution to the total roughness will experience
plastic deformation. For instance, for asperities with radius
Rup ~ 120nm the contact pressure is ~76 GPa, which
is significantly higher than the corresponding compressive
stresses, and thus sufficient to cause plastic deformation of
asperities on the sphere surface.

In both cases, for the smoothest and roughest spheres, the
force increased with humidity and reached a maximum with
increasing applied load indicating that plastic deformation of
surface features takes place. The latter has more prominent
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FIG. 8. Adhesion force measurements as a function of applied
load (with the maximum indicated) at different relative humidities
for (a) smoothest sphere, and (b) roughest sphere.

effect for the smoother surfaces. This is likely to happen
because for rougher surfaces only a few asperities participate
in menisci formation. However, for RH ~ 0% the force in both
cases was basically increased with increasing load indicating
the capillary bridge(s) were still evolving due to limited
water layer thickness on the interacting surfaces. Moreover,
if we compare the maximum position, then for the smoothest
surface it occurs for applied load F,, ~ 140nN, while for
the roughest case it takes place for an almost double force
load F,, ~ 260nN since in this case the surface features are
larger and therefore require higher load to plastically deform.
Notably with increasing humidity the maximum took place at
the same applied load as long as RH>20%.

IV. CONCLUSIONS

Capillary forces have been measured by atomic force
microscopy in the sphere-plate geometry, within a controlled
humidity environment, between relatively smooth silicon
carbide (plane) and borosilicate glass (sphere) surfaces. The
pull-off capillary force was found to decrease by nearly two
orders of magnitude when rms roughness increases from 8§
to 14 nm due to formation of a few capillary menisci for
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the roughest surfaces, while it remained unchanged for rms
roughness <8 nm implying the formation of wetted surface
features leading to a single meniscus. The latter reached a
steady state in less than 5 s for the smoothest surfaces as
pull-off force measurements versus contact time indicated (for
RH ~ 40%). Finally, the capillary pull-off force increases with
humidity and reaches a maximum with applied load, while at
even higher loads it decreases. The maximum is associated
with plastic deformation of surface asperities since it takes
place for similar loads under different humidity conditions.

PHYSICAL REVIEW E 93, 062803 (2016)

In future studies the dynamics of the capillary water bridges
versus morphology will be further explored at different relative
humidity and applied force load.
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