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Abstract. For studying the evaporation of millimetre-sized drops of liquids techniques such as
video-microscope imaging and ultra-precision weighing with electronic microbalances or with
quartz crystal microbalances have been employed in the past decades. Similar techniques are,
however, hardly applicable to microscopic drops. Moreover, they do not provide a measure of
the interfacial stresses arising at the contact area between liquid and solid. Here we demonstrate
the use of atomic force microscope (AFM) cantilevers as sensitive stress, mass, and tempera-
ture sensors for monitoring the evaporation of microdrops of water from solid surfaces. Start-
ing from considerations on drops in equilibrium, we will further discuss evaporating drops and
details of the experimental technique. We will show how the evaporation of water microdrops
on a hydrophobic surface differs from the evaporation on a hydrophilic surface, and how this
difference becomes more pronounced towards the end of evaporation. We further show that one-
side metal-coated cantilevers, acting as bimetals, allow measuring the average temperature of an
evaporating microdrop. Finally, we will discuss two further applications of microdrops evapo-
rating on cantilevers, namely testing the local cleanliness of cantilevers’ surfaces and calibrating
cantilevers’ spring constants.

Key words: Microdrop evaporation, Evaporation law, Atomic force microscopy, Micromechani-
cal cantilevers, Surface tension, Young’s equation, Vaporization heat, Spring constant calibration,
Contamination control
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Abbreviations and Symbols
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Normal pressure and temperature
Relative humidity

Dots per inch

Atomic force microscope

Quartz crystal microbalance
Three-phase contact line
Constant contact radius

Constant contact angle

Standard deviation

Scanning electron microscope

Surface stress [N m_l]

Drop contact angle [°]

Liquid surface tension [N m_l]
Evaporation time [s]

Viscosity [mPa s]

Density [g cm?]

Thermal expansion coefficient (K~
Poisson’s ratio

Drop contact radius [m]

Drop mass [kg]

Gravitational acceleration [g = 9.8 m s72]
Frequency [Hz]

Cantilever spring constant [N/m]
Cantilever thickness [m]

Cantilever width [m]

Cantilever length [m]

Drop volume [m3]

Capillary length [m]

Laplace-, or capillary pressure [Pa]
Vapor pressure [Pa]

Diffusion coefficient [cm? S_l]
Temperature [K]

Young’s or elasticity modulus [Pa]
Drop radius of curvature [m]

Introduction

Understanding the kinetics of evaporation or drying of microscopic, sessile drops
from solid surfaces is a key factor in a variety of technological processes, such as:
(1) printing [1-3] and painting [4]; (2) heat-transfer applications, for example in
the electronic industry to cool integrated circuits (ICs) and electronic components
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[5-8], or for fire fighting [9]; (3) micro lithography, for example on polymer [10-13]
or on biomaterial [14] surfaces. Such microscopic drops are primarily generated by
spray nozzles and atomizers [15], or by inkjet devices and drop-on-demand gener-
ators [16]. Spray nozzles and atomizers are capable of simultaneously producing a
large number of drops by one nozzle, but with a large size distribution and little
control over the size (from below 1 wm to above 100 pm). The second type of appa-
ratus is only capable of generating single consecutive drops by one nozzle, however
monodisperse and with a good control over the size. In fact, the resolution of inkjet
printers is steadily increasing as the size of the drops decreases. A commercial stan-
dard inkjet printer has nowadays a resolution of around 1,200 dpi, which means that
the drops have a diameter of around 20 um and a volume of around 4 pL. If such a
drop would be pure water, instead of a mixture of water and dye, and be deposited on
a flat surface, it would evaporate in less than 150 ms at normal pressure and tempera-
ture (NPT) and at a relative humidity (RH) of 50%. In comparison to inkjetted drops,
rain drops have diameters between 1 and 2 mm, while drops in a fog have diameters
below 10 pm [17].

Drop evaporation has been classically monitored by means of video-microscope
imaging [18, 19], by ultra-precision weighing with electronic microbalances [20,21]
and with quartz crystal microbalances (QCM) [22]. Recently also atomic force
microscope (AFM) cantilevers have been successfully employed for this purpose
[23-25]. Using the first two, since long established techniques, a wealth of informa-
tion was gained and the evaporation of macroscopic drops of simple liquids from
inert surfaces is now well understood. These techniques are, however, not sensi-
tive enough to characterize microscopic drops. Furthermore, they can not directly
measure the interfacial stresses arising at the contact area between liquid and solid,
which are known to play a key role in the evaporation kinetics of small drops
[18,20,21,26-28], nor are they capable of sensing the heat absorbed by the liquid
during evaporation.

In this chapter evaporation studies of microscopic water drops on solid surfaces
performed with a nonstandard technique are presented. It will be shown how it is
possible to simultaneously measure surface forces, the mass, and the vaporization
heat of a microdrop.

2.2
Background, Materials and Methods

2.2.1
Drop in Equilibrium

For the sake of simplicity, let us first consider a drop deposited onto a nondeformable
and nonsoluble substrate (Fig. 2.1). In equilibrium, i.e. when the drop is not evaporat-
ing, Young’s equation must hold. It establishes the relation among the three surface
tensions acting at the rim of the drop (three-phase contact line, TPCL).

Ys — YsL = YL COS©® (2.1)
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Fig. 2.1. (A) Sessile drop in equilibrium on a solid surface, with contact angle ® and surface
tensions yr, ys, and ysr. (B) Action of liquid surface tension y; and Laplace pressure AP

v is the surface tension at the interface liquid/gas, ys is the surface tension at the
interface solid/gas, and gy, is the surface tension at the interface solid/liquid. ® is
called contact angle, or wetting angle, of the liquid on the solid. Equation (2.1) is
strictly valid only if the drop is not evaporating and if gravity can be neglected. We
can neglect gravity, and thus the effect of the hydrostatic pressure that would flatten
the drop, when the drop is smaller than the capillary length
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where p is the density of the liquid and g the gravitational acceleration. For water,
v =0.072N/m, p=1 g/Cm3, and g =9.8m/s?. The shape of the drop is thus
not influenced by gravity if the radius of curvature is well below 2 mm. This require-
ment is fulfilled for all results presented in the following, where drops smaller than
100 pm were always used. For such sizes the shape of the drop is determined solely
by surface forces and it has the form of a spherical cap.

In addition to the surface tensions acting at the TPCL, another force plays a major
role. Because of its curvature, the pressure inside the drop is higher than outside.
The difference between in and out is called Laplace or capillary pressure

2VL _ ZVL sin ®
R a

AP — (2.3)

where R is the radius of curvature of the drop, which is related to the contact radius
a and the contact angle ® (Fig. 2.1).

As an example, for a drop of water forming a contact angle of 60° with a surface,
the pressure difference is AP = 1.2 mbar whena = 1 mm, and AP = 1,200 mbar
whena = 1 pm.

Summarizing, one can say that when a small, nonevaporating microdrop is sitting
on a surface and forms a finite contact angle with it, the general picture is:

(1) The drop has a spherical shape.

(2) Young’s equation accounts for the in plane (horizontal) balance of forces at
the TPCL.

(3) The vertical component of the surface tension yz sin ® is pulling upwards at
the TPCL and is counterbalanced by the Laplace pressure AP, which is pushing
uniformly downwards over the whole contact area ma?.
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2.2.2
Evaporating Drop

Why do drops evaporate at all? A liquid (condensed phase) with a planar surface
evaporates only when its vapor pressure Pg is higher than the pressure of its vapor
(gas phase) in its surroundings. As a consequence, if the surroundings are saturated
with its vapor the liquid does not evaporate. It is in equilibrium, because at any time
the number of molecules evaporating from and condensing to the surface is simi-
lar. However, drops have a slightly higher vapor pressure in comparison to a planar
surface due to their curvature. For this reason, they evaporate also in a saturated
atmosphere. This is quantified by the Kelvin Equation

IS
PV = Poe /R (24)

where the vapor pressure of the liquid in the drop is Py, and the parameter \ is
a function of the temperature and the nature of the liquid. Thus, the vapor pres-
sure increases with decreasing drop size. As an example, a planar water surface
has a vapor pressure Py = 31.69 mbar at NPT. If the surface is curved and the
radius of curvature is R = 1 m, the vapor pressure is Py = 31.72 mbar, and if
R = 100nm, Py = 32.02 mbar. The difference between the planar and the curved
surfaces is small, but high enough for the drop to evaporate.

The evaporation law for microscopic drops was derived for two cases for drops
of pure liquids, assuming ® = const and neglecting the cooling resulting from the
vaporization [29].

1. Drop in its saturated vapor
Vi=Vigo—aD-Py-t (2.5)

where Vp is the drop volume, Vy is the initial drop volume, D is the diffusion coef-
ficient of the molecules in the vapor, Py is the vapor pressure, and o is a known
parameter that depends on the drop properties, on the contact angle, and on the tem-
perature (for details see [29]). The equation contains no free parameters, and states
that the volume of the drop decreases linearly with time.

2. Drop in nonsaturated vapor
vi'li =v's —BD. ©Py-t (2.6)

where @Pg, with ¢ < 1, represents the reduced vapor pressure, and § is a known
parameter that depends on the drop properties, on the contact angle, and on the tem-
perature. The equation contains no free parameters, and states that the volume of the
drop to the power of 2/3 decreases linearly with time.

Both evaporation processes, in saturated and in nonsaturated atmosphere, are
“diffusion limited”, i.e. the evaporation is limited by the diffusion of the liquid
molecules through a saturated vapor layer around the drop.

As an application of the above evaporation laws, the evaporation of microdrops of
water with different initial volumina on a silicon surface coated with a 30-nm thick
fluoropolymer film (perfluoro-1,3-dimethylcyclohexane) was observed. The initial
contact angle was ® = 90° and remained constant for more than half of the evap-
oration time. During the experiments, the temperature (T = 25 °C) and the relative
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Fig. 2.2. (A) Calculated evaporation times t versus initial drop volume V) for three cases: ® =
90° and RH = 99% (solid line), ® = 30° and RH = 99% (dashed line), and ©® = 90° and RH =
30% (dashed-dotted line). Corresponding experimental evaporation times (open symbols). (B)
V?/3 versus time for three drops; solid lines serve only as guides for the eye. (From [29])

humidity (RH ~ 99%) were constant. The dimension of the evaporating drop was
monitored from the side with a video microscope [23,29].

Figure 2.2A shows the calculated evaporation times t versus the initial drop
volume V) (in double logarithmic scale), as calculated by Eq. (2.5) for RH = 99%.
The similarity between the two upper lines, calculated for contact angles of ® = 90°
and 30°, emphasizes that t depends more strongly on Vj than on ®. The slope of
the curves is exactly 2/3. The first three hollow symbols represent evaporation times
of microdrops with different initial volumina, all other parameters are unchanged.
The agreement with the calculated times is very satisfying, especially since no free
parameters were used. The model is also applicable for smaller RHs, as shown
for two microdrops evaporating at RH = 30%: the calculations yield respectively
1 =4.3s and 1.65s, the measurements yield Tt =2.2s and 0.6s. The evaporation
time is strongly dependent on the vapor saturation: at RH = 30% a microdrop
with a mass of 150 ng evaporates in Tt = 4.3s, at RH =99% in t = 290s, and at
RH = 100% in t = 7000 . It must be noted, that it is experimentally very difficult
to set a constant RH = 100% for a prolonged time.

By representing V?/3 versus time (Fig. 2.2B), the experiments reveal that at the
beginning of the process, when the three evaporating drops are still large, the depen-
dence is linear with time (solid lines). At the end of the process there are deviations
and the evaporation appears to slow down. This can be due, for example to the pres-
ence of solid impurities in the water, which get enriched as the drop evaporates so
that the vapor pressure decreases. Another explanation might be that the resolution
limit of the optical technique is reached. In order to track the evaporation until the
end an alternative technique will be introduced in the following paragraph. It will
allow us to test the evaporation law also for extremely small drops.

2.2.3
Experimental Setup

When a drop is sitting on a surface, its surface tension pulls upwards at the TPCL,
while the Laplace pressure pushes uniformly downwards on the entire contact area.
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If the substrate is thin enough the surface forces can cause its bending: the thinner
the plate, the stronger the bending. This can be used as a sensor principle. Silicon
cantilevers, which look like microscopic diving boards, were employed as a suit-
able thin plate and a technique was developed for measuring the degree of cantilever
bending. We employed silicon cantilevers like those imaged in Fig. 2.3A, where
eight identical cantilevers are supported by a common silicon chip (Micromotive,
Mainz, Germany). Nominal cantilever dimensions are: Length /p = 750 wm, width
w =90 um, and thickness d = 1 pm. Using an inkjet capillary, water microdrops
were deposited onto the upper side of a cantilever, close to its base (Fig. 2.3B). The
working principle is as follows (Fig. 2.3C): (1) before drop deposition no forces act
on the cantilever, which is thus straight (the effect of gravity induces a neglectable
bending); (2) upon drop deposition the cantilever bends upwards. This bending can
be measured with the so-called light lever technique, as usually done in AFM, where
a laser beam is pointed at the free end of the cantilever; (3) the measured sig-
nal is not the “actual bending,” but the “inclination” dz/dx at the free end of the
cantilever.

Simultaneously with cantilever inclination, a video microscope from the side
records a movie of the evaporating drop from which the contact angle ® and the
contact radius a are calculated versus time. The width w of the cantilever needs
to be at least two times larger than the contact radius a of the drop, i.e. if the
drop touches the edges of the cantilever, border effects distort the shape of the
drop, flawing the measurement of the contact angle. The experimental set-up used
to deposit the microdrops onto the cantilever surface, monitor its inclination and
resonance frequency and record the video of the evaporating drop is described in
[23-26].

. dz
Inclination = —
nclination r

Fig. 2.3. (A) SEM image of a silicon chip with eight attached cantilevers. (B) Side view of
a cantilever with drop deposited at its base and inkjet capillary used for drop generation. (C)
Configuration of the equilibrium of forces between a drop and a cantilever: ® is the equilibrium
contact angle, yy is the liquid surface tension, AP is the Laplace pressure
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2.3
Evaporation Results on Microdrops

2.3.1
Evaporation Curve

A typical evaporation curve of a water microdrop on a silicon cantilever, acquired
at NPT and RH ~ 30%, is a plot of the inclination of the cantilever versus time
(Fig. 2.4A). At the same time, the contact angle ® and the contact radius a can be
recorded by video microscopy and plotted versus time (Fig. 2.4B, C). The water
microdrop is deposited onto the cantilever at t = 0 with the inkjet device, and imme-
diately starts to evaporate. The evaporation is accomplished after ~0.65s, as the
cantilever’s inclination returns to its initial value. In the contact angle and contact
radius curves, the black lines are simply guides for the eye. They show that two
evaporation regimes take place: at the beginning, the drop evaporates in the Constant-
Contact-Radius (CCR) mode, and after ~0. 3 s both, ® and a, decrease linearly with
time. Plots of V and of V*/3 versus time demonstrate the agreement with the evapo-
ration law derived in Eq. (2.6) for a drop evaporating in nonsaturated vapor.
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Fig. 2.4. T ~25°C, RH ~ 30%; drop data: water, a = 32 pm, ® = 63°,y, = 0.072N/m,
mo = 36 ng. Cantilever inclination (A), contact angle (B), contact radius (C), and volume and
volume?/3 versus time (D). Solid lines are guides for the eye

At this point a model is needed to analyze the acquired inclination data and relate
it to surface forces, drop shape, and cantilever properties.

2.3.2
Force Model

First, for a simplified treatment, some assumptions on the drop and on the cantilever
have to be made:

(1) The drop is in thermodynamic equilibrium, i.e. it does not evaporate, during the
acquisition of a single data point. This is verified, since the acquisition time is
typically < 1ms.

(2) Beam theory is used for modeling the cantilever. It must hold /p >> w and d,
which means that the bending of the cantilever is considered to be one dimen-
sional (z = f(x)) and that the transversal cross sections are flat. The Poisson’s
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ratio is zero (v = 0) in beam theory, which means that during its deformation the
volume of the cantilever is not conserved.

The inclination at the end of the cantilever, which is given by the overall balance
of forces acting on it, then is [23]:

dz  3nd’

dx  Ewd>
where E is Young’s modulus of the cantilever material, while all other parameters
have been introduced before. The first term contains the vertical contribution of the
surface tension and the Laplace pressure, while the second term is basically Young’s
equation. It is significant to note here that all parameters in this equation are known,
i.e. there are no fitting parameters.

Figure 2.5 shows both the observed evaporation curve (Fig. 2.4A) and the curve
calculated according to Eq. (2.7). The agreement between the two curves is fair, espe-
cially when considering that no fitting parameters were used and that the cantilever
model is a simplification (Fig. 2.5).

It appears, however, that all curves acquired in similar experimental conditions
lie systematically below the calculated curves. Thus, the model needs a refine-
ment. According to the simplifications made, mainly three issues can cause this
deviation:

. 2d
|:VL Sin ® + ;(YL Cos® —ys + m)] (2.7)

(1) Beam theory was employed to model the cantilever and Poisson’s ratio was zero
v =0).

(2) The cantilever also has a lateral extension. Therefore a drop causes also a
transversal bending of the cantilever, which increases its effective stiffness.

(3) The cantilever is clamped at the base. That edge can thus not be deformed, which
increases its effective stiffness.

A more sophisticated 3D finite element (FE) model of the cantilever can
be therefore implemented, which takes into account the above three issues [24].
In order to check the model the mechanical equilibrium deformation of a can-
tilever caused by a microdrop was analyzed. A nonevaporating ionic liquid (1-
butyl-3-methylimidazolium hexafluorophosphate from Merck KGaA, Darmstadt,

lJ] —+— Measurement
2x10°% [ o —o— Model

Fig.2.5. T ~ 25°

C, RH ~ 30%; drop data:
water, a = 32 uin,

® =63°y,=0.072N/m,
my = 36ng; cantilever data:
silicon, £ = 180 GPa,

lp =500 pm, w = 100 mm, 0
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calculated curves in 0.0 0.2 0.4 0.6
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Fig. 2.6. Ionic liquid drop: @ =45pm, © =64°, y, =0.045N/m; cantilever: E =
180 GPa, v=0.26, lp =600 pum, w=90mm, d =0.7um. Solid lines represent simula-
tions, open symbols experimental data points. (From [24])

Germany) was deposited onto a silicon cantilever. The face of the cantilever opposite
to the one where the drop was sitting was imaged with a confocal profilometer
(W Surf from NanoFocus AG, Oberhausen, Germany) and a 3D image of the bent
cantilever was obtained. It was then compared with the simulation results (Fig. 2.6)

A Young’s modulus £ = 180 GPa and a Poisson’s ratio v = 0.26, which are
standard values for silicon, were used in the simulation. The upper half of Fig. 2.6
represents the measurement, the lower half the simulation, the white circle the posi-
tion of the drop. The agreement between simulation and measurements is very satis-
factory. In the lower left graph three transversal profiles of the cantilever, taken at the
three places indicated by the arrows, are shown. Modeling this bending is beyond the
capabilities of the analytic model. In the lower right graph the longitudinal profiles,
experimental and simulated, are shown. The overall relative error is below 6% in this
case, and below 10% on the average. This is an extremely good agreement, especially
considering that all parameters of the simulation are fixed: they are determined from
independent measurements (cantilever and drops dimensions) or are known from lit-
erature (silicon and ionic liquid properties).

From further parameter studies it resulted that the transversal bending and the
clamping at the base cause negligible effects, so that the consideration of Poisson’s
ratio appears to be the dominating factor that causes the discrepancy between the
analytic model and the experimental results [24].

2.3.3
Negative Inclination

Evaporation curves recorded with water drops deposited on very clean hydrophilic
cantilevers systematically differ from curves recorded with drops on very clean
hydrophobic cantilevers. Inclination and evaporation time have been normalized in
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order to compare two measurements (Fig. 2.7). The difference is that the inclination
becomes negative at the end of the “hydrophilic curve.” This is not an artifact and
is reproducible. The initial drop volumina were different, as well as the evapora-
tion modi of the two drops. On the hydrophilic cantilever, the TPCL of the drop
remained pinned for almost the entire evaporation, as far as could be concluded from
video microscope images, while the contact angle of the drop gradually decreased.
This corresponds to the CCR evaporation mode. Conversely, on the hydrophobic
cantilever, both, contact radius and contact angle, changed during evaporation.

The negative inclination can not be explained by the model proposed before,
because Eq. (2.7) contains only positive terms:

(1) The first is the contribution from the Laplace pressure AP and from the vertical
component of the surface tension yy sin ®.

(2) The second is basically Young’s equation, which should be zero under the
assumption that the drop is in thermodynamic quasi-equilibrium.

It is thus necessary to introduce an additional term, which must be negative and
which describes the mechanical stress applied to the cantilever towards the end of
evaporation of the drop. It can be called Ao, for example, and one should keep in
mind that it is not constant

dz 3nad

2d
—=— Sin® + —(yLcos® — A 2.8
I~ Bwdd [VL +— oL YsL + YsL) + 0} (2.8)
This additional stress is for now just a free parameter, which helps to describe
the experimental curves. A tentative explanation of its physical origin could be as
follows:

(1) When the contact angle is “large enough,” the drop pulls at the TPCL and the
cantilever bends upwards (Fig. 2.8A). The first term of the equation, yz Sin ®,
dominates over the second term, y;, COS ® — yg;, + ysr, which is zero under the
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Fig. 2.8. (A) Schematic of the model to explain the negative cantilever inclination, and range
of action of the forces involved. (B) Experimental evaporation curve (circles), calculated curve
assuming CCR evaporation (solid line), and calculated surface stress (dashed line)

assumption of Young’s equation being valid. The third term, Ao, must also be
negligible.

(2) When the drop becomes thinner than some 100 nm, the surface forces inside the
flat drop start to play a role, favoring the formation of a thin film and acting to
stabilize it. At this stage, AP, y., and Ao have a similar magnitude and their
effects on the bending of the cantilever cancel out each other. The cantilever
crosses the “zero inclination” axis for the first time.

(3) Then, what is left of the drop wets the surface and forms a thin film, which could
span a larger area than the original drop contact area. Now Ao dominates over
the other two terms, which become vanishingly small. The interfacial tension
between the water film and the cantilever is smaller than between air and the
cantilever, so that the latter bends away from the drop. The measured signal is
negative.

It may also be possible to determine Ao experimentally from the inclination
curve (Fig. 2.8B). In fact, from video images it is known that the drop evaporates in
the CCR mode. Assuming that the CCR mode holds until the end (last 100 ms), from
the contact radius and contact angle data one could calculate the inclination as if only
AP and y; were acting on the cantilever (solid line). Subtraction of these two curves
yields the curve of Ao (dashed line). So, although measurable, still a quantitative
description for Ao has to be found.

In summary, using cantilevers as sensors an effect arising with microscopic,
pinned drops was observed which, to the best of our knowledge, was never observed
using other methods. The tentative explanation is that a thin liquid film wets the sur-
face, reduces the surface tension on the top side, and causes the cantilever to bend
towards the bottom side.

2.3.4
Mass and Inclination

Surface forces exerted by the drop on the cantilever cause its bending. With the light
lever technique the resulting inclination at the end of the cantilever is measured.
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This signal can be called “static,” since it changes continuously, but slowly, during
the evaporation of the drop which takes usually one second. Additionally to this
use, as surface stress sensors, cantilevers can also be employed as microbalances.
Cantilevers are harmonic oscillators, whose resonance frequency depends, among
other parameters, on their own mass and on their load. The change of the resonance
frequency caused by the mass change of the evaporating drop can be recorded. This
signal can be called “dynamic” with respect to the “static” signal described before,
because a cantilever oscillation takes less than a millisecond.

Assuming that Young’s equation is valid at all times, that the additional surface
stress Ao is negligible, and that the evaporation takes place in the CCA mode (these
issues are practically met using a hydrophobized cantilever), the “static” equation
simplifies to

dz N 3nad

dx  Ewd
while the “dynamic” equation states that the mass added to the cantilever (load) is
inversely proportional to the resonance frequency squared [25,30].

moc —
(2nf)?

The two signals, inclination and resonance frequency, are acquired simultane-
ously, but are independent of each other. They yield the stress and the mass (Fig. 2.9).
As an example of a simultaneous static and dynamic signal analysis, a water drop
was deposited onto a silicon cantilever hydrophobized with a monolayer of hexam-
ethyldisilazane (HMDS). The initial contact angle was ~80°. It decreased nearly
linearly during evaporation, and was ~70° at the end. The initial contact radius
was ~33 um, and decreased nearly linearly during evaporation. At the end it was
below 10 wm. At present, we can record the inclination curve with a temporal res-
olution of ~0.1ms between data points, and the frequency curve with ~5ms.
The mass calculated from the resonance frequency of the cantilever and from video
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Fig. 2.9. (A) Simultaneously acquired inclination (blue full circles) and resonance frequency
(red hollow diamonds) of a cantilever versus time upon evaporation of a water microdrop on
a hydrophobized silicon cantilever. T ~ 25°C, RH ~ 30%. Drop data: a = 33 pm, ® = 80°,
yrL = 0.072N/m, mp = 60 ng. Cantilever data: lp = 500 um, w =90pum, d =2.1pm. (B)
Drop mass/3 versus time from frequency (hollow diamonds) and video (black triangles) data,
and linear fit (solid line)
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microscope images is similar (Fig. 2.9B), although the time resolution (~5 ms) and
the sensitivity (~ 50 pg) is much higher for the frequency-derived mass. This offers
the possibility of studying drop evaporation closer to its end (see inset). If the mass
is plotted as “m?/3 versus time” it results that the evaporation law “V?/3 linear vs.
time,” which is valid for macroscopic drops, can be extended to microscopic drops
and is valid until the evaporation ends.

In summary, using cantilevers as drop evaporation sensors we can simultaneously
record the mass of the drop by tracking the resonance frequency of the cantilever, and
the surface forces of the drop by tracking the inclination of the cantilever.

2.3.5
Vaporization Heat

Upon evaporation, a drop absorbs heat from its surroundings (air and cantilever).
For example, a water drop cools down by 1-2°C [31], while benzene cools down
by 15-20°C [32]. The processes involved in heat dissipation in this case are mainly
conduction and convection. If the cantilever is made of pure, crystalline silicon, the
cooling does not affect its bending, as shown in Fig. 2.10A [33]. The cantilever incli-
nation measured upon deposition of a microdrop of water, which is the result of the
combined action of surface forces and thermal effect, and the inclination simulated
taking into account the surface forces only, from Eq. (2.7), are in good agreement.
The difference between the two curves is smaller than 10% over all the evaporation.
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Fig. 2.10. Experimental (solid line), simulated (hollow squares), and difference (hollow tri-
angles) inclination of silicon cantilevers versus time upon evaporation of water microdrops.
T ~25°C,RH ~ 30%. Drop data: various initial volumes, contact radii, and contact angles;
yr = 0.072N/m. Cantilever data: lp = 750 pm, w =90 pum, day = 1.8 pum, dg = 1.5um,
and dc = 1.7 wm; Gold layer thickness = 30 nm; Young’s Moduli: Eg; = 180 GPa, Exy =
78 GPa; Poisson’s ratios: vsj = 0.26, vay = 0.44
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However, if the cantilever is, for example, gold coated on one of its sides, it behaves
like a bimetal, since silicon and gold have different linear thermal expansion coef-
ficients of ag; = 2.6 x 107°K~! and ay, = 14.2 x 107°K~!, respectively. The
direction of the bending depends on which side the gold layer is with respect to
the drop. The thermal effect alone (experimental inclination minus inclination sim-
ulated for surface forces) would cause the cantilever to bend downwards (negative
inclination) if the gold layer is on the bottom (Fig. 2.10B), or upwards (positive incli-
nation) if the gold layer is on the top (Fig. 2.10C). The three water drops used here
had different initial volumina, and the three cantilevers had different thicknesses.
The evaporation times and the inclinations are therefore not directly comparable.
However, contact angle and radius of each drop were recorded during evaporation,
and the cantilever properties are known. With these data FE simulations were per-
formed.

In summary, with the proper choice of the cantilever coating it is possible to
sense the temperature of the evaporating drop, along with its mass and the effect of
its surface tension.

24
Further Applications of Drops on Cantilevers

2.4.1
Spring Constant Calibration

The calibration of the spring constant of cantilevers is a fundamental issue in all AFM
applications that involve force measurements [34,35]. If cantilevers are employed to
determine surface forces, a quantitative statement is possible only when the spring or
force constant of the cantilever is known. The spring constant of commercially avail-
able cantilevers lies between k£ &~ 0.01 and k ~ 50 N/m. “Soft” cantilevers with k
between 0.01 and 1 N/m are usually employed for the measurements of surface forces
like adhesion, van der Waals interactions, and electrostatic forces. Because of their
small spring constant, they allow for a high force resolution. “Stiff” cantilevers are
commonly used for indentation measurements and nanolithography [34,35] on soft
samples, and for imaging in tapping mode. In the last 15 years a variety of methods
have been introduced for the experimental determination of spring constants. Out of
them all, around four methods have been established as standards [36, 37]. The first
method makes use of the dimensions and the material properties of the cantilever, as
well as its experimental resonance frequency and the quality factor of the resonance
spectrum [38—45]. This approach is suited for rectangular cantilevers with known
dimensions, for which it provides accurate results (std. dev. < 10%). The second
method is based on the acquisition of the thermal noise spectrum of the cantilever
[46,47]. Itis referred to as the “thermal noise method.” It can be applied to cantilevers
of any shape and does not require precise measurements of the cantilever dimensions,
but suffers from a disadvantage: at least one force curve has to be acquired with the
cantilever on a hard substrate in order to calibrate the spectrum. This can contam-
inate or damage the tip. The results obtained by this method are also accurate and
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reproducible (std. dev. < 10%). The third method is a so-called “direct” method. A
known force is applied to the cantilever and the resulting bending is measured with
the light lever technique. This force can be of hydrodynamic origin and act along
[48-50] or at the free end [51] of the cantilever. The force can also be exerted by
a second cantilever with a known spring constant [52, 53], by electrostatics [54], or
by excitation with microdrops of known mass and velocity [23]. For all these tech-
niques, special instruments need to be developed. Further, contamination of the tip or
of the surface of the cantilevers is possible. The results obtained by this method are
usually a little less accurate (std. dev. < 15%). The fourth method, and also the most
used/cited according to ISI — Web of Science™, was presented by Cleveland et al.
[30]. It provides extremely precise values (std. dev. ~ 5%). A cantilever is loaded at
known positions with small weights (in the nanogram range) and the resulting shift
of the resonance frequency is measured [see Eq. (2.10)]. This method, also referred
to as the “added mass method,” can be applied to all types of cantilevers and has no
major restrictions. However, it is somehow time consuming:

(1) weights or particles of different masses must be placed at the very free end of
the cantilever without damaging it

(2) the thermal noise spectrum must be acquired for each particle

(3) the particles must be removed without damaging the cantilever, and be posi-
tioned on a sample holder for having later their dimensions characterized by a
SEM to calculate their mass.

This last technique can be refined and simplified [25]. Instead of weights, micro-
drops have been used. The method has two advantages: first, contamination is
avoided by working “contactless.” Water drops are generated and deposited on the
cantilever surface by a XYZ-controlled inkjet nozzle; second, since the drops evap-
orate after some time, the weight does not need to be removed manually.

The technique has been validated in two ways:

(1) Microdrops with different masses were deposited at the free end of a cantilever
(similar to the “added mass method”) and the resonance frequency of the can-
tilever was measured. It is not necessary any more to acquire a thermal noise
spectrum, because the cantilever is excited by the drop impact and oscillates
with an amplitude. The result was compared to results from beam theory, and
the spring constant was calculated according to Eq. (2.10) (Fig. 2.11A). This can
be done because the cantilever with the drop at its end is a harmonic oscillator,
and for the dependence of its resonance from the drop mass a closed solution
does exist.

(2) Microdrops with similar mass were deposited at different positions along a
cantilever, the resonance frequency was measured for each drop, the result
was compared to predictions from FE simulations, and the spring constants
were calculated (Fig. 2.11B). FE simulations are necessary because the sys-
tem with the drop along the cantilever is still a harmonic oscillator, but the
dependence of its frequency from the drop mass does not have an analytic
solution.

The obtained values are in good agreement with calibration results of the same
cantilevers obtained by the “thermal noise method” (TN) (Table 2.1).
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Fig. 2.11. (A) Mass of different water drops versus 1 /(2T[f)2 for three cantilevers. (i)
Rectangular cantilever: lp = 500 pm, w = 90um. The linear regression of the data yields
k ~ 0.198 N/m. (ii) Rectangular cantilever: lp = 460 pm, w = 50 pm. k=~ 0.126 N/m. (iii)
Triangular cantilever: /p = 200 pm, w =22pum. k ~ 0.096 N/m. (B) Spring constants ver-
sus drop position for the rectangular cantilevers (iv), (v), and (vi). The dashed horizontal line
represents the results from the “thermal noise method”. (From [25])

Table 2.1. Values of the spring constant, calibrated by the thermal noise method (TN) and by
the microdrops (EXP), for six different commercial cantilevers, with different dimensions and
by different manufacturers

Cantilever lo fo [Hz] KN Nr. of  Kgxp E.e1[%]
[mm] [N/m] drops [N/m] (KTN —
Kexp)/
KN
(1) Micromotive, 500 10,404 0.19+ 7 0.198+ 42
rectangular 0.01 0.012
(i1) Nanosensors, 460 11,782 0.13+ 7 0.126+ 3.1
rectangular 0.01 0.012
(iii) Veeco, 200 19,253 0.10 £ 3 0.096 £ 4.0
triangular 0.01 0.002
(iv) Micromotive, 297 16,900 0.178 + 2x38 0.170+ 45
rectangular 0.01 0.010
(v) Micromotive, 372 11,215 0.104 + 2x7 0.098+ 5.8
rectangular 0.01 0.006
(vi) Micromotive, 503 6,400 0.053 + 2x12  0.048+ 94
rectangular 0.01 0.002
24,2

Contamination Control of Cantilevers

The resolution of AFM imaging strongly depends on the shape and chemical com-
position of the cantilever tip. Scanning a surface with a double-tip results in an
image with a so-called “ghost.” Scanning a surface with a contaminated tip results
in a large adhesion between tip and sample, which increases the contact area and
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decreases the resolution [55]. AFM is not only used for imaging, but also for fric-
tion measurements [56-59], surface force measurements in air or liquids [60, 61],
force spectroscopy between biomolecules [62—-66], and adhesion [67,68], just to cite
a few. Reliable and reproducible results can be obtained only with a clean, or at least
known, AFM tip chemistry. Cleanliness is also important for the quality of further
surface modifications of the AFM tip. Thin layers of contaminants may change the
reactivity or adsorptivity of its surface. Also cantilevers without tips are used as force
transducers and micromechanical stress sensors [69-72], above all for biochemical
applications. In this case the whole cantilever must be chemically modified and/or
functionalized. For this, a noncontaminated surface is required. Because the AFM
tip is so small, characterization of its surface chemistry is difficult. One indirect
approach is to characterize a reference surface that is made of the same material as
the AFM tip and treated with the same process as the tip, by means of macroscopic
techniques. Contact angle measurements [73] or X-ray photoelectron spectroscopy
(XPS) [74] are often employed. However, unless the reference surface was subjected
to the same storage conditions, it might not be representative of the cantilever and
tip surface chemistry. Surface sensitive methods, like scanning Auger microscopy
(SAM [75]) and time-of-flight secondary-ion mass spectroscopy (TOF-SIMS [74]),
have been employed to perform surface microarea analyses (areas of hundreds of
square micrometers) on the cantilevers. These methods allow for a precise character-
ization of the contaminants, however they do not allow for the characterization of the
sole tip area, and are indeed time consuming and expensive. A simple and straight-
forward method for checking tip contamination was proposed by Thundat et al. [55]:
by monitoring the change of the adhesion between tip and sample during imaging
one can infer the degree of contamination.

Several procedures for cleaning the AFM tip-cantilever assembly have been dis-
cussed in the literature. Such procedures include ultraviolet ozone treatment [75,76],
aggressive acid-based baths [63, 74] and plasma etching [66, 77]. The majority of
AFM users directly use as-received cantilevers, or they simply clean them by rinsing
with organic solvents. This demonstrates that despite the fact that the AFM commu-
nity has grown in the last years, apparently contamination is still considered a minor
issue. Earlier attempts to draw attention to it reported that contamination undoubtedly
affects AFM experiments [55], and that the main source of organic contamination on
new cantilevers comes from their packaging [74]. To simplify the characterization
avoiding the use of such expensive apparatus cited above, a straightforward, low-
cost, and effective way of characterizing the wetting behavior of cantilevers and tips
was proposed [78]. A small water drop is deposited directly on the cantilever by
an inkjet nozzle. On deposition, the drop spreads depending on the hydrophobicity
(contact angle) of the cantilever surface, and finally attains a contact radius @ and a
contact angle ®. They are determined by video microscopy (Fig. 2.12).

One of the most used rectangular contact mode cantilevers, the Pointprobe
(Nanosensors, Neuchatel, Switzerland), with a length Iy =470um, a width
w = 50pm, and a thickness d = 2 pm was examined. The average contact angle
of a water microdrop on an as-received cantilever was ® ~ 88° (£1°) (Fig. 2.12A).
After cleaning in a plasma reactor (PDC-002, Harrick Scientific Corp., NY) under
an argon atmosphere at medium power over 20s, the contact angle decreased to
® & 11° (£2°). Since the drop strongly wets the surface, the drop shape is not
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Fig. 2.12. Sequence of five images of water microdrops on a rectangular silicon cantilever.
Before plasma cleaning (A) the drop forms a contact angle ® = 88° (41°); after plasma clean-
ing (B) the contact angle is ® = 11° (£2°); after storage of the cantilever in a Gel—Box® for 1
(C), 3 (D) and 24 (E) hours, the drop forms contact angles of ® = 26° (£2°), 45° (£3°), and
72° (£3°). (From [78])
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spherical anymore (Fig. 2.12B). The recontamination was controlled by storing the
cantilever in a Gel-Box® (Gel-Pak Inc., Hayward, CA) for different long periods
of time. Micro contact angle measurements were performed after 1, 3, and 24
hours (Fig. 2.12C-E). The contact angle increased stepwise, and after 24 hours was
® & 72° (£3°). On the basis of these results can be concluded that plasma cleaning
removes satisfactorily the silicone oil contamination. However, cleaned cantilevers
are fully recontaminated if they are stored in plastic boxes for 24 hours.

2.5
Conclusions

Drop evaporation has been commonly observed by means of video-microscope
imaging and ultra-precision weighing with electronic microbalances or with quartz
crystal microbalances. Abundant information was gained over the years with these
techniques, so that the evaporation of macroscopic drops of simple liquids from inert
surfaces is nowadays well understood. The same techniques are, however, not appli-
cable to microscopic drops. Furthermore, they do not directly provide a measure of
the interfacial stresses arising at the contact area between liquid and solid, which are
known to play a key role in the evaporation kinetics of small drops. It was shown that
atomic force microscope (AFM) cantilevers can be used as sensitive stress, mass, and
temperature sensors, and how they can be employed to monitor the evaporation of
microdrops of water from solid surfaces. The technique has some advantages with
respect to state-of-the-art techniques cited above, since it allows one to measure more
drop parameters simultaneously and for smaller drop sizes. The technique further
allows detection of differences between water microdrops evaporating from clean
hydrophilic and hydrophobic surfaces. The difference is especially manifest close
to the end of evaporation. The evidence arises that on the hydrophilic surface a thin
water film forms, while this is not the case for the hydrophobic surface. Metal-coated
cantilevers can be used as thermometers, and allow one to precisely measure the tem-
perature of an evaporating microdrop. This can be relevant for further applications of
cantilevers as micro-sized calorimetric sensors for chemical reactions taking place in
drops on their surface.

Further applications of the inkjet technology combined with cantilever sensors
allows one to test the local cleanliness of cantilever surfaces with micro contact angle
measurements, or to calibrate the spring constant of cantilevers in a contactless and
noncontaminating way.
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