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Changes in surface stress at the liquid/solid interface
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Abstract

The bending of microfabricated silicon nitride cantilevers was used to determine surface stress changes at
solid–liquid interfaces. The radius of curvature of the bent cantilever is directly proportional to changes in the
differential surface stress between its opposite sides. To demonstrate the possibilities and limitations of the technique,
cantilevers coated on both sides with gold and densely packed monolayers of different thiols were put in a constant
flow of aqueous electrolyte solution and the deflection was measured using a optical lever technique. Changes in the
surface stress for the different thiol monolayers due to specific proton adsorption are presented. Possible applications
and improvements of this technique are discussed. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

For liquids, the surface tension g is one of the most
important parameters that characterize the surface.
Several methods are available to measure it accurately
and reliably. For solids, however, it is difficult to
measure the equivalent quantity, the surface stress s [1].
Most methods have some drawbacks, e.g. they are
technically demanding, they can not be used to monitor
changes of the surface stress, they are semi-empirical
and depend on further assumptions, or they are not
generally applicable.

Others and we have recently improved the bending-
plate technique to measure changes in the surface stress
of solids by using microcantilevers as stress sensors
[2–8]. The principal of the experimental technique is
straightforward. A microcantilever prepared with dif-

ferent opposite faces bends because of changes of sur-
face stress. If, for instance, the surface stress on one
side changes, say it increases, then that side tends to
contract. Hence, changes of the surface stress cause the
cantilever to bend (Fig. 1). For a uniform stress acting
on an isotropic material, the radius of curvature, R, is
given by Stoney’s formula [9,10]

1
R

=6
1−n

Et2 (Ds1−Ds2) (1)

where E is the Young’s modulus of the cantilever
material; n denotes the Poisson ratio; t is the thickness
of the cantilever; and Ds1 and Ds2 are the surface stress
changes of the top and bottom side, respectively. The
applicability of Eq. (1) has been discussed thoroughly
in [11,12].

Measuring the bending of a thin plate to determine
surface stress changes was already proposed by several
authors [13–16], e.g. to measure electrocapillary-like
curves of gold and platinum [16–18], or to measure
adsorbate-induced surface stress changes in vacuum

* Corresponding author. Fax: +49-6131-392970.
E-mail address: butt@wintermute.chemie.uni-mainz.de (H.-

J. Butt).

0013-4686/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.

PII: S 0013 -4686 (00 )00569 -7



R. Raiteri et al. / Electrochimica Acta 46 (2000) 157–163158

[15,19,20]. In a variation of the bending plate method
the deformation of a circular plate was measured [21–
23].

All these measurements were facilitated by the fact
that surface stress changes were relatively high, typi-
cally 0.1–1 J/m2, and these changes could be induced
quickly, usually in few seconds. In contrast, measuring
generally surface stresses, especially at solid–liquid in-
terfaces, is more demanding: First, the sensitivity needs
to be one order of magnitude higher because changes in
surface stress caused by different concentrations of
solutes are usually much smaller than 0.1 J/m2. Second,
changes in surface stress have to be induced by chang-
ing the medium around the cantilever. Preferably this
should be done in a flow-through experiment because,
in that case, surface reactions could be continuously
monitored. On the other hand changing the medium
causes turbulence.

Using microfabricated cantilevers instead of thin, but
still macroscopic plates (typically 0.1 mm thick and
1–10 cm long [13,17–20]), allowed us to monitor the

small changes in surface stress due to variations in the
pH of the surrounding solution. Microfabricated
cantilevers, which are 100–400 mm long and 0.3–0.6
mm thick, are ideally suited because they fulfill two
requirements: First, for a given change in surface
stresses Ds1 and Ds2, of the two opposite surfaces 1
and 2, the deflection of the cantilever, z, is proportional
to z8 (L/t)(Ds1−Ds2) (see Eq. (3)) where L is the
length of the cantilever. Hence, the sensitivity of the
measurement increases with the ratio of cantilever
length to thickness. To achieve a high sensitivity
cantilevers should be long and thin. Second, the reso-
nance frequency n=0.163 · (t/L2) · 
E/r should be
as high as possible to prevent external vibrations from
interfering with the measurement [24] and give fast
response. r is the density of the cantilever material.
High sensitivity and at the same time low noise can be
achieved by using small cantilevers. Small cantilevers
also have the advantage of being relatively insensitive
to turbulence in a flow-through experiment.

In the last few years it became clear that micro-
cantilevers can be used not only to study electrochemi-
cal processes [4,25], but that a number of different
domains can be transduced into a mechanical motion
of a cantilever with unprecendent resolution: changes in
dissipated heat [26–29], mass [28,30,31], magnetic field
[32], cellular and subcellular forces [33,34], polarized
light [35] could be measured either as a static deforma-
tion or a change in the resonant frequency of the
cantilever. In particular it has been shown that micro-
cantilevers can be used to monitor adsorption processes
both at the solid/air [7,36] and solid/liquid interface
[5,8]. The feasibility of the technique was first demon-
strated by measuring changes of the surface stress of
silicon nitride upon varying the pH [5]. The affinity
binding of proteins in aqueous electrolyte could be also
monitored by observing changes in the surface stress
[8]. A promising application of the technique is there-
fore to use microcantilevers as sensors for specific sub-
stances. One possible way of achieving this is to coat
one side of the cantilever with a receptor while keeping
the other side relatively inert. A first step in this direc-
tion is described in this paper. One side of the cantilever
was coated with carboxylic groups. We could detect the
proton adsorption to these carboxylic groups in
aqueous electrolyte solution.

2. Materials and methods

Commercially available silicon nitride cantilevers
(Nanoprobes, Digital Instruments, Santa Barbara, CA)
were used. They are V-shaped to minimize lateral
deflection. They are L=190 mm long, and each arm is
40 mm wide and t=0.6 mm thick. We approximated
their elastic behavior with that of two parallel beams of

Fig. 1. Schematic side view of a silicon nitride cantilever of
thickness t, with a thin receptor layer on one side of thickness
tf. Because tf� t, one assumes that the mechanical properties
of the cantilever are not affected by the added layer. Above:
an increase/decrease of the surface stress on the coated side
causes the area of that side to contract/expand around the
neutral plane, i.e. the section of the cantilever which is not
strained. For uniform surface stress and isotropic material, the
resulting bending over the whole length is circular with a
constant radius of curvature R. R is measured relative to the
neutral plane. The neutral plane lays in the middle of the
cantilever only if stresses of the same magnitude but opposite
sign are applied to the two surfaces. However, for the large
radii considered in this work (radius of curvature in the order
of a cm), the error one makes in calculating the bending as if
the neutral plane were in the middle is negligible.
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Fig. 2. (a) standard cantilever deflection calibration procedure
to relate cantilever deflection to changes in the photodiode
signal. Sample is displaced a known distance Dz and the
corresponding change in reflected spot (dotted line) is
recorded. (b) Comparison between different bending shapes of
a thin beam clamped on one side (zero deflection and zero
slope) for a given deflection z at its free end. Dotted line is
circular, while continuous line is originated by a load applied
at the free end.

temperature thiol monolayers can stand. It is known
that above that temperature they start to desorb [42].
Then we immersed the freshly coated cantilevers into 1
mM ethanolic solutions of thiols with different side
groups. In particular we used 3-mercaptopropionic acid
(HS(CH2)3COOH), 2-amminoethanthiol (HS(CH2)2-
NH2) and 2-mercaptoethanol (HS(CH2)3OH, all from
Fluka, puriss). The new thiol solution could not remove
the previously bound octadecanethiol since the thiol–
gold bond is relatively strong (binding energy 120 kJ/
mol). Before use, each cantilever was thoroughly rinsed
in ethanol and water. We assumed that the deposited
thin gold/thiol layers did not change the elastic proper-
ties of the cantilevers.

2.2. Deflection detection and calibration

The radius of curvature of the cantilever was mea-
sured with the detection system of the head of a com-
mercially available AFM (Nanoscope II, Digital
Instruments, Santa Barbara, CA). Light from a laser
diode was focused onto the end of the cantilever. The
reflected laser spot hit a two-segment photodiode and
the difference in intensity measured by the two seg-
ments, normalized by the sum of the intensities, was
used as the deflection signal. Before each measurement,
we calibrated the deflection signal by pushing the
cantilever a known distance Dz against a hard surface
and measuring the corresponding change in the photo-
diode signal (Fig. 2, top). This signal is a voltage
proportional to the slope of the free end of the
cantilever rather than its displacement. One has also to
take into account the different resulting shapes of the
cantilever due to a force applied at its free end, like
during the calibration, and to a uniform stress (Fig. 2,
bottom). We therefore followed the procedure already
described in [4,5,43] which leads to the following ap-
proximated relationship between the radius of curva-
ture R and the deflection z calibrated in meters:

1
R

=
3z

L 
4L2+9z2
:

3z

2L2 (2)

Eq. (1) together with Eq. (2) allowed us to calculate the
differential surface stress from the calibrated deflection
signal z.

Ds1−Ds2:
Et2

4L2(1−n)
z (3)

The formula above is strictly valid only for rectangu-
lar cantilevers and contains other approximations that
were discussed in details in [5,38,43,44]. It can be
estimated that the results obtained using Eq. (3) deviate
by at most 15% from the predicted behavior; this,
together with the other approximations (e.g. effect of
the deposited gold layer on the mechanical properties
of the cantilevers, nominal values used for the dimen-

the same width of the arms [37–39]. We used a value
for the Young’s modulus of E=1.47×1011 N/m2 and
for the Poisson’s ration of n=0.3. The silicon nitride of
the cantilevers, deposited by chemical vapor deposition
(CVD) processes, is amorphous and, consequently, its
mechanical properties are isotropic. The calculated
spring constant is 0.09 N/m. One side is coated by the
manufacturer with a 20–30 nm layer of gold in order to
enhance optical reflectivity.

2.1. Cantile6er preparation

We coated both sides of the cantilevers with thiol
monolayers with different end-groups. Cantilevers were
therefore treated in the following way: first, we re-
moved the already deposited gold layer by rinsing in
aqua regia (three parts HCl, one part HNO3, one part
H2O) since we did not know its precise nature. Then we
evaporated 3–5 nm of chromium and 30–40 nm of
gold on one side only. The thin layer of Chromium is
used in order to increase the adhesion of gold onto
silicon nitride. Cantilevers were then immersed
overnight in 1 mM octadecanethiol ethanolic solution.
The octadecanethiol formed a stable, dense, and highly
structured monolayer on the freshly coated gold [40,41].
After eliminating all excess of alkanethiols by rinsing
with ethanol, an identical gold layer (3–5 nm of
chromium and 30–40 nm of gold) was evaporated onto
the opposite side of the cantilevers. The temperature
during evaporation did not rise above 100°C. This is a
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sions of the cantilever and the mechanical properties of
the silicon nitride), can give rise to large errors in the
estimation of the absolute changes in surface stress.
This error however is rather systematic for all the
performed experiments and does not influence the trend
of the surface stress versus pH. This allowed us to make
comparisons among the behavior of different thiol
monolayers.

2.3. Experimental set-up

To continuously monitor stress changes induced by
changes in the medium we used a fluid-flow set-up (Fig.
3). A commercial AFM head and a sealed fluid cell
were used. The upper part of the cell was the standard
commercial fluid cell, while the bottom plastic part and
the flexible silicon sealing were home made. The need
for a home made fluid cell raised for several reasons:
one needs a reliable sealing since even small leakage
over long periods can seriously damage the AFM head
electronics and piezo scanner, moreover the cantilever
needs to be far away from the bottom surface to avoid
any interactions with it and to limit flow turbulence.
Liquid flowed into the cell through an inlet via silicon
and Teflon tubing from a reservoir flask. The liquid
flow was driven by gravity and was kept constant
during the whole measurement. Typical flow rates were
0.5–0.8 ml/min. Since the volume of the cell is :0.3
ml, the liquid in the cell was exchanged twice in �1
min.

An experiment consisted in starting the flow with a
neutral solution and letting the system stabilize for at
least half an hour. We continuously monitored the pH
value in the external reservoir and the deflection signal
from the photodiode. Without stopping the flow, we
then added into the external reservoir small quantities
of a strong acid or base in order to vary the pH. After
:30 s the new solution entered the cell and the
cantilever started to deflect reaching a new steady state
in a 2–3 min.

The flow induced a static bending of the cantilever,
which is a function of the flow rate. Therefore, great
care was taken to maintain a constant flow rate both by
maintaining a constant pressure in the input Teflon
tube and by preventing drop formation at the output.

Drift in cantilever deflection was reduced when
cantilevers were allowed to equilibrate in the solution
used for the measurement for few days before doing the
actual experiment. However, there was usually a resid-
ual drift that could not be eliminated and limited the
minimum speed at which changes in surface stress could
be monitored.

3. Results and discussion

The results presented in this paper were obtained by
coating both sides of a cantilever first with gold and
then with different thiol monolayers. Hence, both sides
display different thiol–liquid interfaces while the gold

Fig. 3. Schematic of the experimental set-up. We used a commercial AFM head with its optical lever detection system. The cell was
sealed with a homemade flexible silicon ring. Solutions flowed into the cell from an external reservoir and from the cell to a waste.
Gravity drove the flow. By putting the external reservoir more than one meter higher than the cell and clamping the input tubing,
we could keep a constant flow rate. pH was adjusted adding the corresponding acid or base of the salt used while continuously
stirring. pH was also monitored with a glass electrode and an external pH-meter.
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Fig. 4. Schematic of a cantilever used in the experiments (side view). The upper part was coated with a thin (30 nm) film of gold
and a monolayer of octadecanethiols, CH3(CH2)17SH whose structure is depicted in inset (a). The lower side was also coated with
gold and a monolayer of 3-mercaptoprionic acid, CH3(CH2)2COOH whose structure is depicted in inset (b). Thiols covalently bind
to gold forming self-assembled densely packed monolayers. Carboxil groups, facing the solution at the bottom side, can loose a
proton charging themselves and increasing the surface energy. On the other side, hydrocarbons are relatively inert to pH variations.

coating and the gold–thiol interface is the same for
both sides. Since we monitor the difference in the
surface stress between the two opposite sides, we at-
tribute the observed effects to the thiol–liquid interface
(i.e. ‘thiol surface’).

Surface stress changes measured with a cantilever
coated on one side with octadecanethiols and on the
other side with 3-mercaptoproprionic acid (sketched in
Fig. 4) are shown in Fig. 5. When referring to the
carboxylic side the surface stress showed a minimum
around pH 4–5. Increasing the pH above pH 5 or
decreasing it below pH 4 the cantilever bent toward the
mercaptopropionic acid side, that is its surface stress
(tensile stress) increased.

For the interpretation, the proton dissociation of the
carboxyl group

−COOH�−COO−+H+

is probably important. For propionic acid, the dissocia-
tion has a pK of 4.87 [45]. Binding of a proton to a
carboxylate group lowers the free enthalpy of that
group by DG=kT · log(K), where K is the binding
constant (K=10−pK). This could explain the increase
in surface stress with increasing pH, as shown in Fig. 5:
protons dissociate and leave high-energy carboxylate
groups behind. The fact that the increase in surface
stress looks ‘smeared’ (i.e. without an abrupt change)
and shifted to higher pH values than it would be
indicated by this dissociation mechanism can be ex-
plained in terms of local mutual interactions among the
densely packed carboxyl groups on the surface. This
mechanism, however, can not explain the small but
significant increase of surface stress when reducing the
pH below pH 4. We have yet no interpretation for this
observation.

In experiments with 2-aminoethanthiol and 2-mer-
captoethanol instead of the mercaptopropionic acid,
only the increase of surface stress with increasing pH

was observed. The side groups of these molecules can
dissociate according to

−NH3
+�−NH2+H+

−OH�−O−+H+

with pK values of :10 and \10, respectively. Results
of these experiments are presented in Fig. 6. With both
substances small changes in surface stress were ob-
served compared with surface stress changes observed
with mercaptopropionic acid. This is reasonable since
the degree of dissociation should be relatively small.
However, we did not detect any steep increase in sur-
face stress in the case of 2-aminoethanthiol even for pH

Fig. 5. Relative surface stress values for a cantilever coated as
described in Fig. 4, vs. pH, in a 0.1 M KNO3 solution. pH was
varied while continuously flowing by adding 0.1 M KOH or
0.1 M HNO3. Dots and squares represent results from two
different experiments with two different coated cantilevers. We
always let the system stabilize at least for 5 min after a pH
change before considering the reported deflection/surface
stress value. Positive values correspond to deflections toward
the 3-mercaptoproprionic acid monolayer (tensile stress).
Higher stress values correspond to higher surface energy.
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Fig. 6. Relative surface stress versus pH for cysteamin
(squares) and 2-mercapto-ethanol (circles) in 0.1 M KNO3. pH
was adjusted by adding 0.1 M KOH and 0.1 M HNO3.
Cantilevers where prepared as in the experiments with 3-mer-
captoprionic acid, coating first one side with octadecanethiols
and then the other side with the thiol under study (see Fig. 4).

changes in surface energy and even foresee the behavior
of the cantilever upon adsorption [15,16,49,50].

4. Conclusion

Commercially available cantilevers are made of sili-
con nitride, silicon, and polymers with dimensions
ranging from 50 to 400 mm, and resonant frequencies
ranging, in air, from 10 to 300 kHz.

The use of microfabricated cantilevers allowed sev-
eral improvements compared to the previous bending-
plate techniques using macroscopic plates:
measurements can now be done in a relatively simple
and reliable (commercial) set-up, the method is gener-
ally applicable to thin deposited films, it is now possi-
ble to monitor ‘in situ’ processes changing the surface
stress, the achievable sensitivity is much higher due to
the low noise sensitivity, and the time response allows
following adsorption/desorption process kinetics.

The principle of the method implies the preparation
of different opposite surfaces. One of the limiting fac-
tors regarding sensitivity in liquid environments is long
term drift in cantilever deflection induced by slow elec-
trochemical processes at the cantilever/solution inter-
face and therefore reliable and flexible techniques to
coat both the active and the inert surface are desir-
able.

Cantilever functionalization can be achieved in sev-
eral ways like evaporating, sputtering, or spraying a
thin layer of material on each side. Thiols, available
with different end groups, are well suited to form
highly ordered monolayers with different properties
(for a review see: [40,41]). They bind covalently onto
gold and show a high stability under AFM scanning
[51–53] and to potentials applied to the gold substrate
in electrochemical cells [54–57].

The possibilities offered by this technique directly
involve AFM operation. Changes in the static
cantilever deflection are a fundamental matter to take
into account in the interpretation of force–distance
curves in AFM operation. Moreover, surface stress
measurements can help in the characterization of the
cantilever material (e.g. estimation of the surface
charge both of metal coated or silicon nitride
cantilevers).

A number of different applications based on the
direct measurements of surface stress of micro-
cantilevers can be foreseen:

(a) chemical sensors to monitor the concentration of
substances in a solution or gas around the cantilever

(b) sensors to measure specific binding of ligands to
cantilevers which are coated on one side with a recep-
tor

(c) sensors to monitor chemical surface reactions
occurring on one side of the cantilever.

11–12, where proton dissociation should already take
place. A possible explanation is the interaction between
the amino or hydroxyl groups. The thiols typically
occupy an area of 20–25 A, 2, which corresponds to a
distance between the functional groups of 4–5 A, . At
such small distances the groups influence each other
and the effective pK is smeared out.

For a test both sides of the cantilever were coated
with the same thiol monolayer. No deflection was ob-
served varying the pH of the electrolyte solution. We
therefore assumed that the measured deflections were to
ascribe to changes in surface stress only.

The method proposed measures changes in surface
stress, Ds. Sometimes is useful to speak in terms of
surface free energy, g. They are related through the
Suttleworth equation [22,46–48]

s=g+
dg

doe

(4)

where the elastic surface strain, oe, is defined as doe=
dA/A, where A is the surface area and dA is the
infinitesimal elastic increase in surfaces area. For liq-
uids the second term of Eq. (4) is zero and therefore
surface stress and surface free energy correspond. For
solids the second term takes into account the fact that
when the surface is elastically strained the interatomic
distance is changed from the value which would mini-
mize g, and it therefore requires a different energy to
form a unit area of the strained surface than of the
unstrained one. The second term in Eq. (4) can be of
same order as g and therefore the sign of Ds can be
either positive or negative, which corresponds a tensile
or compressive stress. This means that, in general, it is
not trivial to compare changes in surface stress with
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