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Abstract

The bending of microfabricated silicon nitride
cantilevers was used to determine surface stress changes at
solid-liquid interfaces. The bending radius of curvature is
directly proportional to changes of the differential surface
stress. To demonstrate the possibilitiesand 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 el ectrolyte solution, and the bending
was measured with an atomic force microscope. Changesin
the surface stress for the different thiol monolayers due to
specific proton adsorption are presented. Possibleapplications
and improvements of this technique are discussed.
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Introduction

For liquids, surfacetensionisoneof themost important
parameters which characterize the surface. Several methods
areavailableto measureit accurately and reliably. For solids,
however, itisdifficult to measure the equivalent quantity, the
surface stress o (Adamson, 1990). Most methods have some
drawbacks, e.g., they aretechnically demanding, they cannot
be used to monitor changes of the surface stress, they are
semiempirical and depend on further assumptions, or they are
not generally applicable.

We and others have recently improved the bending-
plate technique to measure changes in the surface stress of
solidsby using microcantilevers as sensors (Raiteri and Buitt,
1995; Thundat et al., 1994, 1995; Chenet al., 1995; Buit, 1996).
The princip of the experimental techniqueis straightforward
(Fig. 1). A microcantilever, prepared with different opposite
faces, bends as a result of changes of surface 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. Theradius
of curvature, R, isgiven by (Stoney, 1909; Hoffman, 1966).
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Eistheeladticity of thebasic cantilever material, v denotesthe
Poisson ratio, t_ is the thickness of the cantilever. Ao, and
Ao, are the surface stress changes of the top and bottom side
respectively. The applicability of Equation 1 has been
thoroughly discussed in (Preissig, 1989; Muller and Kern,
1994).

Measuring the bending of a thin plate to determine
sur-face stress changes was aready used by several au-thors
(Cahn and Hanneman, 1964, Martinez et al. 1990), e.g., to
mesasureelectrocapillary curvesof gold and platinum (Fredlein
et al., 1971; Fredlein and Bockris, 1974), or to measure
adsorbate-induced surface stress changesin vacuum (Sander
and Ibach, 1991; Sander et al., 1992). In avariation of the
bending plate method, the deformation of acircular platewas
measured (Lewiset al., 1993; Haissand Sass, 1995; Lang and
Heuder, 1995).
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All these measurements were facilitated by the fact
that surface stresschangeswererelatively high, typically 0.1-
1 Jn?, and these changes could be induced quickly, usually
in few seconds. In contrast, measuring generaly surface
stresses, especially at solid-liquid interfaces, is more
demanding: firdt, the sensitivity needs to be one order of
magnitude higher because changes in surface stress caused
by different concentrationsof solutesareusually much smaller
than 0.1 Jm?. Second, changes in surface stress have to be
induced by changing the medium around the cantilever.
Preferably, this should be donein aflow-through experiment
because then surface reactions could be continuously
monitored. Changing the medium causes turbulences.

Using microfabricated cantileversinstead of thin, but
still macroscopic plates (typically 0.1 mmthick and 1-10 cm
long) (Fredleinetal., 1971; Fredieinand Bockris, 1974; Martinez
et al., 1990; Sander and Ibach, 1991; Sander et al., 1992),
enabled us to monitor changes in surface stress induced by
changing the pH or the concentrations of various substances.
Microfabricated cantilevers, which are 100-400 mmlong and
0.3-0.6 mm thick, areideally suited because they fulfill two
requirements: first, for agiven changein surface stressesAa,
and Aa,, of the two opposite surfaces 1 and 2, the deflection
of thecantilever, z, isproportional to (L/t)(Ao, - Ac,) { seeEgs.
1and4 (below)} whereL isthelength of the cantilever. Hence,
the sengitivity of the measurement increaseswith theratio of
cantilever length to thickness. To achieve a high sensitivity
cantilevers should be long and thin. Second, resonance

frequency,
v= 0.163L2 \/E
L*\Vp

should be as high as possible to prevent external vibrations
from interfering with the measurement (Rugar and Hansma,
1990). p isthe density of the cantilever material. High
sengitivity, 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 turbulencesin a
flow-through experiment.

Thundat et al. (Thundat et al., 1994, 1995; Chenetal.,
1995) aready used microcantileversand asensitive deflection
detection to measure changes in the resonance frequency of
cantilevers upon adsorption of chemicals in the gas phase.
They also observed abending dueto hydration or dehydration
of the cantilever at different humidities.

As a consequence of the mentioned improvements,
not only electrocapillary curves (Raiteri and Butt, 1995; Brunt
et al., 1996), but generally changesin surface stress could be
measured in flow-through experiments. Thefeasibility of the
technique was demonstrated by measuring changes of the
surface stress of silicon nitride upon varying the pH (Buitt,
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1996). Also, the unspecific binding of protein in agueous
electrolytewasmonitored by observing changesinthe surface
stress.

A possible application of the technique is to use
micro-cantilevers as sensors for specific substances. One
possible way of achieving this is to coat one side of the
cantilever with areceptor whilekeepingtheother siderdatively
inert. A first step in thisdirection is described in this paper.
Onesideof the cantilever was coated with carboxylic groups.
We could detect the proton adsorption to these carboxylic
groups in aqueous electrolyte solution.

Materialsand M ethods

Commercially available silicon nitride cantilevers
(Nano-probes, Digital Instruments, SantaBarbara, CA) were
used. They areV-shgpedto minimizelatera de-flec-tion. They
wereL =190pumlong, and eecharmwas40 pmwideand 0.6 um
thick. We approximated their el astic behavior with to parallel
beams(Albrechtetal., 1990; Butt et al., 1992; Sader and White,
1993; Sader, 1995). Thecd culated spring constant is0.09 N/
m. Thecommercial cantileversare coated on onesidewitha
20-30nm layer of goldin order to enhancetheir reflectivity.

Cantileversweretreated inthefollowing way: first they
wereimmersad overnight in 1 mM octadecanethiol ethanolic
solution.  The octadecanethiol formed a stable, dense, and
highly structured monolayer onthegold originally present on
theupper surface (Duboisand Nuzzo, 1992; Xieand Li, 1995).
After eliminating all excess of alkane-thiols by rinsing with
ethanol, 3-5 nm of chromium and 30-40 nm of gold were
evaporated onto the other side. The temperature during
evaporation did not riseabove 100°C. 100°Cisatemperature
thiol mono-layers can stand. It is known that above that
temperaturethey start to desorb (Schénherr et al., 1996). Then
weimmersed thefreshly coated cantilever intoal mM ethanolic
solution of thiolswith adifferent sdegroup. Inparticular, we
used 3 mercaptopropionic acid (HS(CH,),COOH), 2
amminoethanthiol (HS(CH,),NH,) and 2 mercaptoethanol
(HS(CH,),OH); all were from Fluka Chemie AG (Buch,
Switzerland), purissum. Thenew thiol solution could not
remove the previoudy bound octadecanethiol sincethethiol-
gold bond is relatively strong (binding energy 120 k¥mal).
Before use, each cantilever wasthoroughly rinsed in ethanol
and water. We assumed that the deposited layers did not
change the elastic properties of the cantilevers.

Deflection detection and calibration

Theradiusof curvatureof the cantilever wasmeasured
with the detection system of the head of a commercialy
available atomic force microscope (AFM) (Nanoscope I,
Digital Instruments, Santa Barbara, CA). Light from alaser
diodewasfocused onto theend of thecantilever. Thereflected
laser spot hit a two-segment photodiode, and the difference
in intensity measured by the two segments was used as the
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Figurel. Schematic sideview of asilicon nitride can-ti-lever
of thickness t, with a t, thick layer on one side. Top: an
increase/decrease of the surface stress on the coated side
causestheareaof that sideto contract/expand around aneutral
plane. For uniform surface stress and isotropic material, the
resulting bending over the whole length is circular with a
constant radius of curvature R.

deflectionsignal. Thissignal isnot ameasure of the cantilever
displacement z. Rather, it is proportional to the slope of its
free end. For acircular bending, the sope at distance L is
related to the radius of curvature R, by:
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Figure 2. (a) Standard cantilever deflection calibration
procedure to relate cantilever deflection to changes in the
photodiode signal. Sampleisdisplaced aknown distance z,
and the corresponding change in reflected spot (dotted line)
isrecorded. (b) Comparison between different bending shapes
of athin beam clamped on one side (zero deflection and zero
sope) for agiven deflection z, at itsfreeend. Dotted lineis
circular, while continuouslineisoriginated by aload applied
a the free end. Equations describing the shape for the two
cases are given. The two shapes give rise to two different
reflected spots and, eventually, photodiode signals.
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The usua way to calibrate the deflection, typicaly before
each measurement, isto push the cantilever aknown distance
z, againgt a hard surface and to measure the corresponding
change in the photodiode signal. In this case the bending
(Fig. 2) isnot circular, and themeasured signal isrelated tothe
displacement z, by:

dz(x), _ 3
dx LT

©)
Equation 3 is strictly valid only in the case of a rectangular
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beam. Detailed calculations showed that the V-shaped
cantilevers deviate at most 15% from the predicted behavior
(Sader, 1995).

Equations 2 and 3 imply that different cantilever
displacements correspond to the same measured signal.
Therefore, to obtaintheradius of curvature R asafunction of
the calibrated cantilever displacement, z_,, one hasto equate
Equations2 and 3. Thisleadsto:

1 3z

RO Ja2+ 9z, 2

Equation 4, together with Equation 1, allowed usto calculate
the differential surface stress from the calibrated deflection
sgnd z.

To continuously monitor stress changes induced by
changesin the medium we used afluid-flow set-up (Fig. 3). A
commercial AFM head and asealed fluid cell wereused. The
top part of the cell was the standard commercia fluid cell,
while the bottom plastic part and the flexible silicon sealing
werehomemade. Theneed for ahomemadefluid cell arosefor
severa reasons: reliable sealing is needed since even small
leakages over long periods can serioudy damage the AFM
head el ectronicsand piezo scanners, moreover, the cantilever
needed to be far away from the bottom surface to avoid any
interactionswithit and to limit flow turbulences. Liquid flowed
into the cell through an inlet via silicon and Teflon tubing
fromareservoir flask. Theliquid flow wasdriven by gravity
and waskept constant during thewhole measurement. Typical
flow rateswere0.5-0.8 mi/min. Sincethevolumeof thecell is
»0.3ml, theliquidin the cell wasexchanged twicein about 1
minute.

An experiment consisted in starting the flow with a
neu-tral solution and letting the system stabilize for at least
half an hour. We continuously monitored the pH valuein the
external reservoir and the deflection signal from the
photodiode. Without stopping the flow, we then added into
theexternal reservoir small quantitiesof astrong acid or base
inorder to vary the pH. After approximately 30 seconds, the
new solution entered the cell, and the cantilever started to
deflect, reaching anew steady statein 2-3 minutes.

The flow induced a static bending of the cantilever
which isfunction 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 outpuit.

Drift in cantilever deflection was reduced when
cantilevers were alowed to equilibrate in solution used for
the measurement for few days before doing the actual
experiment. However, therewasusualy aresidual drift which
could not be eliminated and limited the minimum speed at
which changesin surface stress could be monitored.

@
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The pH of the solution and cantilever deflection were
recorded via an A/D (analog/digital) board connected to a
persona computer. Force curves(Burnham et al., 1993; Butt
et al., 1995) were recorded before and after each experiment
againg the hard bottom of the cell. From the sope of the
constant compliance region, we could relate measured
deflectionwith cantilever displacement.

Resultsand Discussion

The results presented in this paper were obtained by
coat-ing both sides of a cantilever first with gold and then
putting different thiol monolayersonto thegold. Inthisway,
each side presentstwo interfaces: gold/thiol and thiol/liquid.
We expect that the liquid, and especialy the ions, cannot
reach the gold/thiol interface.  Therefore we attribute the
whole effect to the thiol/liquid interface (i.e., the “thiol
surface”).

Surface stress changes measured with a cantilever
coated on one side with octadecanethiols and on the other
side with 3 mercaptopropionic acid (sketched in Fig. 4) are
shownin Figure5. When referring to the carboxylic sidethe
surface stress showed aminimum around pH 4-5. When the
pH wasincreased to above pH 5 or decreased to below pH 4,
the cantilever bent toward the mercaptopropionic acid side,
that is, its surface stress increased.

For the interpretation, the proton dissociation of the
carboxy! group

-COOH - -COO +H*

is probably important. For propionic acid, the dissociation
hasapK between4and 5. Binding of aprotonto acarboxylate
group lowersthefreeenthal py of that group by AG =kTlog(K),
whereK isthe binding constant (K = 107), T istemperature
inKelvins, and k isBoltzman's constant. Thiscould explain
theincreasein surface stresswith increasing pH, asshownin
Figure5. Protonsdissociateand 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 would be indicated by this
dissociation mechanism can be explained in terms of local
mutua interactionsamong the densely packed carboxyl groups
onthesurface. Thismechanism, however, cannot explainthe
small but significant increase of surface stresswhen reducing
the pH below 4. We have yet no interpretation for this
observation.

In experiments with 2 aminoethanthiol and 2
mercaptoethanol 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

-NH," - -NH, +H*
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Figure3. Schematic of theexperimental set-up. We used acommercial AFM head withitsoptical lever detection system. Thecell
was sedl ed with ahomemadeflexible silicon ring. Solutionsflowed into the cell from an external reservoir and fromthecell toa
waste. Gravity drovetheflow. By putting the external reservoir more than one meter higher than the cell and clamping theinput
tubing, we could obtain arather constant flow rate. The pH was adjusted by adding the corresponding acid or base of the salt
used while continuoudly stirring. The pH was a so monitored with a glass electrode, used as an externa pH-meter.

-OH - -O+H*

with pK valuesof 10and > 10, respectively. Resultsof these
experimentsare presented in Figure 6. With both substances,
small changesin surface stresswere observed compared with
surface stress changes observed with mercaptopropionic acid.
Thisisreasonable since the degree of dissociation should be
relatively small. However, wedid not detect any steepincrease
insurface stressin the case of 2 aminoethanthiol, not evenfor
pH 11-12, where proton dissociation should already havetaken
place. A possible explanation isthe interaction between the
amino or hydroxyl groups. The thiols typically occupy an
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area of 20-25 A2, 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 observed
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, Ac. Sometimesitisuseful to speak intermsof surface
free energy, y. They are related through the Suttleworth
eguation (Suttleworth, 1950; Couchmanet al., 1972, 1975, Lang
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Figure4. Schematic of acantilever usedintheexper-i-ments(sdeview). Theupper part wascoated withathin (30 nm) film of gold
and amonolayer of octadecanethiols, CH,(CH,),.SH, whosestructureisdepictedininset @). Thelower sdewasalso coated with
gold, and amonolayer of 3 mercaptopropionic acid, CH,(CH,) ,COOH, whose structureisdepicted ininset (b). Thiolscovalently
bind to gold forming self-assembled densely packed monolayers. Carboxyl groups, facing the solution at the bottom side, can
loose aproton charging themselves and increasing the surface energy. Onthe other side, hydrocarbons arerelatively inert to pH

and Heudler, 1994)

o=y+ I

Thesurface strain, €, isdefined asde = dA/A, where A isthe
surfacearea. First, one can note that both surface stress and
surface energy have the same units of N/m (or Jm?). For
liquids, the second term of Equation 5 is zero, and therefore
surface stressand 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 minimize y, and it
thereforerequiresmoreenergy toformaunit areaof thestrained
surface than of the unstrained one. In analogy with Moliner
and Beck (1979), we estimated the value of dy/de for a
crystalline gold structure, and we found that, for agiven Ay,
the corresponding value of d(Ay)/de islessthan 1%. Weare
confident that also in the case of other surfaces, such asthiol
monolayers, the second term of Equation 5 is much smaller
than the first one, and therefore, the measured values can be
considered very close to surface free energy changes. Such
valuesrepresent anintegral quantity over thewhol e cantilever
surface. From knowledge of the density of the thiolsin the
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layer and the area of the surface, it would be possible to
estimate the free energy change for a single molecular
interaction.

Conclusion

Theuseof microfabricated cantileversallowed severd
improvements compared to the previous bending-plate
techni ques using macroscopi ¢ plates: measurements can now
bedoneinardatively smpleandreliable (commercid) set-up;
themethod isgenerally applicableto thin deposited films; itis
now possible to monitor in situ processes changing the
surface stress; and the senditivity achievable is much higher
due to the low noise sensitivity. Commercially available
cantileversare made of silicon nitride, silicon, and polymers
with dimensions ranging from 50 to 400 nm, and resonant
frequenciesranging, inair, from10to 300kHz. Theprincipleof
the method implies the preparation of different opposite
surfaces. This can be achieved in several ways, like
evaporating, sputtering, or spraying athinlayer of material on
oneside. Thials, availablewith different possiblerest groups,
arewel| suited toform highly ordered monolayerswith different
properties{for areview, see Duboisand Nuzzo (1992) and Xie
and Li (1995)}. They bind covaently onto gold and show a
high stability under AFM scanning (Durig et al., 1993; Thomas
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Figure 5. Relative surface stress
valuesfor acantilever coated asin
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etal., 1993; Liuand Salmeron, 1994) and to potential sapplied
tothe gold substratein electrochemical cells(Li and Weaver,
1984, Porter et al., 1987; Miller and Grétzel, 1991; Sondag-
Huethorst and Fokkink, 1992).

The possibilities offered by this technique directly
involve AFM operation. Changes in the static cantilever
deflection areafundamental matter to takeinto accountinthe
interpretation of force-distance curves in AFM operation.
Moreover, surface stress measurements can help in the
characterization of the cantilever materid (e.g., estimation of
the surface charge both of metal coated or silicon nitride
cantilevers).

A number of different applicationsnot directly related
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to AFM can be foreseen:

» chemical sensorsto monitor the concentration of substances
in asolution or gas around the cantilever

« sensorsto measure specific binding of ligandsto cantilevers
which are coated on one side with areceptor

* sensors to monitor chemical surface reactions occurring on
onesideof thecantilever. Gimzewski et al. (1994) measured
thebending dueto the bimetallic effect of the cantilever caused
by the heat generated from a chemical reaction; Oden et al.
(1998) monitored the el ectro-chemical deposition of Pb onto
gold coated cantilevers.
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