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Abstract

We report on a differential microcantilever-based system capable of measuring surface stress changes which occur during electrochemical
reactions. Surface stress changes induced by sub-monolayer ionic adsorption on metal surfaces and/or by electromechanical transformations
in thin films can be measured. Our system is composed of two microcantilever sensors. The firstactivemicrocantilever serves as the working
electrode (in a conventional three-probe electrochemical cell configuration) and as the mechanical transducer (bending of the microcantilever),
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yielding simultaneous, real-time, in situ measurements of the current and interfacial stress changes. The secondreferencemicrocantileve
serves as a reference sensor to detect any unwanted cantilever deflection resulting from temperature variations, mechanical vibr
uncontrolled chemical reactions. A technique for isolating the electrical contact made to the microcantilever from the electrolyte
presented. A method for creating a working electrode with a reproducible area of 1.0 mm2 is also described. This micromechanical cantil
sensor has a deflection sensitivity of 0.2 nm, which translates to a surface stress sensitivity of 1× 10−4 N/m with a dynamic range of 5× 105. The
differential mode of this system has been characterized by measuring the potential-induced surface stress, at the Au(1 1 1) solid–li4
electrolyte) interface, during anion (ClO4

−) adsorption on gold, while varying the solution temperature. Furthermore, we have meas
surface stress induced during ion doping/dedoping of dodecyl benzenesulfonate-doped polypyrrole (PPy(DBS)) films in an aque
of Na(DBS).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Micromechanical devices, based on commercially avail-
able atomic force microscopy (AFM) microcantilevers, have
the potential to transduce a variety of chemical and physical
phenomena into a mechanical movement on the nanometer
scale[1]. The major appeal of these microcantilever-based
sensors is their versatility. Through an appropriate organic
or metallic coating of their surface, they have been shown to
transduce a variety of processes involving an applied force,
heat, stress, magnetism, charge, radiation, and chemical re-
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actions into a measurable mechanical movement. More
because of their small size (micrometers), these micr
tilevers have a short response time (less than millisec
and a typical sensitivity at the nanogram (10−9), picoliter
(10−12), femtojoule (10−15) and attomolar (10−18) level [2].

Microcantilever-based sensors can be used instaticmode
where a deflection of the free end of a microcantileve
duced by a change in the surface stress of one of its sid
measured[3]. The interpretation of the origin of the measu
surface stress is not trivial based on the microcantileve
sponse alone. For this reason, it can be advantageous t
bine this type of sensor with other measurement techni
Such an approach has been used by Godin et al.[4], who have
integrated in situ a microcantilever-based sensor with a
lipsometer and combined it with ex situ STM measurem
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to correlate surface stress, thickness and phase changes oc-
curring during alkanethiol adsorption on gold. Others have
combined microcantilever-based sensors with electrochemi-
cal techniques by using the micromechanical cantilever sen-
sor as the working electrode (WE), yielding simultaneous, in
situ measurements of current (or charge) and surface stress
changes. Combining electrochemistry with microcantilever-
based sensing allows for kinetics measurements to be per-
formed, and often the ability to study processes occurring
on the microcantilever in a reversible fashion. To date, un-
derpotential metal deposition[5–7], electrocapillary-type ef-
fects[6–10], doping/dedoping of a conducting polymer film
[11,12], and redox reactions at a monomolecular organic film
interface[13], have been investigated.

Unfortunately, most of microcantilever sensor results suf-
fer from reproducibility issues. Some results are even contra-
dictory with other bending beam measurements techniques.
Indeed, Ibach et al.[14] and Haiss et al.[15] have re-
ported, on well-defined single crystal gold surfaces, a dif-
ferent surface stress response, at the solid–liquid interface,
from microcantilever-based sensors. In a recent study, it was
clearly shown that the substrate morphology plays a vital
role in the response of microcantilever chemical sensors[16].
These experiments underline the fact that up to now the role
played by the morphology of the sensing substrate in mi-
crocantilever surface stress sensors has been undervalued.
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action (anion adsorption of ClO4−) is being performed on
the gold-coated side of the active microcantilever. Lastly, in
Section3.2, the instrument was tested by studying the dop-
ing/dedoping of dodecyl benzenesulfonate-doped polypyr-
role (PPy(DBS)) films in an aqueous solution of Na(DBS),
showing the bending response of the PPy/Au-coated micro-
cantilever as a function of the applied potential, simultane-
ously yielding real-time, in situ, electrochemical and surface
stress information.

2. Experimental

2.1. Materials and methods

All experiments were performed in the electrochemical
cell described in Section2.2. The cell was machined from
a chemically inert material, Teflon®. The cell is equipped
with a 3 M NaCl Ag/AgCl reference electrode (model RE-6)
from BioAnalytical Systems (USA) and a 2 cm long, 1 mm
diameter, 99.99% purity, platinum wire from Alpha Aesar
(USA) as a counter electrode, connected to a BioAnalyti-
cal Systems 50CW potentiostat. Prior to each experiment,
the cell is rinsed three times with high purity de-ionized wa-
ter (Millipore Simplicity 185 water system), followed by the
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arameters such as adhesion (i.e. adequately transferr
urface stress in the sensing film to the substrate), su
orphology (grain size, roughness, crystallographic orie

ion) and cleanliness of the metal film can have both qua
ive and quantitative effects on the measured surface s
t is therefore essential to characterize and study thes
ects on the sensor response if the origin of surface str
o be understood and if microcantilever-based sensors
ecome a useful sensing technology.

In this paper we will describe a complete electroche
al microcantilever-based sensor instrument. Although o
roups have used electrochemical microcantilever sen
one have openly addressed the specific requiremen
onducting these types of measurements. In Section2.2, we
ill provide a complete description of the integration o
ifferential micromechanical cantilever-based sensor w
tandard three-probe electrochemical system. In partic
n Section2.2.2, we present a fast, easy, and clean appr
o isolate the active microcantilever electrical contact p
rom the electrolyte solution. Moreover, in Section2.2.3, we
mplement a method for reproducibly defining a 1.0 m2

orking electrode area, which allows for a quantitative m
ure of the current density, and therefore knowledge o
harge consumed per unit area. In Section2.3we discuss th
alibration of the surface stress measurements. For the
ose of subtracting any unwanted deflections from the a
icrocantilever signal, differential surface stress capab
as realized in this system and is described in Section3.1.
he differential mode was characterized by varying the
lectrolyte solution temperature while an electrochemica
.

lectrolyte solution. The pyrrole monomer liquid (Aldric
anada) is purified by passage through an alumina-filled
mn. The resulting liquid is clear and colorless in app
nce, indicating that the long pyrrole chains, from spo
eous polymerization, are removed. The aqueous so
ontaining pyrrole and NaDBS (Aldrich, Canada) is pur
ith argon gas and protected from ambient light follow

ts preparation to prevent polymerization of the monome
The microcantilever sensors used herein are recta

ar silicon cantilevers from MikroMasch (Estonia) ty
SC12/without Al/tipless, with a typical length, width, thic
ess, and spring constant of 350�m, 35�m, 1�m, and
.03 N/m, respectively. However, these dimensions wer
ependently measured for each microcantilever used t
rove on the accuracy of the measured surface stress
cribed in Section2.3. The surface of the silicon microca
ilevers was coated with 100 nm of gold (99.99%, Pla
aterials, USA) on a 10 nm titanium (99.99%, Alfa Aes
SA) adhesion layer with a thermal evaporator (model VE
hermionics Laboratories, USA). The evaporation was
ucted under a pressure below 5.0× 10−6 Torr, at a rate o
.14 nm/s for Au, and 0.04 nm/s for Ti. Radiative heatin

he evaporation boat increased the microcantilevers tem
ture to 130± 20◦C.

.2. Description of the combined instrument

Fig. 1 shows a schematic representation of the diffe
ial microcantilever-based sensor combined with a stan
hree-electrode system composed of an Ag/AgCl refer
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Fig. 1. (a) Top view of the system. The laser light passes through a glass window and is reflected off the microcantilever before reaching the PSD. The
three electrodes present in the cell form an equilateral triangle. A schematic representation of the front of the cell is shown in (b). The vertically mounted
microcantilever chip is immersed into the electrolyte solution using a micropositioner. On the Kel-F rod, the microcantilever chip is mechanicallyheld by a
metal clip with which electrical contact is made. The Kel-F rod can be flipped in order to reflect the laser beam on either side of the microcantilevers.

electrode (RE), and a platinum wire as a counter electrode
(CE). A gold-coated, rectangular-shaped, tipless, silicon mi-
crocantilever is used as the active microcantilever, serving as
both the working electrode (WE) and as the sensing platform
of the surface stress sensor. A second identical gold-coated
microcantilever is used as a reference sensor. A commercial
potentiostat is used to apply a potential to the active microcan-
tilever (WE) and to monitor the current response during cyclic
voltammetric experiments. In parallel, an optical beam tech-
nique is used to monitor the microcantilevers’ deflections.

2.2.1. The cell
The cell was designed to accommodate the constraints im-

posed by the electrochemical and the microcantilever sensor
experiments. The electrochemical aspect of the combined in-
strument requires three electrodes, RE, CE and WE. The WE
is the platform on which the electrochemical reaction takes
place. This electrochemical reaction can result in organic or
metal thin film deposition, ion adsorption or produce any
types of redox reactions on the WE surface, etc. This reaction
is compensated at the CE. Current flows between the WE and
CE. The presence of the RE provides an equilibrium reaction
that determines the reference level in the electrochemical cell.
No current flows through the RE. The CE area is about 100
times larger then the WE area, to accommodate the compen-
s tance
(
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of the electrolyte solution. The front of the cell is fitted with
a glass window to accommodate the optical beam deflection
sensing scheme, and to provide direct visual access to the mi-
crocantilevers for control of their immersion depth into the
electrolyte solution and alignment of the laser beams onto
the apex of each microcantilever. Another glass window at
the back of the cell, when removed, grants access to the back
of the microcantilevers for calibration of the deflection mea-
surements by interferometry[17].

2.2.2. Electrical contact to the WE
Electrical contacts to each electrode are made outside the

cell so as to avoid the possibility of electrochemical reac-
tions occurring at the contact points. In particular, due to its
small size, special care was taken to protect the WE contact
point from the electrolyte solution. The active (WE) and the
reference microcantilever chips sit in grooves and are me-
chanically held with beryllium/copper clips (contact strips
type H, Laird Technologies, USA) at the end of a Kel-F®

rod attached to a micropositioner. The grooves are angled at
15◦ with respect to the front glass window of the cell. This
angle is used to separate the reflected spot from the glass and
the reflected spot from the microcantilever’s apex impinging
the position sensing photodetector (PSD), since the former
can alter the deflection measurements[6] (Fig. 1a). The active
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ating reaction. The electrodes are placed at equal dis
∼1 cm) from each other, as shown schematically inFig. 1a.
his separation distance prevents interference betwee
ompensating reaction species with the WE electrochem
eaction. The cell has a volume of 6 cm3, in order to accom
odate the size of the RE, and to facilitate calibration o
ptical deflection sensing scheme. The electrodes are in
t the top of the cell through openings of the same diam
his helps to minimize the exposure to air and evapora
WE) and reference microcantilevers are vertically imme
nto the electrolyte using the micropositioner (model 90
, NewFocus, USA) so that only the microcantilevers a
mall portion of their chip are in the solution. Electrical c
act is made only to the active microcantilever (WE), on
old-coated side, at the end of the chip located outsid
lectrolyte solution, with the beryllium/copper clip, as ill

rated inFig. 1b and Fig. 2. This technique offers a clean, ea
nd quick way to isolate the electrical contact point from
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Fig. 2. Schematic representation of the optical beam deflection technique
used to monitor the microcantilever deflection. The laser reflects off the
apex of the Si side of the microcantilever and then hits the PSD. A gold
film covers the other side of the microcantilever and the chip, rendering the
surface conductive. Electrical contact is made to the gold-coated side at the
opposite end of the chip.

electrolyte solution. It avoids the use of epoxy resin to en-
capsulate the electrical contact as employed by other groups
[5–8,11], which may induce some level of contaminations in
the electrochemical cell. No electrical contact is made to the
reference microcantilever.

2.2.3. The microcantilever as an electrode
To perform electrochemical experiments, the surface of a

silicon microcantilever was rendered electrically conductive
by thermally evaporating a 100 nm film of Au on a 10 nm
Ti adhesion layer. The resulting film has an average grain
size of 100± 60 nm with a RMS roughness of 1.0± 0.2 nm,
on a 1�m length scale. X-ray diffraction revealed a strongly
(1 1 1) textured Au film. The metal films were deposited on
one side of the active microcantilever, as shown schematically
in Fig. 2.

Rectangular silicon microcantilevers were chosen for the
WE for two principal reasons. First, the rectangular shape
makes for a simpler theoretical treatment[19] when con-
verting the microcantilever deflection signal into a surface
stress value. Secondly, the silicon surface of the microcan-
tilever is reflective enough to allow the position-sensing laser
light to reflect directly off it (opposite the metal-coated side
where the potential is applied), as shown inFig. 2. Hence,
one does not need to reflect the laser light off the gold-
coated side of the microcantilever, as is the case for silicon
n the
r ents
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Fig. 3. Schematic representation of the aluminum fixture used for the ap-
plication of Apiezon wax to the gold-coated microcantilever chip. An area
of the chip is exposed to the wax. The set pins allow for the precise posi-
tioning of the Al body on top of the microcantilever chip for a reproducibly
exposed area. (a) Top view of the assembly shows how the chip is held while
exposing a fixed surface area of 1.0 mm2 at 0.7 mm from the base of the
microcantilevers. (b) Side view of the assembly.

contribute to an artificial microcantilever response if the de-
tected signal is not independent of the laser intensity. This
can also be of particular concern when studying conducting
polymer films that change color as a function of the applied
potential.

In many cases, knowledge of the working electrode area
(i.e. the area of the microcantilever and chip immersed in the
electrolyte) is of significant importance as it enables one to
quantify the current density (amount of charge consumed per
unit area) during an electrochemical reaction. In particular,
to obtain a reproducible thickness of an electrochemically
deposited polymer film, it is important to control the surface
area of the WE in contact with the electrolyte. Simply dip-
ping the part of the microcantilever chip in the electrolyte
solution makes it difficult to estimate the actual surface area
in the solution due to the formation of a meniscus. A tech-
nique for delimiting the area of the WE in contact with the
electrolyte was therefore implemented. The microcantilever
chip was placed in an aluminium fixture, holding the chip
securely in place while exposing an area on the microcan-
tilever chip. This setup is shown schematically inFig. 3. A
layer of Apiezon wax W, is then deposited on the exposed
area of the microcantilever chip. The masked region gives
an electrode area of 1.0 mm2. The precision on the measure-
ment of the electrode area is hard to estimate and is mostly
affected by the uncertainty in the adhesion between the wax
a dary.
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itride microcantilevers used in AFM and in many of
eported microcantilever-based surface stress experim
his allows us to avoid artefacts in the deflection meas
ent resulting from changes in surface reflectivity that o
hen applying a potential to a gold surface. A large cha

n the reflectivity can be expected due to electrochemica
ctions, such as hydrogen or oxygen adsorption[9], and can
.

nd gold surface, at the masked region/gold surface boun
he reproducibility of the electrochemically deposited
lm thickness found to better than 3% (see Section3.2.2)
an give an appreciation for its value. The Apiezon wa
artly dissolved in trichloroethylene (TCE) to facilitate
pplication. The solvent is then left to evaporate, leaving
ax to harden for a few minutes, before using the micro

ilever as an electrode. Other solvents such as chloroform
ethanol were also tested but the best results were ob
ith TCE. Heating the wax was found to be inadequate
ould cool down and harden before being deposited.

hat we did not encounter any contamination issues wit
resence of the wax in aqueous solution.
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2.2.4. The deflection sensing scheme
The differential microcantilever-based sensor is oper-

ated in a static mode, where the microcantilever deflections
are monitored using an optical beam technique. A fiber-
coupled laser diode (model # FMXL112-00, Bluesky Re-
search, USA), operating at a wavelength of 635 nm, is used
as a light source. The laser light is fed into two singlemode op-
tical fibers by a 50/50 coupler. The light is then focused onto
the apex of each microcantilever using commercial focusers
(custom made by Brimrose, USA) having a working distance
of 25 mm with a measured spot size of 24.6�m (measured at
the maximum intensity/e2). The displacement of the reflected
laser beams are monitored by two linear one-dimensional
PSD (model 1L10, ON-TRAK Photonics, USA). Each PSD
is located 24 mm away from the microcantilevers. The pho-
tocurrents generated at the PSD terminals by the impinging
light spot are converted into voltages by home built precision
transimpedance amplifiers[4]. The output voltage,Vpos, is
directly proportional to the absolute position of the light spot
on the PSD,S=Vpos/2. A 16-bit analog-to-digital converter
from National Instruments, card model # PCI-6035E, digi-
tizes the signal which is finally stored on a computer with a
LabView program.

2.3. Calibration
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The surface stress (�σ) is in turn directly proportional to
the microcantilever deflection (�z) through[17]:

�σ = 4

3(1− υ)

l

wt
krect�z (3)

whereυ, l, w, t andkrectare Poisson’s ratio, the length, width,
thickness and spring constant the microcantilever, respec-
tively. The 4/3 factor takes into account the difference in the
cantilever beam curvature resulting from a uniform surface
stress, as opposed to a concentrated load applied at the tip.
The microcantilever geometrical properties are all measur-
able parameters. A high resolution SEM was used to accu-
rately determine each dimension to improve on the accuracy
of the surface stress measurements. Poisson’s ratio is taken to
be 0.064[18], because the single crystal Si microcantilever
surface is in the{1 0 0} plane and the microcantilever edges
are along the〈1 1 0〉 direction. The spring constant was ob-
tained using Sader’s method[19], which simply requires the
measurements of the microcantilever length, width, and its
fundamental resonant frequency and corresponding quality
factor. An FFT network analyzer (model SR770, Stanford
Research, USA) was used to acquire the power spectrum
density of the microcantilever deflection signal. The conse-
quences of the microcantilever gold coating (tAu = 100 nm)
on the mechanical properties of the microcantilever beam
are taken into account by the measurements of the microcan-
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For small deflections, the microcantilever deflection (�z)
s linearly proportional to the acquired PSD signal (�S):

z = Ccal�S (1)

or accurate quantitative surface stress measurements,
f an interferometer, to simultaneously measure the cant
eflection, is recommended to calibrate this relation[17]. The
elation can alternatively be determined geometrically u
he following approximate equation:

z ∼= l

2L
�S (2)

herel is the microcantilever effective length andL the dis-
ance between the microcantilever and the PSD. The m
antilever effective length is defined as the length at w
he laser beam hits the microcantilever. For our particular
em geometry, a 6% percentage difference is found bet
he interferometer calibration constant and the geome
alibration constant. A value ofCcal = (6.8± 0.3)× 10−3 is
ound, for the system described herein. The major sour
rror inCcal comes from the uncertainty in the measurem
f the distanceL. However, in our experimental setup,L is
xed for all measurements, so that random errors in the e
ments are associated with the determination of the effe
ength of the microcantilever,l. A systematic error is als
ntroduced from the fact that the calibration is done in
hereas experiments are performed in liquids. This slig
odifies the path length of the reflected laser beam,L. How-

ver, we found that this effect changesL, and thusCcal, by a
egligible amount.
e

ilever beam thickness and of its spring constant. Its effe
oisson’s ratio is assumed negligible in this case. By care
etermining the value of each parameter in Eq.(3) we can
easure surface stress values with an accuracy of 10%
recision with which the spring constant,krect, and the thick
ess,t, can be measured are the major contributions of

n surface stress measurements, followed by the uncer
n L. The advantages of using Eq.(3) over Stoney’s formul
s that it is not necessary to know the Young’s modulus,E, of
he microcantilever structure.

Our device can achieve a deflection sensitivity of 0.2
n a 3 Hz bandwidth, by performing time-averaging on
cquired deflection signal, resulting in an ultimate sur
tress sensitivity of 1× 10−4 N/m. The surface stress sensi

ty was calculated for the specific microcantilevers used
ut can be improved with a lower spring constant (lon
hinner and narrower microcantilevers). The maximum
ectable deflection signal of our PSD corresponds to a
ace stress of 50 N/m, providing us with a dynamic rang
× 105. The maximum surface stress value was calcu

or the specific geometry of the experimental setup an
imited by the finite size of the PSD. In fact, as describe
q. (2), the dynamic range can be lowered or amplified

espectively, increasing or reducingL, at the cost of inverse
ffecting the sensitivity of the instrument.

Eq. (3) refers to a relative change in surface stress
ween both sides of the microcantilever. Therefore, for
icrocantilever-based sensor technique to work, one
f the microcantilever must remain inert and non-reac

hroughout the experiment. In such a case, the stu
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phenomenon only occurs on one side of the microcantilever
and changes in surface stress measurements are obtained.
Otherwise, competing reactions from both sides of the mi-
crocantilever may lead to results that are difficult, if not im-
possible, to interpret. Methods for passivating the backside
of microcantilevers often present a difficult challenge and are
the subject of ongoing research[20].

To perform accurate differential microcantilever-based
sensor measurements, both active and reference microcan-
tilever deflection signals should be converted into surface
stress before the signals are subtracted. Indeed many param-
eters affect the magnitude of the deflection signals. Overall,
in the system described herein, since both microcantilever-
based sensors have almost identicalL, it is the difference in
spring constants between the active and reference microcan-
tilevers that mainly affects the difference in magnitude of the
deflection signals. It is therefore imperative to measure the
spring constant of both active and reference microcantilevers
independently, and transform the active and reference micro-
cantilever deflection signals into surface stress to obtain a
proper differential signal.

3. Results and discussion

3.1. The differential mode
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USA) in contact with the back of the cell. For the purpose of
subtracting thermal fluctuations and/or environmental noises
(such as mechanical vibrations) from the active microcan-
tilever (WE) signal, the reference microcantilever is identi-
cally covered with a Ti and Au film to make it equally sen-
sitive to temperature variations through the bimetallic effect.
No electrical contact is made to the reference microcantilever.

3.1.1. Differential surface stress at the solid–liquid
interface

Electrochemical cycling between 0 and 700 mV (versus
Ag/AgCl), in a 0.1 M perchloric acid solution (HClO4),
causes adsorption of ClO4− anions on the gold-coated surface
of the active microcantilever. In turn, the anion adsorption in-
duces a change of surface stress on the active microcantilever
(WE). A compressive surface stress of−1.28± 0.13 N/m
is measured when the WE potential is changed from 0 to
700 mV, in agreement with previously reported value by
Ibach et al.[14]. Within this potential window the Au(1 1 1)
surface stays in an unreconstructed state and the surface stress
measured is entirely due to specific adsorption of ClO4

− ions
[14].

Fig. 4a shows the active microcantilever (WE) signal dur-
ing five cycles of ClO4− anion adsorptions on gold along with

Fig. 4. (a) Active microcantilever (WE) signal during five cycles between 0
and 700 mV, and reference microcantilever signal. Att= 130 s heat is induced
and the reference microcantilever starts to drift. In the active microcantilever
(WE) signal, signs of bending due to the bimetallic effect are also present.
(b) The reference microcantilever signal is subtracted from the active micro-
cantilever signal. The resulting differential signal shows no apparent sign of
temperature variations.
The high sensitivity of the microcantilever-based sur
tress sensors makes them extremely responsive to ph
nd chemical stimuli. For example, during an experimen
ctivemicrocantilever will deflect as a result of the elec
hemical reaction occurring on its surface, but it will a
eflect due to other factors. Theseparasiticmicrocantileve
eflections occur as a result of several effects, such as te
ture changes (bimetallic effect), turbulent flow around
icrocantilever, environmental noise, or uncontrolled ch

cal reactions on the back side (opposite the sensing su
f the microcantilever. It is therefore imperative that s
eflections be removed from the final measurements i
urface stress data are to be analyzed correctly. Areference
icrocantilever can be tailored to only be reactive to th
arasitic stimuli and serve as an effective reference se
subtraction of a reference signal from an active mi

antilever signal will give a measurement of surface s
hat is purely due to the electrochemical reaction in que
21–23].

In order to illustrate the effectiveness of the differen
icrocantilever-based sensor, an experiment was cond

n which both the reference and active microcantilever de
ions were simultaneously monitored. Electrochemical
ling between 0 and 700 mV (versus Ag/AgCl) of the go
oated surface of the active microcantilever, in a 0.1 M
hloric acid solution (HClO4) was performed. While the ele
rochemical reaction is carried out on the active micro
ilever (WE), the electrolyte solution temperature is var
ith the use of a thermoelectric element (TE technol
l

-
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the reference microcantilever signal. Because no potential is
applied to the reference microcantilever, no adsorption and
no potential-induced surface stress takes place. Att= 130 s,
the thermoelectric element starts to heat the electrolyte solu-
tion, as shown by the onset of the reference microcantilever
deflection. While the electrochemical reaction continues on
the active microcantilever (WE) surface, sign of bending due
to the bimetallic effect are also present.Fig. 4b shows the dif-
ferential microcantilever signal, where the reference micro-
cantilever surface stress signal is subtracted from the active
microcantilever (WE) surface stress signal. It is clear from
Fig. 4b that the reference microcantilever acts like an effec-
tive reference sensor, and that temperature fluctuations can
be properly eliminated (on the scale of the active microcan-
tilever signal) from the active microcantilever (WE) signal.

3.2. A polypyrrole microactuator

Our instrument was used to study the actuation proper-
ties of a conducting polymer, polypyrrole (PPy). PPy swells
when electrochemically switched from its oxidized to re-
duced state, thus making it a potential candidate as an artificial
muscle[24]. In order for this material to be used as a conven-
tional microactuator, it is important to characterize its prop-
erties, particularly potential-induced surface stress changes
as a function of the film growth mode, thickness, number
d
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Fig. 5. Cyclic voltammograms of a microcantilever’s bare gold surface in
an aqueous solution of 2 mM K3Fe(CN)6 and 0.2 M KCl electrolyte. The
one electron reduction and oxidation of Fe(CN)6

3−/4− at the gold surface
results in a cathodic peak at 187 mV and an anodic peak at 258 mV. The
peak separation of 71 mV (which is close to the theoretical value of 59 mV),
and equal cathodic and anodic peak current intensities are consistent with a
reversible redox process.

imaging, the AFM was calibrated in the vertical direction
by a grid sample with fixed depth.Fig. 6 shows the AFM
thickness results. Imaging was done in both contact and tap-
ping mode to investigate the effect of tip loading in the height
analysis. No significant step height differences were revealed

F e PPy
fi grey
r e size
is 70�m× 70�m, and height scale is 500 nm. (b) Bearing analysis and (c)
cross section analysis, to measure the height difference between the polymer
and the gold surface.
oping/dedoping cycles, etc.

.2.1. Electrochemical signal
To demonstrate that electrochemical processes occu

n the microcantilever surface can be effectively dete
yclic voltammetry (CV) is performed on the WE gold s
ace with the Fe(CN)63−/4− redox couple. A peak separati
f 71 mV (versus Ag/AgCl) is observed (Fig. 5). This value

s acceptable compared to the theoretical peak separat
9 mV expected for a single electron transfer reaction.
iscrepancy is probably due to the contact resistance. In

ion the intensities of the cathodic and anodic peak are e
hich is indicative of a reversible process.

.2.2. Electrochemical deposition of PPy
The PPy film is electropolymerized from an aqueous

ution containing 0.1 M Py and 0.1 M NaDBS at a cons
otential of +550 mV (versus Ag/AgCl). This value of the

ential is chosen to ensure a more uniform film thickness[25].
he time for which this potential is applied determines

hickness of the PPy film deposited on the microcantile
ndeed, because the deposition rate of the PPy film is
tant (steady-state value of the polymerization current)
Py film thickness depends linearly on time.
For the data presented here, the potential was applie

00 s. To verify the reproducibility of the PPy film thickne
btained on the 1.0 mm2 WE, direct AFM imaging of step
ade to the PPy film, by scratching the surface with a

or blade, was performed. AFM measurements were
n freshly polymerized PPy film (oxidized state). Prio
ig. 6. (a) AFM contact mode image of a step, made by scratching th
lm with a razor blade, to determine its thickness. The light and the dark
egions are the PPy film and the gold substrate, respectively. The imag
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by comparing the two imaging modes. In addition, follow-
ing a simple Hertz model, the possible indentations produced
by the tip are only on the order of the a few nm. The bear-
ing analysis of the NanoscopeIII software (version.4.43r8,
Veecoo instruments, USA) was used to measure the height
difference between the PPy film and the gold substrate. The
bearing analysis gives a statistical distribution of the differ-
ent heights in the image. The width of the height distribution
in the bearing analysis is used to estimate the precision of a
measurement. The average value obtained for a series of PPy
films on microcantilevers gives a consistent PPy film thick-
ness of 304 nm with a standard deviation of 9 nm. This result
shows the consistency of the implemented method for defin-
ing the WE area, with a reproducibility of 3% in the PPy film
thickness. In addition, the interference color of PPy(DBS)
on gold, green, matches the expected reported color for that
thickness[25] which confirms the accuracy of the measured
film thickness. The reproducibility of the PPy film thickness
is mostly affected by the variability of the polymerization
current, and by the error of the AFM measurements. In fact,
the non-uniformity of the PPy film, although minimized, in-
creases the error in the AFM measurements[25].

3.2.3. Electrochemical actuation of PPy
The PPy film is then actuated by cyclic voltammetry in a
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Fig. 7. (a) Surface stress and (b) current vs. time plots measured simultane-
ously during cyclic voltammetric scans of PPy-coated microcantilevers in
0.1 M Na(DBS) solution. The potential is swept at 100 mV/s between−850
and +300 mV. The data presented has been chosen to start at the cathodic
peak, but the experiment is initially started from the rest potential. For each
cycle, the maximum change in deflection is observed at the anodic (at 7,
32 and 54 s) and cathodic (at 0, 23 and 46 s) peaks. Panel (c) shows the
variations in the reflected laser intensity off the microcantilever Si back side
(solid line) and of the Au-coated side (dotted line, measured separately) as
a function of time. These data indicate that the PPy film is present only on
the Au-coated side, since variations in the reflected light intensity are not
observed on the Si side when the polymer is switched from an oxidized to a
reduced state.

4. Conclusion

We have outlined many potential parameters which can
influence the microcantilever sensor response during elec-
trochemical reactions. In order to circumvent these adverse
effects we have presented an instrument capable of measuring
microcantilever deflections while isolating sensitive surface
stress changes induced only by those of specific electrochem-
ical reactions. A method defining the WE area to a 1 mm2

surface was developed. It allowed a quantitative measure of
the current density and for 3% reproducibility in the thickness
of electrochemically deposited PPy films. The effectiveness
of the reference microcantilever sensor was verified by vary-
ing the electrolyte temperature while anion adsorption was
performed on the active microcantilever. The resulting dif-
ferential signal showed no measurable sign of temperature
fluctuations.

We measured a potential-induced change in surface stress,
at the solid (Au(1 1 1))–liquid (HClO4 electrolyte) interface,
of −1.28 N/m when cycled between 0 and 700 mV (ver-
sus Ag/AgCl), in 0.1 M HClO4 electrolyte solution. In ad-
dition, the surface stress induced by electromechanical trans-
formations in a PPy thin film was measured. The ion dop-
ing/dedoping of a dodecyl benzenesulfonate-doped polypyr-
role (PPy(DBS)) film in an aqueous solution of Na(DBS),
generated a compressive surface stress of−2.88 N/m when
s e are
c s to
.1 M Na(DBS) solution while monitoring the active mic
antilever deflection. The electrode potential is initially sw
rom its rest potential to−850 mV, and back to +300 mV a
can rate of 100 mV/s. Within this potential window, the P
lm is cycled between its oxidized and reduced states:

Py+(DBS−)
oxidized

e−+Na+
�

−e−−Na+
PPy0(DBS−Na+)

reduced(swelled)
(4)

he reduced state is characterized by a swelling of the
er matrix causing a bending of the microcantilever be
ig. 7a and b shows the current and surface stress chang
PPy-coated microcantilever during three doping/dedo

ycles. Maximum microcantilever deflections are achie
hen going from the anodic (oxidation) to the cathodic
uction) peak potentials. A maximum surface stress ch
f 2.88± 0.29 N/m is obtained for the studied PPy(DBS) fi

n 0.1 M NaDBS under the specific PPy polymerization c
itions used here. The PSD sum signal (i.e. laser inten

s shown inFig. 7c. The very small intensity variations o
erved (on the order of a few mV) clearly indicate tha
olymer is present on the back side of the microcantile
s we have observed in other experiments, when refle

he laser beam off the PPy side of the microcantilever,
o the change in colors, variations as large as a few
re detected when the polymer is switched from its
ized to reduced state. As demonstrated inFig. 7, surface
tress changes induced by electrochemical reactions c
easured using the microcantilever sensor described i
aper.
witched between its oxidized and reduced states. W
urrently conducting an in-depth study of these system
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understand the mechanism behind the sensor’s response and
the origin of the measured surface stress. The instrument pre-
sented herein can be a useful and promising tool to charac-
terize and optimize, on the micrometer scale, the mechanical
properties of electroactive polymer films[26].
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