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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 transformation:
in thin films can be measured. Our system is composed of two microcantilever sensors. Hogifiesticrocantilever serves as the working
electrode (in a conventional three-probe electrochemical cell configuration) and as the mechanical transducer (bending of the microcantilever),
yielding simultaneous, real-time, in situ measurements of the current and interfacial stress changes. Thefseeocamnicrocantilever
serves as a reference sensor to detect any unwanted cantilever deflection resulting from temperature variations, mechanical vibrations and/o
uncontrolled chemical reactions. A technique for isolating the electrical contact made to the microcantilever from the electrolyte solution is
presented. A method for creating a working electrode with a reproducible area of 2.8 miso described. This micromechanical cantilever
sensor has a deflection sensitivity of 0.2 nm, which translates to a surface stress sensitivify0of N/m with a dynamic range of & 10°. The
differential mode of this system has been characterized by measuring the potential-induced surface stress, at the Au(1 1 1) solid-liquid (HCIO
electrolyte) interface, during anion (CJO) adsorption on gold, while varying the solution temperature. Furthermore, we have measured the
surface stress induced during ion doping/dedoping of dodecyl benzenesulfonate-doped polypyrrole (PPy(DBS)) films in an agueous solution
of Na(DBS).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction actions into a measurable mechanical movement. Moreover,
because of their small size (micrometers), these microcan-
Micromechanical devices, based on commercially avail- tilevers have a short response time (less than milliseconds)
able atomic force microscopy (AFM) microcantilevers, have and a typical sensitivity at the nanogram (2 picoliter
the potential to transduce a variety of chemical and physical (10-1?), femtojoule (10'1%) and attomolar (10'8) level [2].
phenomena into a mechanical movement on the nanometer Microcantilever-based sensors can be usedaticmode
scale[1]. The major appeal of these microcantilever-based where a deflection of the free end of a microcantilever, in-
sensors is their versatility. Through an appropriate organic duced by a change in the surface stress of one of its sides, is
or metallic coating of their surface, they have been shown to measuref3]. The interpretation of the origin of the measured
transduce a variety of processes involving an applied force, surface stress is not trivial based on the microcantilever re-
heat, stress, magnetism, charge, radiation, and chemical response alone. For this reason, it can be advantageous to com-
bine this type of sensor with other measurement techniques.
* Corresponding author. Tel.: +1 51 43 988 281, fax: +1 51 43 988 434. .SUCh an appro_ach ha.s been u;ed by Godin laivho have
E-mail addressytabar@physics.mcgill.ca (V. Tabard-Cossa). mtegrated in situ a mllcroc.ant'llever—l:')ased sensor with an el-
1 present address: Memorial University, St. John's, NF, Canada A1B 3x7. lipsometer and combined it with ex situ STM measurements,
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to correlate surface stress, thickness and phase changes oection (anion adsorption of CIQ) is being performed on
curring during alkanethiol adsorption on gold. Others have the gold-coated side of the active microcantilever. Lastly, in
combined microcantilever-based sensors with electrochemi-Section3.2, the instrument was tested by studying the dop-
cal techniques by using the micromechanical cantilever sen-ing/dedoping of dodecyl benzenesulfonate-doped polypyr-
sor as the working electrode (WE), yielding simultaneous, in role (PPy(DBS)) films in an aqueous solution of Na(DBS),
situ measurements of current (or charge) and surface stresshowing the bending response of the PPy/Au-coated micro-
changes. Combining electrochemistry with microcantilever- cantilever as a function of the applied potential, simultane-
based sensing allows for kinetics measurements to be perously yielding real-time, in situ, electrochemical and surface
formed, and often the ability to study processes occurring stress information.
on the microcantilever in a reversible fashion. To date, un-
derpotential metal depositigh—7], electrocapillary-type ef-
fects[6-10], doping/dedoping of a conducting polymer fim 5 Experimental
[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- 5 experiments were performed in the electrochemical
dictory with other bending beam measurements techniques..q|| described in SectioB.2. The cell was machined from

Indeed, Ibach et al[14] and Haiss et al[{15] have re- 5 chemically inert material, TefiGh The cell is equipped
ported, on well-defined single crystal gold surfaces, a dif- it 5 3 M NaCl Ag/AgCI reference electrode (model RE-6)

ferent surface stress response, at the solid-liquid interface ¢,y BjoAnalytical Systems (USA) and a 2 cm long, 1 mm
from microcantilever-based sensors. In a recent study, it wasgiameter, 99.99% purity, platinum wire from Alpha Aesar

clearly shown that the substrate morphology plays a vital (USA) as a counter electrode, connected to a BioAnalyti-

role in the response of microcantilever chemical send@is cal Systems 50CW potentiostat. Prior to each experiment,
These experiments underline the fact that up to now the roleq call is rinsed three times with high purity de-ionized wa-

played by the morphology of the sensing substrate in mi- o1 (vjillipore Simplicity 185 water system), followed by the
crocantilever surface stress sensors has been “”dervalue%lectrolyte solution. The pyrrole monomer liquid (Aldrich,
Parameters such as adhesion (i.e. adequately transferring théanada) is purified by passage through an alumina-filled col-
surface stress in the sensing film to the substrate), surfacg,n. The resulting liquid is clear and colorless in appear-
morphology (grain size, roughness, crystallographic orienta- ance, indicating that the long pyrrole chains, from sponta-
tion) and cleanliness of the metal film can have both qualita- 64,5 polymerization, are removed. The aqueous solution

tive and quantitative effects on the measured surface stresSeqntaining pyrrole and NaDBS (Aldrich, Canada) is purged

It is therefore essential to characterize and study these ef-,;i, argon gas and protected from ambient light following

fects on the sensor response if the origin of surface stress isig preparation to prevent polymerization of the monomer.
to be understood and if microcantilever-based sensors are t0  The microcantilever sensors used herein are rectangu-
become a useful sensing technology. _ lar silicon cantilevers from MikroMasch (Estonia) type

In this paper we will describe a complete electrochemi- cgcqapithout Altipless, with atypical length, width, thick-
cal microcantilever-based sensor instrument. Although other ness  and spring constant of 356, 35um, 1um, and
groups have used electrochemical microcantilever sensorsg g3 N/m respectively. However thése diménsionzs were in-
none have openly addressed the specific requirements foljependently measured for each microcantilever used to im-
conducting these types of measurements. In Se@Bwe — ,oye on the accuracy of the measured surface stress as de-
will provide a complete description of the integration of a geripeq in Sectior.3. The surface of the silicon microcan-
differential micromechanical cantilever-based sensor with a tjjeyers was coated with 100 nm of gold (99.99%, Plasma

standard three-probe electrochemical system. In particular,\;aterials USA) on a 10 nm titanium (99.99%, Alfa Aesar
in Section2.2.2 we present a fast, easy, and clean approach ga) adhesion layer with a thermal evaporator (model VE9O,
to isolate the active microcantilever electrical contact point Thermionics Laboratories, USA). The evaporation was con-
from the electrolyte solution. Moreover, in Sectidr2.3 we ducted under a pressure below 5.00-6 Torr, at a rate of
implement a method for reproducibly defining a 1.0fam g 14 nmys for Au, and 0.04 nm/s for Ti. Radiative heating of

working electrode area, which allows for a quantitative mea- yhe eyaporation boat increased the microcantilevers temper-
sure of the current density, and therefore knowledge of the 4¢,re to 130t 20°C.

charge consumed per unit area. In Sec@we discuss the

calibration of the surface stress measurements. For the pur-

pose of subtracting any unwanted deflections from the active 2.2. Description of the combined instrument
microcantilever signal, differential surface stress capability

was realized in this system and is described in Se@idn Fig. 1 shows a schematic representation of the differen-
The differential mode was characterized by varying the cell tial microcantilever-based sensor combined with a standard
electrolyte solution temperature while an electrochemical re- three-electrode system composed of an Ag/AgCl reference

2.1. Materials and methods
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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 \autitadly m
microcantilever chip is immersed into the electrolyte solution using a micropositioner. On the Kel-F rod, the microcantilever chip is medeldibglls

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 electrodeof the electrolyte solution. The front of the cell is fitted with
(CE). A gold-coated, rectangular-shaped, tipless, silicon mi- a glass window to accommodate the optical beam deflection
crocantilever is used as the active microcantilever, serving assensing scheme, and to provide direct visual access to the mi-
both the working electrode (WE) and as the sensing platform crocantilevers for control of their immersion depth into the
of the surface stress sensor. A second identical gold-coatecklectrolyte solution and alignment of the laser beams onto
microcantilever is used as a reference sensor. A commercialthe apex of each microcantilever. Another glass window at
potentiostat is used to apply a potential to the active microcan-the back of the cell, when removed, grants access to the back
tilever (WE) and to monitor the currentresponse during cyclic of the microcantilevers for calibration of the deflection mea-
voltammetric experiments. In parallel, an optical beam tech- surements by interferometfg7].

nique is used to monitor the microcantilevers’ deflections.

2.2.2. Electrical contact to the WE

2.2.1. Thecell Electrical contacts to each electrode are made outside the

The cellwas designed to accommodate the constraints im-cell so as to avoid the possibility of electrochemical reac-
posed by the electrochemical and the microcantilever sensottions occurring at the contact points. In particular, due to its
experiments. The electrochemical aspect of the combined in-small size, special care was taken to protect the WE contact
strument requires three electrodes, RE, CE and WE. The WEpoint from the electrolyte solution. The active (WE) and the
is the platform on which the electrochemical reaction takes reference microcantilever chips sit in grooves and are me-
place. This electrochemical reaction can result in organic or chanically held with beryllium/copper clips (contact strips
metal thin film deposition, ion adsorption or produce any type H, Laird Technologies, USA) at the end of a K&-F
types of redox reactions on the WE surface, etc. This reactionrod attached to a micropositioner. The grooves are angled at
is compensated at the CE. Current flows between the WE andl5° with respect to the front glass window of the cell. This
CE. The presence of the RE provides an equilibrium reaction angle is used to separate the reflected spot from the glass and
thatdetermines the reference level in the electrochemical cell.the reflected spot from the microcantilever's apex impinging
No current flows through the RE. The CE area is about 100 the position sensing photodetector (PSD), since the former
times larger then the WE area, to accommodate the compen-can alter the deflection measuremd6igFig. 1a). The active
sating reaction. The electrodes are placed at equal distanc€WE) and reference microcantilevers are verticallyimmersed
(~1cm) from each other, as shown schematicalllgion 1a. into the electrolyte using the micropositioner (model 9064-
This separation distance prevents interference between theZ, NewFocus, USA) so that only the microcantilevers and a
compensating reaction species with the WE electrochemicalsmall portion of their chip are in the solution. Electrical con-
reaction. The cell has a volume of 6 &nin order to accom-  tact is made only to the active microcantilever (WE), on the
modate the size of the RE, and to facilitate calibration of the gold-coated side, at the end of the chip located outside the
optical deflection sensing scheme. The electrodes are inserte@lectrolyte solution, with the beryllium/copper clip, as illus-
at the top of the cell through openings of the same diameter.trated inFig. 1b and Fig. 2This technique offers a clean, easy
This helps to minimize the exposure to air and evaporation and quick way to isolate the electrical contact point from the
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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

1 of the chip is exposed to the wax. The set pins allow for the precise posi-
AS tioning of the Al body on top of the microcantilever chip for a reproducibly
l exposed area. (a) Top view of the assembly shows how the chip is held while

exposing a fixed surface area of 1.0 fat 0.7 mm from the base of the

laser beam microcantilevers. (b) Side view of the assembly.

Fig. 2. Schematic representation of the optical beam deflection technique ContribuFe to an artiﬁ_Cial microcantilever response if _the de_'
used to monitor the microcantilever deflection. The laser reflects off the tected signal is not independent of the laser intensity. This
apex of the Si side of the microcantilever and then hits the PSD. A gold can also be of particular concern when studying conducting
film covers the qther side c_Jf the m|cro<_:ant||ever and the chip, rendgnng the polymer films that change color as a function of the applied
surface conductive. Electrical contact is made to the gold-coated side at the .

. . potential.
opposite end of the chip. .

In many cases, knowledge of the working electrode area
electrolyte solution. It avoids the use of epoxy resin to en- (i.e.the area of the microcantilever and chip immersed in the
capsulate the electrical contact as employed by other groupselectrolyte) is of significant importance as it enables one to
[5-8,11] which may induce some level of contaminations in quantify the current density (amount of charge consumed per
the electrochemical cell. No electrical contact is made to the unit area) during an electrochemical reaction. In particular,

reference microcantilever. to obtain a reproducible thickness of an electrochemically
deposited polymer film, it is important to control the surface
2.2.3. The microcantilever as an electrode area of the WE in contact with the electrolyte. Simply dip-

To perform electrochemical experiments, the surface of a Ping the part of the microcantilever chip in the electrolyte
silicon microcantilever was rendered electrically conductive solution makes it difficult to estimate the actual surface area
by thermally evaporating a 100 nm film of Au on a 10 nm in the solution due to the formation of a meniscus. A tech-
Ti adhesion layer. The resulting film has an average grain hique for delimiting the area of the WE in contact with the
size of 100+ 60 nm with a RMS roughness of 1400.2 nm, electrolyte was therefore implemented. The microcantilever
on a 1pum length scale. X-ray diffraction revealed a strongly chip was placed in an aluminium fixture, holding the chip
(111) textured Au film. The metal films were deposited on securely in place while exposing an area on the microcan-
one side of the active microcantilever, as shown schematicallytilever chip. This setup is shown schematicallyFig. 3 A
in Fig. 2 layer of Apiezon wax W, is then deposited on the exposed

Rectangular silicon microcantilevers were chosen for the area of the microcantilever chip. The masked region gives
WE for two principal reasons. First, the rectangular shape an electrode area of 1.0 éniThe precision on the measure-
makes for a simpler theoretical treatmgh®] when con- ment of the electrode area is hard to estimate and is mostly
verting the microcantilever deflection signal into a surface affected by the uncertainty in the adhesion between the wax
stress value. Secondly, the silicon surface of the microcan-and gold surface, atthe masked region/gold surface boundary.
tilever is reflective enough to allow the position-sensing laser The reproducibility of the electrochemically deposited PPy
light to reflect directly off it (opposite the metal-coated side film thickness found to better than 3% (see Sectiol2
where the potential is applied), as shownFily. 2. Hence, can give an appreciation for its value. The Apiezon wax is
one does not need to reflect the laser ||ght off the go|d- partly dissolved in triChloroethylene (TCE) to facilitate its
coated side of the microcantilever, as is the case for silicon @pplication. The solvent is then left to evaporate, leaving the

nitride microcantilevers used in AFM and in many of the Wax to harden for a few minutes, before using the microcan-
reported microcantilever-based surface stress experimentst_”ever as an electrode. Other solvents such as chloroform and

This allows us to avoid artefacts in the deflection measure- methanol were also tested but the best results were obtained
ment resulting from changes in surface reflectivity that occur With TCE. Heating the wax was found to be inadequate as it
when app|y|ng a potentia| to a g0|d surface. A |arge Change would cool down and harden before being depOSited. Note
in the reflectivity can be expected due to electrochemical re- that we did not encounter any contamination issues with the
actions, such as hydrogen or oxygen adsorp@nand can  presence of the wax in agueous solution.
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2.2.4. The deflection sensing scheme The surface stresa\g) is in turn directly proportional to
The differential microcantilever-based sensor is oper- the microcantilever deflection\z) through[17]:
ated in a static mode, where the microcantilever deflections 4 /
are monitored using an optical beam technique. A fiber- Ac = ——— —krectAz )
coupled laser diode (model # FMXL112-00, Bluesky Re- 3 —v) wr
search, USA), operating at a wavelength of 635 nm, is usedwherev, |, w, t andkectare Poisson’s ratio, the length, width,
asalightsource. Thelaser lightis fed into two singlemode op- thickness and spring constant the microcantilever, respec-
tical fibers by a 50/50 coupler. The light is then focused onto tively. The 4/3 factor takes into account the difference in the
the apex of each microcantilever using commercial focusers cantilever beam curvature resulting from a uniform surface
(custom made by Brimrose, USA) having a working distance stress, as opposed to a concentrated load applied at the tip.
of 25 mm with a measured spot size of 241® (measuredat  The microcantilever geometrical properties are all measur-
the maximum intensitg?). The displacement of the reflected  able parameters. A high resolution SEM was used to accu-
laser beams are monitored by two linear one-dimensional rately determine each dimension to improve on the accuracy
PSD (model 1L10, ON-TRAK Photonics, USA). Each PSD of the surface stress measurements. Poisson’s ratio is taken to
is located 24 mm away from the microcantilevers. The pho- be 0.064[18], because the single crystal Si microcantilever
tocurrents generated at the PSD terminals by the impinging surface is in thd1 0 0} plane and the microcantilever edges
light spot are converted into voltages by home built precision are along thé1 10 direction. The spring constant was ob-
transimpedance amplifiefd]. The output voltageVpos, is tained using Sader’s meth§tl], which simply requires the
directly proportional to the absolute position of the light spot measurements of the microcantilever length, width, and its
on the PSDS=Vpod2. A 16-bit analog-to-digital converter  fundamental resonant frequency and corresponding quality
from National Instruments, card model # PCI-6035E, digi- factor. An FFT network analyzer (model SR770, Stanford
tizes the signal which is finally stored on a computer with a Research, USA) was used to acquire the power spectrum

LabView program. density of the microcantilever deflection signal. The conse-
quences of the microcantilever gold coatirng,E 100 nm)
2.3. Calibration on the mechanical properties of the microcantilever beam
are taken into account by the measurements of the microcan-
For small deflections, the microcantilever deflectiavz) tilever beam thickness and of its spring constant. Its effect on
is linearly proportional to the acquired PSD signal§j: Poisson’s ratio is assumed negligible in this case. By carefully

determining the value of each parameter in E).we can
measure surface stress values with an accuracy of 10%. The
For accurate quantitative surface stress measurements, the ug@ecision with which the spring constakfect, and the thick-

of aninterferometer, to simultaneously measure the cantilevernesst, can be measured are the major contributions of error

AZ = Cca|AS (1)

deflection, is recommended to calibrate this relafiaf). The in surface stress measurements, followed by the uncertainty
relation can alternatively be determined geometrically using in L. The advantages of using E&) over Stoney’s formula
the following approximate equation: is that it is not necessary to know the Young’'s modulysf
the microcantilever structure.
Az = LAS 2) Our device can achieve a deflection sensitivity of 0.2 nm,
2L in a 3Hz bandwidth, by performing time-averaging on the
wherel is the microcantilever effective length ahdhe dis- acquired deflection signal, resulting in an ultimate surface

tance between the microcantilever and the PSD. The micro-stress sensitivity of k 10~4 N/m. The surface stress sensitiv-
cantilever effective length is defined as the length at which ity was calculated for the specific microcantilevers used here
the laser beam hits the microcantilever. For our particular sys- but can be improved with a lower spring constant (longer,
tem geometry, a 6% percentage difference is found betweenthinner and narrower microcantilevers). The maximum de-
the interferometer calibration constant and the geometrical tectable deflection signal of our PSD corresponds to a sur-
calibration constant. A value @ =(6.8+0.3)x 102 is face stress of 50 N/m, providing us with a dynamic range of
found, for the system described herein. The major source of5 x 10°. The maximum surface stress value was calculated
error inCgg comes from the uncertainty in the measurements for the specific geometry of the experimental setup and is
of the distancd.. However, in our experimental setup,s limited by the finite size of the PSD. In fact, as described by
fixed for all measurements, so thatrandom errorsin the exper-Eqg. (2), the dynamic range can be lowered or amplified by,
iments are associated with the determination of the effective respectively, increasing or reducibgat the cost of inversely
length of the microcantilevel, A systematic error is also  affecting the sensitivity of the instrument.

introduced from the fact that the calibration is done in air Eq. (3) refers to a relative change in surface stress be-
whereas experiments are performed in liquids. This slightly tween both sides of the microcantilever. Therefore, for this
modifies the path length of the reflected laser bdarhlow- microcantilever-based sensor technique to work, one side
ever, we found that this effect chandesand thusCy, by a of the microcantilever must remain inert and non-reactive
negligible amount. throughout the experiment. In such a case, the studied
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phenomenon only occurs on one side of the microcantilever USA) in contact with the back of the cell. For the purpose of

and changes in surface stress measurements are obtainedubtracting thermal fluctuations and/or environmental noises

Otherwise, competing reactions from both sides of the mi- (such as mechanical vibrations) from the active microcan-

crocantilever may lead to results that are difficult, if not im- tilever (WE) signal, the reference microcantilever is identi-

possible, to interpret. Methods for passivating the backside cally covered with a Ti and Au film to make it equally sen-

of microcantilevers often present a difficult challenge and are sitive to temperature variations through the bimetallic effect.

the subject of ongoing researf20]. No electrical contactis made to the reference microcantilever.
To perform accurate differential microcantilever-based

sensor measurements, both active and reference microcan3.1.1. Differential surface stress at the solid-liquid

tilever deflection signals should be converted into surface interface

stress before the signals are subtracted. Indeed many param- Electrochemical cycling between 0 and 700 mV (versus

eters affect the magnitude of the deflection signals. Overall, Ag/AgCl), in a 0.1 M perchloric acid solution (HCK,

in the system described herein, since both microcantilever-causes adsorption of C}O anions onthe gold-coated surface

based sensors have almost identlcalt is the difference in  of the active microcantilever. In turn, the anion adsorption in-

spring constants between the active and reference microcanduces a change of surface stress on the active microcantilever

tilevers that mainly affects the difference in magnitude of the (WE). A compressive surface stress -6f..28+ 0.13N/m

deflection signals. It is therefore imperative to measure the js measured when the WE potential is changed from 0 to

spring constant of both active and reference microcantilevers700 mv, in agreement with previously reported value by

independently, and transform the active and reference micro-|pach et al[14]. Within this potential window the Au(11 1)

cantilever deflection signals into surface stress to obtain asurface staysin an unreconstructed state and the surface stress

proper differential signal. measured is entirely due to specific adsorption of l@ns
[14].
Fig. 4a shows the active microcantilever (WE) signal dur-
3. Results and discussion ing five cycles of CIQ™ anion adsorptions on gold along with
3.1. The differential mode T T T T T T T 1
~ 0.0 +@ -— Heat Reference ]|

The high sensitivity of the microcantilever-based surface g T Cantileve
stress sensors makes them extremely responsive to physical ;’-0-4 T / A
and chemical stimuli. For example, during an experiment, an 3 T
activemicrocantilever will deflect as a result of the electro- 008 7
chemical reaction occurring on its surface, but it will also g—’_, 12 1 ]
deflect due to other factors. Thesarasitic microcantilever e 1
deflections occur as aresult of several effects, suchastemper- =, o | |
ature changes (bimetallic effect), turbulent flow around the % 1 ]
microcantilever, environmental noise, or uncontrolled chem- 204
ical reactions on the back side (opposite the sensing surface) 0.2 __(L)) L L L
of the microcantilever. It is therefore imperative that such ool L omv ]
deflections be removed from the final measurements if the ~ _ T ]
surface stress data are to be analyzed correctteférence E 1 .
microcantilever can be tailored to only be reactive to these 2041 ]
parasitic stimuli and serve as an effective reference sensor. jcl 081 ]
A subtraction of a reference signal from an active micro- .g 081 ]
cantilever signal will give a measurement of surface stress g 1.0 y
that is purely due to the electrochemical reaction in question E 124 .
[21-23] 141 g 200 MV ]

In order to illustrate the effectiveness of the differential R
microcantilever-based sensor, an experiment was conducted 50 0 50 100 150 200 250 300 350 400
in which both the reference and active microcantilever deflec- Time (sec)

tions were simultaneously monitored. Electrochemical cy-
cling between 0 and 700 mV (versus Ag/AgClI) of the gold- Fig. 4. (a) Active microcantilever (WE) signal during five cycles between 0
coated surface of the active microcantilever, in a 0.1 M per- and 700 mV, and reference microcantilever signatAt30 s heatis induced
chloric acid solution (HCIQ) was performed. While the elec- and the reference microcantilever starts to drift. In the active microcantilever
. . . . . . (WE) signal, signs of bending due to the bimetallic effect are also present.
t_rOChemlcal reaction is carried OL_jt on the active ’T"Cfo‘?a”' (b) The reference microcantilever signal is subtracted from the active micro-
tilever (WE), the electrolyte solution temperature is varied, cantilever signal. The resulting differential signal shows no apparent sign of
with the use of a thermoelectric element (TE technology, temperature variations.
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the reference microcantilever signal. Because no potential is 0.4 — T 7T
applied to the reference microcantilever, no adsorption and 0_3_' [Fe™(ON) * 1 = [Fe"(cN), | * A
no potential-induced surface stress takes placé=At30 s, ; !
the thermoelectric element starts to heat the electrolyte solu- 0.2 -
tion, as shown by the onset of the reference microcantilever 014 ]
deflection. While the electrochemical reaction continues on ~'E‘ ; ;
the active microcantilever (WE) surface, sign of bending due S °-°'_ ]
to the bimetallic effect are also presérig. 4b shows the dif- E o014 ]
ferential microcantilever signal, where the reference micro- = 1 1
cantilever surface stress signal is subtracted from the active 0.2+ 1
microcantilever (WE) surface stress signal. It is clear from _0‘3_' J
Fig. 4b that the reference microcantilever acts like an effec-

tive reference sensor, and that temperature fluctuations can 04 0 o 00 400 600

be properly eliminated (on the scale of the active microcan-

tilever signal) from the active microcantilever (WE) signal. Potential vs. AG/AGCI (mV)

. Fig. 5. Cyclic voltammograms of a microcantilever’s bare gold surface in
3.2. A polypyrrole microactuator an aqueous solution of 2mMg&e(CN) and 0.2 M KClI electrolyte. The
one electron reduction and oxidation of Fe(gh)4~ at the gold surface

Our instrument was used to Study the actuation proper- results in a c_athodic peak at -187‘ mV and an anodic peak at 258 mV. The

ties of a conducting polymer, polypyrrole (PPy). PPy swells peak separation qf71 mV (wh|ch is close to the thec_)r.etlcal value _of 59 my),

hen electrochemicallv switched from its oxidized to re- and equal cathodic and anodic peak current intensities are consistent with a
whe . y . . - . reversible redox process.
duced state, thus making it a potential candidate as an artificial
musclef24]. In order for this material to be used as a conven- imaging, the AFM was calibrated in the vertical direction
tional microactuator, it is important to characterize its prop- by a grid sample with fixed deptifFig. 6 shows the AFM
erties, particularly potential-induced surface stress changesyickness results. Imaging was done in both contact and tap-
as a function of the film growth mode, thickness, number ing mode to investigate the effect of tip loading in the height
doping/dedoping cycles, etc. analysis. No significant step height differences were revealed

3.2.1. Electrochemical signal

To demonstrate that electrochemical processes occurring i amanibg arelysls

on the microcantilever surface can be effectively detected, =
cyclic voltammetry (CV) is performed on the WE gold sur-

face with the Fe(CN)* /4~ redox couple. A peak separation

of 72 mV (versus Ag/AgClI) is observeFig. 5. This value o
is acceptable compared to the theoretical peak separation of o
59 mV expected for a single electron transfer reaction. The 5
discrepancy is probably due to the contact resistance. In addi-

tion the intensities of the cathodic and anodic peak are equal o4

which is indicative of a reversible process.

nm
3.2.2. Electrochemical deposition of PPy 3 s} eross:mantion
The PPy film is electropolymerized from an aqueous so-  ©
lution containing 0.1 M Py and 0.1 M NaDBS at a constant
potential of +550 mV (versus Ag/AgCl). This value of the po- o

tential is chosen to ensure a more uniform film thickri2s%
The time for which this potential is applied determines the
thickness of the PPy film deposited on the microcantilever.
Indeed, because the deposition rate of the PPy film is con- &1
stant (steady-state value of the polymerization current), the 0 200 400 500
PPy film thickness depends linearly on time. [um]
For the data presented here, the potential was applied for

200 ss. To verify the reproducibility of the PPy film thickness Fig. 6. (a) AFM contact mode image of a step, made by scratching the PPy
obtained on the 1.0 m?‘nNE, direct AEM imaging of steps film_witharazorbladg,to determineits thickness. The Iightand the_dark grey

. . . regions are the PPy film and the gold substrate, respectively. The image size
made to the PPy film, by ScratChmg the surface with a ra- is 70pm x 70pm, and height scale is 500 nm. (b) Bearing analysis and (c)
zor blade, was performed. AFM measurements were don€cross section analysis, to measure the height difference between the polymer

on freshly polymerized PPy film (oxidized state). Prior to and the gold surface.
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by comparing the two imaging modes. In addition, follow- oJa T T T T I T T T T T T ],
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 Nanoscopelll software (version.4.43r8, 5]
Veecoo instruments, USA) was used to measure the height y Tttt
difference between the PPy film and the gold substrate. The = ?7 ]
bearing analysis gives a statistical distribution of the differ- £
ent heights in the image. The width of the height distribution é 2 ]
in the bearing analysis is used to estimate the precisionofa =~ “3 44—+ 4+ 4+ + + 4 | 1
measurement. The average value obtained for a series of PPy~ %87 ]
films on microcantilevers gives a consistent PPy film thick- & o.4- o PR . 4
ness of 304 nm with a standard deviation of 9 nm. This result 3 ’ ’ ]
shows the consistency of the implemented method for defin- 2 : : : :
ing the WE area, with a reproducibility of 3% in the PPy film 0 20 3 4 50 80 70
thickness. In addition, the interference color of PPy(DBS) Time (s)
Of? gold, green, r_natCheS_ the expected reported color for thatFig. 7. (a) Surface stress and (b) current vs. time plots measured simultane-
thicknesg25] which confirms the accuracy of the measured oysy during cyclic voltammetric scans of PPy-coated microcantilevers in
film thickness. The reproducibility of the PPy film thickness 0.1 M Na(DBS) solution. The potential is swept at 100 mV/s betwe850
is mostly affected by the variability of the polymerization and +300mV. The data presented has been chosen to start at the cathodic
current, and by the error of the AFM measurements. In fact, peak, but the experiment is ini_tiaIIy starFed f_rom the rest potential. Fgr each
the non-uniformity of the PPy film, although minimized, in- 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
creases the error in the AFM measurem¢2%. 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
3.2.3. Electrochemical actuation of PPy the Au-coated side, since variations in the reflected light intensity are not

The PPy film is then actuated by cyclic voltammetry in a observed on the Si side when the polymer is switched from an oxidized to a
0.1 M Na(DBS) solution while monitoring the active micro- reduced state.
cantilever deflection. The electrode potentialis initially swept
from its rest potential te-850 mV, and back to +300 mV at a
scan rate of 100 mV/s. Within this potential window, the PPy
film is cycled between its oxidized and reduced states:

14

(wﬁ)’\;v

2

Ac (N/m)
2
A

04 -

a

4. Conclusion

We have outlined many potential parameters which can
o influence the microcantilever sensor response during elec-
PPy"(DBS™) € J”:Na PPY(DBS Na') (4) trochemical reactions. In order to circumvent these adverse
oxidized ~ —€ —Na®  reduced(swelled) effects we have presented an instrument capable of measuring
microcantilever deflections while isolating sensitive surface
The reduced state is characterized by a swelling of the poly- stress changes induced only by those of specific electrochem-
mer matrix causing a bending of the microcantilever beam. jcal reactions. A method defining the WE area to a 12nm
Fig. 7a and b shows the current and surface stress changes fogyrface was developed. It allowed a quantitative measure of
a PPy-coated microcantilever during three doping/dedoping the current density and for 3% reproducibility in the thickness
cycles. Maximum microcantilever deflections are achieved of electrochemically deposited PPy films. The effectiveness
when going from the anodic (oxidation) to the cathodic (re- of the reference microcantilever sensor was verified by vary-
duction) peak potentials. A maximum surface stress changeing the electrolyte temperature while anion adsorption was
0f2.88+ 0.29 N/m s obtained for the studied PPy(DBS) film  performed on the active microcantilever. The resulting dif-
in 0.1 M NaDBS under the specific PPy polymerization con- ferential signal showed no measurable sign of temperature
ditions used here. The PSD sum signal (i.e. laser intensity) fyctuations.
is shown inFig. 7c. The very small intensity variations ob- We measured a potential-induced change in surface stress,
served (on the order of a few mV) clearly indicate that no at the solid (Au(1 1 1))-liquid (HCI@electrolyte) interface,
polymer is present on the back side of the microcantilever. of —1.28 N/m when cycled between 0 and 700mV (ver-
As we have observed in other experiments, when reflecting sys Ag/AgCl), in 0.1 M HCIQ electrolyte solution. In ad-
the laser beam off the PPy side of the microcantilever, due dition, the surface stress induced by electromechanical trans-
to the change in colors, variations as large as a few volts formations in a PPy thin film was measured. The ion dop-
are detected when the p0|ymer is switched from its oxi- |ng/dedop|ng ofadodecy| benzenesu”onate_doped po|ypyr-
dized to reduced state. As demonstratedrig. 7, surface role (PPy(DBS)) film in an aqueous solution of Na(DBS),
stress changes induced by electrochemical reactions can bgenerated a compressive surface stress288 N/m when
measured using the microcantilever sensor described in thissyitched between its oxidized and reduced states. We are
paper. currently conducting an in-depth study of these systems to
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