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Communications to the Editor

Electrical Detection of Self-Assembled measurementsnot much is known about the internal electro-
Polyelectrolyte Multilayers by a Thin Film Resistor static properties like ion distribution and mobility. Using a pH-
sensitive fluorescent dye, the distribution of protons within the
Petra A. Neff, Ali Naji, * Christof Ecker,§ Bert Nickel,” PEMSs has been determingdssuming Debye screening and a
Regine v. Klitzing,® and Andreas R. Bausch* constant mobility for all ions within the PEMs, the potential

drop within polyelectrolyte films composed of poly(allylamine

Lehrstuhl fu Biophysik-E22, Technische Urrsitat hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate)

Minchen, Germany; Physik Department-T37, Technische

Universita Minchen, Germany; Institut fPhysikalische (PSS) has been calculated. From these measurements an
Chemie, Christian-Albrechts-Usgrsita Kiel, Germany; and independent determination of the ionic strength and the dielectric
Department fu Physik, Ludwig-Maximilians-Unersita constant was not possible. Recent X-ray fluorescence measure-
Minchen, Germany ments have been promising in estimating the ion density profile
inside the PEMs, giving the total amount of free and condensed
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Introduction. Despite the broad potential applications of
polyelectrolyte multilayers (PEMs), a detailed understanding of
the buildup process and the resulting basic physical properties

is still elusive. While the multilayer thickness, the water content, methods such as ac voltammetnother approach is the use
the mechanical properties, and the swelling behavior of different .~ - . : pproach I<
of field effect devices which allows the determination of the

PEMSs systems have been extensively studied, their electrostatic of tential at th nsor/electrolvte interf Obviousl
properties are still not fully determined. PEMs are prepared by surtace potential at the sensor/electrolyte intertace. ously,

the layer-by-layer deposition of polyanions and polycations from ﬂ:e sulrfa((:je pot(ejntllel variations _measft;refl b_y S.E'Chtﬁ de\(/jl_ce an;:
aqueous solutions? During the adsorption process polyanion/ strongly dependent on screening €efiects inside the adjacen

. . : hase. The deposition of PAH/PSS as well as pelygine)/
polycation complexes are formed with the previously adsorbed P . A
polyelectrolyte laye?, leading to a charge reversalThe DNA multilayers and even DNA hybridization have been

exchange of counterions by the oppositely charged polyelec-deteCtGd by such deV'Cégr'.ls However, a physical model is
trolyte could be the reason for the counterion concentration needed to relate the quantitative response of the sensors to the
inside the PEMs to be below the detection lifithus, it seems  dielectric properties and ion mobility inside the PEMs.
that most of the charges within the PEMs are compensated Here we show that a silicon-on-insulator (SOI) based thin
intrinsically by the opposite polymer charges and not by the film resistor is suited to monitor in real time the buildup of
presence of small counterions. Related to the intrinsic charge polyelectrolyte multilayers consisting of the strong polyelec-
compensation may be the strong interdigitation between adjacentrolyte PSS and the weak polyelectrolyte PAH. The sheet
layers found by neutron reflectomefy While the potential of resistance of the field effect device is sensitive to variations of
the outer PEMs surface is well investigated by electrokinetic the potentiakys at the silicon oxide surface. The deposition of
the differently charged polyelectrolytes results in defined
*To whom correspondence should be addressed: e-mail abausch@potential shifts, which decrease with the number of layers
ph.tum.de. deposited. Applying a capacitor model, the observed decrease
1 Lehrstuhl fur Biophysik-E22, Technische Universitiiinchen. can be quantitatively explained by assuming reduced electro-
Physik Department-T37, Technische Univeisiainchen. . . . S
static screening by mobile charges inside the PEMs compared

§ Christian-Albrechts-UniversiteKiel. . '
U Ludwig-Maximilians-Universita Miinchen. to the bulk medium outside.

ions?

Direct measurements of the potential drop inside the PEMs
will be best suited for determining electrostatic properties such
as the Debye length or the dielectric constant of the PEMs. The
capacitance of the PEMs can be measured by electrochemical
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l Figure 2. Deposition of four PEMs from 50 mM NacCl is shown in

_T_UBG detail. The sheet resistance was monitored continuously during the
buildup process. For each deposition step the polyelectrolyte solution

) . was injected twice. When a stable signal was obtained, the sensor was
Figure 1. Sketch of the setup and the measurement geometry. Silicon rinsed twice with buffer. The resistance chani between adjacent
is shown in light gray and silicon oxide in dark gray. From top to  deposition steps of PAH and PSS is indicated for two and four adsorbed
bottom: native oxide (+2 nm), conducting top silicon (30 nm), buried  |ayers. The potential change between adjacent deposition Atgps
oxide (200 nm), bulk silicon (67am). A voltage is applied between  was calculated fromAR using the calibration data. The inset displays
the source and the drain contacts, and the resulting cutggnis the subsequent adsorption of 10 layers.
measured vyielding the sheet resistance of the device. The carrier

concentration in the top silicon layer is tuned by the backgate voltage il d . | . he thick i
Usc. The potential of the electrolyte solution is controlled by a Ag/ Multilayer deposition. In separate experiments the thickness o

AgCl reference electrode. A microfluidic device allows the rapid the deposited polyelectrolyte films was determined by an
exchange of electrolyte solution. ellipsometer (Optrel, Multiscope, Berlin, Germany) in electrolyte
solution. Care was taken to perform the preparation of multi-
Experimental Section.All chemicals including PSS (MW  layers as close as possible to the conditions employed for the
70 000) and PAH (MW 60 000) were purchased from Sigma- deposition on the thin film resistors. The ellipsometry was
Aldrich. Buffers were prepared using ultrapure water (Millipore, carried out in the same buffer solutions used for the sample
France) with a resistivity- 18 MQ-cm. 5 mg/mL polyelectrolyte preparation.
solutions were prepared by direct dissolution in 10 mM Tris  Results and DiscussionDuring the layer-by-layer deposition
buffer at pH 7.5 containing 50 and 500 mM NaCl. of the polycation PAH and the polyanion PSS by alternating
The sensor chips were fabricated from commercially available buffer exchange, the sheet resistance of the SOl sensor was
silicon-on-insulator (SOI) wafers (ELTRAN, Canon) using continuously observed. The deposition of the alternately charged
standard lithographic methods and wet chemical etching aspolyelectrolytes results in defined responses of the sensor (Figure
described in detail elsewhet&The top silicon layer of these  2). The adsorption of PAH decreases the sheet resistance
wafers was 30 nm thick and slightly doped with boron corresponding to an increased (the potential directly at the
(10 cm3). Metal contacts were deposited in an electron beam SiOJ/PEMs interface) as positive charges bind to the surface.
evaporation chamber (20 nm Ti, 300 nm Au). After evaporation, The subsequent adsorption of the negatively charged PSS
the sensor chips were cleaned using acetone and 2-propanolincreases the resistance and thus decreaséss the SOI sensor
The chips were glued into a chip carrier, and the contacts were exhibits also a pH sensitivitiy, the large potential shift between
Au wire bonded to the carrier. Afterward, the chips were the PAH deposition and the subsequent washing step can be
encapsulated with a silicone rubber to insulate the contacts fromattributed to the pH of the PAH solution which is decreased to
the electrolyte solution. The sheet resistance of the device is6.4 by dissolution of the weak polyelectrolyte in the buffer of
dependent on the potentigk of the SIQ/PEMs interface and  pH 7.5. The deposition of up to 20 monolayers was observable
was measured as described elsewhefkhe potentiakys was by the field effect device. The potential change between adjacent
then calculated from the sheet resistance by a calibration curvedeposition stepAwys was determined from the measured sheet
of the specific SOI wafer. A flow chamber was mounted on resistance using the calibration data and is plotted against the
top of the sensor, and a Ag/AgCl reference electrode was usednumber of adsorbed monolayers, as shown in Figure 3. It can
to control the potential of the electrolyte solution and for clearly be seen that the potential jumfppgs decrease with the
calibration. The setup and the measurement geometry are showmumber of layers deposited. This is in contrast to electrokinetic
schematically in Figure 1. First, the sensor was equilibrated in studies, where the surface potential at the outer PEMs/electrolyte
the buffer solution. Next, a calibration measurement was interface is measured and the steps remain constant over a large
performed as shown elsewhéfePAH and PSS solutions were  number of deposited layefsThe observed decrease Afys
injected twice into the flow chamber to ensure full coverage of can be explained by adapting a capacitor mé#&The sensor
the sensor surface, starting with the positively charged PAH. device with the adsorbed PEMs is modeled assuming three
After obtaining a stable sensor signal, the chamber was rinsedseparate domains: (i) the sensor device, which is modeled as a
twice with buffer of the same salt concentration as the one-dimensional silicon/silicon oxide structure characterized by
polyelectrolyte solutions. As soon as a stable signal was its capacitance per are@s; (ii) the PEMs consisting olN
obtained, the next polyelectrolyte solution was injected and the monolayers each of thicknesk (iii) the electrolyte solution
procedure was repeated up to 20 times. The sheet resistance dbutside the PEMs, where a diffuse electrical double layer is
the thin film resistor was monitored continuously during the formed at the PEMs/electrolyte interface (Figure 4). To proc&B({/
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T T T T T One can thus identify characteristic Debye capacitances per area
14} 1 of Cp = eeox andCp = eweorp for the two media, respectively.
The two models a and b considered for the limiting cases
described above yield similar results for the behavionygf

On the linear DebyeHickel level even identical results are
obtained, indicating that the precise charge distribution within
the PEMSs is not a critical factor in our model (see Supporting
Information). To compare our measurements with the model
predictions, we calculatAys = ws(N — 1) — ys(N) which

can be simplified fowd < 1 and even numbers of layens,
yielding

. \ . . . Ayg(N) =
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Figure 3. Potential chang@As calculated from the measured change
in sheet resistance is plotted as a function of the number of adsorbed . .
monolayersN for PEMs deposited from 500 mM NaCl. Error bars are  IN €d 1 the number of layersl, appears only in the hyperbolic
determined from the peak to peak noise of the measurement. Applying functions. A value for the screening length! inside the PEMs
the capacitor model the solid curve was obtained from the fit by eq 1. can be obtained from the measured potential changgN) if

0 (i) (i) the thicknesd of the polyelectrolyte layers at a given ionic
il strength is known. Therefore, the monolayer thickneésgas

2 ot independently measured by ellipsometry. We found an average

thickness ofd = 1.3+ 0.1 nm for deposition from 50 mM and
P H > d= 2.2+ 0.1 nm for deposition from 500 mM bulk electrolyte

IEI I;l |;| |;| Il solution, respectively. Selected ellipsometry data have been
cross-checked by X-ray synchrotron reflectivity experiméits,

a)

electrolyte

charge distribution

G'I i
confirming the obtained PEMs thicknesses. As can be seen in
i Figure 3, the measurethys can be fitted fokd by eq 1, yielding

+G k1= 6.54 1.0 nm for 500 mM bulk solution. A similar fit

=

results ink~! = 6.3 4 1.0 nm for the buildup of the PEMs at
50 mM bulk solution. Equation 1 also provides an estimate for
the surface charge density of the adsorbed polyelectrolyte
,‘_.«;U layers, assuming thatCs is much smaller thanCp
(1 + C¢Cp =~ 1). This leads toc = 0.020 C/nmd for the
% adsorption from 50 mM and = 0.022 C/n? from 500 mM
Figure 4. The system is modeled using three separate domains: (i) bulk solution.

the Si/SiQ structure, (ii) the PEMs, and (iii) the electrolyte solution. The relative dielectric constant of the PEMs can be

The distribution of the immobile charges (the polyelectrolyte charges . N
and the silicon oxide surface charge) is shown for two limiting calculated frome, given the definitionc? = 2Na€c/(eekT),

cases: (a) separate layers inside the PEMs with a volume charge densit;YVhereNA is Avogadrq’s numt?ele is the elementary charge,
o and (b) overlapping layers inside the PEMs with neutralized charges, Is the ion concentration, aridis the Boltzmann constant. For

except for the charges at the sensor surface and the PEMs/electrolytehijs, one has to determine the concentratioof mobile ions

interface with the surface charge densityde(/2). Volume chargep inside the PEMs, which is set by the thermodynamic equilibrium
are displayed in gray whereas surface chargase displayed in black. ’

For case b the dotted line schematically shows the potential within the P€tween the ions in the bulk solution (of concentratignand
system. The potentia)s at the sensor surface is indicated. those in the PEMs (see Supporting Information for details). It
turns out that the dominant factor governing the ion partitioning

we need to model the charge distribution within the PEMs. In in the PEMs/bulk electrolyte system is the Born energy change
general, the layers have a complex charge distribution due to, 5
for example, interdigitation between polymers from adjacent __e€J1_1
I . ! Au 2)

yers. This overlapping of layers can even be of the same order 8rnegale ¢,
as the layer thicknedssuggesting charge neutralization within
the PEMs> Therefore, we consider two limiting cases (Figure which arises because of the difference in self-energy of the ions
4): (a) separate layers inside the PEMs with uniform volume (of radiusa) in the PEMs and in the bulk leading to the well-
charge density op = +o/d, wherec may be regarded as the  known ion-partitioning lanc = ¢y exp(—Au/kT).22-2°Combining
surface charge density of each lag&and (b) overlapping layers  the preceding relations and the definition mf the relative
such that polyelectrolyte charges are completely neutralized dielectric constant of the PEMs and the concentration of
within the PEMs, and thus the only uncompensated chargesmobile ions can be calculated numerically from the values
occur at the sensor surface and the PEMs/electrolyte interfaceobtained forx. We find e = 30 + 2 ande = 21 + 1 for the
with the surface charge density #//2. Electrostatic screening  multilayers adsorbed from 50 mM NaCl and 500 mM NacCl,
by mobile charges is accounted for using the linear Debye respectively. The corresponding concentration of mobile ions
Hickel (DH) theory both within the PEMs medium (which is inside the PEMs is estimated to be of the order8.9.3 and
characterized by the screening length! and the dielectric 0.6 + 0.2 mM, respectively.
constant) as well as in the diffuse electrical double layer of A slightly higher value ofe = 50 £ 10 for the relative
the electrolyte solution (which is characterized by the bulk dielectric constant of PAH/PSS films has been estimated by
screening lengtlo! and the dielectric constant for watey). comparing pyrene fluorescence data of the films with tha&BfV

potential and
charge distribution
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various isotropic solvents of low molecular weighDurstock
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Supporting Information Available: Details of the capacitor

and Rubné® found dielectric constants by a factor 20 higher models and the thermodynamic equilibrium between the ions in
for PAH/PSS mu|ti|ayers in water vapor. The |arge deviation the bulk '_50|uti0n and the PEMs. This material is available free of
from the values of the present paper is not fully understood. A charge via the Internet at http://pubs.acs.org.

possible explanation could be differences in swelling behavior
in water vapor and liquid water as shown by neutron reflecto-
metry 23

The different values fo¢ obtained for PEMs deposited from
different salt concentrations can be interpreted in terms of a
different water content of the polyelectrolyte films. A water
content of about 40% was estimated by neutron reflectometry
for PAH/PSS films deposited from different salt concentra-
tions/ 2426 suggesting that the ionic strength of the solution
does not change the water content of the PEMs. Assuming an
equal water content for both salt concentrations, the observed
variation of the dielectric constant could be ascribed to a
different fraction of immobilized to free water within the
polymer layers as oriented water molecules show a lower
dielectric constant. Decreased water mobility inside PEMs has
already been determined by NMR studié<omparing mea-
surements at different conditions will be necessary to further
determine the origin of the dielectric constants of PEMs.

Note that the DH approximation used in the present theoretical
model is valid for relatively small electrostatic potentials. At
room temperature, for symmetrical monovalent electrolytes this
yields an upper limit of 50 mV, which is typically larger than
the potentials measured in our experiments. In general, a full
nonlinear PoissonBoltzmann analysis would be necessary,
which, however, is not analytically solvable for the present
system. The main advantage of the DH approach lies in
obtaining a simple analytical expression for the sensor device
functionalized by PEMs enabling a direct comparison with the
experimental data.

Conclusion. We were able to show that the recently
introduced field effect device based on SOl is well suited for
the quantitative determination of charge variations at complex
interfaces. We apply a capacitor model including electrostatic
screening by mobile charges within the PEMs to determine their
dielectric constant as well as the concentration of mobile ions
inside the polymer film. The origin of the dielectric constants
found for PEMs deposited from different salt concentrations
will need to be addressed further. The presented theoretical
description, which is given here for the PEMs, may prove useful
also for the quantitative analysis of differently functionalized
field effect devices.
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