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Circuit Modeling on Polyaniline Functionalized
Nanowire-Templated Micro-Interdigital

Capacitors for pH Sensing
Vlad Andrei Antohe, Adrian Radu, Stefan Mátéfi-Tempfli, and Luc Piraux

Abstract—This study presents an improved alternative current
(ac) circuit modeling of a highly sensitive capacitive pH-sensing
element based on polyaniline (PANI) functionalized nanowire-
templated micro-interdigited electrodes (NWs μIDEs). While elec-
trical resonance measurements deal with a total equivalent capac-
ity, comparative investigations show a good agreement with the
fitting parameters of the corresponding model. A physical inter-
pretation of the model is discussed to help in understanding the
detection mechanism and a possible methodology to be used for
further integration of the subsequent device is suggested.

Index Terms—Alumina templates, equivalent circuit modeling,
pH sensors, Pt interdigital capacitors, Pt nanowires.

I. INTRODUCTION

IN THE past decade, localized nanowires functionalized with
different types of organic layers have received considerable

attention for potential application in nano-/micro- sized capaci-
tive sensing devices owing to their inherent properties of small
size, high mechanical strength and not in the least, large ac-
tive surfaces that generate higher sensitivities [1]–[3]. Micro-
electrodes directly patterned on Si/SiO2 substrates represent a
frequent choice in the fabrication of biochemical sensors due
to their production simplicity and compatibility with standard
Si low-cost processing on large areas [4], [5]. Sensitive pH de-
tection has been extensively searched lately, due to its potential
application in biological processes or acidic life-environment
real-time monitoring [6]–[10].

In a previous paper [10], we have shown a highly sensitive
pH sensor based on PANI functionalized NWs μIDEs. By in-
creasing its active surface using vertically aligned nanowires,
high detection sensitivities have been obtained.
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The capacitive measurements were based on monitoring the
frequency response of a parallel LC circuit, built by adding an
external inductance on top of the brush-structure. Large shifts
in the resonance frequency have also been obtain by tuning the
thickness of the functional layer, leading to sensitivity improve-
ments of up to two orders of magnitude higher, compared with
conventional pH sensors. The entire setup was based on mea-
suring a relative capacity change between different pH values.
Unfortunately, the detection mechanism is not well understood,
on base of a general equivalent electrical circuit that has been
extensively used until now. As a consequence, further investiga-
tions of ac modeling are always required in such situations [13].
Here, we propose an improved capacitive detection algorithm,
based on a transitory regime signal analysis. The results obtained
are in good agreement with the resonance measurements, lead-
ing to a better interpretation of the corresponding ac electrical
model.

II. FABRICATION AND MEASUREMENTS OF NWS μIDES

A. PANI NWs μIDEs and Resonance Measurements

As previously described [9]–[12], the entire fabrication pro-
cess was a blending between lithographic techniques and elec-
trochemical synthesis within supported nanoporous alumina
(Al2 O3) templates (see Fig. 1). Pt μIDEs were first patterned on
a Si/SiO2 substrate, being further masked by an SiNx layer that
has protected the contacts against the subsequent electrochem-
ical synthesis [Fig. 1(a)]. The nanoporous alumina (∼1.5 μm)
was built on top of the interdigited metallic pads by anodiza-
tion of a thick aluminum layer (∼1 μm) previously sputtered on
the entire surface using a Plassys MP500 magnetron sputtering
equipment. The oxidation of Al in 0.3 M oxalic acid, at 2 ◦C, with
an anodic voltage of 60 V (applied from a Keithley 2400 source)
coupled with an enlargement process of the pores in 0.5 M or-
thophosphoric acid, at ∼30 ◦C, has led to nanopores formation
of ∼90 nm in diameter and ∼150 nm interspaced [14]. Pt was
further electrodeposited inside the nanopores using a commer-
cial Pt electrolyte (Metakem) at ∼50 ◦C, by applying − 0.3 V
(versus an Ag/AgCl reference electrode) from a PAR 263 A Po-
tentiostat. Finally, the alumina and remaining aluminum have
been removed in a 2 M NaOH solution for 10 min. at room
temperature and then the sample was thoroughly rinsed. Thin
layers of polyaniline were polymerized using an electroless pro-
cess (with Pt acting as catalyst) in an oxygen-saturated solution
of aniline (0.4 M) and H2SO4 (0.4 M) at 15 ◦C for immersion
timings of up to 3 h. [Fig. 1(b)]. In a very last step, the PANI has
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Fig. 1. (a) Schematic draw of the SiNx masked Pt micro-interdigited
electrodes (μIDEs), defined by a double step photolithographic patterning.
(b) Schematic view of vertically-aligned nanowires (NWs) grown on top of
μIDEs by an electrochemical synthesis within the nanopores of the Al2 O3
template. (c-e) Scanning electron microscope (SEM) micrographs of Pt NWs
synthesized on top of Pt μIDEs, with increased magnification from (c) to (e).
The protection role of the SiNx masking layer can be noticed in panel (c).
(f) Increased magnification SEM image of Pt NWs μIDEs, covered by a thin
layer (∼30 nm) of polyaniline (PANI). The thin polymer layer protrudes between
the nanowires, taking their shapes and maintaining the high active surface of
the nanostructured sample [9], [10].

been undoped with 1 M NH4OH solution for 30 min. [15]–[17].
Scanning electron microscope (SEM) images of the Pt NWs
μIDEs are shown in Fig. 1(c, d, e) with increased magnification
from (c) to (e) and a PANI sensitized zoomed area in panel (f).

Various electrochemical impedance spectroscopy (EIS) in-
vestigations [18]–[20], as well as previous reports [9], [10]
claimed that the above mentioned samples can be acceptably
modeled with a simple parallel RC group (RP CP in Fig. 2)
with a small series resistive component (RS ) of the pH solu-
tion included. In this way, resonance measurements have been
performed on the configuration depicted in Fig. 2(a), using a
7265 DSP Lock-in Amplifier for frequency sweeping. The entire
electronic setup [especially designed printed circuit boards —
PCBs, for contacting and manipulating the samples—Fig. 2(b),
as well as silicone wells for dropping off ∼10 μl of different pH
buffers of constant conductivity around 11 mS/cm — Fig. 2(d)]
facilitated the capacitive measurements. They were based on
a relative change of a total capacity (CT ) estimated with (1a),
where fr is the resonance frequency of the corresponding LC
resonator and L is the added external inductance of 0.2 H.

The setup in Fig. 2(a) allowed also to estimate an overall
resistive component (RT ) using (1b), where Ve , Vm are the ex-

Fig. 2. (a) The electronic circuit used for resonance measurements on the
PANI Pt NWs μIDEs samples. An LC resonator was built by adding an exter-
nal inductance (L) of ∼200 mH. (b) The printed circuit board (PCB) used for
contacting, manipulating, and switching between μIDEs structures. (c) Magni-
fication of contacting area, using a spring-probes based cage. (d) A silicone well
confining the active area of up to five structures, for dropping pH-test solutions.
(e) SEM magnified active area of the sensor being measured in different pH
environments.

citation (lock-in provided) and measured voltage, respectively,
in the circuit, R is an external limiting current resistance and
Rm is the input internal resistive part of the lock-in device. For
the calculations below RS was neglected, as well as Re (lock-in
output resistance) and Cm (the input internal capacity of the
lock-in). Regarding (1b), based on the aforementioned condi-
tions, RT should result in the same range as PANI intrinsic re-
sistance (RP ). Comparative frequency response measurements
on low active surface (LAS - NWs-free μIDEs) and high active
surface (HAS - NWs-templated μIDEs) detectors, respectively,
are shown in Fig. 3(a, b) for different acidic environments
(pH 2 to pH 7).

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

fr =
1

2π
√

LCT

⇒ CT =
1

4π2f 2
r L

(1a)

RT
∼= RP = Vm

RRm

VeRm − Vm (R + Rm )
(1b).

(1)

Both architectures were functionalized with ∼30 nm PANI.
The resonance frequency shifts were larger in the favor of the
HAS situation - see Fig. 3(b) [9]. Fig. 3(c) shows a full-range
sensitivity comparison that underlines the advantages of us-
ing vertically-aligned nanowires decorated microelectrodes. By
nanostructuring their active surface, the sensitivity has been in-
creased with up to two orders of magnitude in respect to the LAS
sensor.

The data shown in Fig. 3(c, d) and Table I reveal the fact that
not only the overall capacity has been increased, but also the rel-
ative changing between pHs [10]. Unfortunately, as previously
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Fig. 3. (a, b) Comparative frequency responses between low active surface
(LAS) – above and high active surface (HAS) – below, measured in 3 acidic
environments (pH 2 – red circles, pH 5 – green squares and pH 7 – black
triangles). (c) Absolute sensitivity comparison between LAS (green) and HAS
(red) sensors, respectively, on the entire pH range. (c) Relative capacitive change
between different pHs corresponding to LAS (green squares) and HAS (red
circles) structures, respectively [10].

TABLE I
SUMMARY OF THE ABSOLUTE/RELATIVE SENSITIVITY EXPERIMENTAL DATA

(LAS – LOW ACTIVE SURFACE SENSOR, HAS – HIGH ACTIVE SURFACE

SENSOR). THE THICKNESS OF THE PANI FUNCTIONAL LAYER IS ∼30 nm

mentioned, the model depicted in Fig. 2(a) was an approxi-
mation and was mainly focused on the resonance setup. As a
result, the ac electrical circuit had limited success in interpreting
the microscopic sensing mechanism as the resonant frequency
change.

B. Transitory Regime Analysis

To better understand the electrical properties related to the
underlying mechanism of the resonance frequency shifts upon
pH changes, a more consistent and accurate ac circuit model
is mandatory. Additional information could be obtained by an-
alyzing the sample in transitory regime. A fast multipulse se-
quence may pass through the device being extracted at the exit
port. Starting with the same assumption of the equivalent circuit
(RS – RP CP ), a similar measuring setup is depicted in Fig. 4(a).
Fig. 4(b, c) shows simulation diagrams of the voltage/current
signals, respectively, through the entire circuit. A multipulse
generator applies a square wave sequence (black curve), cor-
responding to vi . Blue curve is the voltage (vCIDE ) across the
internal capacitive component of the sample (CP ) as it may be
seen in Fig. 4(a), its real monitoring being of course limited. The
output signal vo [red curve in Fig. 4(b)] was considered after an

external resistance R [see Fig. 4(a)]. The corresponding current
flowing through the circuit (iR ) can be seen in Fig. 4(c).

The simulation diagrams depicted in Fig. 4(b, c) give access
to the computations of model parameters (RS , RP , CP ), using
step-by-step time analysis. By extracting the pairs (V1 , I1), (V2 ,
I2), and time constant (τ ) of the resulted (RC) group, the three
above mentioned parameters can be easily computed, using the
system (2).

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

V1 = Vi
RS

R + RS
; V2 = Vi

RS + RP

R + RS + RP

I1 = Vi
1

R + RS
; I2 = Vi

1
R + RS + RP

τ = CP
RP (R + RS )
R + RS + RP

.

(2)

Following the aforementioned procedure, a square wave sig-
nal with a periodicity of 10 ms was generated with a PAR 263
A Potentiostat and applied to the circuit. The current flowing
through the circuit (iR ) was automatically extracted (with the
same device) and computed with a specially designed software
algorithm [see Fig. 5(a)]. A closer look (see the emphasized
area) reveals that in quite short time (∼500 μs) iR vanishes
to zero, making impossible the calculations using (2) for fit-
ting the parameters of the model depicted in Fig. 4(a). This
phenomenon may only be explained if a series capacitive com-
ponent is present in the ac model. That fits quite well with
the observations because after the transient period, the “series”
capacitor being charged practically blocks any dc current (iR )
flowing.

The improved equivalent electrical model is displayed in the
inset of Fig. 5(a). This explanation becomes obvious if once the
corresponding circuit is interpreted as in Fig. 5(b). By covering
the entire surface with a uniform and consistent layer of PANI,
its intrinsic components (RP , CP ) are changing as a function of
pH. Moreover, they can be increased by modifying the thickness
of the PANI layer itself, as previously reported [10]. Going
further and immersing the sample in a well conductive pH buffer
environment, double layer capacitive components [21], [22] are
being formed at the PANI/electrolyte interface, components that
are strongly affected by the proton concentration of the pH
buffer values [23], [24]. The active changes in these components
give higher sensitivities in acidic environments compared with
alkaline ones, as can be noticed in Fig. 3(c, d) [10]. Similar
results were also reported elsewhere [25]–[27]. The pH buffers
are well conductive, resulting in a small resistive component
(RS ) that remains unchanged as a function of pH, as the different
buffers conductivity has been previously adjusted to the same
value (∼11 mS/cm) by using KCl.

Rigorously, parasite components of the Si/SiO2 substrate
(CW , RW ) are also present, but are small enough (in respect
with the above active components – RS , CS , RP , CP ), so that
they could be neglected, as was previously reported [9].
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Fig. 4. (a) The electronic circuit used for transitory analysis using a multipulse signal. The pulses were being generated and measured with a PAR 263 A
Potentiostat/Galvanostat. (b) Simulated voltage signal diagrams on the corresponding circuit (black – the square wave signal that is applied to the sample – vi ,
blue – the sample’s internal voltage drop – vCIDE , and red – the measured signal – vo . (c) The corresponding current – iR flowing through the entire electrical
circuit (the emphasized area represents a current semiperiod that is extracted and processed with the potentiostat).

Fig. 5. (a) The first 2 ms from the semiperiod (∼ 5 ms) of the passing cur-
rent (iR ) through an NWs μIDEs sample, covered by ∼30 nm of PANI. IR
vanishes in ∼500 μs (see the emphasized area). The inset corresponds to the
improved electrical ac equivalent circuit, built on base of the transient analysis.
(b) Transversal schematic sketch through a PANI NWS μIDEs device, showing
an interpretation of the equivalent model. CP and RP are the intrinsic compo-
nents of the PANI layer, CS is a double–layer capacity formed at the PANI /
solution interface, RS is the pH buffer solution resistive component (the buffer
shows complex impedance but with a negligible small signal imaginary part for
<104 Hz), and (CW , RW ) are the parasite components through the substrate.

C. Further Discussions

As described already in Section A, the resonance measure-
ments allowed an easy access in estimating the overall electrical
components (CT , RT ) of the sensor. It would be interesting to re-
veal their internal changing mechanism. Based on the improved
electrical equivalent circuit [inset of Fig. 5(a)], a complex func-
tion can be constructed for fitting the resonance experimental
data, facilitating the access to RS , CS , RP , and CP , respectively.

Therefore, a complex fitting function was built on the base
of the complete electronic model, depicted in Fig. 6. The in-
ternal lock-in resistive input/output components (Re , Rm ) as
well as the parasite resistive component of the inductance
L (RL

∼= 700 Ω) have been taken into account. Moreover, the
amplitude of the excitation voltage (Ve ) was fixed to 0,5 V to
recreate the conditions used for the resonance measurements.

Fig. 6. The complete electronic model used for the complex fitting function
that refines the parameters involved in the electrical resonance of the circuit.
The internal components of the Lock-in have been considered (Re = 50 Ω and
Rm = 10 kΩ) as well as the loss resistance of the inductance (RL

∼= 700 Ω).

The fitting algorithm followed (3), where vm is the lock-in
measured voltage at the exit port, ve is the input signal and
Z is the total impedance of the system.

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

vm = ve
Z

Z + Re + R
= Re {vm} + i · Im {vm}

Z =
ZLZC Rm

ZLZC + ZLRm + ZC Rm
.

(3)

ZL and ZC are the local impedances of the inductance and of the
total capacitive equivalent model (see Fig. 6), respectively, and
are given by (4), where XL = i · ωL is the inductive reactance
of L and XS = −i/ωCS , XP = −i/ωCP are the capacitive
reactance of CS and CP , respectively (ω = 2πf).

⎧
⎪⎨

⎪⎩

ZL = RL + XL

ZC = RS + XS +
RP XP

RP + XP
.

(4)
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Fig. 7. Electrical resonance plots for real (upper curves) and imaginary (lower
curves) parts of the output signal (vm ), measured for pH 2 (a) and pH 7 (b) on a
PANI Pt NWS μIDEs device (∼30 nm PANI). Fitting results of both real (in red)
and imaginary (in green) parts of vm are shown. A good agreement between the
resonance measurement results and the fitting computations can be noticed.

For higher accuracy, the entire measured signal (vm ) has been
split in its real and imaginary complex components (Re{vm}
and Im{vm}, respectively [see (3)], so that the fitting algorithm
performs a dual computation of the corresponding coefficients
(the model parameters: RS , CS , RP , CP ).

Fig. 7(a, b) recalls two resonance plots, corresponding to
pH 2 – Fig. 7(a) and pH 7 – Fig. 7(b), respectively. The upper
curves are related with real part of the output signals, while
the lower ones are linked with their imaginary part. Both mea-
surements are performed on the same Pt NWs μIDEs structure
sensitized by ∼30 nm of PANI. The red and green curves corre-
spond to the fitting results of the real and imaginary parts. The
fitting range was limited around the resonance peak for avoid-
ing other low and/or high frequency-related phenomena to be
considered. The plots in Fig. 7 reveal a very good agreement be-
tween theoretical and experimental results, being a confirmation
of the correctness of the improved equivalent ac circuit [inset of
Fig. 5(a)]. Due to a strong hysteresis of the PANI pH response
toward alkaline pHs demonstrated elsewhere [25], only acidic
range has been validated. On the other hand, in biomedical appli-
cations, the acidic range monitoring is highly required. Fig. 8(a,
b) shows the entire acidic pH range dependence of each model
parameter, including the resonance results (see also Table II).

Concerning the capacitive behavior, the total capacity CT ex-
tracted from the simple LC resonance, rigorously follows the
exponential dependence [21], [26] of the model components

TABLE II
COMPARISON BETWEEN EXPERIMENTAL AND THEORETICAL RESULTS

CONCERNING THE EXTRACTION OF THE AC MODEL COEFFICIENTS

FOR THE ACIDIC pH RANGE

Fig. 8. Independent capacitive (a) and resistive (b) components versus pH. The
good agreement between capacitive model components and their corresponding
resonance results can be noticed, together with their exponential behavior (a).
RS can be easily linked with a small and constant pH buffer resistive component,
while RP is changing as a function of pH (b). The higher pH sensitivity and
stability achieved by the capacitive detection approach can be noticed as well.

(intrinsic polyaniline part CP and double layer component CS )
as can be noticed in Fig. 8(a). As regarding the resistive de-
pendence [Fig. 8(b)], the relatively small RS is almost constant
on the entire range, proving the assumption of representing the
resistive part of the pH solution (in which dc-conductivity was
rigorously tuned of being the same among the different pH
buffers [9], [10]). Nevertheless, it shows a small drift toward
neutral values. This behavior could be explained by a small
frequency dependence of RS , as the resonance frequency peak
depends on the pH. Regarding the intrinsic PANI resistive com-
ponent (RP ), the pH dependence shows smaller values toward
pH 2 because of the changes in its oxidation states [10], [21].
However, the relatively high value and the high variation of the
total resistive component RT estimated roughly by (1b) from
the resonance measurement is not properly explainable. All of
these, point out that the simplistic equation (1b) is not really
holding while the complex fitting with the system (3) gives the
correct intrinsic RP , RS and also CP , CS values.

III. CONCLUSION

As a general conclusion polyaniline sensitized vertically-
aligned nanowire-decorated micro-electrodes have been devel-
oped on top of Si/SiO2 bulk wafers, by combining lithographic
techniques with electro-chemical synthesis within alumina tem-
plates. The complete brush structure serves as a pH-sensing
element with higher detection efficiency. The nanostructured
design acts as an interdigital capacitor with very high surface,
leading to large overall electrical capacity increases. By intro-
ducing the device in an LC resonator, large shifts in its res-
onant frequency have been noticed while applying different
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pHs. Going further, a transient regime analysis on the device
has been performed using a 100 Hz square-wave sequence.
The results have proved the existence of a double-layer ca-
pacity, which generally is well-known to be formed at any
electrode-electrolyte interface. As a consequence, an improved
ac equivalent circuit model for the capacitive nanowire-
templated pH sensor was presented. In addition, the intrinsic
sensing mechanism has been investigated in terms of the self -
resonant frequency of the sample introduced in the LC resonator.
The subsequent ac model was further confirmed by the complex
fitting calculations that have led access to each model param-
eters. The capacitive components were in excellent agreement
with the resonance results meaning that the capacitive detection
is the most advantageous approach, for further integration within
Si processing. The proposed pH sensor has several advantages:
1) it employs a simple and efficient detection mechanism, 2) it is
low-cost, and 3) it allows an easy functionalization. Moreover,
its unique brush-architecture, leads to higher sensitivities com-
pared with conventional sensors. It is worth pointing out that
the novel frequency based pH sensor has potential in wireless
remote sensing applications, for real time in situ monitoring.
The described architecture may be also used for detection of
specific biomolecular bindings (like antigen–antibody reactions
or DNA hybridization), by adequately choosing the functional
layer.
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The authors thank Augustin Duţu and Sorin Melinte for pro-
viding the μIDEs patterned Si/SiO2 substrates. They also thank
Sami Yunus, Anne Attout, and Patrick Bertrand for PCBs design
and PANI synthesis.

REFERENCES

[1] U. Yogeswaran and S.-M. Chen, “A review on the electrochemical sensors
and biosensors composed of nanowires as sensing material,” Sensors,
vol. 8, no. 1, pp. 290–313, Jan. 2008.

[2] J. Wang, “Biomolecule-functionalized nanowires: From nanosensors to
nanocarriers,” Chem.Phys.Chem., vol. 10, no. 11, pp. 1748–1755, Jul.
2009.

[3] Y. Lu, M. Yang, F. Qu, G. Shen, and R. Yu, “Enzyme-functionalized gold
nanowires for the fabrication of biosensors,” Bioelectrochemistry, vol. 71,
no. 2, pp. 211–216, Nov. 2007.

[4] P. Van Gerwen, W. Laureyn, W. Laureys, G. Huyberechts, M. O. De Beeck,
K. Baert, J. Suls, W. Sansen, P. Jacobs, L. Hermans, and R. Mertens,
“Nanoscaled interdigitated electrode arrays for biochemical sensors,”
Sensors Actuators B: Chem., vol. 49, no. 1/2, pp. 73–80, Jun. 1998.

[5] K. Toda, Y. Komatsu, S. Oguni, S. Hashiguchi, and I. Sanemasa, “A
planar gas sensor combined with interdigitated array electrodes,” Anal.
Sci., vol. 15, no. 1, pp. 87–89, Jan. 1999.

[6] X. Zeng-Hong, G. Liang-Qia, Z. Xiang-Hua, Z. Mao-Sheng, and C. Guo-
Nan, “Research of pH-sensitive functional material,” Analytical Sciences,
vol. 17, no. Suppl., pp. a151–a153, 2001.

[7] M. Yuqing, C. Jianrong, and F. Keming, “New technology for the detection
of pH,” J. Biochem. Biophys. Methods, vol. 63, pp. 1–9, Feb. 2005.

[8] S. Bhattarai, K. H. Aschenbach, and R. D. Gomez, “Carbon nanotube
based aqueous ion and pH sensor,” Maryland Eng. Res. Internship Teams:
Biosyst. Internships Engineers (Merit Bien), Technical Report, pp. 1–5,
2009.

[9] V. A. Antohe, A. Radu, S. Yunus, A. Attout, P. Bertrand, M. Mátéfi-
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Stefan Mátéfi-Tempfli received the M.Sc. degree, in 1985, at the Institute of
Technology Cluj and, in 1996, at the University of Oradea, Romania. He re-
ceived the Ph.D. degree from the University of Pitesti, in 2001.

He is a Senior Research Associate at the Institute of Condensed Matter and
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