
ABSTRACT

Microinstruments with integrated sensors and electron-
ics are well adapted for remote environmental monitoring
applications. Optimization of these microinstruments, how-
ever, has been difficult due to a previous lack of mixed-
domain simulation environments. This work presents a com-
plete electrode model for step-functional voltammetry with
an insoluble species. The model includes the electrochemi-
cal response, sensor parasitics, sensor noise, and electrical
instrumentation, and can be simulated in a standard elec-
tronic CAD environment. The simulation results are verified
against experimental data taken using microfabricated sen-
sors. Finally, the design environment is used to analyze sys-
tem-wide design trade-offs.

Keywords: mixed-domain simulation, voltammetry, micro-
system design, toxic metals

1   INTRODUCTION

An important application of electrochemical microsen-
sors is the analysis of trace levels of toxic metals [1]. Elec-
trochemical analyses using anodic stripping voltammetry
(ASV) can provide detection limits down to 10 picomolar
for some heavy metals [2]. For remote monitoring applica-
tions, it may be necessary to miniaturize or even integrate
the electronic instrumentation for ASV directly with the
sensors [1]. Furthermore, the long-term deployment of these
microinstruments requires that both sensor and electronics
be optimized to operate on small power budgets, occupy lit-
tle area, and provide adequate detection limits. Unfortu-
nately, the trade-offs among these goals are not always
obvious and simulation tools for system optimization have
not existed, making chemical microinstrument optimization,
or even designing to specification, a difficult task at best.

While physics-based models for sensor parasitics [3],
sensor noise sources [4,5], and electrochemical faradaic cur-
rents [6] have previously been developed, there has been
limited work in combining the components into a cohesive
model and analyzing the trade-offs for detecting heavy met-
als on bare electrodes. Morgan [4] performed analyses for
voltammetric sensors and their instrumentation when used
to detect analytes with soluble products–a problem which
has a closed-form solution. Electrochemical detection of
heavy metals, however, involves voltammetry with a species
that has an insoluble product. Voltammetry at bare elec-

trodes with an insoluble species has no closed-form solution
and requires numerical methods to solve.

This work presents a complete model and method for
the system-level simulation of a mixed-domain, bare-elec-
trode, heavy-metal microdetector. First, a sensor model is
presented which combines linear electrical components and
Verilog-AMS code to model the electrode process, parasit-
ics, and noise. The model is then combined with schematics
of the instrumentation and simulated using the circuit simu-
lator, Spectre . The model is verified against experimental
results, and design optimization analyses employing the
simulation environment are discussed.

2   SENSOR FUNDAMENTALS

2.1   Electrode Processes with Insoluble Species

Voltammetry is an electrochemical technique in which a
series of potentials, E, are applied between an electrode and
solution, and the resulting faradaic current, If, is measured
[2]. This electrode is called the working electrode (WE), and
the faradaic current is given by

(1)

where x is the distance away from the electrode surface, n is
the number of electrons transferred in the redox reaction, F
is Faraday’s constant, A is the area of the electrode, and Do
and Co are the diffusion coefficient and concentration of the
oxidized form of the analyte, respectively. The concentra-
tion change is defined by Fick’s 2nd Law of Diffusion
which is the partial differential equation,

. (2)

The boundary conditions for voltammetry with an insoluble
species on a bare electrode were first reported in [6] for a
cyclic voltammetry experiment. Altering the boundary con-
ditions of [6] to apply to any arbitrary step-functional volta-
mmetry yields the three boundary conditions:
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(5)

where . (6)

Co
* is the initial concentration, Ks is the heterogeneous rate

constant for the redox reaction, a is the activity of the insol-
uble species on the electrode,  and  are transfer coeffi-
cients, E0 is the reduction potential of the analyte, Q is the
total charge of the moles plated onto the electrode, R is the
gas constant,  is the activity coefficient, and T is tempera-
ture. This partial differential equation has no closed-form
solution but can be solved numerically using a difference
equation technique. The solution method used here follows
the derivation presented in [6] except that a step-functional
input waveform is assumed instead of a cyclic waveform.
This slightly alters the change of variables in the derivation.

2.2   Parasitics

Application of the desired potential to the test solution
requires the use of additional electrodes. Typical micro-
amperometric sensors consist of three electrodes—the auxil-
iary (AE), reference (RE), and working electrodes (WE) [3].
Unfortunately, each of these electrodes introduces parasitics
into the electrochemical cell. These parasitics can be ade-
quately modeled using linear electrical components as
shown in Figure 1 [3]. Ca and Cw represent the double-layer
capacitances of both the AE and WE respectively, and are
given by [7]

(7)

for each electrode j. Rs and Rt represent the solution resis-
tance between the various electrodes and are given by [3]

(8)

where dj is the distance between the two electrodes and  is
the solution conductivity. The charge transfer impedances at
the AE and WE, Ra and Rw, are given by [2]

(9)

where io is the equilibrium current density. Of the parasitics,
Cw is of utmost concern since any current needed to charge/
discharge the double-layer capacitance is summed with the
concentration dependent faradaic current. Large charging
currents mask the desired redox current and lead to poor
detection limits. Equations (7)-(9) demonstrate that the para-
sitics have dependencies on the areas of the electrodes and
their separations. Furthermore, the relationships between the
various parasitics and their areas create trade-offs in elec-
trode sizing.

2.3   Noise

Noise in the electrochemical cell is generated from both
the faradaic current and from the parasitics. Similar to any
resistor, the solution impedances and charge transfer resis-
tances produce a thermal current noise given by

(10)

where k is the Boltzmann constant, T is temperature, B is the
bandwidth, and R is the impedance [4]. Additional noise in
the form of shot noise arises from the discrete electron trans-
fer from ion in solution to electrode and is given by

(11)

where q is the charge of an electron and Ic is the charging
current [4]. In the electrical model, these noise sources can
be added in parallel with their respective sources. Since the
magnitudes of R, If, and Ic are dependent on area, electrode
dimensions directly affect the total noise generated in the
system.

3   SYSTEM SIMULATION

3.1   System Model

With the various components of the sensor defined, the
modeling and simulation of the entire chemical microsystem
can be achieved. Combining the faradaic current, parasitics,
noise sources, and necessary electronics yields the electri-
cally equivalent model shown in Figure 2. The electrical
simulator Spectre  was chosen as the simulation environ-
ment since it can operate on both electrical netlists and Ver-
ilog-AMS code. The electrical parts of the system model
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Figure 1: Parasitics and noise model of a three-electrode 
voltammetric sensor. 
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Figure 2: Microsystem model including faradaic current source, 
sensor parasitics, noise sources, and electronic instrumentation.
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were implemented in schematic form with variables repre-
senting key design parameters like electrode areas and sepa-
ration. Verilog-AMS was used to find the numerical solution
to step-functional voltammetry with insoluble species
present. Noise analysis was accomplished using the standard
Spectre  noise solver with inputs derived from the transient
simulations of sensor currents. Figure 3 details the imple-
mentation of the system model for mixed-domain simula-
tion. 

3.2   Simulation Time

Since the solution of the partial differential equation
defining the faradaic current involves solving a difference
equation in two variables (x and t), the simulation time is on
the order of N2 as shown in Figure 4. To speed the simula-
tion, x and t can be scaled, but scaling these values ulti-
mately degrades the accuracy of the solution. Figure 4
shows the percent error incurred by scaling x and t.

4   VERIFICATION

To verify the accuracy of the simulation environment,
results from the simulations were compared with experi-
mental results. The experimental setup consisted of a micro-
fabricated, 0.375mm2 Pt working electrode [8], a saturated
calomel reference electrode, and a Pt wire auxiliary elec-

trode submerged in a solution of 10mM HNO3, 10mM NaCl
with various concentrations of Pb2+. A commercial poten-
tiostat (FAS2  Femtostat, Gamry Instruments) was used to
generate and record the voltammetric sweeps. The experi-
ments were run in a faraday cage to limit the effects of noise
on the system. Table 1 lists the simulator’s input parameters.

Figure 5 shows the results of total electrolyzed charge
versus initial concentration of Pb2+ during a cyclic voltam-
mogram. Both the experimental and simulated data show a
linear trend versus concentration and compare reasonably
well. Figure 5 also shows the dynamic response of the sys-
tem during a cyclic voltammetric sweep. The simulated and
experimental waveforms have similar shapes, but the exper-
imental peak current is larger than the simulation predicts. A
simple fitting parameter will be added to the simulation in
future experiments to correct this inaccuracy. 

Figure 6 compares the individually normalized peak
currents versus voltammetric scan rate during a linear sweep
voltammogram. These curves were generated in 1mM Pb2+.
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Figure 3: Design environment for the simulation of the heavy-
metal microdetector.
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Figure 4: Normalized simulation time vs. the square of the 
number of discrete x and t bins chosen for solving the 

differential equation. (Inset) Percent error in the voltammetric 
peak current for various values of x and t.

Variable Value Description

Aw 0.00375 Area of working electrode (cm2)

Aa 1 Area of auxiliary electrode (cm2)

0.01 Conductivity of solution (S/cm)

dw 1 Distance between RE and WE (cm)

da 2 Distance between RE and AE (cm)

B 100 Circuit bandwidth (kHz)

Q 0 Initial charge deposited (C)

Do 9.9e-6 Pb2+ diffusion coefficient (cm2/s)

n 2 Electrons transferred

Ks 5e-3 Rate constant (cm/s)

E0 -0.5 Standard potential (V)

0.5 Transfer coefficients

0.5 Activity coefficient

l 4000 Max diffusion distance (unitless)

Nx 1000 Number of x bins

Max t 15 Maximum timestep (ms)

Table 1: Simulation parameters used.
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Figure 5: Comparison of simulated and experimental total 
electrolyzed charge during a cyclic voltammogram. (Inset) 

Dynamic response of simulation and experiment during a cyclic 
voltammogram.
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Again, the simulated and experimental results agree favor-
ably. Finally, Figure 7 compares the individually normalized
peak current versus deposition time [2] during ASV with
linear scan stripping. The simulated curve has a natural log-
arithm shape due to the anticipated absence of stirring dur-
ing deposition, while the experimental results show a more
linear tendency. This discrepancy can be attributed to
unwanted convection in the experimental setup during depo-
sition.

5   MICROSYSTEM ANALYSIS

The design environment detailed here can be used to
alter various system parameters and analyze their effects on
overall system performance. One such analysis is the effect
of the applied potential’s scan rate on the signal-to-noise
ratio of the system. The results of this analysis are given in
Figure 8. The results show an increase in the total noise cur-
rent as scan rate increases. This is due to the increasing
charging currents required to charge/discharge the working
electrode’s double-layer capacitance. As verified in section
4, the faradaic current also increases with scan rate. The
faradaic current, however, increases at a much slower rate
than the total noise creating the signal-to-noise ratio curve
shown. For the optimization of SNR, the simulations show
that slow scan rates are better. The design environment pre-
sented is useful for all types of chemical microsystem opti-
mization including power, area, bandwidth, and detection
limit.

6   CONCLUSION

A complete model for electron transfer between elec-
trodes and analytes with insoluble products has been devel-
oped through the synthesis of several existing models. The
model was implemented in Verilog-AMS and was simulated
within the framework of a standard CAD tool allowing for
complete mixed-domain simulation. Results were experi-
mentally verified by analyzing Pb2+ on microfabricated Pt
electrodes. The simulation environment was then used to
investigate system-wide trade-offs. This work aids in the
development of near optimal chemical microsystems. This
optimization is required if microsystem technology is to
become a cost-effective, environmental monitoring alterna-
tive.
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Figure 6: Comparison of simulated and experimental 
voltammetric peak current versus scan rate of the applied 

potential.
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Figure 7: Comparison of simulated and experimental 
normalized peak current versus deposition time.
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Figure 8: Simulation results for the analysis of signal-to-noise 
ratio versus scan rate for a heavy-metal microdetector.
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