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Abstract—We present new experimental evidence and
extensive numerical simulations of a few distinct fingerprints
generated by dielectric and conductive microparticles in elec-
trolyte environment on the capacitance spectra of nanoelec-
trode array sensors. Finite element simulations in good agree-
ment with measurements allow us to identify unambiguously
the physical origin of these features, and to illustrate their
dependence on the system’s geometrical and physical prop-
erties. In particular, we show that conductive particles induce
a response with complex space and frequency dependencies,
caused by the formation of an AC electrical double layer at
the particle surface, and its interaction with the working and
counter electrodes in the array. Furthermore, we highlight
features that could lead to false-negative detection events in sensing applications. The theoretical predictions are
confirmed by experiments on a state of the art CMOS pixelated nanocapacitor biosensor platform.

Index Terms— Nanocapacitor arrays, capacitance spectroscopy, electrical double layer.

I. INTRODUCTION

H IGH-FREQUENCY impedance spectroscopy (HFIS) is
an attractive sensing principle to overcome the sensitivity

limitations of conductance-based sensor devices [1], [2]. The
Debye screening length, λD , is less than 1 nm at physiological
salt concentration (≈150 mM); thus, only small analytes in
close proximity of the sensing surface, or small parts of
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larger ones, can be detected in these conditions. Even worse,
non-target molecules that are bound non-specifically to the
electrode surface can give a much higher signal than target
analytes that are captured a few nm above the surface. HFIS,
instead, can extend the detection range to the scale of microns
from the sensing surface [3]–[7]. In fact, above the dielectric
relaxation frequency of the electrolyte, the AC electric field
inside the Debye layer is almost the same as the electric
field just above the Debye layer and there is thus no excess
sensitivity for non-specifically bound non-target molecules.

Furthermore, HFIS lends itself to highly parallel implemen-
tation of sensing elements in standard CMOS technologies,
which in turn enables the acquisition of large datasets, the
implementation of accurate calibration and drift compensation
algorithms, statistical analysis, pruning of bad electrodes, high
spatial and temporal resolution, and even real-time imag-
ing [8]–[11]. Integrated impedance spectroscopy platforms in
CMOS have been presented in e.g., [9], [10], [12]–[22]. In
particular, [9] demonstrated the detection and discrimination
of dielectric and conductive microparticles at 50 MHz and
physiological salt concentrations.

Limited effort, however, has been devoted to quantitatively
interpret the capacitance spectra and search for experimental
signatures of different types of analytes. In [23], the possible
existence of such signatures was put in evidence by model-
ing and simulation, suggesting that conductive microparticles
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may show an unexpected and counterintuitive dielectric-like
behavior at low frequency. In [9], limited and preliminary
experimental evidence was found that the capacitance response
at high frequency changes sign when measured with HFIS
platforms, but the physical origin of the phenomenon was
not investigated further. The existence of frequencies of zero
response however is quite relevant in practice because it may
generate undesired false negatives in experiments at fixed
frequency.

In this work we combine multidisciplinary competencies
to extensively characterize and investigate the origin of these
spectrally resolved findings. In particular, we consider the
response of an HFIS array platform to conductive and dielec-
tric micro-beads, which represent useful model systems for
a variety of biologically interesting analytes (cells, bacteria,
biomolecules, label particles, etc.).

II. MATERIALS AND METHODS

The sensor platform, simulation model and experimental
setups were described in [8]–[10]. Here we list only their main
features for the sake of a self-contained paper.

A. Biosensor Measurement System

The platform implements, in 90 nm low-power CMOS tech-
nology, an array of 256 ×256 nanoelectrodes (180 nm diame-
ter, 600 nm × 890 nm pitch) including the selection, readout,
A/D conversion, I/O, calibration and temperature monitoring
circuits. Rows of working electrodes (WEs) are sequentially
activated and the individual nanoelectrode capacitances are
measured by high sensitivity charge-based capacitance mea-
surement (CBCM) techniques [9], [24]. All electrodes in non-
selected rows are AC grounded, to effectively constitute a large
counter electrode (CE). The DC voltage between WEs and CEs
is kept at 0 V to minimize electrodes’ redox reactions.

Analytes captured on the electrodes perturb the local AC
field, thus generating detectable steps in the capacitance vs.
time traces [8]–[10]. The sensing events are expressed in
terms of an effective capacitance variation [8], namely, �C =
Cw/ analyte − Cw/o analyte which accounts for both reactive
and dissipative components. Pre- and post-measure calibration
procedures enable accurate spectrally resolved measures in the
1-70 MHz range [9].

B. Experiments

Experiments were performed in NaCl-enriched or diluted
phosphate-buffered saline solutions (PBS) as appropriate to
reach 10, 100 and 300 mM ionic strength [8]. We inject
dielectric and gold-coated polystyrene microparticles with
radius rp = 2.5 μm, let them sediment on the chip surface,
and record the capacitance change over time while periodically
cycling through different frequencies in the range 1.6-50 MHz.

C. Numerical Models

Three-dimensional control-volume finite element simula-
tions of the array were carried out with ENBIOS [25]–[27].

Fig. 1. Physical layout of the 13 × 17 nanoelectrodes simulation
domain and definition of dx, dy. In simulations, unless otherwise stated,
the AC voltage is applied to an entire row (e.g., row 0), and the AC
currents of all nanoelectrodes in the row (WEs) are divided by the AC
voltage, to determine the nanoelectrodes’ AC admittances YA. All other
nanoelectrodes are AC-grounded and act as counter electrodes (CEs).

ENBIOS solves the Poisson- Boltzmann (PB) and Poisson-
Nernst-Plank (PNP) equations for the electrolyte in DC and
small signal AC regimes, respectively, combined with model
equations for the salinity, frequency and temperature depen-
dence of the electrolyte permittivity, εel [28]. The compact
sheet of counterions at the electrodes surface (so-called Stern
or compact layer, CL) is modeled as a thin dielectric film with
thickness tC L = 0.25 nm and permittivity εC L = 7ε0 [29],
[30]. We consider simulation domains of 13 × 17, 7 × 7 or
5 × 5 ideally-polarizable electrodes. As per the manufacturer
specs, we assign a permittivity of εp = 2.6ε0 and εp = 6.9ε0
to dielectric and conductive beads, respectively; for the latter,
we use a conductivity value of σp = 6.3·107 S/m. Simulations
are reported in terms of the effective capacitance Ceff =
|YA| /2π f , where YA is the single electrode admittance and
f is the frequency. Ceff provides an adequate approximation
to the actual switching capacitance measured by the CBCM
on-chip detectors [8], [9].

III. RESULTS AND DISCUSSION

Figure 1 shows a physical layout of the nanoelectrodes
in the simulation domain. In the following, (row,column)
= (0,0) denotes the electrode located at the center of the
simulation domain. The actual centroid of the spherical analyte
is displaced by (dx , dy, dz + rp) from the center of electrode
(0,0), where rp is the particle radius.

A. Upper Frequency of Zero Response, �Ceff = 0

Figure 2 (top) shows the color map of the AC field modulus
in the y-z plane passing through the electrodes’ center at
low (1 kHz) frequency. The corresponding Ceff spectra at
different salt concentrations are plotted as black curves with ×
symbols in Fig. 3. To first order, these graphs and curves can
be interpreted with the aid of the well-known lumped element
circuit of Fig. 2 (top) [3], [8], [9]. In the low frequency limit
the field extends only inside the electrical double layer (EDL),
and Ceff tends to the surface capacitance CS , given by the CL
and EDL capacitance in series (CC L = εC L/tC L, CEDL ∼=
εel/λD). Consistently, the low frequency Ceff increases for
increasing salt concentration because λD decreases.

Above a first cut-off frequency fs =
1/ (2π RE (CE + CEDL)) (where CE and RE are the
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Fig. 2. Magnitude of the AC electric field between the center of one
working electrode (left) and that of the adjacent counter electrode (right)
on the yz plane. 300 mM NaCl electrolyte. Top: f = 1 kHz. Bottom:
f = 1 GHz. The sketch on the top graph depicts a commonly used lumped
element equivalent circuit model to interpret the electrode impedance
response. CS represents the series of the compact layer, CCL, and
electrical double layer, CEDL, capacitances.

Fig. 3. Ceff spectra at electrode (0,0) without particles (black, ×) and
with a dielectric (red, �) or conductive (green, �) bead, for dx = dy = 0
and vertical elevation dz = 10 nm, rp = 2.5 μm. Curves with dielectric
beads are almost rigidly shifted to lower frequency. Instead, curves with
and without conductive beads cross each other; this crossing entails
opposite signs of ΔCeff at low and high frequencies.

spreading capacitance and spreading resistance of the
electrode in the electrolyte, respectively) the AC field
starts to penetrate into the electrolyte, and the effective
capacitance starts to decrease. Then, at frequencies exceeding
the electrolyte dielectric relaxation cut-off frequency,
fc = 1/ (2π RE CE ) = σel/ (2πεel), the AC field inside
the EDL drops to the bulk value just above the EDL,
and the quasi-static Debye screening becomes ineffective
(Fig. 2 and [8], [9], [23]). Eventually, the current mostly
flows from the active electrode(s) to the nearest counter
electrodes only. Therefore, in the high frequency limit,
Ceff tends to the geometry-dependent value set by the
electrolyte spreading capacitance CE irrespective of the
salt-concentration-dependent electrolyte spreading resistance
RE (black lines of Fig. 3 converging to a unique value).

Figure 3 also shows the simulated Ceff upon introduction of
a dielectric or conductive particle right on top of the electrode
(dx =dy =0, dz =10 nm). We observe that the low frequency
capacitance limit remains the same regardless of the particle
presence. A dielectric bead (red open symbols) lowers fs and
fc by the same amount in relative terms (almost rigid leftward
shift of the curve), thus generating a negative �Ceff over the
whole spectrum [23].

Numerous experiments and simulations have been carried
out with the nanocapacitor array platform to investigate this

Fig. 4. Simulated (lines) and measured (symbols) ΔCeff spectra at
row 0 and at rows ±1 for a dielectric particle centered on the electrode
(0,0). dz = 10 nm � λD, rp = 2.5 μm.

Fig. 5. Same as Fig. 4 for a dielectric bead in-between electrodes
in the y-direction (dy = 445 nm, dz = 10 nm � λD, rp = 2.5 μm,
NaCl 100 mM).

effect (by recording the particle response at different electrodes
in the array) that allow us to explain in detail the findings.

Figure 4 shows new measurements of �Ceff as a function of
frequency for three rows of electrodes. The ±1 rows adjacent
to the central row feature the same trend as the one at electrode
(0,0), but with a smaller amplitude. Numerical simulations
are in very good agreement with measurements, given the
uncertainty in the actual particle elevation, dz . This suggests
that the negative effective capacitance change is mainly caused
by the bead increasing the effective resistance between WEs
and CEs. Indeed, when the AC excitation is on row “0”, the
particle in (0,0) effectively blocks current flow towards CEs
in both row “+1” and “−1”, thus yielding a large negative
response, whereas when AC excitation is on rows “±1” only
the current toward row “0” is appreciably affected and the
response is smaller in absolute value.

Measurements at rows +1 and −1, however, are imbal-
anced, an effect easily explained by considering that in the
experiments particles can land at some distance dx and dy from
the electrode’s center (Fig. 1). Consistently with this inter-
pretation, measurements at an electrode where the imbalance
between the first-neighbor rows is even larger, Fig. 5, are in
good agreement with simulations where the particle is located
in-between two electrodes (dx = 0, dy = 445 nm).

Regarding conductive particles, Fig. 3 shows that for f
below a characteristic frequency fzh (≈2 MHz at 10 mM
and 10 MHz at 300 mM) we have Cw/ analyte < Cw/o analyte,
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Fig. 6. Experimental ΔCexp for a conductive particle (rp = 2.5 μm)
immersed in a 100 mM NaCl electrolyte at different frequencies. At low
frequency, the capacitance change is negative, while at high frequency
it becomes positive.

thus leading to �Ceff < 0, i.e. same sign as the dielectric
bead case and opposite to the high frequency behavior. This
effect, predicted by the compact model in [23] and to our
knowledge first observed in [9], is here definitely confirmed
by the new extensive experiments shown in Fig. 6 and Fig. 7,
where �Ceff changes sign over frequency at several adjacent
electrodes.

These results entail the existence of a frequency of zero
response f = fzh such that �Ceff ( fzh) = 0. Such frequency
of zero response and its presence at different electrodes is
a remarkable feature of the nanoelectrode array spectral
response to this analyte. Its existence bears two important
consequences: firstly, at fzh the sensor is blind to the particle
presence and thus produces false negatives; secondly, only
above fzh the transduction mechanism allows discrimination
between dielectric and conductive analytes simply based on
the sign of the �Ceff response.

Therefore, it is important to investigate the origin of this
signature in quantitative detail, in order to assess the actual
detection capabilities of HFIS sensors.

B. Origin of the �Ceff = 0 Condition

Firstly we observe that the crossing of the Ceff traces with
and without a conductive bead shown in Fig. 3, and hence the
appearance of zeros of �Ceff in Figs. 6 and 7, corresponds
to a sudden reduction (drop) of the effective capacitance
spectrum with the bead followed by ranges where Ceff is
weakly dependent on frequency (hereafter denoted plateaus).

In order to understand the origin of this behavior, firstly
we examined the role of the linear AC excitation pattern
enforced at the nanoelectrodes, which breaks the symmetry of
the otherwise nearly cylindrical/spherical system represented
by the spherical beads on circular nanoelectrodes. However,
the full row excitation is not the origin of the plateau and
�Ceff ( fzh) = 0 condition, since simulations where only
electrode (0,0) acts as WE yield consistent results (not shown).

In fact, as shown in the following sections, depending on the
salt concentration, particle size, position and charge, electrode
radius and roughness (which in turn influence the formation
of the CL and EDL) and number of active electrodes (WEs)
in the central row, one or more of these plateaus appear,
either distinct or gradually merged, but never entirely absent.
The drops and plateaus can thus be regarded as additional

Fig. 7. Same as Fig. 4 for a for a conductive particle (rp = 2.5 μm,
100 mM NaCl electrolyte, dz = 10 nm � λD).

fingerprint signatures of the spectral response to the analyte,
as discussed further below.

Careful examination of the simulations in Fig. 8 (a-e) shows
how at low frequency all the voltage drop occurs in the
nanoelectrode EDL so that, regardless of its conductive or
dielectric nature, if the particle stands at dz ≥ λD , then it
is essentially not reached by the excitation of the WE (red
particle surface in Fig. 8a and 8b), i.e., its AC potential stays
nearly equal to the counterelectrode potential of zero Volts.
The electrolyte outside the EDL is effectively a short-circuit
and thus the intensity of the AC current is essentially the
same on all CEs, no matter of their distance to the WEs.
Consequently, Ceff at low-frequency is given by the series of
CC L and CEDL (namely, CS) both with and without particles
(i.e., �Ceff( f � fs) = 0).

As frequency increases, the AC current starts to spread
unevenly in the electrolyte. A dielectric bead obstructs the
flow of current throughout most of its volume, increasing
the spreading resistance and leaving the farther part of the
bead’s volume at much lower AC potential than the one
facing the electrode (Fig. 8c). As regards the introduction of
a conductive particle, at high frequency, the surface potential
of the conductive particle appears well coupled to the WE
potential (orange particle surface color in Fig. 8d), and even
more so if the distance between particle and electrode is
shortened (yellow color in Fig. 8e). This is because of a large
EDL capacitance around the particle.

In fact, for a conductive particle, the metal short circuits part
of the electrolyte resistance and capacitance, thus increasing
fs . However, at the same time a robust AC electrical double
layer forms around the particle due to AC charge redistribution
in the electrolyte and on the metal surface (Fig. 9, top left).
This AC double layer corresponds to a high surface capaci-
tance on the particle and in series to the current path toward the
counterelectrode, that slightly reduces the AC current flow and
the Ceff and generates the first Ceff drop with respect to the low
frequency limit value. Incidentally, we note that a similar but
much weaker (essentially negligible) AC EDL forms around
the dielectric particle as well (Fig. 9, top right); its relevance
for the capacitance response, however, is definitely smaller
because of the insulating nature of the particle.

At even higher frequencies, the displacement current
through the EDLs and the short circuit-like behavior of the
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Fig. 8. Amplitude of the AC potential at the bead (rp = 2.5 μm) and at
the array surfaces. (a) dielectric bead, 1 kHz, dz = 10 nm; (b) conductive
bead, 1 kHz, dz = 10 nm; (c) dielectric bead, 50 MHz, dz = 10 nm;
(d) conductive bead, 50 MHz, dz = 10 nm; (e) conductive bead, 50 MHz,
dz = 1 nm. Electrolyte: NaCl 10 mM (λD ≈ 3 nm). At low frequency all the
voltage drop occurs in the WE’s EDL and the bead/array surface is at the
same potential as the CEs (a-b). At high frequency the signal penetrates
the EDL and reaches the beads (c-e). Conductive beads keep a constant
voltage on their surface, enabling the signal to reach regions of the array
far away from the electrode that were not reached before (d). This effect
is further enhanced if the conductive bead is closer to the array (e). Here
dZ < λD. 13 × 17 nanoelectrodes array.

conductive particle, cause a decrease of RE and an increase
of Ceff. The high frequency limit of Ceff is thus higher, and it
is reached at a higher frequency than without particles.

The role of the conductive particle EDL in the formation of
the first capacitance drop is confirmed by additional simula-
tions where we add a surface charge on the particle surface to
alter its EDL (not shown). These results show unambiguously
that the AC EDL on the particle surface is the root cause of
the first Ceff drop and corresponding zero in �Ceff.

C. Effect of CEs Surface Conditions

In the following, we examine the role of the CEs surface
conditions by means of a set of simulations where the compact
layer is selectively removed from some of the counterelec-
trodes, or the value of its dielectric permittivity/capacitance are
changed. Note that by properly adjusting its thickness, exten-
sion and dielectric constant, the CL on the CEs can model a
variety of diverse physical conditions: besides the Stern layer,
it could also mimic, for instance, the presence of some extra
undesired (disturbing) analytes or dirt or (possibly spatially
non-uniform) functionalization layers on top of the electrodes.
To continue our investigation, for convenience we momentarily

Fig. 9. Color maps of the real part of the net AC signed ion density
Re(ñNa+ − ñCl− ) (in signed log scales) for a conductive (top left) and
dielectric (top right) particle in 300 mM NaCl electrolyte. The bottom
graph reports the corresponding signed density profile along the z
direction at dx = dy = 0 nm. Note the much weaker AC EDL of dielectric
particles compared to conductive ones. The ion density decay length
inside the particle is due to numerical interpolation. Scaled system with
rp = 50 nm, rel = 15 nm, f = 30 MHz < fzh.

focus on smaller and more numerically manageable systems of
7×7 or 5×5 electrodes, considering particles with rp = 1 μm,
which still retain the essential physics of the more complex
13 × 17 array but saves substantial simulation time.

Figure 10 compares simulations of a 7 × 7 array with a
conductive particle at dz = 1 nm in NaCl 300 mM (i.e.,
beyond the EDL of the electrodes), either including a dielectric
compact layer (CL) on both WEs and CEs (sketch on the
bottom right) or only on the row of working electrodes (sketch
on the top right). In the range between the low-frequency
and the high-frequency capacitance values, either one or two
intermediate dips and plateaus appear, depending on the CEs’
configuration.

The presence of a second drop and plateau in the frequency
range between fs and fc and distinct from the first one
discussed above are observed also in simulations where CLs of
different dielectric permittivity are placed on peripheral rows
at some distance from the WEs row (not shown).

These analyses illustrate how the properties of the CEs
contribute to smoothen the Ceff transitions between the low
and high frequency limits. In fact, in a lumped element
equivalent circuit view, each current density flow line from
the WE toward different CEs has slightly different series
capacitance and resistance, hence, different time-constants of
the corresponding poles and zeros of the capacitance spectra.
The CE area also plays a role in determining the amplitude and
frequency of these drops. Simulations of a simple cylindrical
domain with a single WE, a single CE and a conductive par-
ticle in-between, where only one current path exists between
the WE and the CE, always yield a single intermediate dip
and plateau (data not shown), confirming the point.

In summary, according to our analysis, we expect that in
a quite general idealized scenario, the capacitance spectra
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Fig. 10. Ceff spectra for conductive particles (rp = 1 μm) in
NaCl 300 mM, located at dz = 1 nm ≥ λD. An array of 7 × 7 electrodes
is considered. A dielectric compact layer (CL) is included either on
all electrodes, or on only the electrodes of the active row. The low-
frequency capacitance limit is smaller in the first case because of the
CL capacitance of the (7−1) ×7 CEs which adds in series to the current
lines originating from the WEs.

Fig. 11. Ceff spectra for rp = 1 μm dielectric and conductive particles
at dz = 1 nm ≥ λD removing some electrode rows or columns of a 7× 7
array. Electrolyte: NaCl 300 mM. Row-wise activation. CL added on all
rows except the outermost ones.

of conductive particles has three capacitance drops with two
intermediate plateaus between the low-frequency and high-
frequency limit of the response, possibly with a smoothing
of the curves caused by the multiple time constants that
variability and fluctuation sources cause in the system.

D. Effects of Electrode Configuration and Current Paths

Fig. 11 shows that by changing the spatial configuration
of WEs and/or CEs the second drop and the asymptotic Ceff
value at high frequency are affected, while the spectra around
the first drop remain unaltered. By removing rows of counter-
electrodes next to the WE row, the current path between
the WE and the CEs become longer, the series resistance
increases and Ceff decreases. On the contrary, by removing
adjacent columns, the current of the WE spreads out, but the
WE is still strongly coupled to its nearest neighbor CEs in
the same column. Consequently Ceff increases only slightly.
These observations clearly indicate that the second drop is
mostly affected by the geometry of the current distribution in
the electrolyte which primarily reflects the working/counter-
electrodes number, location and geometry. The first drop is
quite insensitive to these factors, being due to the particle EDL

Fig. 12. Ceff spectra of a rp = 2.5 μm bead at different vertical
displacements (dx = dy = 0) over a 13 × 17 array in NaCl 10 mM.

as shown above. This geometry-dependent sensing character-
istic [31] is reasonable, since the frequency is large enough
that the AC field considerably penetrates the electrolyte.

E. Effect of Particle Elevation dz

Until now, results refer to dz � λD . It is interesting to note
that if the conductive particle comes closer to the electrode
(decreasing dz) while still not interfering with its EDL (e.g., dz

from 40 to 10 nm in Fig. 12), then the first drop and the value
of fzh become slightly larger because of the smaller electrolyte
resistance and larger electrolyte capacitance in series with the
EDL capacitance. In other words, if dz decreases, the Ceff
curve detaches from the low-frequency limit capacitance value
at a smaller frequency, eventually intercepting the capacitance
curve in the absence of particle (black line) at a higher fzh .

As the particle’s and WE’s EDLs start to interact sig-
nificantly (e.g., dz from 5 to 1 nm in Fig. 12) the low
frequency limit of the capacitance curve is affected. Then,
for conductive particles, the potential of the particle couples
tightly to the electrode, and the particle tends to behave as a
protrusion of the electrode (compare Fig. 8e to Fig. 8d). The
effective area of the electrode and consequently its capacitance
increase above the value without particle not only at high
but also at low frequency. As a consequence, fzh (which
was previously increasing for decreasing dz) starts to decrease
and, furthermore, an additional sign change of �Ceff appears
at low frequency ( fzl). For dielectric particles, instead, the
interaction of the particle with the WE’s EDL obstructs
increasing portions of the current flowlines so that the low
frequency capacitance is reduced and a larger |�Ceff| appears
at low frequency.

Fig. 13 illustrates how fzh changes with the distance
between the electrode and the analyte and the appearance of
fzl . Note that fzl may fall outside the measurable range or be
hidden by numerical noise in simulations as well as in exper-
iments. The two distinct frequencies of zero response tend to
converge onto each other going toward smaller dz , reaching
the limit case of fzh = fzl when the capacitance spectrum in
the presence of the conductive particle is perfectly tangent to
the capacitance spectrum in the absence of the particle. For
even lower dz , the two spectra do not intersect anymore (red
and blue curves in Fig. 12), Ceff for the conductive particle is
always larger than Ceff without analyte, and the frequencies
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Fig. 13. Simulated frequencies of zero response of a conductive particle
as a function of different vertical displacements dz.

Fig. 14. Simulated ΔCeff spectra as seen from different electrodes of
the active row. rp = 2.5 μm. The dips mark the values of fzh and the sign
change of ΔCeff .

of zero �Ceff disappear. These results suggest the possibility
to estimate the elevation of the particle (dz) by checking the
separation between fzh and fzl .

F. Multi-Electrode Capacitance Profiles and Image

Fig. 14 shows the simulated |�Ceff| spectra of a rp =
2.5 μm conductive particle centered on electrode (0,0) as
detected at different electrodes on the same row. As a
result of the complex, interdependent effects discussed above
and consistently with Fig. 13, we see that fzh decreases for
increasing column number. For a spherical particle, this entails
a larger distance between the detection electrode and the
particle, and consequently a larger resistance in series to the
EDL capacitance. As a result, a frequency range exists where
the particle response is negative, zero or positive, depending
on the electrode under observation.

The above results allow us to fully interpret the response
of WEs at different distance from the analyte as a function of
position and frequency, as elucidated below.

Figures 15 and 16 compare �Ceff measurements and simu-
lations of dielectric and conductive particles taken at different
electrodes along the active row for a few frequency values.
As expected, dielectric beads (Fig. 15) always yield a negative
�Ceff and the peak response is centered, for each frequency,
on the electrode which is nearest to the bead itself. Instead,
conductive beads (Fig. 16) exhibit electrodes that have a larger
response than the electrode (0,0) nearest to the particle. This
experimental behavior, qualitatively well reproduced by simu-
lations, is a consequence of the shift of the �Ceff spectrum and
of the corresponding fzh reported in Fig. 14 consistently with

Fig. 15. Simulated (left, dx = dy = 0 nm, dz = 10 nm) and measured
(right) ΔCeff for a dielectric particle as detected at the electrodes of the
active row. rp = 2.5 μm, NaCl 100 mM, 13 × 17 array. ΔCeff is in good
agreement with simulations and, as expected, always negative.

Fig. 16. Same as Fig. 15 for a conductive bead. rp = 2.5 μm,
NaCl 100 mM, 13 × 17 array. The ΔCeff sign change occurs at larger
frequency for electrode 0 than for electrode 1, consistently with the fzh in
Fig. 14.

Fig. 17. Summary sketches of Ceff spectra without (black) and with a
dielectric (red) or conductive bead (green), for dz � λD (left) or dz <
λD (right). The intermediate plateaus of the conductive bead’s spectrum
(Cp1,c and Cp2,c) result in a crossing with the spectrum without bead,
which result in frequencies of zero ΔCeff (fzl and fzh).

the results of Fig. 13. In measurements the peaks are smoother
than in simulations, likely because the particle is not exactly
centered on the electrode.

IV. CONCLUSION

We reported accurate measurements and extensive simu-
lations of nanoelectrode capacitance that shed light on the
spectral response of nanoelectrode arrays and thoroughly
explain the observed frequencies of zero response to con-
ductive particles. Fig. 17 summarizes our main findings in
simplified sketches. In the high-frequency limit, the response
to a conductive bead (C∞,c) is always larger than the response
in absence of a bead (C∞); for the dielectric bead, instead,
C∞,d < C∞. In the low frequency limit, and for a bead
perturbing the electrode’s EDL (right plot, dz < λD), we have
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CS,d < CS < CS,c. Differently, when the microparticle lies
beyond the EDL boundary (left plot, dz � λD), both CS,d and
CS,c tend to CS . In other words, the low-frequency limit of Ceff
is set mainly by the nanoelectrode CL and EDL capacitance;
it is essentially the same with and without particles unless the
bead lies within less than about one Debye length of the elec-
trode. The high frequency limit �Ceff reflects the electrolyte
volume substitution by the particle [23]: the low permittivity of
a dielectric bead reduces the capacitance, whereas a conductive
bead short-circuits a portion of electrolyte, thus increasing the
capacitance. As a result, the high frequency limit of �Ceff has
an opposite sign for dielectric and conductive neutral particles.

Furthermore, dielectric particles increase RE and shift fs

and fc to lower frequency and thus generate a negative �Ceff
at all frequencies. Instead, the EDL at the surface of a con-
ductive particle generates a capacitance drop at intermediate
frequencies, resulting in frequencies of vanishing �Ceff. For f
values approximately in the [ fs , fc] range, �Ceff reflects the
interaction of the WE with the nearby CEs through the analyte.
As a result, the shape of the curve is sensitive to the CEs
geometry and location, as well as to changes, variability or
fluctuations at the CE surface. These effects can smear out the
details of the single nanoelectrode response predicted by ideal
calculations, especially for analyte dimensions comparable to
a few times the nanoelectrode pitch.

Note that both the experimental and simulated results have
been derived with reference to nearly ideal spherical beads.
However, the physical origin and main dependencies of the
newly identified spectral features are likely to remain the same
also for particles of other shapes. Therefore, the results are
useful to assist the interpretation of experimental capacitance
data taken with nanoelectrode array sensors in more general
conditions than those explored here. Furthermore, the analysis
highlights the conditions where vanishingly small responses,
i.e. false negatives, may appear in single frequency detection
experiments. To avoid missing the possible presence of ana-
lytes on the nanoelectrodes, both multi-frequency measure-
ments and neighbor nanoelectrodes should be considered. The
conditions of the counterelectrodes should also be accounted
for in the analysis of each nanoelectrode signal.

The results also suggest ways to exploit these distinct
experimental signatures for physical/geometrical parameter
extraction and metrology of small analytes (e.g., determination
of dz). Finally, they demonstrate the ability of the Poisson-
Boltzmann/Poisson-Nernst-Planck modeling framework to
provide quantitative predictions of the nanoelectrode array
response under various conditions. Besides giving new insight
into nanoelectrode array capacitance measurements, these cal-
culations can be used to generate databases of simulated
capacitance images suited to assist the training of machine
learning/deep learning algorithms for analyte identification,
and to support the development of compact circuit models of
the transduction mechanism of nanoelectrode array sensors.
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