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Abstract

A design-oriented numerical study of vertical Si-nanowires to be used as sensing elements for the detection of the intracellu-

lar electrical activity of neurons. An equivalent lumped-element circuit model is derived and validated by comparison with

physics-based numerical simulations. Most of the component values can be identified individually by geometrical and physical

considerations. The transfer function and the SNR of the sensor in presence of thermal noise are derived, and the impact of

the device geometry is shown.

1



1
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This paper reports a design-oriented numerical study of
vertical Si-nanowires to be used as sensing elements for the
detection of the intracellular electrical activity of neurons. An
equivalent lumped-element circuit model is derived and validated
by comparison with physics-based numerical simulations. Most
of the component values can be identified individually by geo-
metrical and physical considerations. The transfer function and
the SNR of the sensor in presence of thermal noise are derived,
and the impact of the device geometry is shown.

Index Terms—Neuronal recordings, Nanowires, TCAD simu-
lations, Intracellular sensing, Bio-electronics.

I. INTRODUCTION

The design of arrays of passive vertical Si-nanowires (Si-
nano-needles) fabricated onto low-cost CMOS wafers repre-
sents an attractive perspective toward the increasing demand
for technologies to reveal the brain operation in real time
and for the treatments of brain disorders. CMOS-nanowires
integration allows to increase the sensitivity compared to
conventional planar electrodes, significantly improving the
spatial resolution and the quality of the recorded signal [1],
[2]. In this structure the signal amplification can be performed
directly on the same CMOS chip hosting the sensing device,
thus avoiding inherent parasitic effects of the long interconnect
lines from the nano-needles to the pads. Owing to their mature
technology, which can translate into faster fabrication and
consequently into faster closed-loop in-vitro biocompatibility
test, such approach has been pursued by several research
groups [2], [3], [4], [5]. The shape of the probing nano-devices
ranges from a pure cylindrical nanowire (NW) to a mushroom-
like or tapered one, to improve the biocompatibility, the neuron
adhesion and the coupling to the neuron [1], [6], [7], [8]. In
order to take full advantage of integration, it is important to co-
optimize the needle, interconnects and readout designs, which
in turn generates a need for increasingly accurate physics-
based models.
This paper presents a hierarchy of integrated nanoneedle
models (both numerical and analytical) to study the AC,
transient and noise transduction responses. Section II depicts
a physic-based parametrized numerical model of vertical Si-
nanoneedle devices with cylindrical symmetry, simulated using
Sentaurus TCAD. Section III introduces two lumped-element
equivalent circuit models of the structure of different com-
plexity validated by means of comparison with the numerical
TCAD model. Section IV provides expressions of the transfer
function between the neuron membrane potential and the input

port of the read-out. The SNR at the readout port is computed
under the assumption that only thermal noise is affecting the
device. Finally, conclusions are given in section V.

II. PHYSICS-BASED PARAMETRIC FEM MODEL

The numerical model is built in the Sentaurus TCAD
by Synopsis [9], exploiting the material type “free-
semiconductor” and the drift diffusion formalism as a
mean to emulate the behaviour of the electrolytes inside and
outside the neuron, while the phospholipidic membrane is
emulated at first order by a lossless insulator layer.
The schematic representation of the system under study is
given in Fig. 1. The electrolyte is treated as a semiconductor
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Fig. 1. Schematic representation of the system. The left nanowire is
performing an intracellular sensing with nearly ideal insertion contacting with
its tip the intracellular electrolyte, while the right one is detached from the
needle and lowly coupled to it. The extracellular electrolyte is generically
called “electrolyte”.

material, where holes and electrons correspond to the
dominant cation and anion in the electrolyte. By tailoring the
permittivity, the mobility, the bandgap (Eg=0 eV ) and the
effective density of states in both the conduction and valence
bands equal (NC=NV =Navc

010−3, where c0 is the ion molar
concentration [10]) one can mimic the electrical behaviour of
an electrolyte.
The membrane is modelled as an insulating layer, with a
relative permittivity equal to that of the biological neuronal
membrane (εr,memb ≈ 11 [11]). We neglect the presence of
the ion channels which modulate the membrane conductances.
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Consequently, in our model the well known action potential
(AP) neural signal (which alters the intra- and extra- cellular
ionic concentrations) is taken as an external boundary
condition, and it is applied directly between the external
electrolyte contact and the internal neuron contact by means
of an independent voltage generator with suitable signal
waveform (see dashed-orange line in Fig. 4 below). The
underlying idea is to consider only the effects that an AP
has on the intra- and extra- cellular electrolytes skipping any
detailed physical description of its generation mechanism,
since the ultimate goal is to describe how the potential
couples to the nanowire and not how it is generated.
Since the electrolytes are emulated by the “free-
semiconductor” material, the affinity must be chosen to
yield flat energy bands at the equilibrium. The physiological
rest membrane potential (approximately -70 mV) is super-
imposed to the AP waveform in the simulations.

Fig.2 shows the physical structure of the studied passive

Fig. 2. 2D radial cross section of the nanowire-neuron coupling region used
for mixed-mode FEM-circuit simulations in cylindrical coordinates. Vneu is
the AP. The contact areas are artificially inflated to make them more visible.

device as 2D cross section that is solved in cylindrical
coordinates around the z-axis since the 3D device structure
is assumed to have cylindrical symmetry. All the geometrical
dimensions are parametrized and their effects on the needle
transient and AC response have been investigated. For the
purpose of the following simulations the geometrical design
parameter values listed in Table I have been used.

nanowire radioius rNW 480nm [12]
nanowire height hNW 1µm [3]
neuron radius rneu 5µm [13]
neuron height hneu 2µm [13]
neuron z-level lvlneu 40nm ; 1µm [6]

TABLE I
MAIN GEOMETRICAL DEVICE PARAMETERS ASSUMED IN THIS STUDY

The smooth from red to light-blue grading represents the
graded isolation junction between the N-type doped Si-
nanowire and the the lightly-doped P-type substrate. The

vertical position of the membrane can be adjusted to mimic
situations where the needle penetrates the neuron to different
degrees or even remains at some distance above the needle
(no insertion). In order to keep the simulation domain at a
manageable size, external components are added to represent
the electrolyte between the neuron and the far bulk-electrolyte
contact, and the stray resistance and capacitance of the NW
contact interconnect. The Ramp//Camp parallel represents the
input impedance of the readout.

III. LUMPED-ELEMENT EQUIVALENT CIRCUIT MODEL

To allow for much faster simulations than the numerical
FEM ones, and to easily account for external components
(such as the membrane conductances proposed in some
membrane models [14], [15]) a lumped element model of the
structure has been developed as well, where the nanowire and
the electrolyte are represented as distributed RC networks
with parameter values chosen according to the structure
physical properties and the geometry. This complete model,
shown in Appendix (Fig. A1), has been analyzed in detail
for a variety of physical and geometrical characteristics. As
an example, Fig. A2 in Appendix shows the degradation of
the coupling capacitance for decreasing needle doping and
the modest impact of the needle shape. The analysis led to
identify a set of optimal parameters for which the model can
be simplified with a significant reduction in complexity. This
reduced compact model is shown in Fig. 3; the topology is
consistent with that of [16].
The relations used to calculate the lumped component values
given the geometry and physical properties of the device
are shown in Table II. The components which cannot be
determined from the geometry, e.g. because of the random
nature of the phenomena involved, such as the Rnjseal (that
accounts for the non-ideal nanowire penetration to the neuron
which depends on the neuron-needle adherence) do not
appear in the table but are taken from [16].
AC and transient simulations have been performed to validate

the model, and to study the neuron-needle coupling and its
dependence on the circuit parameters. For consistency of the
model validation phase, all these external components (e.g.
the parasitics and the input impedance of the readout) are
introduced into the Sentaurus simulations as well, thanks
to the mixed-mode device-circuit simulation capability that
allows the user to add external lumped elements to the FEM
device model.

A. Transient simulations

Transient simulations have been run where the input signal
Vneu consists of a digitized typical action potential waveform.
In both the mixed-mode FEM simulation and the lumped-
element circuit simulation, the potential is applied between
the neuron contact (Vneu) and the electrolyte contact (Vely) (see
Fig. 2 and Fig. 3). Suitable initial conditions on the capacitors
eliminate any effect of the slow-charging of the output voltage
to the baseline value (-70 mV) of the action potential.
Fig.4 shows the simulation results and clearly the numerical
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Fig. 3. Simplified lumped-element equivalent circuit model during intra-
cellular access. Cmemb is the neuron membrane capacitance; RNwNeu is the
electrolyte resistance between the neuron and the tip of the NW; Rnjseal is
the nano-junctional sealing resistance; CNwNeu is the EDL capacitance of the
intracellular electrolyte toward the NW; CElySub is the insulator capacitance
between the electrolyte and the substrate; Rstray and Cstray account for the
parasitic resistance and capacitance of the interconnects; Ramp and Camp are
accounting for the input impedance of the readout.
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TABLE II
RELATIONS BETWEEN THE LUMPED COMPONENTS AND THE
PHYSICAL-GEOMETRICAL PARAMETERS OF THE STRUCTURE

and lumped element models appear in excellent agreement,
thus confirming that the reduced complexity of the model in
Fig. 3 does not affect its ability to reproduce the essential
physics of the system. The lumped model, with component
values analytically expressed in terms of geometrical and
physical properties ot the materials, allows users to quickly
understand how the physics and the geometry variables of the
structure affect the lumped components and the response.

IV. TRANFER FUNCTION AND SNR
Given the accuracy achieved by the simpler model, we used

it to study the neuron to readout transfer function G(jω) =

0 0.003 0.005
Time [s]

-2× 10-4

0

2× 10-4

4× 10-4

6× 10-4

V
nw

 [V
]

Sentaurus 
SPICE complete model
SPICE compact model

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

Vneu [V]

Fig. 4. Comparison between Sentaurus (FEM) transient simulation and
SPICE (lumped circuit model) transient simulation with complete and compact
models. In this case we set lvlneu=1 µm meaning that the neuron is only in
contact with the NW-tip, as depicted in Fig. 2.

Vnw(jω)/Vneu(jω) of the system. The transfer function has
been calculated firstly in symbolic form:

G(jω) =

Rnjseal

RNwNeu+Rnjseal
jωCNwNeuRamp

1 + jωα− ω2β − jω3γ
(1)

where:

α =CELySub(Ramp +Rstray) + CNwNeu(Ramp +Rstray+

Rnjseal//RNwNeu) + (Camp + Cstray)Ramp

β =CElySubCNwNeu(Ramp +Rstray)[Rnjseal//RNwNeu]+

CElySub(Camp + Cstray)RampRstray + (Camp + Cstray)

· CNwNeuRamp(Rstray +Rnjseal//RNwNeu)

γ =CElySubCNwNeu(Camp + Cstray)RampRstray[Rnjseal//RNwNeu]

It comprises three-poles and a zero in the origin. Unfortunately
the unfactorized polynomial form of Eq. (1) is practically use-
less, since it does not separate the contribution each component
is giving to the frequency response.
To cast G(jω) in an insightful form, we carried out open-
circuit and short-circuit time constant analysis to find out the
highest- and lowest- frequency poles, respectively. Then, the
pole that falls in between these two is extracted analytically
from Eq. (1). The transfer function in factorized form is:

G(jω) =

Rnjseal

RNwNeu+Rnjseal
jωCNwNeuRamp

(1 + jωa)(1 + jωb)(1 + jωc)
(2)

where:

a =
1

2πfp1
= (CNwNeu + Camp + Cstray + CElySub)Ramp

b =
1

2πfp2
= CElySub(RNwNeu//Rstray)

c =
1

2πfp3
= CNwNeu(Rstray +RNwNeu//Rnjseal)
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It is then straightforward to identify the in-band gain, poles
and zero expressions, as shown in the graphical representation
of Fig. 5 (blue curve). In particular,

Gainin−band =

Rnjseal

RNwNeu+Rnjseal
CNwNeu

CNwNeu + Camp + Cstray + CElySub
(3)

Numerical examples of the poles and the in-band gain values

100 1011021031041051061071081091010

Frequency [Hz] 

10-5

10-4

10-3

10-2

10-1

|V
nw

/V
ne

u|
 

RNwNeu=7kΩ

RNwNeu=2GΩ

fp1
fp2 fp3

Gainin-band

Fig. 5. Factorized transfer function with explicit identification of the poles
and the in-band gain on the ideal membrane penetration case curve (blue
curve). The red curve represents the case of real membrane penetration that
leads to an experimental RNwNeu of 2Ω [16]. In both cases the lvlneu=1 µm
meaning the neuron is only in contact with the NW-tip, as depicted in Fig. 2.

encountered in simulation are shown in Table III, for needles
fully and partially penetrating the neuron.

It is interesting to note that the in-band gain, Eq. (3), is set by
the resistive divider between Rnjseal and RNwNeu (which is max-
imized if the neuron adheres to the nanowire thus providing
good sealing of the contact tip and good nanowire penetration
[16]) and the capacitive divider between the neuron-nanowire
coupling capacitance CNwNeu and all the other capacitances
affecting the output node (NW contact).
To maximize this term the needle should penetrate well into
the neuron, the needle doping should be in the 1019cm−3

order of magnitude or even better be siliciurized in order to
avoid depletion. The stray capacitance as well as the input
capacitance of the readout should be small.
As regards the signal to noise ratio, SNR, here defined as the
peak-to-peak AP amplitude divided by the rms output voltage:
Vnw[V pp]/VN [V ], some assumptions have been made to com-
pute the noise output voltage. In particular we consider only
the thermal noise due to the semiconductor, the electrolyte,
the parasitics of the interconnect and the readout resistances,
neglecting any other source of biological or 1/f noise, which
of course might be present [17]. Therefore the calculations
at present yields only a best case estimate of the SNR. To
evaluate the SNR at the input of the readout, we firstly consider
the output noise directly extracted from SPICE AC simulations
at the NW contact node employing a 1MHz bandwidth, a
reasonable value for the readout circuits of neuronal signals

(lvlneu=40nm)
Needle fully
inserted in the
neuron

Ramp = 100GΩ
Camp = 10pF
Rstray = 1.8kΩ
Cstray = 13.8pF
Rnjseal = 900MΩ
RNwNeu = 700Ω
CNwNeu = 2.9pF
CElySub = 54fF

fp1 = 0.059Hz
fp2 = 26MHz
fp3 = 7.3GHz
Gainin−band = 0.108

(lvlneu=1µm)
Neuron in
contact with the
needle tip

Ramp = 100GΩ
Camp = 10pF
Rstray = 1.8kΩ
Cstray = 13.8pF
Rnjseal = 900MΩ
RNwNeu = 7kΩ
CNwNeu = 610fF
CElySub = 59fF

fp1 = 0.065Hz
fp2 = 38MHz
fp3 = 2.0GHz
Gainin−band = 0.025

(lvlneu=1µm)
Neuron
partially in
contact with
the needle tip
(membrane
poration [16])

Ramp = 100GΩ
Camp = 10pF
Rstray = 1.8kΩ
Cstray = 13.8pF
Rnjseal = 900MΩ
RNwNeu = 2GΩ
CNwNeu = 610fF
CElySub = 59fF

fp1 = 0.065Hz
fp2 = 429Hz
fp3 = 1.5GHz
Gainin−band = 0.008

TABLE III
POLES AND IN-BAND GAIN NUMERICAL VALUES

given the time scale of such signals.
The result is plotted in Fig.6 for two cases: one where
Ramp=100 GΩ (as reported for instance in [16]) as main
thermal noise source of the overall circuit (black line of Fig.
6), and one where the Ramp thermal noise contribution is
artificially suppressed to highlight the noise generated by the
electrolyte, the needle and the interconnections only (red line
of Fig. 6).

10-310-210-1100 101 102 103 104 105 106

Frequency [Hz]

10-11
10-10
10-9
10-8
10-7
10-6
10-5

O
ut

pu
t n

oi
se

 [V
/ H

z1/
2 ] Ramp=100GΩ

No Ramp noise

fcut-off

Fig. 6. Output noise of the circuit with and without the thermal noise of
Ramp=100G Ω. In this case we set lvlneu=1 µm meaning that the neuron is
only in contact with the NW-tip, as depicted in Fig. 2.

As depicted in Fig. 6, the cut-off frequency of the thermal
noise is the same with and without the Ramp noise contribution
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and is given by :

fcut−off =
1

2πRamp(Cstray + Camp)

The final consideration concerns how much the
Cload=Camp+Cstray reduces the noise and consequently
how much it will affect the SNR, since, whenever the
dominant thermal noise of the overall system is due to Ramp,
the following noise expression holds [18]:

VN =

√
KT

Cload
. (4)

Fig. 6 depicts the trend of the SNR for different values of
Cload. It clearly shows that the lower the Cload the better, since

10-12 10-11 10-10 10-9

Cload [F] - Log scale

10-6

10-4

10-2

100

102

S
N

R
 a

nd
 N

oi
se

 [V
]

SNR
Eq. (4) VN 

Fig. 7. SNR of the device as function of Cload. In this case we lvlneu=1
µm meaning that the neuron is only in contact with the NW-tip, as depicted
in Fig. 2.

the improvement in terms of gain is larger compared to the
corresponding worsening of the noise level.

V. CONCLUSION

The joint use of numerical and lumped-element equivalent
circuit models outlines a methodology to reliably and effi-
ciently describe at circuit level the physics of the neuron-
nanoneedle system under study. The lumped-element model
takes less simulation time while still retaining a direct link
with physical and geometrical design parameters. The lumped
components affect the overall transfer function and the model
highlights their role and supports the design based on the
specifications of the readout circuit.
The models are helpful to interpret experimental results as
well, in particular to extract (by fitting) the experimental
variables that depend on the random nature of the neuron
adherence to the nanowire (such as Rnjseal).
The SNR evaluation, although still limited by the lack of
noise generation mechanisms besides thermal noise, is useful
for device-optimization and for comparison among different
transduction mechanisms (voltage, current). In perspective the
lumped-element circuit could be enriched by introducing the
membrane conductances as originally proposed in [15].
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APPENDIX

Fig. A1 reports the complete equivalent lumped-element
circuit model of the structure. The electrolyte and multiple
N+ region at the basis of the nanowire are represented by
multiple RC cells to account for their distributed nature
resulting from the large dimension compared to those of the
nanowire.
Adopting the terminology in [16]: nm=non-junctional-
membrane (neuron membrane that does not face the
electrode), jm=junctional-membrane (neuron membrane that
faces the electrode), njm=nano-junctional-membrane (neuron
membrane in correspondence of the NW), the physical
meaning of the lumped elements is as follows:
-Vneu nm is the AP voltage generator applied on the nm-side
of the neuron.
-Rnm is the nm-conductance.
-Cnm is the nm-capacitance.
-RNeu nm is the fraction of intracellular electrolyte resistance
from the nm-side to the centre of the cell.
-CNeu nm is the fraction of intracellular electrolyte capacitance
from the nm-side to the centre of the cell.
-RNeu njm is the fraction of intracellular electrolyte resistance
from the njm-side to the centre of the cell.
-CNeu njm is the fraction of intracellular electrolyte capacitance
from the njm-side to the centre of the cell.
-RNeu jm is the fraction of intracellular electrolyte resistance
from the jm-side to the centre of the cell.
-CNeu jm is the fraction of intracellular electrolyte capacitance
from the jm-side to the centre of the cell.
-Vneu jm is the AP voltage generator applied on the jm-side
of the neuron.
-Rjm is the jm-conductance.
-Cjm is the jm-capacitance.
-Rnjseal is the nj-sealing resistance between the NW and the
neuron.
-CNwNeu is the intracellular electrolyte EDL coupling
capacitance toward the NW-tip.
-RNWcyl half1, RNWcyl half2 are the two half of the nanowire
resistance (only the pillar resistance).
-RNWbase half1, RNWbase half2 third1, RNWbase half2 third2,
RNWbase half2 third3 are the distributed resistances of the
base of the nanowire (of the electrode).
-Cdep NW is the junction capacitance underlying the NW
cross-section.
-Cdep base third1, Cdep base third2, Cdep base third3 are distributed the
junction capacitances underlying the whole nanowire base
excluding the Cdep NW contribution.
-CNWEly is the coupling capacitance between the extracellular
electrolyte and the NW.
-REly third1, REly third2, REly third3 third1, REly third3 third2,
REly third3 third3 are the distributed extracellular electrolyte
resistances.
-REly ext is the external lumped electrolyte resistance
introduced to keep the simulation domain at manageable size.
-REly nm is the fraction of extracellular electrolyte resistance
from the nm-side to the far bulk electrolyte contact.
-CEly nm is the fraction of extracellular electrolyte capacitance

from the nm-side to the far bulk electrolyte contact.
-Rstray sixth1, Rstray sixth2, Rstray sixth3, Rstray sixth4, Rstray sixth5,
Rstray sixth6 are the distributed parasitic resistances of the
interconnects.
-Cstray sixth1, Cstray sixth2, Cstray sixth3, Cstray sixth4, Cstray sixth5,
Cstray sixth6 are the distributed parasitic capacitances of the
interconnects.
-Ramp is the input resistance of the readout.
-Camp is the input capacitance of the readout.
Notice: CEly is neglected since at low frequency its
contribution is negligible.
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Fig. A2 shows the nanowire-neuron coupling capacitance for
different NW doping and shapes, as a function of the applied
DC value of Vneu.
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