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Abstract
3-D vertical nanoelectrode arrays (NEAs) have found application in several biomedical and sensing
applications, including high-resolution neuronal excitation and measurement and single-molecule
electrochemical biosensing. There have been several reports on high-density nanoelectrodes in recent
years, with the �lling ratio of electrodes close to 0.002 (assuming the electrode diameter of 200 nm and
pitch of 4 µm). Still, it is well below the nanowire �lling ratio required to form interconnected neuronal
networks, i.e, more than 0.14 (assuming the electrode diameter of 200 nm and pitch of 1.5µm). Here, we
employ a multi-step, large-area electron beam lithography procedure along with a targeted, focused ion
beam based metal deposition technique to realize an individually addressable, 60-channel nanoelectrode
chip with a �lling ratio as high as 0.16, which is well within the limit required for the formation of
interconnected neuronal networks. Moreover, we have designed the NEA chip to be compatible with the
commercially available MEA2100-System, which can in the future enable the chip to be readily used for
obtaining data from individual electrodes. We also perform an in-depth electrochemical impedance
spectroscopy characterization to show that the electrochemical behavior and the charge transfer
mechanism in the array are signi�cantly in�uenced by changing the thickness of the SU-8 planarization
layer (i.e., the thickness of exposed platinum surface). In addition to neural signal excitation and
measurement, we propose that these NEA chips have the potential for other future applications, such as
high-resolution single-molecule level electrochemical and bio-analyte sensing.

Introduction
Microelectrode arrays (MEAs) are widely accepted in-vitro platforms to study fundamental physiological
functions of excitable cells and tissues such as nervous and cardiac tissues/cells.[1–3] Moreover, in
recent years, MEAs have also been developed to electrically stimulate these tissues in-vivo with
applications targeting the treatment of disorders related to tremors, Parkinson’s disease, and dystonia.[4]
Deep brain electrical stimulation through surgical implants of micro/nanoelectrodes is already being
used to treat various neurological disorders such as essential tremors, Parkinson's disease (PD), and
dystonia, which could not generally be treated using the medicine.[5] Other biomedical applications that
rely on electrical stimulation of neuronal tissues include upper and lower limb prostheses for spinal cord
injury and stroke; bladder prostheses; cochlear and auditory brainstem implants; visual prostheses for
restoration and improvement of vision; and prostheses for stimulation of neurons for epilepsy treatment.
[6–9] Deep brain electrical stimulation has also been proposed to treat psychological issues such as
depression.[4, 10] In addition to their in-vivo application for the treatment of diseases, MEAs have also
been indispensable for both in-vivo and in-vitro electrophysiological and pharmacological study of
neuronal cells and tissues.[1, 2, 8, 9]

However, commercially available MEAs have certain limitations. The electrode size in MEAs ranges from
few to tens of microns, whereas their pitch can range anywhere from tens to hundreds of microns.[3, 11]
In this case, the electrophysiological study of an individual axon or dendrite, simultaneously from more
than two intracellular or extracellular sites using MEAs, has been complex due to their smaller diameters,
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which measures only tens to a few hundred nanometers, and is signi�cantly smaller than MEAs.[12, 13]
Although the patch-clamp method can be used to study electrophysiology at a single neuron level, it's
often very tedious and can only be used to measure a few neurons at a time.[14] Compared to MEAs,
nanoelectrode arrays (NEAs) with diameters within the range of a few hundred nanometers have several
advantages as they can enable high-density spatial recordings from multiple points within a neuronal
network. Compared to MEAs, NEAs also have reduced ohmic potential drop (because of smaller current
due to small size),[15] a decreased time constant (due to reduced double layer capacitance),[11] and an
increased signal-to-noise ratio.[16] They are potentially less invasive due to their small size.[17, 18] The
high-density nanoelectrode arrays also provide opportunities for longitudinal electrophysiological
measurements.[18]

Research from our group has recently shown that the isotropic arrangement of a high-density nanowire
array can act as physical cues for guiding neurite growth and aid in the formation of a highly
interconnected neural network with synchronized synaptic connections.[19] However, the nanowire arrays
should be su�ciently dense and closely packed to achieve this with a nanowire array �lling ratio (de�ned
in Figure S1 of supplementary information) of around 0.14. Such a dense array of individually
addressable nanoelectrode can signi�cantly enhance the understanding of highly correlated signal
propagation amongst the neuronal network. Although there have been previous reports on individually
addressable nanoelectrode arrays,[14, 18], the nanowire array �lling ratio remained below 0.002, which is
substantially lower than those required to achieve correlated �ring of neurons. Therefore, for this
particular study, we aimed to fabricate a nanoelectrode array exceeding the minimum �lling ratio of
nanowires required to achieve the highly correlated function of in-vitro neurons based on our earlier
�ndings [19]. Here, we choose platinum as the electrode material because of its high biocompatibility and
low impedance,[20] and having been successfully established as working electrodes in Cochlear implants
[21]

Here, we report the fabrication and electrochemical characterization of individually addressable
nanoelectrode arrays for application in neuroscience. We achieve the highest reported �lling ratio of 3D
platinum nanoelectrodes, which is expected to assist in the in-vitro growth of highly interconnected neural
networks and simultaneously allow for high-resolution spatio-temporal characterization of the neuronal
signals down to single neurons. Another critical feature of our NEAs is that we have performed all the
fabrication steps at relatively low temperature, meaning that a similar process can be extended for the
fabrication of NEAs on �exible substrates.

Experimental Details:
The fabrication of nanoelectrode array (NEA) started with piranha cleaning of intrinsic silicon (100)
substrate with resistivity exceeding 1000 Ω-cm. The piranha cleaning can also be substituted by oxygen
plasma etching followed by a 2 min dip in 1% HF. Subsequently, the silicon substrate was spin-coated
with bi-layer PMMA coating consisting of a layer of 2% of 495k PMMA dissolved in anisole followed by a
layer of 4% PMMA dissolved in PMMA. Both the layers were coated at 4000 rpm for 45s without ramping,
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and the total resist thickness was approximately 280 nm. A bi-layer coating was used to facilitate the
metal lift-off. Subsequently, the sample with PMMA was transferred to RAITH150 TWO for e-beam
lithography (EBL). A speci�cally designed EBL procedure was used to fabricate a large-area
nanoelectrode array with high resolution and minimum stitching error. A two-level EBL was performed to
write more coarse structure and alignment markers in the �rst instance, followed by the writing of smaller
features. The paper's results and discussion section provide more details about the EBL procedure. After
EBL, the sample was developed in a 3:1 ratio of IPA: Water under constant sonication for 2 min 10 sec.
Subsequently, a 20 nm Ti/100 nm Au was deposited by e-beam evaporation and lifted off by leaving the
sample in acetone for at least two hours at room temperature.

After metal lift-off, the sample only contained alignment markers and smaller features written by EBL.
Next, photolithography was used to connect the EBL-de�ned patterns with larger metal connectors (for
details, see supplementary information Figure S1). Before photolithography, the substrate was cleaned in
acetone and IPA followed by DI water under sonication for 2 minutes each to remove any contamination
residue from the EBL and lift-off processing of the sample. Next, the sample was baked at 180oC for 2
minutes to remove any water and organic residue left after cleaning. Next, the substrate was coated with
MaN-2405 negative resist spin-coated at 4000 RPM for photolithography for 45 seconds. Subsequently,
the sample was baked at 90 oC for 90 sec. The substrate was exposed under UV light, followed by the
development of the exposed pattern for 90 seconds in MaD 332. Next, the same 20 Ti/ 100 nm Au thin
�lm was deposited using e-beam evaporation followed by lift-off in acetone at room temperature.

The chip with 2D metal electrode formed by EBL and photolithography was then used for deposition of
3D platinum nanoelectrode using focused ion beam (FIB) and focused electron beam (FEB) based
platinum deposition. We used trimethyl(methylcyclopentadienyl)platinum(IV) as the precursor for both
FIB and FEB induced platinum depositions. The FEB induced Pt deposition was done in Helios G4 PFIB
DualBeam microscope, where FIB based Pt deposition used a FEI Helios 600 Nanolab system. The
nanopillars were grown individually on each of the 2D metal pads. The precursor was locally supplied
using a gas injection system positioned 200 µm above the sample surface. The electron beam energy
and current were �xed at 20 kV and 400 pA, respectively, whereas, defocus of 30 µm was used. At the
same time, FIB deposition was carried out using ion beam energy and current of 30 kV and 9.7 pA,
respectively.

Results And Discussion:
Fabrication

The fabrication of nanoelectrode arrays started with the fabrication of metal pads connecting the
nanoelectrodes. The metal pads speci�cations for reading the output signal from nanoelectrodes were
matched explicitly to a 60-electrode microelectrode array chip of multichannelsystems (MCS GmbH). It
consists of 60 individually addressable square metal pads of 2.2 mm x 2.2 mm separated by 150 µm(see
supplementary information �gure S2). In the future, it should be possible to obtain a signal from
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nanoelectrodes through these metal pads using the MEA2100 overhead stage (see supplementary
information �gure S2).

In our 3-D NEA, the total area written by EBL exceeds 5 mm2, and the dimension of structure varies from
20 µm down to tens of nanometers. Therefore, we needed to achieve su�ciently fast electron-beam
lithography while maintaining high resolution. To achieve it, we divided the EBL area into three regions
based on the minimum feature size that is to be written, and during EBL patterning, we used a 30 µm
aperture for smaller feature sizes, whereas, for medium and large size patterns, we used 60 µm and 120
µm apertures, respectively. In conventional EBL systems, aperture sizes are directly related to the beam
current, which in turn controls the writing speed of EBL, as explained in Eq. (1)[22].

Tsinglepixel ≈
Dose ∗ Area2

BeamCurrent#(1)

In the above equation, Dose is de�ned as the clearance dose of the resist (given in terms of µC/cm2), 
Area is the total area to be exposed (given in terms of cm2), and the BeamCurrent is the current of the
electron beam (given in terms of nA). Please note that in Eq. 1, the stage movement and settling time
have not been taken into account, as we individually de�ne these parameters for every aperture (i.e.,
beam current). Figure 1 (a) shows an after-metal lift-off optical micrograph of the total area written by
EBL. Regions with smaller structures written by 30 µm and 60 µm apertures are shown in Fig. 1(b) and
(c). During EBL, four alignment markers were also written (shown in a red circle in Figure S2 of
supplementary information) using 120 µm aperture to align the photolithography pattern with EBL
exposed area. Figure 1(d) shows the alignment of EBL patterns with photolithographically de�ned
patterns after metal lift-off. A fully patterned wafer with gold metal electrodes on a silicon substrate is
shown in Fig. 1(e).

Furthermore, to fabricate 3D nanoelectrodes, we use focused ion beam (FIB), and focused electron beam
(FEB) based platinum deposition techniques. Although the platinum deposited by FEB was smoother and
more conductive than the FIB deposited platinum, the backscattering from the electron beam was higher
than the ion beam leading to shorting of electrodes due to deposition of a thin platinum �lm all-around
3D electrodes (See supplementary Figure S3). Figure 2(a) shows a scanning electron microscope (SEM)
image of circular gold nano pads of 2D nanoelectrode. The platinum nanoelectrodes were deposited
individually at this prede�ned array of circular gold pads. Figure 2(b) and (c) respectively show the top
and tilted SEM images of 3D platinum nanoelectrodes deposited by FIB. The top diameters of
nanoelectrodes were approximately 350 nm, whereas the bottom diameter of the nanowire was around
550 nm giving it a conical shape. The calculated �lling ratio using these parameters comes out to be
0.16, which is very similar to what is required for achieving a highly interconnected neural network.
Finally, a SU-8 thin �lm planarization technique was used to isolate these electrodes from each other, as
discussed in reference[23]. A further increase in �lling factor can be achieved by optimizing the FIB and
FEB depositions to achieve near cylindrical nanoelectrodes.
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Electrochemical Impedance Spectroscopy (EIS) Measurement: A nanoelectrode can be understood as a
circuit element mediating the charge transfer from an electronic conductor to an ionic conductor, and the
electrochemical impedance spectroscopy (EIS) provides information about the effectiveness and
mechanism of this charge transfer, making it one of the primary measurements required to assess the
quality of nanoelectrodes. Also, a neural signal is distributed over a range of frequencies corresponding
to different neural processes. For example, local �eld potentials signifying synaptic activity are contained
in the low-frequency band (i.e., approximately 1-250 Hz), whereas individual neuronal spikes fall in a
relatively high-frequency range (i.e., around 500–3000 Hz).[24] This makes it essential to study the EIS
over a range of frequencies, and in our case, we perform EIS measurements for 0.1Hz to 105 Hz.

To ensure that we only obtain electrochemical measurement data from 3D nanoelectrodes, we employ
several levels of epoxy and polymer coatings to eliminate any contribution from silicon substrate or gold
wire connecting the nanoelectrodes, as shown in Fig. 3(a). To prepare the substrate for EIS
measurements, we uniformly cover the back of the silicon substrate using epoxy tape just after platinum
metal deposition. It covers the back of the silicon substrate and the edges of the silicon. Thereafter, a 250
nm thick �lm of PMMA is spin-coated to isolate the gold wire connecting the nanoelectrodes. The choice
of PMMA was based on the fact that it can be dissolved in acetone to expose the gold contact, but it does
not dissolve in IPA or methanol, and therefore they can be used for cleaning substrates before
measurement. Subsequently, a SU-8 layer was deposited over a small area (not covering the gold metal
pads) to isolate the 3D nanoelectrodes. To remove polymers coated on the surface of platinum
nanoelectrodes, we use an alternate step of oxygen plasma cleaning followed by oxide removal in a
highly diluted HF (1:50 HF:Water), as detailed in reference.[23] We con�rm the complete removal of SU-8
using SEM, as already shown in Fig. 2(d). Finally, the SU-8 is cured to form a hard contact between the
nanoelectrodes that cannot readily dissolve in organic solvents. Each gold contact was individually
exposed during the measurement of nanoelectrodes, ensuring no contribution from any other gold
contact connecting the 3D nanoelectrodes. Moreover, to study nanoelectrodes' length-dependent EIS
behavior, we control the thickness of SU8 by etching it for different durations in the presence of dense
oxygen plasma before its curing.

Moreover, before �tting the EIS data to explain the charge transfer mechanisms, we check the measured
data against the Kramers-Kronig (K-K) relation to ascertain its quality.[25] The K-K relation connects the
real and imaginary parts of a complex function and is a measure of linearity, stability, and casualty of the
system. The system's linearity means that the response is linear and perturbation is small; stability of the
system means that it does not change with time (for the duration of measurement), whereas casualty
implies that the measured response is only due to the excitation signal. The check against the K-K model
is performed using a built-in command in the NOVA software (obtained from Autolab Instruments) that is
based on the work presented in reference [26]. In short, during K-K model �tting, the data is �tted against
a circuit that always satis�es the K-K assumptions. In NOVA software, this circuit consists of a series of
RC circuits equal to the number of measured data points, and the quality of data is measured in terms of 

χ2
ps (pseudo chi-squared �t value) given by Eq. (2).
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χ2
ps = ∑n

i=1

Zre , i−Zre ωi − Zim , i−Zim ωi

Z ωi
#(2)

Where, Zre , i and Zim, i are the measured real and imaginary parts of impedance, Zre ωi  and 

Zim ωi  are the real and imaginary parts of impedance simulated as a function of the radial frequency 

ωi, and Z ωi  is the vector length (absolute value) of the modeling function. The lower is the χ2
ps, the

higher is the data quality, and vice-versa. In our case, for all presented data, the χ2
ps was between 10− 3 to

10− 4, and the χ2
ps reduced below 10− 5 if the data points are restricted to frequencies more than 10 Hz.

The data quality in the future can further be improved by employing a 2- or 4-electrode measurement,
which reduces the contribution of uncertainties induced by the reference electrode. Also, high-quality wire
bonding or soldering can be investigated instead of crocodile/alligator clips for applying and reading the
current through electrodes.

After con�rming the quality and reliability of EIS data, we moved on to �tting the Nyquist and Bode plots.
Here onwards, for the sake of discussion, we categorize our samples into samples 1–3 depending on the
thickness of platinum nanowire exposed (for details, see Figure caption of Figs. 3 (b) – (d)). Figure 3(b)-
(d) shows equivalent circuit models along with a �gurative representation for nanoelectrodes with varying
thicknesses of SU-8, whereas Fig. 4 (a)-(c) shows the corresponding �tting of Nyquist and Bode plots.
Additionally, from here onwards, we use R, C, Q, RC, and RQ to respectively represent the resistor, the
capacitor, the constant phase element, the capacitor in parallel to resistors, and the constant phase
element in parallel to the resistor. Also, Relec denote the resistance due to electrolyte, Rct denote charge
transfer resistances, Cpt denotes platinum nanoelectrode capacitance at the electrode/electrolyte
interface, and Qpt indicates the constant phase element representing the non-ideal capacitive behavior of
platinum nanoelectrode.

It's apparent from the �tting of Nyquist and Bode plots that there is a signi�cant shift in the impedance
spectra as a function of SU-8 etching time (i.e., the thickness of platinum nanowire). For example, for
sample 1, where only the tip of platinum nanoelectrode is exposed. An SEM image of platinum
nanoelectrode with only tip exposed is shown in Figures S3(e)-(f). The Nyquist and Bode plots can be
�tted by a relatively simple circuit consisting of a resistor (Relec) in series connection with Rct and Cct in
parallel, giving an almost perfect semi-circle in the Nyquist plot. As expected, because a very small
portion of the electrode is exposed, the impedance is very high and exceeds more than 106Ω for almost
all measured frequency region, and more than 108Ω for smaller frequency ranges. A high charge transfer
resistance and low capacitance of ~ 260 MΩ and 3 pF signify that the impedance originates from the
double charge layer formation at the nanoelectrode/electrolyte for most frequency ranges. A more clear
picture is obtained by analyzing the phase vs. frequency Bode plot, which shows that Cpt is low only at

[ ( ) ] [ ( ) ]
| ( ) |

( )
( )

| ( ) |
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su�ciently higher frequencies; however, as the frequency drops, the impedance corresponding to Cpt

increases, and most current �ow through the resistor.

In comparison to sample 1, sample 2 (see Fig. 3(c)) has very different EIS characteristics and requires a
more complex circuit to explain the Nyquist and Bode's plots shown in Fig. 4(b). The circuit presented in
Fig. 3(c) consists of Relec connected in series with one RC component and 2 RQ components. The
magnitude of the capacitive element for sample 2 is several hundred nF, suggesting an increased surface
area of the tip of the nanoelectrodes. At the same time, the requirement of constant phase element for
�tting points to the polycrystalline and rough radial surface of platinum nanoelectrode, which is also
evident in the SEM images shown in Fig. 2.[27, 28] The constant phase element is frequently used to
model an imperfect capacitor, and its impedance (Zcpe) is given by:

Zcpe =
1

Q0∙ ( i ∙ ω) n #(3)

In the above equation, Q0 and n are frequency-dependent parameters, de�ned such that Q0 = 1/ Zcpe

at ω = 1rad/s, and phase is always –(90. n)° with 0 ≤ n ≤ 1. Therefore, an ideal capacitor is when n
= 1. In the current case, the parameter n for both the RQ elements is near to 1 for shorter nanoelectrodes
(~ 200 nm) and decreases to 0.6–0.7 for longer nanoelectrodes (~ 500 nm). The roughness of
nanoelectrode also increases the effective surface area of the nanoelectrode, which can also explain
almost an exponential decrease in impedance of nanoelectrodes with a linear increase in the thickness of
platinum nanoelectrodes. We also postulate that although one of the RQ elements represents the
polarization of the radial surface of nanoelectrode due to applied sinusoidal potential, the other RQ
element might be due to the secondary polarization of nanoelectrodes adjacent to the original electrode
where the potential is applied. We measured more than �ve different samples, and we see similar
behavior that an additional RQ element (to account for secondary polarization) is required to achieve
�tting of EIS data when there are more than a few hundred nanometers of nanoelectrode is exposed.
Another important clue that the second RQ element must represent secondary polarization is that the
polarization resistance corresponding to secondary polarization is signi�cantly high and is of the order of
MΩ to TΩ, whereas the polarization resistance of the primary electrode is only a few kΩ. Also, increasing
the number of this element signi�cantly improves the �tting parameter of EIS data. This may be because
a single lump sum RQ element is not su�cient to achieve a high-quality �t. There are several
nanoelectrodes near the primary electrode (i.e., electrode to which potential is applied), and each needs to
be �tted by an individual RQ element because of their nonuniformity. Nonetheless, even with 1 RC and
2RQ in series with Relec, χ2 (�tting parameter) of ~ 0.1 can be achieved. Here, we would also like to
mention that except for sample 1, the �tting of EIS for all other samples signi�cantly improved by
increasing the number of RQ elements. Still, we have tried to minimize the number of �tting elements to
explain the results better and give readers a clearer view of the charge transfer mechanism in these
nanoelectrodes. In the future, it would be interesting to see how does the spacing between the electrodes
in�uence the secondary polarization because so far, such a study has not been attempted.

| |
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During our fabrication, we also found cases where nanoelectrodes were shorted with each other, most
probably during platinum deposition. In this case, there is a steep drop in the impedance with increasing
frequency (see supplementary Figure S4(a) and (b)), which might be due to the simultaneous polarization
of two electrodes. Although, even in this case, EIS can be reliably �tted with 1 RC and 2RQ in series with
Relec, there are subtle differences in the Bode plot of sample 2, as should be evident by comparing
Fig. 4(c) and (d), with supplementary information Figure S4 (a) and (b). For platinum deposited by
electron beam, almost all nanoelectrodes showed shorting behavior as shown in supplementary
information Figure S4 (c) and (d).

Sample 3 EIS data can be �tted with a very similar circuit to sample 2, except that now there is another
constant phase element in series with the Relec, and 1RC and 2RQ elements, as shown in Fig. 3(d). The
origin of 1RC and 2RQ elements is very similar to samples 2, whereas the origin of an additional constant
phase element in series can be explained by su�cient thinning of SU-8. When SU-8 thickness is
su�ciently reduced, a double layer will be formed near the electrolyte/SU8/gold contact interface, which
is explained by an additional constant phase element in series.

Nevertheless, the EIS of sample 2 is very similar to that of commercial MEAs (see Fig. 5 (a)-(c)), showing
the usefulness of a 3D NEA. The commercial MEAs were obtained from multichannelsystems and had
the product code: 60EcoMEA-w/o. Our results indicate that even though NEAs have a small size
compared to MEAs, they can still reach a very similar impedance to MEAs and offer a very similar charge
transfer mechanism, as apparent from both Nyquist and Bode plots. One of the signi�cant differences
between NEAs and MEAs is the lack of secondary polarization in the case of MEAs. This is
understandable considering the electrodes in the case of MEAs are signi�cantly further apart compared
to NEAs. Also, the rough top surface explains the lack of RC components and the presence of RQ
elements.

Finally, one of the primary reasons for performing EIS measurements is to estimate the electrode-
electrolyte interface noise, which is mainly controlled by thermal noise at frequencies higher than 10 Hz.
[9, 29] The corresponding equivalent thermal noise for nanoelectrodes can be estimated by Eq. (4):

Vth = √4 ∙ k ∙ T ∙ Re(Z) ∙ ∇f#(4)

In the above equation, k is the Boltzman’s constant, T is the absolute temperature, Re(Z) is the real
component of the electrode impedance, and ∇f is the frequency bandwidth. Figure 5(d) shows the
calculated thermal noise for samples 1–3 in comparison to the commercial electrodes. As expected,
thermal noise decreases with decreasing impedance, and in the NEAs, the thermal noise is directly related
to the thickness of platinum nanoelectrode exposed to the electrolyte. Also, for sample 3, where almost
more than half of platinum nanoelectrode is exposed, thermal noise reduces to as low as ~ 1µV. We
believe such a low impedance and resulting low thermal noise, in the case of NEAs, is a result of the high
surface roughness of platinum nanoelectrode deposited using a focused ion beam.
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Future Work
In the future, it would be interesting to study how FIB parameters can be used to �ne-tune the
electrochemical properties of these nanoelectrodes further and improve the impedance and thermal
noise. It would also be interesting to study the effect of packaging density on the electrochemical
behavior of NEAs, effectively to understand the origin of secondary polarization terms (as appeared in our
sample 2 and sample 3). In addition, given that the whole process described in this paper was performed
at a low temperature (< 200 oC), in the future, it may be possible to fabricate NEAs on �exible and
transparent substrates, which will be substantially more useful than NEAs on silicon, especially for
neuroscience applications. However, one of our immediate goals is to increase nanoelectrodes density
and test presented NEAs against in-vitro neuronal networks for their stimulation and signal measurement.

The NEAs fabrication methods presented in the paper provide a straightforward way of achieving a high-
density nanoelectrode array with low impedance for a wide range of frequencies. This, in turn, extends
NEAs application from neuroscience to high-resolution single-molecule level electrochemical and bio-
analyte sensing. For example, high density individually addressable nanoelectrode has previously been
shown to signi�cantly improve the sensitivity, selectivity, and unlabeled detection of bio- and chemical
species.[30, 31] An improvement in sensing with high-density nanoelectrodes is mainly achieved due to
their large active surface area and high surface permeability,[32] and signi�cantly reduced interaction
volume,[33] which improves the interaction of biological and chemical entities with the nanoelectrodes.

Conclusions
In conclusion, this paper presents the fabrication of high-density individually addressable 3D platinum
nanoelectrodes formed by focused-ion beam and electron-beam lithography. An in-depth analysis of EIS
shows that su�ciently low impedance can be achieved for these nanoelectrodes by exposing just a few
hundred nanometers of platinum nanoelectrodes, whereas by exposing more than one micron of
nanoelectrode, an impedance less than 104 ohms can be achieved. As a result, the thermal noise
corresponding to these nanoelectrodes can be signi�cantly reduced by controlling the thickness of the
nanoelectrode exposed, and thermal noise of ~ 1 µV can be achieved for NEAs with more than 1 µm of
exposed platinum nanoelectrode. Moreover, the behavior of these nanoelectrodes is compared against a
commercially available MEA, and it is shown that their electrochemical performance is comparable to
commercially available MEAs. Finally, we discuss the future work and brie�y discuss the presented NEAs
for applications beyond neuronal stimulation and measurement.
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Figures

Figure 1

(a)-(c) shows optical microscope (false-colored) images of the pattern written by EBL (after metal lift-off).
More than 20 µm thick lines were written by 120 mm aperture, whereas lines less than 1 µm were written
by 60 mm aperture and lines less than 200 nm were written by 30 mm aperture. (d) Using alignment
markers written by EBL, a near-perfect alignment between EBL and photolithography patterns can be
obtained. (e) A fully patterned wafer with nanoelectrode arrays. 
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Figure 2

(a) SEM image of circular gold nano pads on which 3D platinum nanowires were deposited using FIB and
FEB-based platinum deposition technique. (b) and (c) respectively shows the top and tilted SEM views of
platinum nanowires deposited by FIB. (d) SEM of nanoelectrode array separated from each other using
SU-8. Using different SU-8 etching times, different lengths of the platinum nanowire can be exposed,
which controls the electrochemical charge transfer in these electrodes. 

Figure 3

(a) 3D schematic of an NEA chip ready for electrochemical measurements. It consists of an epoxy layer
that completely isolates the back and side of the silicon wafer on which the nanoelectrodes are de�ned.
The nanoelectrodes and metal contact pads are electrically isolated from each other through a bi-layer
polymer consisting of PMMA and SU-8. PMMA is chosen because it can be removed in IPA during
measurement of individual gold contact and its extremely low sensitivity to UV exposure, which allows for
selective curing of SU-8. Finally, different lengths of platinum nanowires can be exposed by etching the
SU-8 (before curing) for different lengths of time. (b) Sample 1: Schematic showing NEA with only the tip
of the platinum nanowire exposed, and a corresponding circuit used for �tting EIS data is shown
alongside. (d) Sample 2: Schematic showing NEA with approximately 500 nm of the platinum nanowire
exposed and alongside is shown a corresponding circuit used for �tting EIS data. (e) Sample 3:
Schematic showing NEA with approximately 1 µm of the platinum nanowire exposed and a
corresponding circuit used for �tting EIS data is shown alongside.

Figure 4

(a) and (b) shows the �tted Nyquist and Bode plots for Sample 1. (c) and (d) shows the �tted Nyquist and
Bode plots for Sample 2. (e) and (f) shows the �tted Nyquist and Bode plots for Sample 3

Figure 5
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(a) and (b) respectively shows the Nyquist and Bode plots for one of the electrodes of 2D microelectrode
purchased from Multichannelsystems. (c) A corresponding circuit diagram used for �tting of the data
shown in (a) and (b).  
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