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of the central nervous system is used

in basic neuroscience to study brain
functions'? and in clinical practice to treat
conditions such as epilepsy, Parkinson's dis-
ease, and chronic pain.? Device engineers
are increasingly confronted with demands
from neuroscientists and clinicians alike
to develop implantable microsystems that
provide high-density stimulation and re-
cording capabilities integrated in one plat-
form. These requirements are driven by the
need to better understand the normal and
abnormal dynamics of neural networks and
provide spatially confined stimuliin order to
alter disease states or induce behavioral,
mnemonic, or cognitive changes. Ultimately,
dense arrays with micrometer-sized electrodes
for parallel and high-fidelity recording and
selective stimulation of single neurons or neu-
ronal populations are envisaged. Clearly, such
strict device specifications can only be met
by using advanced CMOS technology capable
of addressing large electrode arrays in a
reliable way.

Commonly used thin-film materials, in-
cluding Pt, Ir, and TiN,* face serious limita-
tions in terms of their potential for further
electrode miniaturization. The electrode
impedance, which scales inversely with
the electrochemical interface capacitance
and hence effective electrode area, may be
too high—on the order of several MQ—
for small electrodes based on thin-film ma-
terials to provide sufficient recording sensi-
tivity. In addition, the high driving voltages
required to supply sufficient stimulation
charge with small electrodes may damage
the electrode and surrounding tissue. Solu-
tions to mitigate these limitations aim at
increasing the effective surface area (and
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ABSTRACT

As-grown CNT
electrodes

The reliable integration of carbon nanotube (CNT) electrodes in future neural probes requires a proper
embedding of the CNTs to prevent damage and toxic contamination during fabrication and also to
preserve their mechanical integrity during implantation. Here we describe a novel bottom-up
embedding approach where the CNT microelectrodes are encased in Si0, and Parylene C with
lithographically defined electrode openings. Vertically aligned CNTs are grown on microelectrode arrays
using low-temperature plasma-enhanced chemical vapor deposition compatible with wafer-scale C(MOS
processing. Electrodes with 5, 10, and 25 um diameter are realized. The CNT electrodes are
characterized by electrochemical impedance spectroscopy and cydic voltammetry and compared
against cofabricated Pt and TiN electrodes. The superior performance of the CNTs in terms of impedance
(<484 03 kQ at 1 kHz) and charge-storage capacity (>513.9 = 61.6 mC/am?) is attributed to an
increased wettability caused by the removal of the Si0, embedding in buffered hydrofluoric acid.
Infrared spectroscopy reveals an unaltered chemical fingerprint of the CNTs after fabrication. Impedance
monitoring during biphasic current pulsing with increasing amplitudes provides dear evidence of the
onset of gas evolution at CNT electrodes. Stimulation is accordingly considered safe for charge densities
<40.7 mC/am’. In addition, prolonged stimulation with 5000 biphasic current pulses at 8.1, 40.7, and
81.5 mC/am? increases the CNT electrode impedance at 1 kHz only by 5.5, 1.2, and 12.1%, respectively.
Finally, insertion of CNT electrodes with and without embedding into rat brains demonstrates that
embedded CNTs are mechanically more stable than non-embedded CNTs.

KEYWORDS: CNT electrodes - bottom-up SiO, embedding - neural probes -
electrode impedance - charge injection - brain insertion
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can degrade under electrical stimulation, leading to
impedance fluctuations and loss of charge injection
capacity."'? In contrast, the long-term electrode viability
is expected to improve significantly by using CNTs, which
are chemically inert and stable against degradation under
prolonged potential cycling."® Furthermore, CNTs exhibit
excellent electrical conductivity and, most importantly,
biocompatibility toward neurons.'* '8

Recent studies have demonstrated CNT-coated elec-
trodes with superior electrochemical performance
compared to uncoated ones. These reports describe
various methods to deposit the CNTs: chemical vapor
deposition (CVD)2'2* drop-coating,® pyrolysis of
acetylene,®® and microcontact printing.?”” Among
these, only CVD can readily and reliably be applied at
wafer-scale. However, conventional thermal CVD of
CNTs requires temperatures far in excess (>450 °C)
of CMOS-compatible processing. Driven by the need to
replace standard Cu-based interconnect technology,
wafer-scale CVD synthesis of vertically aligned CNTs
has been optimized to satisfy the temperature con-
straints of back-end-of-line (BEOL) CMOS processing
and provide high-density, low-resistance CNT films.?®
While low-temperature CVD at 400 °C has been em-
ployed to grow CNTs on microelectrode arrays for
ECoG recordings in rats,%® this study failed to address
the nontrivial aspect of mechanical stability of the CNT
electrodes during the in vivo experiments. To our
knowledge, no study has so far attempted to tackle
the technological challenges and implications of inte-
grating CNTs onto neural probes in a comprehensive
and reliable way.

A key challenge here is ensuring the mechanical
integrity of the CNTs during implantation.>® The ver-
tical structure of CVD-grown CNTs makes them sus-
ceptible to lateral abrasive forces during implantation,
possibly leading to collapsed CNTs or even loss of
material.>' The former may cause electric shorts be-
tween neighboring electrodes especially on dense
arrays. Appropriate embedding and lateral confine-
ment of the CNTs may help overcome this problem.
Technologically, two approaches may be sought: top-
down or bottom-up embedding (Figure 1). With the
former, CNTs are selectively grown in electrode open-
ings defined in a top dielectric. This approach has the
advantage that the CNT growth can be the last fabrica-
tion step, which may be beneficial to preserve the as-
grown CNT properties. A challenge, however, is to
match the height of the CNTs with the thickness of
the dielectric in order to obtain an efficient embed-
ding. Another drawback is that the catalytic metal film
required for CNT growth by CVD cannot reliably and
selectively be deposited within electrode openings of
small dimensions. Consequently, the wafer surface will
in part or wholly be coated with the potentially toxic
metal catalyst and eventually a thin sheet of amor-
phous carbon. While in vitro neuronal survival of a few
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Figure 1. Comparison of top-down and bottom-up embed-
ding of CNT electrodes.

days has been shown on such structures,'®?? it is

unclear whether catalytic metal traces will leach into
the physiological medium or tissue during prolonged
immersion.

For bottom-up embedding, which has been
adopted in this work, a dielectric is deposited after
CNT growth, and electrode openings are defined
lithographically or possibly also by chemo-mechanical
polishing.3*3** In this approach, the metal catalyst
present on the wafer surface is effectively covered
(Figure 1). The major challenges are avoiding any
damage and chemical modifications of the CNTs dur-
ing the electrode opening and maintaining the bio-
compatibility of the CNTs throughout the fabrication
process. For the latter, exposure of the CNTs to poten-
tially toxic compounds, including organic substances
such as photoresists and solvents, and metal contami-
nants must be prevented as they may become en-
trapped within the CNT matrix.>>3¢ Thus, there were
two main objectives in this study. First, we developed a
robust fabrication process that allowed the wafer-scale
integration of CNT microelectrodes for next generation
neural probes with both recording and stimulation
capabilities. Second, we demonstrated that the fabri-
cation process did not compromise the electrodes'
superior electrochemical performance and stability,
chemical stability, and mechanical durability during
insertion in the brain.

RESULTS AND DISCUSSION

Microelectrode arrays were fabricated on 200 mm Si
wafers according to the scheme depicted in Figure 2.
Briefly, for all investigated electrode materials, inter-
connects were defined by lift-off of sputter-deposited
Pt (Figure 2a). Electrode arrays based on TiN and CNTs
had an additional TiN layer on top of the electrode
areas patterned by means of a second lift-off step
(Figure 2b). Following reported procedures,?® vertically
aligned CNTs were selectively grown on the electrodes
by a low-temperature (425 °C) plasma-enhanced CVD
(PECVD) process using a 2 nm (nominal) thick Ni layer
as a catalyst (Figure 2c and Figure 3a). The resulting
multiwalled CNTs had a homogeneous height of
~2 um, an average diameter of 34 nm (determined
by scanning electron microscopy (SEM)), and a density of
approximately 2 x 10" cm™~2 (Figure 3b). We opted for
this CNT height in order to avoid too high topographies
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Figure 2. Schematic of the process flow for the (g) CNT, (g') TiN, and (g”) Pt electrode arrays. For the fabrication of the Pt
electrodes, steps (b—d) were omitted. For the fabrication of the TiN electrodes, steps (c,d) were omitted.

Figure 3. (a) Optical micrograph of an electrode array after
CNT growth on top of the electrodes. (b) Cross-sectional
SEM image of the as-grown CNTs. (c) SEM image of an
electrode. (d) Zoom of (c) after conformal CVD SiO, coating.
(e) Overview SEM image of an electrode after etching of the
Parylene C and removal of the CVD SiO, in buffered HF.
(f) Overview SEM image of a typical electrode edge partially
encased in Parylene C. (g) Combined FIB/SEM image show-
ing details of the final CNT—Parylene C interface at an
electrode opening. The layers indicated with red lines are
(from top to bottom) Parylene C, CNTs, TiN, Pt, thermal SiO,.
(h) Combined FIB/SEM image showing details of the final
CNT—Parylene Cinterface at the outermost electrode edge.
The indicated layers are (from top to bottom) Parylene C,
CVD SiO,, thermal SiO,.

on the wafer surface and hence ensure a reliable
lithography. The CNTs were embedded in 300 nm
SiO, to serve as a protection and etch stop layer during
subsequent fabrication steps. The SiO, was deposited
by CVD at 150 °C (Figure 2d) and formed a conformal
coating on top of the CNTs as seen from the SEM
images in Figure 3¢,d. As a biocompatible and hermetic
insulation material, 1 #um of Parylene C was evaporated
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(Figure 2e). The bond pads were opened by reactive
ion etching (RIE) of the Parylene C and SiO, (Figure 2f).
In a second RIE step, the Parylene C on the electrode
areas was opened. The etch time was adjusted to stop
on top of the oxide layer and thus prevent damage to
the embedded CNTs. The corresponding stack profiles
for the TiN and Pt electrodes are shown in g’ and g” of
Figure 2, respectively.

The wafers were then diced, and the chips were
wire-bonded onto custom-printed circuit boards. Prior
to experimentation, the SiO, layer on top of the CNT
electrodes was removed by dipping the packaged
chips in buffered hydrofluoric acid (BHF) (Figure 2g).
The SEM image in Figure 3e displays an electrode after
RIE of Parylene C and removal of the SiO, in BHF. Due to
this wet treatment and subsequent drying of the chips,
capillary action caused a clustering of the CNTs, result-
ing in the formation of dense microbundles. A typical
electrode edge partly encased in Parylene Cis shown in
the overview SEM image in Figure 3f.

Focused ion beam (FIB) combined with SEM was
employed to analyze the details of the CNT—Parylene C
interface at an electrode edge. A cross-sectional FIB/
SEM image of the final electrode edge shows the
CNT—Parylene C interface at the electrode opening
(Figure 3g). Red lines indicate the different layers,
which are (from top to bottom) Parylene C, CNTs, TiN,
Pt, and thermal SiO,. Also clearly visible are larger voids
underneath the Parylene C stemming from the re-
moval of the CVD SiO, by BHF. These voids are also
discernible in the cross-sectional FIB/SEM image in
Figure 3g, which displays the CNT—Parylene C inter-
face at the outermost electrode edge. Here, the indi-
cated layers are (from top to bottom) Parylene C, CVD
SiO,, and thermal SiO,. Clearly, the BHF etch time was
sufficient to remove the CVD SiO, on top of the CNTs
and preserve the SiO, stack outside the perimeter of
the electrode. This aspect is essential for maintaining
an optimal insulation of the metal interconnects. From
the FIB/SEM analysis, it also becomes evident that the
embedding and subsequent electrode opening did
not lead to evident morphological changes of the
CNT forest. In principle, bottom-up embedding of the
CNT electrodes could also be achieved by omitting
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the Parylene C and using only a thick CVD SiO, layer.
Such neural probes would, however, only be suitable for
acute or short-term implantations due to the gradual
deterioration of the SiO, insulation in contact with the
saline environment.®” For chronic implantations, a more
robust coating, such as Parylene C, is necessary.*®

All electrode materials were characterized electro-
chemically by cyclic voltammetry (CV) and electroche-
mical impedance spectroscopy (EIS) in phosphate
buffered saline (PBS). Cyclic voltammetry is generally
used to identify the nature and extent of faradaic and
nonfaradaic electrode processes and determine the
material-specific voltage limits for hydrogen and oxy-
gen evolution, also termed the water window. During
neural stimulation, it is advised to avoid the occurrence
of faradaic reactions in general and gas evolution in
particular because they may damage the electrode
and/or release chemical species which may alter the
tissue beyond physiologically tolerable levels.>*~*3 The
water window is generally regarded as the safe opera-
tional voltage range for stimulation. This assumption
ignores, however, that the electrode (over)voltages
determined by CV may depend on the sweep rate
and hence the kinetic and diffusional dynamics of the
underlying faradaic electrode processes.***> Consider-
ing that the differential voltage “sweep rate” observed
during stimulation can be more than 4 orders of
magnitude larger than the slow sweep rate generally
employed for CV, it is not plausible why voltage limits
obtained by CV should correspond to the maximum
electrode polarization tolerable under stimulation. This
1:1 translation should be assessed more critically to
establish proper criteria for safe stimulation ranges.*®
The values for the water window determined in this
work served solely to calculate the charge-storage
capacity (CSC), which corresponds to the area under
the CV curve divided by the voltage sweep rate. Mostly,
only the cathodic branch of the CV curve is taken into
consideration. This cathodic CSC (CSC.) is a useful
figure of merit to allow first-order comparisons of the
charge-storage capability of various electrode materi-
als under well-defined experimental conditions. Mate-
rials with a high CSC. are also considered more efficient
for stimulation.

Figure 4 shows typical voltammograms obtained
with Pt, TiN, and CNT electrodes of 5 um diameter.
The Pt voltammogram exhibits the typical features of H
adsorption and desorption between —0.6 and —0.3 V
and a broad Pt oxidation band between 0.25 and 0.9 V.
The large current step in the cathodic sweep between
0and 0.2 Vis due to the reduction of dissolved O,. The
sharp current increases at the end of the cathodic and
anodic scans are due to the onset of H, and O, gas
evolution, respectively. Electrodes based on TiN show a
strong blocking behavior in the potential region
—0.5—1.1 V where current flow is mostly capacitive
in nature. In the anodic scan, two large bands centered
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around —0.85 and —0.4 V can be observed and are
attributed to the oxidation of H, gas and chemisorbed
H, respectively.*” Due to the lack of distinct H adsorp-
tion features in the cathodic scan, the onset potential
for H, evolution cannot be identified. Thus, this is set
at —0.75 V for the TiN electrodes. Further, in the anodic
scan, an oxidative wave near 1.2 V was attributed to
the formation of a surface oxynitride and/or oxide
phase.***° The reductive shoulders visible at approxi-
mately 0 and —0.25 V are considered to correspond to
the reduction of this oxynitride and/or oxide layer. The
signal at 1.1 V in the cathodic sweep may be related to
the reduction of O, that evolved in the preceding
anodic scan. Electrodes coated with CNTs show a
strong capacitive response as evidenced by the large
area under the CV curve and the lack of large faradaic
features. Besides a well-defined reductive peak at
—0.25 V and a weaker shoulder at —0.6 V, only ill-
defined broad oxidation bands can be discerned. The
overall redox activity of the CNT electrodes, including
the reductive peak at —0.25 V, bears a strong resem-
blance to the voltammetric response of the bare TiN
electrodes. This may indicate that the CNTs do not form
afully closed layer above the TiN substrate and that the
electrolyte is able to enter the CNT matrix and spread
over the TiN. This result is of great importance since it
implies a good wettability of the CNT matrix. On the
other hand, similar voltammetric features have also
been reported for single-walled CNT sheets and were
attributed to oxygen-containing functional groups
present in the CNT sidewalls.>® Thus, it remains unclear
whether the observed redox activity is solely due to the
TiN underlayer or is also caused by the CNTs. Only a
small fraction of the overall charge available with CNTs
is faradaic in nature, while most of the charge arises
from the charging and discharging of the electroche-
mical double layer. Given this rather inert nature of the
CNTs, fewer chemical modifications and hence degra-
dation of the electrodes are expected during pro-
longed stimulation.

Visual comparison of the CV curves reveals that the
CSC. of the CNT electrodes is much larger than that of
the Ptand TiN electrodes. Table 1 summarizes the CSC,
values (mean = standard deviation) for all investigated
electrode sizes and materials obtained from n, differ-
ent electrodes. Also provided are the CSC. values
normalized by the respective value of the 25 um
diameter electrode, CSCZ°, and the voltage ranges of
the water window. The CSC. obtained with the CNT
electrodes is more than 2 orders of magnitude larger
than that of the Pt and TiN electrodes of the same
diameter. It also appears that more charge per unit area
is available with decreasing electrode diameter as
indicated by the CSCZ°. This behavior can be explained
by the potentiodynamic current response of ultra-
microelectrodes.”’ Here, the steady-state diffusion-
limited current density, i), scales inversely with the
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Figure 4. Cyclic voltammograms of (a) Pt, (b) TiN and CNT electrodes of 5 um diameter each. Scans were performed at 0.1 V/s

in phosphate buffered saline.

TABLE1. Values for the CSC,, CSCfS, and Water Window of
Pt, TiN, and CNT Electrodes

material @ (um) (5C (mCcam2) (SCZ (au) n, water window vs Ag|AgCl [V]

Pt 25 16£02 1.0£02 6
10 35816 22+£13 6 —0.60 to 0.90
5 135£30 86£29 8

TiN 25 3013 1.0+£07 8
10 54+11 18+14 5 —0.75t0 1.10
5 198£17 67£28 6

(NTs 25 5139+£616 1.0£02 12
10 20120 £ 2082 39409 13 —0.75 to 1.10

5 66121 £39%5 129 +£23 12

electrode radius:

P 4AnDC*
T T

(M

where n is the number of electrons, D is the diffusion
coefficient, C* is the bulk analyte concentration, and r,
is the electrode radius. Hence, for electrodes with 5 and
10 um diameter, the current density is expected to
increase by a factor of 5 and 2.5, respectively, com-
pared to a 25 um diameter electrode. This is in good
agreement with the range of CSCZ* values in Table 1
except for the 5 um diameter CNT electrodes, which
accommodate a larger charge density than expected.
This is most likely caused by slight lithography-related
differences between the actual and nominal geometric
electrode area. Although not unexpected, the increase
in CSC. with decreasing electrode area is an interesting
aspect for neural stimulation with small electrodes and
requires further investigation under realistic stimula-
tion conditions.

The water window for Pt (Table 1) was smaller than
for the other materials, which can be attributed to the
electrocatalytic nature of Pt toward hydrogen and
oxygen evolution. Slightly different water windows
have also been reported for Pt and TiN electrodes.*
However, as mentioned earlier, values for the water
window determined by CV should not be regarded as
operational limits for electrodes under stimulation.
They serve solely to determine the CSC. and hence
the capability of a material to store charge at a given
sweep rate. From the CSC,, it becomes clear that the
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CNTs are by far the most effective (at the given sweep
rate).

Electrochemical impedance spectra were recorded
for all electrode sizes and materials at their respective
equilibrium potentials. The EIS data were analyzed by
the fitting to physically meaningful equivalent circuit
models and by parameter extraction. The linear fre-
quency response of an electrode—electrolyte interface
can be modeled in terms of an equivalent circuit where
the individual circuit elements describe the various
relaxation phenomena occurring at the interface. In a
first approach, the interface behaves like a parallel RC
circuit, where the resistance represents the faradaic
response of the system, termed the charge-transfer
resistance, R, and the capacitance provides informa-
tion on the interfacial charge distribution known as the
double layer capacitance, Cy). The Cy is largely respon-
sible for the neural signal transduction across the
electrode—tissue interface and should be designed
to be as large as possible in order to detect the minute
neuronal signals. In general, more complex circuit
models need to be employed to account for diffusion
phenomena, chemical modifications at the electrode
surface, and distributed relaxation phenomena arising
with electrode materials that exhibit a certain porosity
or surface roughness.>? In this last case, the capacitive
nature of the interface is represented by a constant-
phase element (CPE), which is characterized by a
frequency-independent phase angle. Its impedance,
Zcpg, Shows an empirically determined power law
frequency dependence:

1
Acpe(io)*

Zepe = (2)
where w is the angular frequency, Acpg is @ measure of
the magnitude of Zcpg, and 0 < a < 1 is a measure for
the system's deviation from an ideal capacitive re-
sponse for which a. = 1. In general, o is considered to
depend on the roughness of an electrode material and
decreases with increasing roughness.

The efficiency of a recording electrode is measured
in terms of its impedance magnitude at 1 kHz, which is
the characteristic frequency in the power spectrum of a
neural action potential with a duration of 1 ms. Low
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electrode impedances are generally associated with
low intrinsic noise levels leading to high signal-to-noise
ratios. Besides the noise level, the impedance as a
function of the geometric electrode area also affects
the recorded signal amplitude, that is, the recording
sensitivity.>®> The recording sensitivity decreases with
increasing electrode area because of spatial averaging
of the voltage across the (geometric) electrode area.
Thus, while small electrodes with a relatively high
impedance may have a larger intrinsic noise, their
signal-to-noise ratio may still be higher than that of
large electrodes with a lower impedance due to a
higher recording sensitivity.>* Recent studies further-
more suggest that low-impedance coatings such as
CNTs can also lead to a significant improvement in
recording sensitivity compared to uncoated electrodes
of similar size.>*>*° The observed effects are, however,
not yet understood.

Figure 5 shows the Bode plots of all electrode sizes
and materials averaged over n, measurements from n,
different electrodes (see Table 2 for the values of n.).
Figure 6a shows the impedance magnitudes at 1 kHz of
the measured electrode materials and the theoretical
behavior of a flat microelectrode in function of the
electrode diameter. The theoretical impedance mag-
nitude was determined according to

1

‘Z|(f) = 2
27f x A x 20 uF /cm

(3)

where f= 1 kHz is the frequency and 20 uF/cm? is the
specific capacitance of a flat electrode.’” For all elec-
trode sizes, the CNT electrode impedance is 3 orders of
magnitude lower compared to the Pt and TiN electro-
des. In contrast, impedances of previously reported
CNT electrodes of similar dimensions are 10 times
higher (60—100 kQ?3). There are likely to be several
reasons for this difference possibly related to the CNT
density and structure, the chemical properties of the
CNTs, and the substrate, among others. Noteworthy is
the strong deviation of the impedance magnitude for
the 5 and 10 um diameter Pt and TiN electrodes
from the theoretical behavior. Such deviations cannot
be caused by fabrication errors alone, which are at
most +1 um for lithography and RIE together, but
are most likely due to parasitic capacitances, which
become more dominant with decreasing electrode
size. Furthermore, both the impedance and CSC. of
the CNT electrodes remained unchanged after stor-
age in a nitrogen drybox for more than 1 year post-
processing. This aspect is essential in terms of long-
term electrode reliability.

For all Pt electrode sizes in Figure 5, the phase angle,
0, remains close to the value of an ideal capacitor for
which 6 = —90°. In contrast, the TiN electrodes exhibit
a clear minimum of |0| between 10° and 10° Hz
which implies a slightly stronger faradaic contribution
than with Pt. Electrodes coated with CNTs behave

25 um 10 pm 5 um
3 ——Ptm=7) | ——Pt(n=6) - ——Pt (n=6)
100M '\)-?h ——TiN (n=7) || —=—TiN (n=5) g"i*,‘ﬂf ——TiN (n=7)
el | ——CNT (n=15)} ——CNT (n=15) el ——CNT (n=14)
g T, ? o “\\%
= o %
N ok \“ | EW B \\‘\\ﬂ
A‘A‘.A‘ \r e ttisianiias
F 000000, [ odcogafies
Foows #7- _{f%’W
- y /
8 i et
5 ’ MEAN
3 \\,“
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==
0
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Figure 5. Average Bode plots (mean =+ standard deviation)
with impedance magnitude, |Z|, and phase angle, 0, for the
Pt, TiN, and CNT electrodes of 25, 10, and 5 um diameter
measured between 1 and 10° Hz in phosphate buffered
saline.

capacitively at low frequencies and resistive at higher
frequencies similar to an electronic high-pass filter.
Least-square fitting of the spectra reveals that this
effect originates from various relaxation processes
involving chemical modifications at the CNT surface
and a low R, combined with the occurrence of diffu-
sion. The equivalent circuit is provided in Figure 6b. The
series resistance, R, accounts for the ohmic behavior of
the solution and metal wires. For the TiN and CNT
electrodes, an additional capacitance, C,, is included
in series with R.. In the case of CNTs, it has been
recognized that a small fraction of the interfacial
capacitance is faradaic rather than electrostatic in
nature and is termed the pseudocapacitance.®® It is
considered to originate from functional groups
(defects) present at the tip and sidewalls of the CNTs,
which are redox-active. In general, pseudocapaci-
tances can arise due to chemisorption or redox reac-
tions occurring at electrode surfaces. The charge that
is transferred in these electrode processes is some
function of the electrode potential and, as such,
resembles the behavior of a capacitance. Importantly,
this kind of capacitance is faradaic in nature, rather
than being associated with a potential-dependent dis-
tribution of electrostatic charge as for the Cy;.

The pseudocapacitance is represented as a capaci-
tance, C,, in series with R... In the case of TiN, C, may be
related to the presence of an insulating oxide and/or
oxynitride layer on top of the electrodes introduced
during the electrode opening by RIE.3* In particular, for
the CNT electrodes, an additional distributed element,
the Warburg impedance, Zy, was required to account
for diffusion effects in the porous matrix. It is con-
nected in series with R and C,. In general, diffusion
occurs as a consequence of charge-transfer reactions
taking place atan electrode and depleting the adjacent
electrolyte from reactants. It is therefore directly re-
lated to the magnitude of R, which is a measure of the
kinetic feasibility of a faradaic reaction. If charge trans-
fer is hindered due to sluggish reaction kinetics
and thus a large Ry, diffusion will not become a
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TABLE 2. Average Fitting Parameters (with Standard Deviations) for the Pt, TiN, and CNT Electrodes of 25, 10, and 5 um

Diameter
material @ (um) R, (k<) Rt (k) Acpe (nF s“7)
Pt 25 2038 4+ 265 (623 £ 031) x 10° 032 =& 0.05
10 80.81 + 1797 (136 + 1.09) x 10° 013 £ 0.05
5 (469 +270) (212 £ 1.58) x 10° 005 =+ 0.02
x 107
TiN 25 (0.83 £ 0.10)  (0.53 & 0.15) x 10* 0.86 = 0.18
x 10°
10 (2.56 + 1.51)  (1.78 = 0.82) x 10° 0394014
x 10°
5 (702 £097) (2314079 x 10* 030 = 0.08
x 10°
(NTs 25 0.63 £ 0.05 123 £ 0.14 (139 £ 032)
x 102
10 115+ 033 147 £+ 0.13 (0.81 £ 0.24)
x 102
5 237 +£033 151+ 021 (0.65 £ 0.12)
x 102
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Figure 6. (a) Dependence of the electrode impedance magni-
tude at 1 kHz on the electrode radius: comparison of theoretical
(flat disk electrode) and experimental data for the Pt, TiN, and
CNT electrodes. The experimental values are averaged over n.
measurements from n,, different electrodes (see Table 2 for the
n. values). (b) Equivalent circuit used to fit the impedance
spectra.

limiting factor. Its contribution to the observed impe-
dance will hence be negligible. On the other hand, facile
reaction kinetics, or equivalently a small R, is accompa-
nied by a fast depletion of reactants at the interface. The
measured reaction rate becomes diffusion-limited and
will be registered as an additional impedance. The Zyy is
described by the same equation as Zcpg (€q 2), but with a
constant power factor, a. = 0.5. Parasitic capacitances due
to the Parylene C insulation are described by the lumped
capacitance, C;.

Table 2 provides the fit parameters for all electrode
sizes and materials. The Ry shows a strong dependence
on the electrode material and is up to 3 orders of
magnitude higher for the Pt and TiN electrodes as
compared to the CNT electrodes. The R of the CNT
electrodes is largely determined by the low solution
resistance (the metal interconnect resistance can be
neglected), which is a direct consequence of the large
distributed surface area of the CNTs, and can be de-
scribed in terms of a porous electrode:>

ol
2
rimng

(4)

Rsp =
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o Aw (mF s~%%) G, (pF) G (pF) n.
0924000 n/a n/a 56.46 + 433 7
089 +0.03 n/a n/a 3221+ 282 6
0.89 +0.04 (570 +249) n/a 2393 £+ 1.43 7

x 107
084 4+0.02 n/a (2.49 £ 0.74) x 107 4938 & 2.51 7
078 +0.06 n/a 75.83 £ 2538 38.79 £ 4.52 5
0.80 =006 n/a 67.74 4= 8.53 4319 + 278 7
0834002 11.73+£149 (192 £ 035) x 10° (6.72 4 0.53) x 100 16
0854003 11434225 (152+£020) x 10° (424 £ 2.33) x 100 15
0.86 +0.02 10.58 + 247 (0.87 £ 0.13) x 10° (224 +031) x 100 14

where p is the solution resistivity, / is the pore length, r, is
the pore radius, and n, is the number of pores. For com-
parison, the solution resistance in the case of a recessed
disk electrode with radius r, and a recess height h is>®

p , ph

4re  rim

Rse (5)
where h =1 um corresponds to the Parylene C thickness.
The average diameter of a nanotube in this work is 34 nm.
Assuming that the CNTs are arranged in a dense square
lattice, the pores corresponding to the void space be-
tween the nanotubes can be approximated by cylinders
with a radius r, = 7 nm. Further, the total number of pores
equals the number of nanotubes, that is, n, = 9.8 x 10° for
the 25 um diameter electrode, and the pore length
corresponds to the height of the CNT film, / ~ 2 um. Using
these values and a PBS resistivity of p = 70 Q cm, one
obtains for a 25 um diameter electrode R, , = 9.3 kQ2 and
Rse = 154 kQ. The latter is in good agreement with the
value for a Pt electrode in Table 2. In contrast, the actual
R, for the CNT electrodes is more than an order of
magnitude lower than the theoretical R; ;. Considering
that the CNT length and density are reliably controlled
during the growth process, the most uncertain factor in
eq 4 is r,,. It can strongly be affected by the fabrication
process and most likely covers a broad range of values.
This also becomes evident from the SEM images in
Figure 3b/f. The actual ry, for a 25 um diameter electrode
is therefore about 4 times larger than estimated. For the
10 and 5 um diameter CNT electrodes, one obtains 7 and
10 times larger r,, values, respectively, than estimated.
The bare TiN electrodes show an unexpected high R;. This
may be due to a higher intrinsic resistivity of the TiN layer
possibly caused by oxidation during RIE of Parylene.
The R for the Pt and TiN electrodes is 4—6 orders of
magnitude higher than for the CNT electrodes. Thus,
charge transfer occurs much easier at the CNTs than at
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the Pt or TiN electrodes, which also explains why diffu-
sional involvement in the form of the Z, was mostly
observed for the CNT electrodes. The extent to which this
enhanced reactivity of the CNTs may or may not be
beneficial for neural recording and stimulation remains
to be determined.

The low impedance of the CNT electrodes is a direct
consequence of their large interfacial capacitance. This is
reflected by Acpe values in Table 2, which are 2—3 orders
of magnitude higher than for the Pt and TiN electrodes.
The CPE power factor, a, of the Pt electrodes is close to
unity and thus resembles the behavior of an ideal capa-
citor. The TiN and CNT electrodes have a smaller o, which
indicates a higher roughness/porosity. The roughness of
TiN is caused by its microcolumnar morphology.

The CNT pseudocapacitance, C,, is of the same order of
magnitude as Acpe and therefore directly related to the
large specific surface area of the CNTs. Although faradaic
and not electrostatic in nature like the CPE, a large C, may
similarly improve the quality of the signal transduction
across the electrode—tissue interface and enhance
charge injection during stimulation. On the other hand,
the influence of Z,, on the performance of neural elec-
trodes is not evident. Finally, C; is 1 order of magnitude
higher for the CNT electrodes. Here, additional parasitic
coupling compared to the planar Pt and TiN electrodes
may occur through the Parylene C encasement of the
vertical electrodes (see Figure 2g and Figure 3f).

In the experiments described so far, we demonstrated
that the large distributed interface capacitance endows
the CNT electrodes with a superior capability to store
charge and consequently also with a very low impedance.
While allowing first-order qualitative judgements about
electrode performance, the voltammetric analysis does
not represent a realistic stimulation scenario. Here, fast
biphasic rectangular current pulses are applied that give
rise to nonlinear potential changes on the order of kV/s.
Under these charging conditions, interfacial processes
may be governed by different kinetic and diffusional
dynamics than during slow-sweep voltammetry. More-
over, the transmission-line effect of the porous CNT matrix
may limit the effective surface area contributing to capa-
citive charging and charge transfer at the interface.®®
Consequently, only a fraction of the expected charge den-
sity may be accessible at the fast charging rates occurring
under stimulation.

In order to investigate the safe operational limits of
electrical stimulation with CNT electrodes, that is, the
charge density at which hydrolysis occurs, we applied
biphasic, charge-balanced, cathodic-first, symmetric
current pulses of 400 us phase width and increasing
amplitude and monitored the voltage transients. The
maximum applied current amplitude was determined
by the maximum voltage range of the potentiostat
(£10 V). For the 25 um electrodes characterized
here, amplitudes ranged from 100—2150 A in incre-
ments of 50 #A corresponding to charge densities of
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8.1—175.2 mC/cm?. For each current amplitude, trains
of 50 pulses were applied at 100 Hz, which is a typical
frequency for neural stimulation.®’ Figure S-1 of the
Supporting Information shows the voltage transients
of the 50th pulse for each applied amplitude. After
every fifth increase in pulse amplitude (i.e., after every
250 pulses), an impedance spectrum was recorded
(Figure S-2a of the Supporting Information). The rela-
tive change in impedance magnitude with respect to
the prestimulation values, |Zo, is shown in Figure 7a for
the exemplary frequencies of 10 Hz, 1 kHz, and 100 kHz.

The relative impedance changes remained almost
constant up to 60 mC/cm? and then started to gradu-
ally increase. This increase was most evident for the
100 kHz trace. We further analyzed the impedance data
by means of fitting to the equivalent circuit in Figure 6b
and observed a similar charge density dependence for
Rs (Figure 7b). The fit values of R, were nearly identical
to the measured values of |Z] at 100 kHz, which was
expected, considering that the impedance magnitude
at very high frequencies is dominated by the electro-
de's series resistance. In Figure 7¢, we furthermore plot
the fit values for C. Surprisingly, here we observed a
linear decrease in capacitance starting at 40.7 mC/cm?.

Both phenomena, the increase in R; (or |Z|(100 kHz))
and the decrease in C; may be explained by the
evolution of gas bubbles. A graphical representation
of the possible mechanism is shown in Figure 8. Gas
bubbles formed within the CNT matrix partially block
the available current path, which in turn increases the
ohmic voltage drop and hence R;. On the other hand,
small gas bubbles can accumulate under the Parylene
Cinsulation and act as an additional small capacitance
in series to C; thus decreasing the effective shunt
capacitance. With increasing charge density, more
gas bubbles form leading to a gradual increase of R
and a decrease of C;. Thus, for our electrodes, the safe
stimulation charge density was fixed at 40.7 mC/cm?.
This is only 7.9% of the voltammetric charge-storage
capacity determined for 25 um diameter CNT electro-
des (cf. Table 1), but 2 orders of magnitude larger than
the charge-injection limit of 0.5 mC/cm? determined
for Pt microelectrodes in a previous study.*®

Typical charge thresholds reported for evoking
neural activity using microstimulation revolve around
9 nC.%2 Thus, on the basis of the above safe stimulation
limits of Pt and CNT electrodes, the smallest electrodes
that can safely supply sufficient charge to activate
neural tissue are 47.9 and 5.3 um in diameter, respec-
tively, if we assume that the safe charge scales linearly
with the electrode area. Thus, the relatively high safe
stimulation charge density of the CNT electrodes offers
the potential for further electrode miniaturization and
for higher stimulation selectivity than achievable with
standard thin-film materials such as Pt.

In order to determine the stability of the CNT
electrodes during long-term stimulation, we applied
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Figure 7. (a) Dependence of the relative impedance change, A|Z|/|Z|o, on the stimulation charge density for 10 Hz, 1 kHz, and
100 kHz. (b) Dependence of R, obtained from fitting to the equivalent circuit in Figure 6b and |Z|(100 kHz) on the applied
charge density. (c) Dependence of C; on the applied charge density. Fit errors are shown as gray bands around R, and C;.

Gas bubbles increase Ry

Im— ey
Gas bubbles introduce additional small
capacitance, C_,,, in series to G,

Figure 8. Graphical representation of the impact of gas
bubble formation on the R; (left panel) and C; (right panel) of
a CNT electrode.

trains of 50 biphasic, charge-balanced, cathodic-first,
symmetric pulses of either 8.1, 40.7, or 81.5 mC/cm? up
to a total of 5000 pulses and monitored the impedance
every 250 pulses. The recorded voltage transients of the
50th and 5000th pulse for each charge density are shown
in Figure S-4 of the Supporting Information. Only minor
changes in voltage amplitude were observed with in-
creasing number of pulses. The percent changes in
impedance magnitude at 1 kHz with respect to the pre-
stimulation values remained largely constant after the
initial 1000 pulses reaching at most 5.5, 1.2, and 12.1% for
8.1,40.7,and 81.5 mC/cm?, respectively. Equivalent circuit
analysis of the impedance spectra revealed no note-
worthy changes except a slight increase of Ry and
decrease of C; for the highest stimulation charge density
(see Figure S-9 of the Supporting Information). As already
discussed above, this is most likely a consequence of the
formation of gas bubbles in the CNT matrix. Overall, we
can say that prolonged stimulation even above the gas
evolution limit has only marginal impact on the perfor-
mance of the CNT electrodes in terms of low impedance.

It is known that chemical modifications by acid
treatment and/or exposure to oxygen plasma can
profoundly change the properties of CNTs, including
hydrophobicity and biocompatibility.?>®* Avoiding
chemical changes of the CNTs during device fabrica-
tion was an important aspect of process reliability
in this work and would allow for specific and con-
trolled modifications of CNT post-processing. In order
to investigate the impact of the different process-
ing steps on the chemical properties of the CNTs, we
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O-Hj C=0| C-0| o
il :_P e (i) (S)c Hib) %
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38 el &g

(b) 69.5°

L

{c) 111.6°

-0

% transmission [a.u.]

(a) as-grown
(b) 8i0, + BHF
(c) BHF

886

3258

T T T T
4000 3000 2000 1000

wavenumber [em™]

Figure 9. Basline-corrected transmittance infrared spectra
of (a) as-grown CNTs, (b) SiO,-coated CNTs after BHF treat-
ment, and (c) CNTs after BHF treatment. The corresponding
contact angles for the three substrates are shown on the
right-hand side.

performed FTIR analysis and contact angle measure-
ments. Figure 9 shows the baseline-corrected FTIR spec-
tra and contact angles determined from as-grown CNTs,
BHF-treated CNTs, and BHF-treated SiO,-coated CNTs
similar to the fabrication sequence of the real devices.
The exposure to BHF was always 1.5 min. All spectra
contain a broad band with a maximum near 3258 cm ™'
originating from stretching modes related to various
O—H containing surface groups.®>® A weak band cen-
tered around 2700 cm ™" may be caused by O—H and
C—H stretching modes.®” The signals at 1813, 1720, and
1585 cm ™' are assigned to C=0 stretching modes.®”~%°
In addition, for the BHF-treated sample, a strong peak
appeared at 1447 cm ', which also describes C=0
stretching vibrations.®%° Signals in the region 1400—
1000 cm ™" are assigned to O—H bending and/or C—O
stretching modes.®”®® A strong peak in this region at
1097 cm ™' was observed for the BHF-treated sample. The
band at approximately 850 cm ™' is attributed to C—H
bending modes.®” Clearly, the BHF treatment introduces
additional O-containing functional groups. In contrast,
the spectrum of the BHF-treated SiO,-coated CNTs does
not reveal any significant changes to the as-grown CNTs,
which indicates that the BHF exposure time is sufficient to
remove the oxide and leave the CNTs unaltered. The
results also indicate that functional groups are to some
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Figure 10. (a,b) SEM images of a non-embedded CNT electrode before insertion. (c—f) SEM images of non-embedded CNT

electrodes after insertion. Indicated is the direction of insertion.
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v
2.00um

Figure 11. (a) SEM image of an embedded CNT electrode prior to insertion. (b) Zoom of the Parylene C edge at the electrode
opening before insertion. (c) SEM image of the CNT electrode after insertion. (d) Zoom of the Parylene C edge after insertion.

extent present in the as-grown CNTs. The contact angle
is lowest for the BHF-treated SiO,-coated CNTs. The
BHF treatment of the as-grown CNTs only marginally
improved their wettability, which is unexpected con-
sidering the largest IR signal increase due to hydro-
philic functional groups. Therefore, the improved
wettability of the BHF-treated SiO,-coated CNTs is

MUSA ET AL.

rather physical than chemical in nature. It was indeed
shown that a better hydrophilicity can be achieved
with CNT films that have an open microtexture as
opposed to closed unmodified CNT films.”® The ap-
pearance of microbundles on the BHF-treated SiO,-
coated CNTs may hence account for the reduced
contact angle. On the other hand, no microbundles
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were observed after BHF treatment of the as-grown
CNTs. This demonstrates that the presence of the SiO,
is essential for mediating the BHF into the CNT matrix
and eventually forming the microbundles, which im-
prove the wettability.

The mechanical stability of CNT electrodes fabri-
cated with and without embedding was evaluated by
inserting the chips in explanted rat brains (Figure S-8a,
b of the Supporting Information) using a microdrive.
Figure 10a—f shows SEM images of the non-embedded
electrodes before and after insertion. Insertion led to a
compression of the CNTs with their height decreasing
by 1.2 um from 2.5 to 1.3 um. Similar behavior was also
observed for uniformly grown (unpatterned) CNT films
after insertion in the brain (Figure S-9 of the Supporting
Information). These results also suggest that the adhe-
sion of the CNTs to the substrate is sufficiently strong
to prevent abrasion or material loss during insertion.
For the embedded electrodes (Figure 11a—d), the CNT
compression due to insertion was determined by
measuring the height of the Parylene C at the electrode
opening. This height changed only by 300 nm from 1.2
to 1.5 um. Clearly, the embedded CNTs are less com-
pressed after insertion. Whether this is a consequence
of the shielding effect provided by the Parylene C or
due to the CNT densification after SiO, removal, which
prevents any further compression, is not apparent.
Further implantations using densified CNT electro-
des without Parylene C will clarify this. The implanta-
tion results show that bottom-up embedding is
a good strategy for mechanically preserving CNT
electrodes.

CONCLUSIONS

One of the major technological challenges toward
using vertically aligned CNTs as an electrode material
in implantable neural microsystems relates to the
fabrication process. An appropriate process integration
scheme must provide a reliable embedding to protect
the CNTs during fabrication, handling, and implanta-
tion in the brain and at the same time not compromise
their electrochemical performance. In this paper, we
demonstrated for the first time the fabrication of CNT
microelectrodes using a bottom-up embedding ap-
proach. All processing parameters were compatible
with wafer-scale BEOL CMOS processing as required
for realizing advanced neural probes with high-density
and high-resolution electrode arrays. Low-temperature

MATERIALS AND METHODS

Device Fabrication. Processing was carried out on 200 mm Si
wafers with 300 nm thermal oxide on both the front and back
sides. Metal interconnects, bond pads, and electrode areas were
defined by lift-off of sputter-deposited Ti/Pt/Ti (20 nm/200 nm/
20 nm) (Nimbus XP, Nexx Systems, USA) using LOR10A
(Microchem, USA) as the under-layer and X845 (JSR-Micro, USA)
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(425 °C) PECVD was employed to grow vertically
aligned multiwalled CNTs on passive arrays comprising
microelectrodes of 5, 10, and 25 um diameter. Our
process involved embedding CNT electrodes using a
coating stack comprising SiO, and Parylene C with
lithographically defined electrode openings. The SiO,
acts as a chemical and mechanical protection of the
CNTs during the fabrication process and during hand-
ling and is removed only after packaging of the
devices. The use of BHF to remove the SiO, was shown
to greatly improve the wettability of the CNTs while
preserving their chemical fingerprint as determined by
FTIR. The Parylene C insulation lessened the compres-
sion of the CNT electrodes experienced during implan-
tation. In contrast, non-embedded CNT electrodes
were strongly compressed during implantations and
lost much of their initial form factor, which renders
them less reliable. Another major advantage of our
bottom-up process is that the potentially toxic metal
catalyst used to grow the CNTs is effectively covered.
In vitro experiments using dissociated neuron cultures
are currently underway to prove that indeed neuronal
viability is preserved on these substrates. The function-
ality and performance of the fabricated and packaged
electrode arrays was assessed by CV and EIS in PBS and
compared against cofabricated Pt and TiN microelec-
trodes. For all electrode diameters, the CNT electrode
impedance at 1 kHz (4.8 + 0.3 kQ2) was 3 orders of
magnitude smaller compared to the Pt and TiN elec-
trodes. Also, the CNT electrodes outperformed the Pt
and TiN electrodes in terms of the CSC. (=513.9 +
61.6 mC/cm?) by 2 orders of magnitude. In order to
identify safe stimulation ranges, biphasic, charge-
balanced, cathodic-first, symmetric current pulses of
increasing amplitude were applied to 25 um diameter
CNT electrodes in PBS. Periodic monitoring of the
electrode impedance and equivalent circuit analysis
clearly revealed the onset of gas evolution. The max-
imum stimulation charge density of 40.7 mC/cm?
translates into electrode diameters as small as 5.3 um
theoretically capable of delivering threshold charges
for neural activation. In addition, prolonged stimula-
tion with 5000 biphasic current pulses at 8.1, 40.7, and
81.5 mC/cm? increased the CNT electrode impedance
at 1 kHz only by 5.5, 1.2, and 12.1%, respectively. This
work represents an innovative approach toward realiz-
ing advanced CMOS-based neural probes for high-
resolution neural recording and stimulation.

as the photoresist. In a second lift-off step, TiN (100 nm; Nimbus
XP, Nexx Systems, USA) was selectively patterned on top of the
electrode areas followed by RF sputtering of a thin, 2 nm thick
(nominal) Ni layer (A610 sputter system, Alcatel, USA). Multi-
walled CNTs were grown in a 200 mm microwave (2.45 GHz)
PECVD chamber (TEL, Japan). The microwave plasma source
was located remotely from the wafer surface to avoid excessive
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ion-bombardment favoring CNT formation over fiber-like struc-
tures. The CNT growth temperature was fixed at 425 °C to be
compatible with Cu-BEOL CMOS processing. Furthermore, at
this temperature, Ni is an effective catalyst for CNT growth
because it is reduced to its catalytically active metallic state. In a
typical CNT growth experiment, this Ni film was transformed
into active metal nanoparticles in a NH3 plasma for 5 min. The
CNTs were then grown in a gas atmosphere of C;H,/H, at 3 Torr
for 30 min, resulting in a CNT density of 2 x 10"" cm™2, a height
of 2 um, and an average nanotube diameter of 34 nm. A 300 nm
thick SiO, layer deposited by CVD at 150 °C (Plasmalab 80,
Oxford Instruments, UK) served as the protection of the CNTs. As
an effective and biocompatible insulation material, we evapo-
rated 1 um of Parylene C (PDS 2010 Labcoater 2, SCS, USA). The
bond pads were opened by RIE (SPTS, UK) of the Parylene C
(130's; 30 sccm SFg, 200 sccm O,, 100 Torr, 250 W) and SiO, (90 s;
10 sccm O,, 100 sccm SFg, 100 Torr, 200 W) using a resist etch
mask (1X845, JSR-Micro, USA). In a second RIE step, the Parylene
C on top of the contact areas was etched. An etch time of 130 s
was sufficient to remove the Parylene C and leave the SiO,
coating intact. After wafer dicing, the singulated chips were
wire-bonded onto custom PCBs and sealed with epoxy (353ND-
T, Epotek, USA). Prior to electrochemical experimentation, the
SiO, layer on top of the CNT electrodes was removed by dipping
the packaged chips in BHF for 1.5 min. Inspection was per-
formed by SEM (SU8000, Hitachi, Japan) and combined FIB/SEM
analysis (Nova 600 Dual-Beam, FEI, USA).

Electrochemical ~ Characterization. Electrochemical measure-
ments were performed in PBS (0.150 M NaCl, 0.016 M Na,HPO,,
0.004 M KH,PO,, pH 7.4). All chemicals were analytical grade
and used as delivered (Sigma-Aldrich, USA). Experiments were
conducted in a glass beaker using a three-electrode configura-
tion placed inside a Faraday cage. A commercial double-
junction Ag|AgCl (3 M KCI) reference electrode (Radiometer
Analytical, France) was used together with a large-area Pt
counter electrode. Measurements were made using an Autolab
PSTAT302N potentiostat with integrated frequency response
analyzer controlled by the NOVA software (version 1.6, Eco-
chemie, Netherlands). An additional low-current amplifier mod-
ule (ECD, Ecochemie, Netherlands) was used for low-current CV
measurements with the 5 um diameter electrodes. Stimulation
experiments required an additional AD converter (ADC10M,
Ecochemie, The Netherlands) for high-speed sampling at
250 kHz. All impedance measurements were performed after
establishment of the open-circuit potential, that is, after the
electrode potential change dropped below 100 uV/s. We used
OriginPro 8.5 (Originlab, USA) and ZView (Scribner, USA) for the
data analysis and the nonlinear least-squares fitting of the EIS
spectra, respectively. The experimental sequence for all electrodes
consisted of an initial electrochemical cleaning step where the
electrode potential was cycled at 2 V/s between the respective
limits of gas evolution until a stable and reproducible response was
observed, followed by 10 slow-sweep CV cycles at 0.1 V/s and the
EIS with a 10 mV (rms) AC signal applied between 1 and 10° Hz. The
CSC. was obtained from the 10th slow-sweep CV cycle.

Analysis by FTIR. We performed FTIR analysis on as-grown CNTs
synthesized as described above on wafers uniformly coated with
TiN/Ni (100 nm/2 nm), on CNTs immersed in BHF for 1.5 min, and
on CNTs coated with CVD SiO, (300 nm) and immersed in BHF for
1.5 min. All spectra were collected in transmittance (%) mode (IFS
66 Vv/S, Bruker Optics, Germany) over the wavenumber range of
500—4000 cm™". Recorded spectra were corrected for baseline
and analyzed using OriginPro 8.5 (Originlab, USA).

Brain Extraction and Insertion. Female Wistar rats were eutha-
nized by CO, inhalation. After decapitation, the brain was
extracted and immersed in ice-cold PBS. Implantations were
performed immediately after extraction. The chips were fas-
tened to a microdrive in order to allow for controlled insertion.
After removal from the brain, the chips were briefly rinsed in DI
water and lightly dried with N,.
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