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ABSTRACT: Microscale needle-like electrode technologies offer in vivo
extracellular recording with a high spatiotemporal resolution. Further
miniaturization of needles to nanoscale minimizes tissue injuries; however, a
reduced electrode area increases electrical impedance that degrades the
quality of neuronal signal recording. We overcome this limitation by
fabricating a 300 nm tip diameter and 200 μm long needle electrode where
the amplitude gain with a high-impedance electrode (>15 MΩ, 1 kHz) was
improved from 0.54 (−5.4 dB) to 0.89 (−1.0 dB) by stacking it on an
amplifier module of source follower. The nanoelectrode provided the
recording of both local field potential (<300 Hz) and action potential (>500
Hz) in the mouse cortex, in contrast to the electrode without the amplifier.
These results suggest that microelectrodes can be further minimized by the proposed amplifier configuration for low-invasive
recording and electrophysiological studies in submicron areas in tissues, such as dendrites and axons.
KEYWORDS: nanoelectrode, MOSFETs, extracellular recording, neuron, electrophysiology

INTRODUCTION
Microscale needle-like electrode devices penetrated into brain
tissue have made significant contributions to neuroscience in
terms of recording neuronal activity with a high spatiotemporal
resolution. Microscale fabrication technology typically known
as silicon-based “Michigan Probe”1−3 and “Utah array”4−6

miniaturizes the device geometry and enables an increase in
the number of electrodes. These device technologies have been
expanded further to the large number of recording sites
realized by complementary metal-oxide-semiconductor
(CMOS) technology.7,8 However, such electrode devices
involve a rigid needle-shaped electrode material (e.g., silicon
or metal) with a diameter (or width) of >20 μm, which forms a
hole in the tissue and causes tissue injuries.9,10

Foreign object (e.g., needle-like electrode)-induced injuries
in biological tissue (e.g., brain tissue) must be minimized in
order to observe the nature of neuronal activities, particularly
in electrophysiological recording in vivo. Several device
strategies to minimize tissue injury have been proposed, such
as a thin needle with a flexible substrate, solving a mismatch in
elasticity between the needle electrode and soft brain
tissues.11−15 A needle electrode with a diameter of <10 μm
minimizes tissue injuries.16 Such small needles have been
fabricated for in vivo recording from carbon fiber (<8.6 μm,17
8.4 μm18) and silicon needle (<7 μm,19,20 < 5 μm21)
technologies. These electrode devices are used in the brain
tissue, the spinal cord,22 and the peripheral nervous

system,23−25 offering a “neural interface” having the advantages
of low invasiveness and stable recording of these neuronal
activities. Nanowire device technologies also contribute to the
neural recording; however, these nanodevices have been
limited to in vivo recording in terms of a short electrode
length of <100 μm.26−29 This issue of nanodevices was
overcome with a fabrication process of a >100 μm long
nanoscale sharpened microneedle electrode involving the
growth of silicon microneedle and the subsequent tip-
sharpening process.30−32 The nanoelectrode penetrated the
brain tissue of mice and demonstrated in vivo extracellular
recording of low-frequency signals (<300 Hz) of local field
potential (LFP). However, no high-frequency signals (>500
Hz) of the action potential (detected as unit or spike activity)
were recorded because the small electrode area of below 7.7
μm2 induced a high impedance.33
The nanoelectrode electrical properties at a high-frequency

range can be improved by an impedance transformation with
amplifier (AMP). Recently, we proposed a single needle
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topped amplifier package, called STACK, involving a 1 × 1
mm2 size AMP module consisting of source follower (SF)
stacked on a microneedle electrode device;34 herein, the same
packaging technology is applied to the nanoelectrode. The
nanoneedle electrode with a needle length of 200 μm is
fabricated on a 200 × 200 μm2 substrate by the growth of
silicon microneedle and its sharpening. The electrical proper-
ties are improved by assembling the electrode with the AMP
module. The nanoelectrode with AMP demonstrates the in
vivo extracellular recording of mice neuronal activity.

RESULTS AND DISCUSSION
The nanoneedle electrode was fabricated by sharpening a
microneedle electrode21 to the nanoscale using a method
reported in the previous study30 (Figure 1A1−A4, see details
in Figure S1). The silicon microneedle electrode was fabricated

by gold-catalyzed vapor−liquid−solid growth.35 The micro-
scale needle tip was sharpened to nanoscale by silicon chemical
etching.30,33 After the device metallization with gold, a highly
biocompatible insulating layer of parylene-C was deposited on
the device surface, and the tip section of the needle was oxygen
plasma etched.31,32 Electrode device modules were separated
by a laser-dicing process. Figure 1A5,B demonstrates the
fabricated nanoneedle-electrode device. Scanning microscope
(SEM) images represent a fabricated 200 μm long nanoneedle
electrode with the gold tip (Figure 1B). The tip curvature
radius is ∼150 nm, and its height over the parylene insulating
layer is ∼3.3 μm (the parylene thickness is 1.35 μm). The die
size of the device fabricated for in vivo neural recording in
mouse brain tissue was 200 μm × 200 μm.
We characterized the fabricated nanoneedle electrode, which

has a recording area of ∼7 μm2 made of gold at the tip portion.

Figure 1. Nanoneedle-electrode device. (A1−A4) Fabrication of nanoneedle electrode device (see the Supporting Information for the
details). (A5) Schematic and photograph of a nanoneedle-electrode device. The nanoneedle was fabricated in the center of a 200 × 200 μm2

conductive Si substrate with the thickness of 280 μm. (B) SEM images of a 200 μm long nanoneedle electrode. The red square depicts the
needle tip comprising the <300 nm diameter gold tip visible over the parylene insulating layer. (C) Magnitudes of electrical impedance of
nine nanoneedle-electrode devices measured in PBS at room temperature. The graph involves the experimentally measured impedance
(system with parallel needle electrolyte/metal interfacial impedance, Ze and parylene layer-induced parasitic device impedance, Zp) and the
calculated electrode impedance (Ze). (D) Equivalent circuit diagrams for the test signal recording in PBS (D1) and the neural recording in
the tissue (D2), involving needle electrode impedance, Ze, parasitic device impedance, Zp, cable capacitance, ZCa, and input impedance of the
amplifier, Zin. The parasitic device impedance, Zp, which is connected in parallel to the electrode impedance, Ze, in the test signal recording,
is grounded in the neural recording. (E) O/I signal-amplitude ratios of the nanoneedle-electrode device in the test signal recording (blue)
and the neural recording (red). The O/I ratios of test signal recording were measured in PBS at room temperature. Means and standard
deviations are taken from eight devices. The O/I ratios in the neural recording (red) were calculated with the ratios taken from the test
signal recording (blue).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c02399
ACS Nano 2022, 16, 10692−10700

10693

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c02399/suppl_file/nn2c02399_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c02399/suppl_file/nn2c02399_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02399?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c02399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The nanoneedle electrode showed impedance magnitudes
ranging from 23.7 kΩ to 4.14 GΩ at 1 Hz−10 kHz (14.7 MΩ
at 1 kHz for action potential recording, averaged for n = 9
nanoneedle electrodes measured in phosphate-buffered saline
(PBS) at room temperature, blue scatters in Figure 1C).
Because the measured impedance includes both the electrode
impedance, Ze, and the parylene-induced parasitic device
impedance, Zp (Figure S2), the electrode impedance can be
derived by subtracting the parasitic impedance.32 Given the
parasitic device impedance (Zp) of 168 MΩ at 1 kHz, the
electrode impedance at 1 kHz is 16.1 MΩ (red scatters in
Figure 1C).
Output/input (O/I) signal amplitude ratios of the fabricated

nanoneedle electrode with the recording system were
measured to confirm the recorded neuronal signal attenuation
associated with the nanoneedle electrode and the recording
system. The O/I ratios in the neural recording can be derived
from the test signal recording and a circuit model (Figure
1D).32 The O/I ratios measured in PBS with a test signal
(Figure 1D1) were 48−86% at 10 Hz−10 kHz (59% at 1 kHz,
averaged for n = 8 nanoneedle electrodes, measured at room
temperature, blue scatters in Figure 1E). The O/I ratios
decreased during actual neural recording due to the grounded
parasitic device impedance (Zp, Figure 1D2) (Supporting
Information).32,36 Considering the grounded parasitic device
impedance, the O/I ratios in actual neural recording are 41−
81% in the same frequency range (∼54% at 1 kHz for spike
recording, red scatters in Figure 1E).

In vivo extracellular recording in mouse brain was performed
to confirm the penetrating and recording capabilities of the
nanoneedle electrode. Two fabricated nanoneedle-electrode
devices were assembled on a printed circuit board (PCB) with
conductive epoxy (Figure 2A). The gap between these
electrodes was 850 μm. Silicon sidewalls of the electrode
device and PCB electrode pads were insulated with resin for
the experiments with animals. Mice were anesthetized with an
intraperitoneal injection using chlorprothixene and urethane
(see the Experimental Section). After removal of the cranium
and dura mater (0−2 mm caudal and 2 to 4 mm lateral to the
bregma), a two-channel nanoneedle-electrode device was
placed on the primary somatosensory barrel cortex (S1B),
and the nanoneedles with the length of 200 μm penetrated the
area of layer 2/3 (Figure 2B,C). Then the mouse contralateral
whiskers were physically stimulated to characterize the evoked
neuronal potentials.
These nanoneedle electrodes penetrated the tissue without

fracture and detected local field potential (LFP) (filtering = 1−
300 Hz, n = 100 trials) in the mouse cortex (S1B). The signals
were in response to the whisker stimulation with a latency of
∼20 ms at the onset of the whisker stimuli while showing the
peak-to-peak amplitude of >900 μV averaged by n = 100 trials
for each channel (Figure 2D1,E1). These waveforms are
similar to the LFP recorded by conventional tungsten
microelectrode, ∼5-μm-diameter silicon-microneedle electrode
(∼100 kΩ at 1 kHz by platinum black modification), and
nanoscale silicon-needle electrode with the same recording
system,21,33 suggesting that these signals are neuronal

Figure 2. In vivo recording of signals in the mouse cortex with nanoneedle electrode devices. (A) Schematic and photograph of two
nanoneedle-electrode devices assembled on a PCB. The distance between the nanoneedles is ∼850 μm. (B) Schematic representing the
positions of the PCB and two nanoneedle electrodes in the primary somatosensory barrel cortex (S1B) of a mouse. (C) Photograph of two
nanoneedle electrodes during the penetration. (D, E) Signals simultaneously acquired from the cortical area (S1B) using two nanoneedle
electrodes: waveforms of low-frequency band (filtering = 1 to 300 Hz) signals via Ch.1 electrode (D1) and Ch.2 electrode (E1) and time-
frequency spectrograms of signals via Ch.1 (D2) and Ch.2 (E2). Waveforms appeared at 0 to 0.01 s correspond to stimulation-induced
artifacts.
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responses evoked by the stimuli. In contrast, no high-frequency
band (filtering = 500−1000 Hz) signals were recorded with
these electrodes in response to the spike activity due to the
high electrical impedance characteristics of the nanoneedle
electrode (16.1 MΩ at 1 kHz) (Figure 2D2,E2).
The high impedance characteristics of the nanoelectrode in

the neural recording can be improved by adding an AMP
module to the electrode module (Nano-STACK) (Figure 3A).
Here, we used our prior packaging technique where the
nanoelectrode module was attached to the AMP module via a
flexible interposer (Figure 3B).34 As the AMP module, we used
a SF of two n-type MOSFETs (NMOS) configuration
fabricated in the 1 × 1 mm2 area of silicon substrate by
aluminum (Al)-interconnection-based in-house 5 μm gate-
length NMOS technology (Figure 3C).34,37 Gate widths/
lengths (W/L) of these drive and load MOSFETs are 200/10
and 15/30 μm, respectively, having an input impedance of 115
MΩ (exceeding the electrode impedance of 16.1 MΩ at 1
kHz) and an output impedance of 5.5 kΩ. The input−output
voltage (Vin−Vout) characteristics of the fabricated SF show the
linear dependence with the voltage gain of 0.98 (−0.14 dB)
(Figure 3C3).

The fabricated AMP module attached on the nanoneedle
electrode improved the electrode impedance. The device was
assembled using a flexible interposer of polyimide-based
printed circuit (FPC, 100 μm thick). The AMP module was
mounted on bottom of the interposer by flip chip bonding with
anisotropic conductive paste. The other module of nano-
needle-electrode device was mounted on top of the FPC via
conductive epoxy (CW2400, CircuitWorks) (Figure 3D).34

The fabricated STACK device has the area of 1 × 1 mm2 and
the overall thickness of ∼1 mm. The silicon sidewalls of the
STACK device were encapsulated with insulating resin for the
animal experiment.
The electrical characteristics of the high-impedance nano-

needle electrode were improved by the stacked AMP module.
The fabricated STACK device exhibited the increased O/I
signal amplitude ratios of >80% at 10−4000 Hz (89% at 1 kHz
for spike recording) (Figure 3E). The difference in voltage gain
between the SF and the STACK device is caused by the
voltage attenuation associated with the electrode impedance
(Ze), the parasitic device impedance (Zp), and the SF input
impedance. Figure 3F represents the measured voltage noise
spectrum densities of the fabricated STACK device. The peak
appearing at ∼1 kHz is an artifact of the recording system used

Figure 3. Nano-STACK device. (A) Equivalent circuits of nanoneedle-electrode devices: nanoelectrode without AMP module (A1) and with
AMP module (A2). (B) Schematic of the assembled Nano-STACK device. (C) AMP module. (C1) Equivalent circuit of SF design in the
AMP module. (C2) Photograph of the AMP module. (C3) Input−output voltage characteristics of the SF in the module with a voltage gain
of 0.98 (−0.14 dB). (D) Photograph of the assembled Nano-STACK device. The overall device thickness excluding the nanoneedle portion
is ∼0.9 mm including 280 μm thick needle module, 100 μm thick flexible interposer, and 525 μm thick AMP module. Silicon sidewalls of
each module are insulated with resin for subsequent device characterization and experiments involving animals. (E) O/I signal-amplitude
ratios of the two types of nanoneedle-electrode devices with (red) and without (blue) the AMP module. The curves were measured in PBS at
room temperature by applying sinusoidal test signals with the peak-to-peak amplitude of 100 μV at 10−4000 Hz via a counter electrode. (F)
Measured voltage noise spectrum densities for the nanoneedle electrode with the AMP module.
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(see the Experimental Section). The voltage noise level in the
neuronal activity range (1−1000 Hz in this work) was below
10−5 V/Hz1/2. This noise level is acceptable because for the
background noise of <10 μV of the recording system (see the
Experimental Section) and amplitudes of neuronal activity
exceeding 10 μV.
In vivo extracellular recording capability of the fabricated

STACK device was demonstrated using mice (Figure 4). The
nanoneedle electrode had two signal outputs with and without
the AMP module for comparison of the recorded signals
(Figure 4A, Figure S3). The mice were anesthetized with an
intraperitoneal injection using chlorprothixene and urethane.
After removal of the cranium and dura mater, the nanoneedle
electrode of the STACK device penetrated the mouse cortex
(S1B) (Figure 4B) (refer the Experimental Section).
The nanoneedle electrode without the AMP module

detected evoked LFP (filtering = 1−300 Hz, n = 100 trials)
by whisker stimulation (Figure 4C1), while no remarkable

high-frequency signals (filtering = 500−1000 Hz) were
observed due to the high electrode impedance (Figure 4C2−
C5). However, the same nanoneedle electrode with the AMP
module enabled detection of both the LFP and the high-
frequency band signals in this recording session (Figure 4D1−
D5). Figure 4D3 illustrates a typical high-frequency band
signal waveform detected with an amplitude threshold of the
high-frequency signals, which is 4× the SD (σ) of the mean
signal obtained −0.5 to −1.0 s before the stimulus onset. The
waveform is similar to that of extracellular spike activity
recorded with a conventional tungsten microelectrode and ∼5
μm diameter silicon-needle electrodes (∼100 kΩ at 1 kHz by
platinum-black tip modification).21 Parts D4 and D5 of Figure
4 demonstrate the raster plot diagrams and the peristimulus
time histograms (PSTHs) of the detected high-frequency
signals, respectively, while the firing peak appeared at 20 to 40
ms after the stimulus onset. The signal latency is also
consistent with sensory responses in mice (S1B) recorded

Figure 4. In vivo recording of signals in mouse cortex with Nano-STACK device. (A) Schematic of Nano-STACK device with two signal
outputs with and without the AMP. (B) Schematic representing the position of the Nano-STACK device on the primary somatosensory
barrel cortex (S1B) of the mouse. (C) Sample signals acquired from the cortical area (S1B) with the nanoneedle electrode without the AMP:
waveforms of the low-frequency band (filtering = 1−300 Hz, n = 100 trials) signals (C1), time-frequency spectrogram (filtering = 500−1500
Hz) of signals (C2), high-frequency band (filtering = 500−1000 Hz) signal waveform from a single trial (C3), raster plot diagrams (C4), and
PSTHs based on these signals (C5). (D) Sample signals acquired from the cortical area with the same nanoneedle electrode with the AMP:
waveforms of the low-frequency band (filtering = 1−300 Hz, n = 100 trials) signals (D1), time-frequency spectrograms (filtering = 500−
1500 Hz) of signals (D2), high-frequency band (filtering = 500−1000 Hz) signal waveform from a single trial (D3), raster plot diagrams
(D4) and PSTHs based on these signals (D5). (E) PSDs of the recordings using the nanoneedle electrode with and without the AMP. (F)
rms noise of the nanoneedle electrode with (red) and without (blue) the AMP. (G) Enlarged waveforms of 147 superimposed spikes taken
using the nanoneedle electrode with the AMP (D3−D5) (4σ-amplitude threshold). (H) ISI distribution for these spikes.
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with conventional electrodes.21 These results suggested that
the high-frequency signals represented the neuronal spike
activity evoked by mouse whisker stimulation. Additional
recording sessions with other samples also demonstrated the
same ability to detect the spike activity with the AMP module
(Figure S4).
Recorded data were further analyzed with and without the

AMP module (Figure 4E). The power spectrum densities
(PSD) of the nanoneedle electrode without the AMP module
are flat at >100 Hz, suggesting that thermal noise is dominant
because of a high electrode impedance (the peak at ∼1 kHz is
an artifact of the recording system used; see the Experimental
Section). This PSD property is consistent with the high-
frequency signal recording where no significant spikes were
detected (4σ amplitude threshold, Figure 4C3−C5). Compar-
ing the frequency ranges, the nanoelectrode with the AMP
module exhibits higher PSD at 100−600 Hz. Although the
PSD with AMP is lower at >600 Hz, these signals are not
significantly affected by noise as confirmed at high-frequency
signal recording (Figure 4D3−D5). The noise level in the
high-frequency band of 500−1000 Hz was compared with and
without AMP module by measuring the signals 0.5−1 s before
the stimulus onset. The measured root-mean-square (rms)
noise, Vrms, with the AMP module in the high-frequency range
was 6.2 μVrms, while the noise of 17.9 μVrms was observed
without the AMP (Figure 4F). Figure 4G represents 147
superimposed spikes from the AMP stacked nanoneedle
electrode (4σ amplitude threshold), showing the peak-to-
peak amplitude of 53.1 μV with the peak-to-peak time of 0.57
ms. Figure 4H represents the interspike intervals (ISI) with the
peak amplitude at 1.4 ms, suggesting that the detected spikes
corresponded to multiunit activity (signals originated from
multiple neurons).
We fabricated a nanoneedle electrode with a length of 200

μm, which enables us to reach neurons in layers 2/3 of the
mouse cortex. For animals larger than mice, e.g., rats and
monkeys, longer needles are necessary to approach the
corresponding cell layers in the tissues. The needle can be
elongated by increasing the growth time with the growth rate
(1.2 μm/min at ∼750 °C).35 On the other hand, <200 μm
long nanoneedle electrodes fabricated at reduced growth time
are applicable to in vitro and ex vivo biological samples, such as
cultured neurons and brain slices.
In in vivo electrophysiological recording within the brain

tissue, the size of a foreign object (e.g., needle electrode in this
study) must be miniaturized to observe the nature of neuronal
activities without fracturing the biological system. We
overcame this issue by fabricating a nanoneedle electrode
having a tip diameter of <300 nm. However, the nanoneedle
electrode showed the decreased O/I signal amplitude ratios at
>100 Hz because of high electrode impedance character-
istics.20 Each needle electrode has a gold nanoscale tip with an
area of ∼7 μm2, showing the impedance of 16.1 MΩ and the
degraded O/I signal amplitude ratio of 54% at 1 kHz. These
electrode characteristics disabled the recording of high-
frequency spike components (>500 Hz). The proposed SF
configuration by a packaging technique enabled the spike
recording with the O/I ratio improved up to 89% while
achieving the spikes recorded. Another candidate to improve
the O/I ratio is to decrease the electrode impedance by
increasing needle tip area and height up to >7.7 μm2 and >3.5
μm, respectively, by oxygen plasma etching (Figure 1B).32
However, the increased tip area degrades the spatial resolution.

The impedance can be reduced as well without increasing the
nanotip area by using a low-impedance material instead of
gold, e.g., iridium oxide (IrOx)38 and poly(3,4-ethylenediox-
ythiophene) (PEDOT).39 The combination of a low-
impedance electrode with the stacking AMP configuration
may also improve the O/I ratio. The SF configuration also
contributed to the noise reduction in the recording system.
The nanoelectrode stacked with the AMP module yielded a
noise level of 6.2 μVrms during the recording, while the noise of
the same electrode without the AMP module was 17.9 μVrms.
The noise may be further reduced by using low-noise
transistors, such as a p-channel MOSFET or bipolar transistor.
In vivo neural recording in mouse cortex was demonstrated

with either one- (with AMP) or two-channel (without AMP)
nanoneedle electrode devices. For the application of the
nanoelectrode with AMP to multichannel recording, the
number of nanoelectrodes may be increased by arranging
them on a flexible interposer, while the AMP module involves
an array of SFs for each channel of electrode. With the same
STACK device area of ∼1 × 1 mm2, a 2 × 2 array of four
nanoelectrodes can be arranged with the nanoelectrode device
(200 × 200 μm2 substrate). We have also reported the
fabrication of the nanoelectrode array device within the single
silicon substrate of 2 × 8.75 mm2.33 These device technologies
offer in vivo multichannel neural recording within the tissue
using nanoscale electrodes.
The nanoscale area of the electrode enables intracellular

recording. We have demonstrated an in vivo intracellular
recording. However, the intracellular action potentials were not
recorded due to the degraded O/I signal amplitude ratio of
50% at 1 kHz associated with the electrode impedance of 4.74
MΩ.33 The proposed Nano-STACK device with a high O/I
ratio will be applied to recordings of both intracellular action
potentials and postsynaptic potentials, providing insight into
fundamental mechanisms in brain and nervous systems in vivo.

CONCLUSION
The high impedance of the nanoscale electrode device, which
degraded the spike recording capability, was improved by
stacking the AMP module of the SF configuration. The
improved electrical characteristics enabled us to detect in vivo
extracellular signals of both LFP and spike activity in mice.
Such an approach reduces the electrode impedance, providing
opportunities for further electrode miniaturization, thus
leading to the next generation of in vivo electrophysiology
addressing submicroscale areas in tissues, such as dendrites and
axons.40

EXPERIMENTAL SECTION
Ethics. All experimental procedures were approved by the

Committee for the Use of Animals at Toyohashi University of
Technology, and all animal care followed the Standards Relation to
the Care and Management of Experimental Animals (Notification No.
6, 27 March 1980 of the Prime Minister’s Office of Japan).
Silicon Needle Growth. Microscale-diameter vertical silicon

needles were fabricated on a (111) silicon substrate by the gold-
catalyzed vapor−liquid−solid (VLS) growth. The catalytic gold dot
was placed on the silicon surface by evaporation and photoresist-
based lift-off processes. The silicon needle fabrication involves placing
the substrate in a gas-source molecular-beam epitaxy chamber and
conducting the VLS growth of silicon at a growth temperature of
∼750 °C to grow individual silicon needles from these gold dots. A
mixture of 1% phosphine (PH3) (diluted in 99% hydrogen) with
100% disilane (Si2H6) was the source of silicon gas.

35 The needle
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length was controlled by maintaining a constant growth rate of 1.2
μm/min. Polycrystalline Si deposited from vapor phase over the
substrate during the VLS growth was removed with the etching gas
[xenon difluoride (XeF2)].
Electrical Characterization. The electrolyte/metal interfacial

impedance of the electrode was measured in PBS solution at room
temperature by applying a test sinusoidal wave with a peak-to-peak
amplitude of 100 mV at 1−1000 Hz via a counter electrode of
stainless. Impedance measurements were performed using an
impedance analyzer (Model 1260A Impedance/Gain-Phase Analyzer,
Solartron Analytical, UK). The output/input (O/I) signal amplitude
ratios of the electrode with the recording system were analyzed in PBS
at room temperature by applying input sinusoidal test signals with a
peak-to-peak amplitude of 100 μV at 1−1000 Hz via a counter
electrode (stainless). The output signals were amplified using a
recording amplifier (ZC64, Tucker-Davis Technologies, USA, input
resistance = 1 × 1014 Ω). The signals recorded through the amplifier
were routed to a preamplifier/digitizer (PZ2, Tucker-Davis
Technologies) and acquired with a digital signal-processing module
(RZ2, Tucker-Davis Technologies).
In Vivo Recording. The extracellular recording capability of the

fabricated nanoneedle-electrode device was verified by in vivo
recording the local field potential and spike activity of mouse cerebral
cortex. We used mice (male, 22−31 g in weight) anesthetized using
intraperitoneal injection of chlorprothixene (100 μL of 0.5% solution
per 10 g body weight) and urethane (50 μL of 10% solution per 10 g
body weight). Using a manipulator, the nanoneedle electrode device
was placed on the exposed primary somatosensory cortex (S1B) of
the mouse, and the electrode penetrated the brain tissue. The
penetration was confirmed by microscopy.
For in vivo extracellular recording in mouse brain, the fabricated

nanoneedle-electrode device packaged with either a printed circuit
board (PCB) or a flexible printed circuit (FPC) was connected to a
recording amplifier (ZC64, Tucker-Davis Technologies, USA, input
impedance = 1 × 1014 Ω). The signals recorded through the amplifier
were routed to a preamplifier/digitizer (PZ2, Tucker-Davis
Technologies, USA) and acquired with a digital signal-processing
module (RZ2, Tucker-Davis Technologies, USA).
The mouse whiskers were mechanically stimulated during the

recording to activate the S1B with a vibrating stimulation system
driven by 1 ms duration pulse signals from processing system (RZ2,
Tucker-Davis Technologies, USA). The stimulus intensity was
manually adjusted to enable observation of the neuronal activity
with an interstimulus interval of 3 s. The stimulating signals were
synchronized to acquire the neuronal signals using the same
processing system.
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