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Du J, Riedel-Kruse IH, Nawroth JC, Roukes ML, Laurent G,
Masmanidis SC. High-resolution three-dimensional extracellular re-
cording of neuronal activity with microfabricated electrode arrays. J
Neurophysiol 101: 1671–1678, 2009. First published December 17,
2008; doi:10.1152/jn.90992.2008. Microelectrode array recordings of
neuronal activity present significant opportunities for studying the
brain with single-cell and spike-time precision. However, challenges
in device manufacturing constrain dense multisite recordings to two
spatial dimensions, whereas access to the three-dimensional (3D)
structure of many brain regions appears to remain a challenge. To
overcome this limitation, we present two novel recording modalities
of silicon-based devices aimed at establishing 3D functionality. First,
we fabricated a dual-side electrode array by patterning recording sites
on both the front and back of an implantable microstructure. We found
that the majority of single-unit spikes could not be simultaneously
detected from both sides, suggesting that in addition to providing
higher spatial resolution measurements than that of single-side de-
vices, dual-side arrays also lead to increased recording yield. Second,
we obtained recordings along three principal directions with a multi-
layer array and demonstrated 3D spike source localization within the
enclosed measurement space. The large-scale integration of such
dual-side and multilayer arrays is expected to provide massively
parallel recording capabilities in the brain.

I N T R O D U C T I O N

Monitoring the interplay of neuronal ensembles in the brain
is important for understanding mechanisms underlying learn-
ing, memory, and behavior. Using advances in multisite mi-
croelectrode fabrication techniques, it is possible to measure
the activity of tens to hundreds of neurons in parallel (Buzsáki
2004). Integrated microelectronic circuits are poised to facili-
tate a transition to even higher recording capacities (Olsson
et al. 2005). However, significant challenges remain in the
development of implantable devices for sampling extracellular
neuronal activity with high spatial resolution across a region
of interest. Most existing electrode microelectrode arrays
are distributed along two spatial dimensions, inherently
restricting their ability to capture the dynamics of large
neuronal ensembles exhibiting complex connectivity pat-
terns. A method for extending extracellular measurements
into the three-dimensional (3D) domain would provide a
unique high-resolution functional mapping tool for the
brain. Significant effort has thus been made to create im-
plantable microstructures supporting a dense 3D array of
recording electrodes (Wise et al. 2008).

Microwire arrays (Nicolelis et al. 1997) and analogous
silicon-based microstructures (Campbell et al. 1991) provide

limited scope for dense 3D measurements because their sam-
pling volume is constrained by the availability of only one
recording site per wire. An alternative architecture, the planar
microelectrode array (Najafi et al. 1985), uses electrodes ar-
ranged on one or more implantable silicon shafts. The principal
advantage of this design lies in the ability to simultaneously
obtain depth and axial information with a high level of spatial
precision. Tests with such devices have demonstrated their
effectiveness in densely sampling neuronal activity within a
single plane (Blanche et al. 2005; Csicsvari et al. 2003).
Moreover, an extension of the traditional planar architecture
has been proposed in the form of double-sided electrodes
(Perlin and Wise 2004). These devices contain electrodes on
two parallel planes, separated by the thickness of the implant-
able shaft, and manifest a simple, localized 3D recording
geometry. Most of the large-scale 3D arrays involve modular
assembly of planar arrays using multiple structural layers (Bai
et al. 2000; Hoogerwerf and Wise 1994; Neves et al. 2007;
Pang et al. 2005; Yao et al. 2007). Research on such devices
has primarily focused on important aspects of the fabrication
process, insertion into the cortex, and chronic response of
tissue to the implant. However, despite achieving impressive
levels of device complexity, high spatial resolution extracellu-
lar measurements do not appear to have been carried out in 3D
with existing neural probe microstructures.

Here, we demonstrate 3D recording in devices created by a
silicon fabrication method involving dual-side processing and
assembly techniques. The design introduces two new recording
functionalities, which were explored in vivo with two separate
devices. Attributes of both devices enable 3D extracellular
measurements with a high level of spatial and temporal preci-
sion. First, we developed a dual-side electrode array by placing
separately addressable recording sites on each planar surface of
the implant. This allowed us to increase the density of record-
ing sites in the region of interest by twofold. Moreover, our
results indicate that conventional single-side arrays may shield
spike activity of some neurons facing the other side of the
array. Second, we assembled a double-layer probe using a pair
of planar microstructures placed 100 �m apart. A unique
feature of this device was that the planar recording sites on
both layers faced inward, toward the space between the two
layers. This enabled us to record and triangulate the source of
extracellular action potential signals from several sites within
the enclosed region.
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M E T H O D S

Device development

The arrays were built using surface and bulk micromachining
techniques. The starting material was a silicon substrate with a
thickness of 25 � 5 �m or 50 � 5 �m, which determined the final
device thickness (Du et al., unpublished observations). Gold recording
sites (100 �m2) were patterned on both sides of the substrate, by first
defining the features on the front side, then turning the substrate over
and repeating the metallization process on the back. The top and
bottom insulation layers on each side consisted of 2-�m films of
parylene C and thermal oxide, respectively. The silicon device sub-
strate was patterned into its final shape by means of a deep reactive
ion etch process. A representative device is shown in Fig. 1A. The
shaft dimensions are 4 mm � 70 �m (l � w) and its silicon layer
thickness is 50 �m, although 25-�m-thick devices were also used in
the course of these experiments. The end of each shaft contains eight
electrodes on the front as well as the back side (Fig. 1B) and is tapered
to facilitate tissue penetration.

Assembly proceeded by flip-chip bonding onto a flexible printed
circuit board (PCB) using an anisotropic conductive adhesive film,
which permitted current to flow out of plane but remained highly
resistive in plane. The flip-chip bonding process entirely eliminated
the need for wire bonds in all of our devices. In addition, it resulted
in an essentially flat contact profile between the silicon device layer
and PCB; this attribute was exploited to connect a PCB to each side
of the dual-side array (Fig. 1C), by first flip-chip bonding the contacts
on the front side, turning the structure over, and finally bonding with
another PCB to the back-side contacts. This novel assembly method

raises the prospect for creating modular, 3D microstructures. A simple
modular device was realized by bonding two carefully aligned silicon
layers on each side of a PCB to create a double-layer structure (Fig.
1, D and E). After assembly, the contact regions were sealed with
epoxy. Finally, to maintain a high signal-to-noise ratio (SNR) and
minimize electrical cross talk, electrode impedance was reduced from
roughly 2.1 to 0.2–0.25 M� with electrodeposited gold. A detailed
analysis of cross talk is presented in the APPENDIX. The finished
devices contained 32 connected recording channels: 16 per side and
16 per layer for the dual-side and double-layer arrays, respectively.

Single-unit and local field potential (LFP) recordings

Acute measurements were carried out in locusts (Schistocerca
americana), whose antennae and body were fixed and brain
desheathed and perfused with saline (Laurent and Davidowitz 1994).
Signals were sampled at 15 kHz during ten consecutive 20-s trials, in
which a 1-s cis-3-hexanol or apple-odor pulse was applied to the
antenna. Single-unit measurements were made with devices inserted
in the antennal lobe, which contains projection neurons that are known
to respond to odor stimuli (Laurent and Davidowitz 1994). The probe
was inserted at a maximum speed of roughly 10 �m/s and lowered to
a final depth of 250–300 �m with respect to the tip, corresponding to
approximately the length of the antennal lobe and the full span of the
electrode array. Signals were fed to two custom-built 16-channel head
stages, followed by main-stage amplifiers and band-pass filters, before
being stored for off-line analysis. Figure 2 shows representative
multisite recordings captured with one of our devices. The high
recording site density facilitates measurement of the same unit at
many sites on the array (Fig. 2, A and B). Single-unit clusters were
identified using a spike-sorting algorithm (Mazor and Laurent 2005;
Perez-Orive et al. 2002), which involved analyzing signals from four
electrodes (“tetrodes”; Gray et al. 1995). The putative units obtained
from several tetrode sets were then combined, while taking care to
avoid double-counting units observed on multiple tetrodes. Raster
plots of two projection neurons measured in parallel are shown in Fig.
2C. As a further demonstration of the probe’s recording functionality,
LFPs were measured in the mushroom body (Fig. 2D), displaying
characteristic odor-evoked oscillations. The odor-evoked responses of
single units and LFPs were found to agree with previous studies using
extracellular measurements in the locust (Perez-Orive et al. 2002).

R E S U L T S

Dual-side electrode array

Figure 3, A and B shows the noise-averaged spike wave-
forms of two putative projection neurons that were measured in
parallel on both sides of a dual-side array. The device was 25
�m thick. Signals from the first unit were strongest on the
front, but some appreciable signals were also measured on the
back. In contrast, the second unit is measured almost exclu-
sively with back-facing sites. Figure 3 leads to two salient
observations: 1) that extracellular fields decay on the scale of
tens of microns beyond the presumed vicinity of the neuron
(Henze et al. 2000) and 2) that ordinary spatial attenuation of
fields may not fully explain the signal amplitude asymmetry
between the two sides.

To gain further insight into the significance of signal atten-
uation effects in dual-side array recordings, we compared spike
amplitude decay profiles that were measured from the same
side with those from opposite side of the array. Figure 4A
shows the normalized spike amplitude as a function of sepa-
ration from the site of maximum measured amplitude (V0). The
results display a high degree of variability, but suggest some

FIG. 1. Dual-side and double-layer microelectrode arrays were built on thin
silicon shafts. A: front view of the device. The shaft dimensions are 4 mm �
70 �m � 50 �m (l � w � t). Sealing epoxy is visible at the base of the
structure. B: expanded view of the front and back sides (left and right images,
respectively) of the dual-side array. The recording sites have a geometric area
of 100 �m2. C: layers involved in connecting dual-side arrays to flexible
printed circuit boards (PCBs, green), one board for each side. Electrical
connections were made via low-profile flip-chip bonds. D: view of the tip of a
2 � 2 shaft, double-layer array. E: a modular assembly scheme was used to
make the multilayer structure. Note that the PCB contained conducting leads
on both sides and thus the same board connected to the upper recording sites
on the bottom layer and the lower sites on the top layer. With this approach the
enclosed volume was sampled with 2 opposing sets of recording arrays.
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important trends. In particular, signals from the V0 side (blue
points) decayed over longer lengthy scales than those from the
opposite side (red points). Moreover, the amplitude was found
to drop by close to 40% at a distance of 25 �m on the V0 side,
whereas it was about 80% attenuated at the same relative
separation on the opposite side. This asymmetry is likely due to
extracellular current shielding at the substrate–fluid interface
(Moffitt and McIntyre 2005; Perlin and Wise 2004). A conse-
quence of this effect is that dual-side arrays may routinely
detect more units in the implanted region than their single-side
counterparts.

Figure 4A also suggests that, on average, extracellular fields
on the same side of the array decay in roughly inverse propor-
tion to distance. We approximate the normalized peak-to-peak
signal measured by an electrode as

VPP /V0 � �1 � �xr /��n ��1 (1)

where xr is the radial distance from the electrode and � is a
characteristic decay length. The best fit of Eq. 1 to the points
in Fig. 4A gave values of � 	 33 � 2 �m and n 	 1.4 � 0.2.
Similar characteristic length scales have been reported else-

where (Gray et al. 1995; Segev et al. 2004). Furthermore, the
exponent closely matched the value that was obtained by Gold
et al. (2007).

Noise in extracellular measurements

Recording yield—the number of well-isolated single
units—is affected by the presence of voltage noise. Electric
potential fluctuations primarily arise from three sources: 1) in
the amplifier electronics and external electromagnetic interfer-
ence, 2) at the electrode–fluid interface, and 3) in the brain in
the form of unsorted background activity. The combination of
these processes is manifested as the total measured noise and is
given by

�Vtot
2 � �Vamp

2 � �Velectrode
2 � �Vbrain

2 (2)

For the measurements used to produce Fig. 4A, the total root mean
square noise was found to be 15 � 5 �V in the 300- to 5,000-Hz
band. By comparing values with the amplifier initially shorted,
and subsequently connected to electrodes immersed in locust
saline, we determined that �Vamp 	 4 � 1 �V, �Velectrode 	 5 �

FIG. 3. Spike activity was measured in parallel on both sides of a 25-�m-thick dual-side microelectrode array. Mean spike-triggered waveforms from 2
putative single units are displayed beside an edited electron micrograph representation of their corresponding electrodes on the front (A) and back (B) side of
the array. For clarity, traces for units 1 and 2 were offset along the vertical axis. Vertical gray lines denote the same point in time for each unit.

FIG. 2. The dual-side microelectrode array enabled multi-
site recordings of spike activity in the locust antennal lobe.
A: segments from 4 simultaneously recorded channels located
on the same array. Signals were sampled at 15 kHz and filtered
from 300 to 5,000 Hz. Channels 1–4 are located on the back
side. B: superimposed spike waveforms from a putative projec-
tion neuron. The data segments were aligned relative to spike
times from channel 4. The solid black lines represent the aver-
aged waveform. C: raster plot of 3 putative projection neurons
that were recorded in parallel. Ten consecutive trials are shown
for each cell. The gray bar indicates a 1-s cis-3-hexanol odor
presentation to the antenna. D: a recording site on the dual-side
array faithfully measures local field potentials (LFPs) in the
mushroom body. The site is located at the tip of the back side.
The gray bar denotes a 1-s cis-3-hexanol odor presentation.
Data represent 3 consecutive single-channel trials, filtered from
5 to 300 Hz.
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1 �V, and by process of elimination, �Vbrain 	 14 � 6 �V. Next
we assume a reliable detection event requires the peak-to-peak
amplitude of a spike to exceed approximately 5�Vtot, which
corresponds to about 75 �Vpp on at least one channel. This
estimate is in close agreement with the actual lowest sortable
spike amplitude (Fig. 4B) of 68 �Vpp. We found that only 16
out of a total of 73 single units recorded with the dual-side
array satisfied the above-cited minimum amplitude criterion at
least one channel on each side of the array. Thus the likelihood
of simultaneously detecting the same unit on both sides was
found to be 22%.

As noise in the system increases, the effective spike detec-
tion volume around an electrode is diminished. Using the
best-fit parameters to Eq. 1, and 
V0� 	 204 �V, we estimate
in Fig. 4C the average detection range per electrode (r) as a
function of measurement noise. At the noise level of the
antennal lobe, we find r to be about 40 �m. However, we note
that differences in both �Vbrain—which may reflect local inho-
mogeneities in firing activity—and extracellular fluid resistiv-
ity could give rise to significant variations in detection range.
For example, noise has been found to differ by a factor of about
4 throughout the cat cortex (Buchwald and Grover 1970).

The most pronounced extracelluler current shielding effect
between the front and back sides of dual-side arrays is likely to

be manifested at the oxide and parylene insulation films; these
highly resistive layers provide necessary electrical isolation for
the recording channels. It is therefore unclear whether further
reduction in the shaft’s cross section would ameliorate the
suggested shielding effect. An alternative approach may be, where
possible, to target regions that manifest less measurement noise.
For example, in the absence of noise processes contributing to
�Vbrain, we estimate the detection radius to be close to 140 �m.
This upper bound is similar to an estimate obtained by a different
method using multisite probe measurements in the rat hippocam-
pus (Henze et al. 2000; Shoham et al. 2006). Under these highly
optimal conditions the likelihood of simultaneously detecting
spike activity from the same neuron on both sides of our dual-side
array would increase to about 58%.

Double-layer electrode array

The 2 � 2 shaft microstructure, depicted in Fig. 1D, was
designed to measure extracellular signals from an enclosed
volume of tissue. This probe was tested successfully, as shown
by the single-unit spike activity in Fig. 5A. The waveforms
reveal an inhomogeneous spatial dependence of potential along
the x–y and x–z sampling planes. A qualitative comparison of
this observation, with models of extracellular potential around
a spiking neuron (Gold et al. 2006), suggests extensive branch-
ing of neuronal processes. This appears to be consistent with
the radial secondary dendritic geometry of antennal lobe pro-
jection neurons (Laurent and Naraghi 1994).

The 3D geometry of the double-layer array raises the pros-
pect for localizing the source of extracellular fields within the
enclosed space. Figure 5B displays the calculated center-of-
field positions of two simultaneously recorded single units. A
more detailed description of the analysis method is provided in
the APPENDIX. The majority of points in each cluster are con-
centrated in roughly spherical regions of about 10-�m diame-
ter. This suggests that single units can be localized with a
spatial resolution comparable to the cell body size. Moreover,
the use of multilayer arrays in combination with more sophis-
ticated analysis techniques could eventually enable tracking of
signal propagation in the brain and facilitate the study of
neuronal interactions in cell assemblies (Barthó et al. 2004;
Blanche et al. 2005).

D I S C U S S I O N

Spatial resolution of 3D recordings

Our results, although acquired from relatively simple struc-
tures, establish the feasibility of achieving dense extracellular
measurements with three geometric degrees of freedom, using
dual-side and multilayer electrode arrays. A notable advantage
of our dual-side array design is that the electrodes on each side
are connected to separately accessible recording channels. A
different design (Perlin and Wise 2005) can accommodate a
single channel per unit area on the shaft, which can be con-
verted into either a front, back, or double-sided electrode via
the use of through-hole etch techniques. Double-sided elec-
trodes that simultaneously sample both sides of the array
average the signal between the front- and back-facing sites; this
makes signals susceptible to attenuation in the presence of
asymmetric fields. On the other hand, although our approach
requires twice as many channels per unit area, it is not suscep-

FIG. 4. Extracellular action potential fields appear strongly attenuated by
probe-shielding effects. A: normalized spatial decay profiles of 73 single units
that were recorded with a 25-�m-thick dual-side array. Blue dots represent
signals from the side displaying the highest average amplitude for a selected
unit. The dashed blue curve is a fit to these points using Eq. 1, which gives a
characteristic decay length of � 	 33 � 2 �m (R2 	 0.72). Red dots represent
measurements from the opposite, weaker signal side of the array and the
dashed red line, which is intended as a rough visual guide, is a straight-line fit
to those points. B: histogram of the maximum measured spike amplitude (V0)
of each single unit recorded with dual-side arrays. The mean value is 204 �
125 �Vpp. C: estimate of spike-detection range as a function of total noise in
the measurement. The assumptions used to model the effective range were that
� 	 33 �m, the average maximum spike amplitude V0 is 204 �Vpp, and that
Vpp � 5�Vtot is required to properly detect a spike.
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