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Abstract² We present here a demonstration of a dual-sided, 

4-layer metal, polyimide-based electrode array suitable for 

neural stimulation and recording.  The fabrication process 

outlined here utilizes simple polymer and metal deposition and 

etching steps, with no potentially harmful backside etches or 

long exposures to extremely toxic chemicals.  These polyimide-

based electrode arrays have been tested to ensure they are fully 

biocompatible and suitable for long-term implantation; their 

flexibility minimizes the injury and glial scarring that can occur 

at the implantation site.  The creation of dual-side electrode 

arrays with more than two layers of trace metal enables the 

fabrication of neural probes with more electrodes without a 

significant increase in probe size.  This allows for more 

stimulation/recording sites without inducing additional injury 

and glial scarring. 

I. INTRODUCTION 

Micro-electrode neural interfaces are an essential tool in 
neuroscience.  By targeting neuronal activity, neural 
interfaces enable researchers and clinicians to better explore 
and understand neurological processes and diseases.  
Moreover, such devices can be used to bypass damaged 
tissue and stimulate or record neural activity, thereby 
restoring lost communication and/or control with the affected 
parts of the nervous system. 

The most common neural interfaces are thin-film micro-
machined probes fabricated on silicon substrates using 
MEMS fabrication techniques [1-4].  Neuronal stimulation 
and recording is conducted at discrete sites (electrodes) 
along the probes.  The electrodes are connected, via metal 
traces, to output leads or other signal processing circuitry.  
Silicon is the most widely used substrate for this type of 
probe because of its many unique physical/electrical 
characteristics.  Further, the prevalence of silicon in the 
microelectronics industry ensures the neural interfaces can 
be easily and efficiently fabricated in large numbers utilizing 
common MEMS fabrication techniques.  There are, however, 
significant concerns regarding the suitability of these silicon-
based neural interfaces for long-term (i.e. chronic) in vivo 
studies [5].  In addition, the continuous micro-motion of the 
neural tissue can induce strain between the neural tissue and 
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implanted neural interface inducing chronic injury and glial 
scarring at the implant site.  These outstanding questions 
regarding the long-term safety and functionality of these 
silicon-based neural interfaces have prompted the 
development of polymer-based interfaces. 

Polymer-based neural interfaces are an attractive 
alternative to traditional silicon-based interfaces.  First, they 
are flexible, thereby minimizing the strain between the neural 
tissue and the implanted probe [6].  Second, they are fully 
biocompatible, if fabricated properly, and thus suitable for 
chronic implantation with no loss of functionality or safety 
[7].  Finally, these polymer-based neural interfaces can be 
easily fabricated in large numbers using existing MEMS 
fabrication techniques.  Various polymer-based neural 
interfaces have been fabricated using either polyimide or 
parylene [8-15] and have proven to be successful for intra-
neural stimulation and recording in both cochlear and retinal 
implants. 

Although the flexibility of the polymer-based neural 
interfaces minimizes the strain induced on the neural tissue 
when implanted, it does not eliminate it.  Thus, some injury 
and glial scarring occurs at the implant site.  There are two 
primary means for minimizing the degree of injury and 
scarring: 1) utilizing materials with mechanical properties 
similar to that of neural tissue and 2) minimizing the size of 
the implanted probe.  Flexible polymers, like polyimide and 
parylene, have mechanical properties more closely matched 
to that of neural tissue, compared to silicon, which minimizes 
injury.  Unfortunately, minimizing the size of the implanted 
probe limits the number of stimulation/recording sites 
(electrodes) that can be fabricated on a single probe.  This, in 
turn, limits the number of neurons that can interface with a 
single probe.  Neural interfaces with electrodes on two sides 
(as opposed to the standard one side) have twice the number 
of stimulation/recording sites without creating a significant 
increase in probe size or decreasing the inter-electrode 
spacing.  The typical problem encountered when creating 
dual-sided neural interfaces, however, is how to easily and 
efficiently fabricate them using common MEMS fabrication 
techniques. 

Several processes have been developed for creating 
polymer-based, dual-side neural interfaces [13-15].  Stieglitz 
et al. build the neural interfaces from the bottom up: bottom 
polyimide layers, electrodes and interconnection traces, 
followed by the top interconnection traces, electrodes and 
polyimide layers [13].  The difficulty in this fabrication 
process is with the opening of the bottom electrodes.  The 
WRS� HOHFWURGHV�� EHLQJ� RQ� WKH� ³WRS´� GXULQJ� IDEULFDWLRQ�� DUH�
simply etched open.  Unfortunately, the bottom electrodes 
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are not exposed during the fabrication.  In the method 
described by Stieglitz et al., the entire polyimide film on the 
wafer is released and then turned over, thereby placing the 
ERWWRP�HOHFWURGHV�RQ�³WRS�´��7KH�ERWWRP�HOHFWURGHV�DUH�WKHQ�
etched open.  This final step of releasing the polyimide film 
can be extremely problematic and requires very careful 
handling and preparation of the polymer film to ensure 
proper, uniform, and reproducible etching when opening the 
bottom electrodes. 

Doerge et al. [14] have developed a process that 
PLQLPL]HV� VRPH� RI� WKH� FRPSOH[LW\� LQKHUHQW� LQ� 6WLHJOLW]¶V�
process.  The fabrication process is identical to that 
described by Stieglitz until the final step of opening the 
bottom electrodes is reached.  Instead of removing the 
polyimide film and then etching the bottom electrodes open, 
in the process described by Doerge et al., the backside of the 
wafer is etched at the locations of the bottom electrodes.  
The bottom electrodes are then etched open, without the 
need for removing the thin polyimide film from the wafer.  
Although this process demonstrates an improvement from 
that described in the previous paper, there are still several 
significant drawbacks with this process.  First, the chemical 
used during the backside bulk etch step (potassium 
hydroxide) is harmful to the polyimide used in fabricating 
the neural interface.  Although steps are taken to minimize 
WKH�SRO\LPLGH¶V�H[SRVXUH��WKH�ORQJ�HWFKLQJ�WLPH�UHTXLUHG�IRU�
the backside etch is a significant cause for concern for the 
yield and efficacy of the probes.  In addition, this process 
requires additional protective materials (i.e. silicon nitride) 
to be deposited and subsequently removed, further increasing 
the overall complexity of the process. 

Recently, Seymour et al. demonstrated another technique 
for creating flexible, parylene-based dual-sided neural 
interface [15].  This technique utilizes a layer of SiO2 as both 
a release layer and an electrode place holder.  Unfortunately, 
this process requires both chemical mechanical polishing of 
the parylene as well as very long (multi-hour) soaks in 
hydrofluoric acid (HF).  Although the use of chemical 
mechanical polishing does increase the complexity of the 
fabrication process, of greater concern is the long HF soak 
required to release the probe from the substrate.  It has been 
demonstrated that HF easily penetrates through parylene, 
even after only 10 minutes of exposure [16].  This poses the 
question of how much HF remains in the probe after 
fabrication and, due to the extremely toxic nature of HF, 
whether the neural interfaces are safe for chronic, long-term 
implantation. 

Dual-side neural interfaces, such as the thin-film LIFE 
system, have also been developed for use in the peripheral 
nervous system [17-18].  However, these interfaces typically 
have a very large footprint and are not well-suited for the 
central nervous system. 

We present a polyimide-based, dual-side, micro-
electrode neural interface suitable for neural stimulation and 
recording.  Unlike previously presented dual-side neural 
probes, the fabrication process utilized here does not require: 
1) removal/re-attachment of the polyimide film, 2) long and 
potentially-harmful backside etches, 3) chemical mechanical 
polishing, or 4) multi-hour exposure to hydrofluoric acid.  

The device footprints are also small enough for use in the 
central nervous system.  In addition, this micro-electrode 
probe is comprised of 4 layers of trace metal, as opposed to 
the 1 or 2 utilized in other neural interface fabrication [8-16] 
(dual-sided or single-sided).  This further increases the 
number of individually-addressable electrode 
stimulation/recording sites on the neural interface without a 
significant increase in probe size. 

II. NEURAL INTERFACE DESIGN AND FABRICATION 

Several different neural interfaces were designed and 
fabricated with electrode diameters ranging from 10 µm to 
100 µm in both linear and tetrode spatial orientations.  All of 
the electrodes are individually addressable.  Each electrode 
side (top and bottom) utilizes two layers of trace metal.  The 
layers of trace metal are connected using interconnection 
vias. 

The general fabrication process is summarized in Fig. 1.  
The fabrication begins with a standard silicon wafer that is 
then etched with SF6 plasma to create silicon posts at the 
bottom electrode sites (Fig. 1A).  A sacrificial release layer 
(typically chrome) is evaporated onto the silicon wafer.  A 
single layer of polyimide is then deposited to planarize the 
surface (Fig. 1B).  The use of the silicon posts creates an 
electrode that is recessed from the bottom polyimide surface.  
This generates a more uniform electric field, compared to 
that generated by an electrode flush with the polyimide 
surface [19]. 

 

Figure 1.  Cross-sectional view of the general fabrication process presented 

here for the dual-side, 4-layer trace metal, polymer neural interface.  This is 

a single-side process requiring only simple polymer/metal deposition and 

etching steps.  (Images are not drawn to scale.) 

Next, the bottom electrode metal, either iridium or 
platinum, is deposited and patterned (Fig. 1C).  The first 
layer of trace metal (Ti/Au/Ti) is deposited/patterned and the 
interlayer of polyimide is then deposited (Figs. 1D-1E).  
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Interconnection vias are etched through the polyimide with 
O2 plasma (Fig. 1F).  The second, third, and fourth layers of 
trace metal are next deposited and patterned, with additional 
layers of polyimide and interconnection vias between each 
trace metal layer (Figs. 1G-1L). 

After the fourth layer of trace metal, the top electrode 
metal, either iridium or platinum, is deposited and patterned 
(Fig. 1M).  The final polyimide layer is deposited (Fig. 1N) 
and the top electrode vias and device outlines are then etched 
with O2 plasma (Fig. 1O).  Finally, the devices are released 
from the wafer utilizing a wet chrome etchant (< 1 hour) 
(Fig. 1P). 

We have demonstrated this process using polyimide.  The 
same fabrication process can be used with other polymers, 
such as parylene and silicones.  In the probes shown here, the 
topside and bottom-side electrodes are offset.  The same 
fabrication process has been used to fabricate probes where 
the topside and bottom-side electrodes overlap.  All of the 
electrodes, however, are individually addressable. 

Photographs of three 4-layer metal, dual-side neural 
interfaces are shown in Figs. 2-5.  (The interference patterns 
visible in Figs. 2-5 result from the non-uniformity of the 
polyimide laying down on the glass slide.)  The dual-side 
probe shown in Fig. 2 has variable sized electrodes with 
electrode diameters ranging from 10 µm to 100 µm.  The 
dual-side probe in Fig. 3 has 20 µm diameter electrodes in a 
tetrode arrangement.  For both of these probes, the 
electrodes are in groups of four and these groups alternate 
between top and bottom electrodes, with the topside 
electrodes closest to the probe tip.  Fig. 4 shows a dual-side, 
4-layer metal probe with constant 100 µm diameter 
electrodes.  The electrodes alternate between topside and 
bottom-side electrodes.  An enlarged view of the topside and 
bottom-side electrodes is shown in Fig. 5. 

 

Figure 2.  A dual-side, 4-layer metal, neural interface with variable sized 

electrodes.  The electrode diameters are: 10 µm, 30 µm, 70 µm, and 100 

µm.  A top view and bottom view are shown.  From left to right, the first 4 

electrodes are bottom-side, followed by 4 topside electrodes, followed by 4 

bottom-side, and finally 4 more topside electrodes at the probe tip. 

 

Figure 3.  A dual-side, 4-layer metal, neural interface with 20 µm diameter 

electrodes.  A top view and bottom view are shown.  The tetrodes alternate 

between bottom-side and topside electrodes (the electrodes closest to the 

probe tip are topside). 

 

Figure 4.  A dual-side, 4-layer metal, neural interface with 100 µm 

diameter electrodes.  A top view and bottom view are shown.  The 

electrodes alternate between bottom-side and topside (the electrodes closest 

to the probe tip are topside). 

 

Figure 5.  An enlarged view of the 100 µm diameter electrodes is shown 

here.  The electrodes alternate between bottom-side and topside (the left-

most electrodes are bottom-side). 

III. NEURAL INTERFACE ELECTRODE CHARACTERIZATION 

A. Electrochemical Testing 

The iridium activation was performed using biphasic 
potential pulsing in phosphate-buffered saline to form an 
activated iridium oxide film (AIROF).  Individual iridium 
electrodes were characterized to determine charge storage 
capacity (CSC) and impedance both before and after 
activation.  Cyclic voltammetry (CV) and electrochemical 
impedance measurements were made with a Princeton 
Applied Research (PAR) potentiostat using vendor-supplied 
software.  All measurements were made in a three-electrode 
cell using a Pt counter electrode, an Ag/AgCl reference 
electrode, and phosphate-buffered saline (pH 7.4) as the 
electrolyte.  Potential cycling for the CVs was performed 
between -600 mV and +800 mV at a scan rate of 100 mV/s. 

A typical CV curve of one of the bottom-side 100 µm 
electrodes is shown in Fig. 6.  As can be seen, the 
characteristic iridium oxide peaks are clearly visible after 
activation.  The CSC of the AIROF for the topside electrodes 
(100 µm diameter) is 21.8 mC/cm

2
 and for the bottom-side 

electrodes (100 µm diameter) is 14.0 mC/cm
2
.  The 

impedance (at f = 1 kHz) for the AIROF topside electrodes is 
����N
�DQG�IRU�WKH�$,52)�ERWWRP-VLGH�HOHFWURGHV�LV�����N
���
CV curves and electrode impedances ideally overlap for a 
given electrode geometry.  The impedances for the topside 
and bottom-side electrodes exhibit no significant variation.  
The cause of the differences in the CSCs is currently being 
investigated.  The other electrode sizes exhibit similar 
results. 

B. Biocompatibility Testing 

The selection and evaluation of materials and devices 
intended for use in humans requires a structured program of 
assessment to establish biocompatibility and safety.  In order 
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to qualify our devices for chronic implantation in accordance 
with the FDA regulations, we have subjected our single-
sided platinum neural interfaces to the ISO-10993 array of 
biocompatibility testing for chronically implanted devices.  
This includes assessing the biological reactivity, allergenic 
potential, sensitizing capacity, systemic toxic effects, 
immune response, and genetic mutations in animal models 
that are exposed to the device.  The single-sided iridium 
neural interfaces have not been subjected to the complete 
array of testing, but they have successfully passed basic 
cytotoxicity screening.  We expect the dual-sided neural 
interfaces presented here to also successfully pass 
biocompatibility testing, due to the inherent similarities in 
material selection and fabrication processes to previously 
tested devices.  

 

Figure 6.  Typical CV curve of a bottom-side 100 µm diameter AIROF 

electrode before and after electrochemical activation.  After activation, the 

characteristic iridium oxide peaks are clearly visible.  Although the CV 

curves do not completely overlap, both the topside and bottom-side AIROF 

electrodes exhibit these same characteristic peaks. 

IV. CONCLUSION 

We have presented here a new and more efficient method 
for creating polymber-based, dual-side, micro-electrode 
neural interfaces utilizing 4 layers of trace metal to achieve a 
higher electrode count for given probe dimensions.  These 
probes are currently undergoing further lifetime (both 
electrode and probe) testing.  Preliminary long-term in vivo 
testing of similarly fabricated, single-sided neural interfaces 
have demonstrated neural recording capabilities more than 
50 days, post-implantation.  Long-term in vivo testing of 
these dual-sided neural interfaces is underway. 
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