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Abstract—ECoG electrode arrays offer great potential for 
high-channel-count monitoring of large scale brain activity. 
However, scaling ECoG recording systems to high channel 
count is challenging due to the large silicon area demanded by 
the coupling capacitors necessary for DC offset voltage 
rejection. This paper presents a new approach to reduce the per-
channel area of recording circuits by introducing a capacitor-
embedded ECoG electrode structure that implements coupling 
capacitors within the existing electrode area. For proof of 
concept, a 4x4 array of 8 pF capacitor-embedded electrodes was 
fabricated in a 2mm x 2mm area using a three-mask process to 
form a capacitor stack of Cu, Ta2O5, and Ti/Cu/Au. In vivo 
experiments performed on an adult rat show that 
physiologically-evoked activity was accurately detected 
according to the placement of the electrodes for manual whisker 
deflection, shoulder tapping and hindlimb tapping. The 
capacitor-embedded ECoG electrode structure provides a new 
method for achieving high channel count neural recording. 

Keywords—ECoG electrode array, coupling capacitors, 
capacitively coupled amplifier, high-channel-count ECoG  

I. INTRODUCTION  

Neural implants have become extremely valuable tools for 
understanding brain structure and function as well as 
enhancing the quality of life for people with certain 
neurological conditions. Implantable neural activity recording 
systems provide great spatial and temporal resolution that is 
not achievable via non-invasive tools for brain monitoring 
such as fMRI or EEG. The two main categories of neural 
implants to record electrophysiological signals are penetrating 
probes that are inserted into brain tissue and ECoG electrode 
arrays that only touch the surface of the brain. Although ECoG 
has less resolution, it is less invasive and exhibits significantly 
less physiological rejection. Moreover, ECoG has far greater 
scaling potential to cover large areas of the brain. This large 
area coverage with high-channel-count recording systems is 
of great interest to researchers to study brain activities across 
greater spatial scales and to develop advanced BMIs with 
higher degrees of freedom. 

Neural recording electrodes are placed in direct contact 
with living tissue and generate a DC offset voltage due to the 
electrochemical reaction at the interface [1]. This DC offset is 
a challenge that must be addressed by electronic circuitry 
within the recording system. The first stage of the electronic 
circuitry is usually an amplifier array that is necessary for 
signal conditioning of weak neural signals. The generated DC 
offset could saturate the input stage amplifier and cause the 
entire system to fail. The most effective approach to address 
the input DC offset problem is the use of coupling capacitors 
to block the input DC offset [2], [3], as shown in Fig. 1. Noise 
and gain requirements dictate that the coupling capacitor value 

could be on the order of 10 pF [2]. However, implementing 
such large coupling capacitors within a CMOS neural 
amplifier chip can occupy significant silicon real estate. For 
example, 66% of the chip area was reportedly consumed by 
coupling capacitors in a 1.5 µm CMOS implantable amplifier 
[2]. This issue becomes more pronounced as technology 
scales because CMOS capacitors do not scale with feature 
size. Although different techniques have been presented to 
reduce the size of neural recording systems [3], these bulky 
coupling capacitors remain as limiting factors. 

Although penetrating probes are only ~1 µm in diameter, 
ECoG electrode diameters are typically ~100 µm [4], [5]. 
Thus, with sufficiently thin dielectrics having a high dielectric 
constant, ECoG offers a unique opportunity to consider 
embedding coupling capacitors within the electrode array to 
eliminate the costs of CMOS capacitor implementation. To 
enable scaling ECoG recording to high channel counts, this 
paper presents a new neural amplifier approach that utilizes 
the coupling capacitor structure for DC offset control but 
moves the coupling capacitors out of the CMOS recording 
circuitry and into the area occupied by ECoG electrodes. By 
introducing a new ECoG electrode structure composed of thin 
film coupling capacitors, the size of the recording amplifier is 
drastically decreased without compromising the system’s 
ability to handle input DC offset voltages and without 
occupying any extra electrode area. An ECoG electrode array 
was fabricated on a polyimide substrate where each electrode 
forms a capacitor stack of copper (capacitor plate), Ta2O5 
(dielectric) and titanium/copper/gold (electrode-capacitor 
plate). The ECoG array was characterized to exhibit about 8 
pF of capacitance per electrode, and the array was then used 
to successfully monitor neural activity in an anesthetized rat. 

II. CAPACITIVELY COUPLED NEURAL RECORIDNG AMPLIFIER 

Among different approaches that have been introduced for 
rejecting input DC offset voltage, capacitively coupled 

 
Fig. 1. Conventional ECoG recording system along with the pie 
chart for amplifier array showing percentage area occupied by 
coupling capacitors. 
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circuits have shown the best performance. An alternative 
approach is to use a high resistance CMOS device in 
conjunction with the inherent electrode-electrolyte 
capacitance to form a high pass filter that rejects DC offset [6]. 
However, this technique requires additional biasing and 
produces an unreliable cutoff frequency because electrode-
tissue capacitance will vary between electrodes. Another 
approach is to directly couple the neural signal and use active 
feedback to perform low-frequency suppression [7]. Although 
this method provides a compact design, its ability to reject DC 
offset is limited to few hundred millivolts, which is not 
sufficient in many applications.   

A schematic of the capacitive coupled neural amplifier that 
has exhibited the best DC offset rejection is shown in Fig. 2. 
In this approach, coupling capacitor (C1) along with a 
feedback capacitor (C2) form a gain factor given by  

   AV= C1/C2. (1) 

Rbias is placed in the feedback loop to bias the input of the 
OTA. This resistor also forms a high pass filter along with the 
feedback capacitor C2 with a 3-dB frequency given by 

  ω3dB=1/C2Rbias. (2) 

Because the ECoG signal bandwidth is between 1-500 Hz, the 
C2Rbias product should be high enough to place the corner 
frequency of the filter around 1 Hz. 

 Since neural amplifiers must handle weak neural signals, 
their noise performance is very important. The input referred 
noise of the amplifier in Fig. 2 is calculated as [2] 

   v , = ( ) . v  (3) 

where Cin is the input capacitance of the OTA and v  is the 
input referred noise of the OTA.  

 Notice that while (2) suggests C2 cannot be decreased 
arbitrarily, (1) and (3) show that a bigger coupling capacitor 
(C1) results in both higher gain and better noise performance. 
Therefore, C1 is an important factor for overall size of the 
amplifier. Notice also that, as shown in Fig. 1, while additional 
gain and signal processing can be multiplexed within the 
neural recording system, a preamplifier is required for every 
single channel to precondition the signal. Consequently, the 
size of the preamplifier array (including C1) is a defining 
factor in the overall size of the recording circuit, and this factor 
becomes an increasing challenge as ECoG recording systems 
are scaled to very high channel counts. 

III. ECOG ELECTRODES WITH EMBEDDED CAPACITORS 

We have developed a new approach enabling the bulky 
coupling capacitor, C1, to be moved out of the silicon area and 
implemented within the ECoG electrode, as shown in Fig. 3. 
Because each electrode already has a large footprint, a large 
coupling capacitor can be fabricated beneath each electrode so 
that the electrode also serves as one plate of the capacitor. By 
stacking the capacitor on the electrode, the footprint of the 
electrode array remains unchanged while the amplifier silicon 
area is considerably decreased by eliminating a bulky 
coupling capacitor for each preamp channel. From an area 
point of view, the coupling capacitor in this approach is 
completely cost-free and results in very compact amplifier 
array that enables scaling the CMOS amplifier chip to higher 
channel counts.  

A. Design of Capacitor-Embedded Electrodes 

To implement ECoG electrodes, a commercially available 
polyimide film (DuPontTM Pyralux® AP) was chosen as a 
substrate because its flexibility improves contact to brain 
tissue. This polyimide film comes with a 9 µm thick bonded 
copper foil that can be patterned to form one of the capacitor 
structure in Fig. 3. Circular capacitor plates were designed 
with 200 µm diameter and 575 µm pitch. To form high 
capacitance devices, on the order of 10pF, within the 200 µm 
plates/electrodes, Ta2O5 was chosen for the dielectric material 
due to its exceptional dielectric constant and capacity for 
deposition and patterning [8]. Although the dielectric constant 
of deposited Ta2O5 varies with deposition method and 
conditions, to calculate the desired Ta2O5 thickness, a 
minimum value of 15 was assumed. Accounting for process 
variations such as misalignment, side etching, and non-
uniform layer deposition, the dielectric thickness was 
calculated as 100 nm to guarantee ~10 pF capacitance. 
Although thinner dielectric results in higher capacitance, the 
breakdown voltage of Ta2O5 limits how thin it can be formed. 
This breakdown voltage also depends on the deposition 
method and conditions. Assuming a minimum breakdown 
field of 100 mV/nm, the chosen 100 nm dielectric thickness 
should permit about 10 V before breakdown [8], which is high 
enough in this application. To form the second plate of the 
capacitor, which also serves as the electrode, a 200 nm layer 
of copper was chosen for good conductivity and stability. 50 
nm of gold was chosen to cover the copper electrode for 
biocompatibility.  

B. Fabrication of Capacitor-Embedded Electrodes 

A detailed fabrication process flow for the new capacitor-
embedded ECoG array is shown in Fig. 4. To improve 

 
Fig. 2. Schematic of the capacitively coupled neural amplifier. 

 

 
Fig. 3. Illustration of the new ECoG array with an embedded 
coupling capacitor in each electrode. 
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handling of the flexible material during the fabrication process, 
the Pyralux polyimide substrate was first affixed to a 3-inch 
quartz wafer using Santovac (Santovac 5 Polyphenyl Ether 
Diffusion Pump Fluid) as a temporary bonding material. The 
first step was to pattern by photolithography the 9 µm copper 
layer on top of the Pyralux. For better lithography 
performance, a stripping process was first performed to clean 
the substrate and then a thin layer of HMDS was deposited for 
better adhesion. AZ9260 photoresist was then spin-coated to 
around 8 µm thick and patterned to expose everything except 
the electrode sites, interconnections and connecting pad sites. 
Ammonium Persulfate copper etchant solution was then used 
to etch away the unwanted copper. Santovac is the best option 
we have been able to identity for adhesion, which is vital in 
the high vacuum environment of subsequent dielectric 
material and metal deposition steps.  

After etching the copper, a second lithography process was 
performed with SPR220 photoresist to create the pattern for 
Ta2O5 dielectric material deposition. For better edge coverage, 
which is critical for capacitor fabrication, a sputtering process 
was chosen to achieve about 100 nm thick Ta2O5 layer. A lift-
off process was then performed to expose the bottom copper 
layer in the pad area for connection to amplifiers.  

The third lithography was performed to create the pattern 
of the top electrodes, also with SPR220. After lithography, the 
top electrode layer (5nm Ti/ 200nm Cu/ 50nm Au) was 
deposited using electron beam evaporation. The titanium layer 
was used to help adhesion, and the gold layer was chosen as 
the top-most layer for biocompatibility. After the final lift-off 
process, the ECoG electrodes combined with the capacitance 
structure were formed on top of the flexible Pyralux substrate.  

IV. EXPERIMENTAL RESULTS 

A 4x4 ECoG electrode array with embedded capacitors 
was fabricated and is shown in Fig. 5 (a). The new capacitor-
embedded ECoG electrodes were tested with an amplifier on 
a custom PCB on FR4 substrate fabricated by OSHPark LLC 
using commercial off the shelf components. In this circuit, 
JFET-input TL072 opamps were used for their low input 
referred noise which is within the requirements for this 
application. The ECoG electrode array was connected to a 
breakout board using miniature connector FH35C-35S-
0.3SHW(50) (Hirose Electric Co). Three layers of Kapton 
tape were added to the pad area on the back of the electrode 
array to increase the thickness to ~180 µm so that it could be 
inserted into the miniature connector, as shown in Fig. 5 (b). 
The breakout board is placed close to the recording site and 
delivers signals to the main recording board. 

A. Bench Tests and Charaterization 

To characterize the fabricated capacitor-embedded ECoG 
electrodes, the amplifier circuit was utilized to perform 
multiple measurements with input sine waves of different 
frequencies within the ECoG frequency band. For electrical 
connection to the floating (electrode) side of the capacitor, the 
input AC signal was applied using a bath of 0.9% saline. The 
response of the amplifier was recorded, and then the 
experiments were repeated with the capacitor-embedded 
electrodes replaced by ceramic capacitors of known value, 
also connected through the same saline bath. The ceramic 
capacitor value was varied around 10 pF until the same 
response as the capacitor-embedded electrode was observed. 
The results of this experiment indicate that the fabricated 
capacitor-embedded electrodes each exhibit approximately 8 
pF of capacitance. Moreover, breakdown voltage of the 
capacitor-embedded electrodes was observed to be more than 
5 V, which is sufficient for this application. 

B. In Vivo Experiment Procedure 

The ECoG array was validated via detection of sensory-
evoked activity in the somatosensory cortex (S1) of an 
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Fig. 5. (a) Fabricated ECoG electrode (b) ECoG electrode 
connected to the breakout board. 

 
Fig. 4. Fabrication process flow for the new ECoG array with 
capacitive electrodes. 
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isoflurane-anesthetized adult male Sprague-Dawley rat 
(11wks, 300g, Charles River, Wilmington, MA). A 4x4mm 
craniotomy was performed in the left hemisphere using a 
2x2mm hand drill and rongeurs to expose S1 (centered at 
2.0mm posterior, 4.0 mm lateral from bregma), where the 
ECoG array was positioned to span barrel field, shoulder, and 
hind-limb somatosensory regions (S1BF, S1Sh, and S1HL, 
respectively) [9]. Manual deflection of the contralateral 
whisker set and tapping of contralateral shoulder and hindlimb 
areas using a sterile cotton swab were performed to stimulate 
activity in S1BF, S1Sh, and S1HL, respectively. The manual 
stimulation procedure was repeated on the ipsilateral side to 
control for potential sources of non-physiological noise.  
Multiple rounds of the entire stimulation procedure 
(contralateral-ipsilateral) were completed to ensure 
reproducibility of results. Fig. 6 shows the experimental test 
setup. All surgical procedures were approved by the Michigan 
State University Animal Care and Use Committee.  

C. In Vivo Experimental Results 
Fig. 7 shows that manual tapping of the shoulder areas 

evoked robust activity in the contralateral hemisphere, 
whereas ipsilateral stimulation displayed responses similar to 
baseline activity. Similar results were observed following 
manual whisker deflection and tapping of hindlimb areas. The 
results were repeatable across multiple trials performed in the 
same animal. These results validate that physiologically-
evoked activity was detected by the novel ECoG array, where 
signal modulation was detected exclusively from the side of 
the body responsible for delivering the appropriate input. 

V. CONCLUSION 

To decrease the size of ECoG amplifiers for high channel 
count applications, this paper presented a new electrode array 
where the bulky coupling capacitors were moved from the 
silicon chip and embedded within the electrode array. A 4x4 
ECoG array with capacitor-embedded electrodes was 
fabricated on a flexible substrate using Ta2O5 dielectric. The 
electrode array was used with a custom PCB amplifier to 
determine that each electrode site provided 8 pF of 
capacitance. In vivo experiments of the capacitor-embedded 
ECoG electrode array were also performed on an isoflurane-
anesthetized adult male Sprague-Dawley rat. Results show 
that the new capacitor-embedded ECoG electrodes effectively 
detected physiologically-evoked activity, where both 
ipsilateral and contralateral responses were repeatedly 
recorded as expected based on the placement of the electrodes. 
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Fig. 6. In vivo experimental test setup using an isoflurane-
anesthetized adult male Sprague-Dawley rat. 
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Fig. 7. In vivo experimental results for manual tapping of shoulder 
areas show (a) evoked activity in contralateral hemisphere and (b) 
baseline activity in ipsilateral hemisphere. 


