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Abstract: High density electrocorticography (ECoG)-based microelectrode arrays (MEAs) are fabri-
cated to timely record the neural activities to provide the fundamental understanding in neuroscience
and biomedical engineering. This paper aims to introduce a device-based concept and wafer-scale
fabrication process for MEAs. Flexible and biocompatible polyimide is applied on MEAs to bear all
possible stress and strain. Detailed fabrication key techniques, including surface treatment, polyimide
stability measurement, evaporation process, and curing conditions, have been discussed thoroughly.
Moreover, the fabricated polyimide-based MEAs are surface-mounted on well-packaged printed
circuit boards (PCBs) via a slot-type connector without any additional wire bonding to make the
signal recording process easier. An absence seizure was recorded during the in vivo test, which shows
the availability of signal recording based on the presented MEAs. The proposed MEAs could be
remained at the skull, while the connector and PCBs can be disassembled apart. Therefore, the testing
sample will get less suffering. To verify the robustness of the fabricated MEAs, the impedance
properties were characterized using electrochemical impedance spectroscopy. The measured results
indicate an average impedance of 12.3 ± 0.675 kΩ at 1 kHz. In total, 10 groups of MEAs were sample
tested, and over 90% of the total 60 channels per 1-MEAs operated efficiently.

Keywords: microelectrode arrays; wafer-scale fabrication; multichannel; neuronal recordings

1. Introduction

Electrical activity recording of neural cell networks can provide wealthy information
concerning the physiology, as well as physiological degeneration that may cause diseases,
such as Parkinson’s or Alzheimer’s [1,2]. Microelectrode arrays (MEAs) have been adopted
to monitor neural signals for a long time at regular intervals through electrocorticography
(ECoG) [3]. The amplitude signals are larger and the higher-frequency patterns have
greater resolution at the intracerebral local field potential and ECoG sites compared to scalp
electroencephalogram (EEG) sites [4]. This method provides an advanced understanding
of the functioning of brain activity. Moreover, ECoG can measure underlying changes in
the surface of the cortex. Flexibility and biocompatibility are the primary concern related
to the practical implementation of MEAs for recording in vivo data from the subject on
a long term basis [5]. These conditions also allow the MEAs to be placed directly on the
skull to interface with the neural system. Commonly, polyimide is applied as the base
material, offering excellent biocompatibility and high flexibility for the manufacturing
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of MEAs [6,7]. In the past few years, the flexible MEAs were consistently developed to
stimulate and record signals from multiple neurons [8–11]. Several highly sensitive MEAs
were developed using micro-electromechanical systems [12–14], a complementary metal-
oxide-semiconductor [15], and lab-on-chip micro-fabrication techniques [16,17] to fabricate
large numbers of electrode arrays over a small area. Moreover, to enable simultaneous
and multisite recording from a large number of individual neurons, each electrode is
preferred to be operated at high spatiotemporal resolution [18]. Furthermore, a precise
wafer-scale process is used to fabricate MEAs with excellent uniformity, enhanced quality,
and tolerance to achieve high reliability. The current research is focused on the fabrication
of MEAs with advanced micro-fabrication techniques to lower down the production cost
and achieve a high yield. The large wafer-scale micro-fabrication can greatly reduce the
manufacturing cost due to the possibility of mass production [19].

In this work, a 6-inch-high resistivity silicon wafer was used as a supporting substrate
and combined with flexible polyimide to manufacture 25 MEAs on a single wafer through
mass production. Several fundamental techniques, such as surface treatment, evapora-
tion process, and curing conditions, are adopted during the micro-fabrication process.
The MEAs are designed to offer high spatiotemporal resolution throughout 60 recording
channels, aiming to fulfill the requirement of neural sensors to record brain signals with
high sensitivity and selectivity. The surface roughness of silicon supporting substrate, poly-
imide, and electrode have been analyzed by atomic force microscopy (AFM). Meanwhile,
the impedance of the electrodes are measured by electrochemical impedance spectroscopy
(EIS). Moreover, the fabricated MEAs are surface-mounted on well-packaged printed circuit
boards (PCBs) via a slot-type connector to facilitate the signal recording process. These con-
nectors and PCBs can be disassembled apart, whenever the signal recording session is
not required. The circuitry advancement relieves patients from carrying the extra weight
of connector and PCBs. Additionally, it also provides the possibility to leave the flexible
MEAs on the patient skull until the next recording during in vivo test. The reliability of
assembled MEAs has been characterized via EIS. In this article, a detailed step-by-step
micro-fabrication process, assembly method, and measurement process has been discussed.
This discussion could be beneficial for the researchers to understand wafer-scale MEAs
fabrication issues.

2. Experimental Details

The wafer-scale micro-fabrication was used to process and fabricate the proposed
flexible and multichannel MEAs. The fabrication process was isolated into 7 steps, as shown
in Figure 1. Step 1: The silicon substrate was dipped into a 10% hydrogen fluoride solution
to remove existing oxide. Afterward, the substrate is prepared for plasma treatment to
enhance surface roughness using O2/H2 with a radio frequency (RF) power of 650 W,
chuck temperature of 80 ◦C, chamber pressure of 2 Torr, and process time of 30 s. Substrate
roughness was measured via AFM, and the root mean square (RMS) value of 8.64 nm
was detected, as shown in Figure 2a. This accurate surface roughness helped to enhance
the adhesion between the silicon supporting substrate and Al metal sacrificial layer [20].
Step 2: The Al sacrificial layer, with a thickness of 3 µm, was deposited by an e-beam
process. Step 3: The most commonly used non-photosensitive biocompatible material
(HD Microsystems, PIX1400) (HD Microsystems, Hitachi, Japan) was spin-coated on the
deposited Al layer. The polyimide layer was deposited three times at 3 µm each time via a
manual spin-coater with 500/3000/500 revolutions per minute (RPM) and coating time
adjusted to 10/40/5 s, respectively. Subsequently, soft baking was done under 100 ◦C
for 3 min, followed by a curing process under 300 ◦C for 3 min in a conventional oven.
The polyimide thickness was adjusted to 9 µm to minimize the tensile stress and rectify the
adhesion problem between the fabricated film and mouse skull. Afterward, a metallization
process was performed to reduce rolling issues and enhance film planarization. Step 4:
Photolithography was performed to create a specific pattern on the deposited polyimide
layer. This process was followed by a curing process, in which the prepared structure was
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placed at the ambient condition of 90 ◦C for 30 min and 125 ◦C for 60 min separately to
achieve the desired shape with appropriate aspect ratio. Moreover, the polyimide surface
was treated with an inductively coupled plasma etching process under a chamber pressure
of 450 mTorr, a coil power of 650 W, a CF4 flow of 8 sccm, and an O2 flow of 72 sccm.
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Figure 1. The fabrication schematic of the proposed flexible polyimide-based multichannel micro-
electrode arrays (MEAs).

The adhesion between the first polyimide layer and Cr/Pt metal layer was due to the
high RMS value of 14.01 nm, as demonstrated in Figure 2b. Step 5: 60 channels recording
electrode network were formed by photolithography, in which the Cr/Pt (15/150 nm) metal
layer was evaporated with deposition rates of 3/3 Å/s. Before the evaporating process,
the metal source was cleaned in an ultra-sonic methanol bath and implementing isopropyl
alcohol (IPA), which made the surface of electrode metal layer much smoother. Typically,
source cleaning and pre-melting processes could offer a more constant composition and
surface topography [20]. Subsequently, a lift-off process was executed with a pressure of 3
MPa to clean the fabricated devices first with acetone for 60 s, followed by an IPA treatment
for 30 s, and, finally, deionized water (DI-water) treatment for 60 s. The roughness of
the electrode surface with a low RMS value of 3.46 nm is demonstrated in Figure 2c.
Step 6: The wafer was sequentially fabricated with the second polyimide film through the
patterning process, similar to Step 3. The wafer was masked using photoresist to define
interconnection lines and pads of the structure. After that, a 15/150 nm-thick Cr/Pt metal
layer was formed by using an e-beam evaporator with a deposition rate of 3/3 Å/s. At last,
the masking areas of interconnection lines and pads were stripped by a lift-off process using
acetone/IPA/DI, respectively. Step 7: Wet etching was executed with an etchant of (H3PO4
+ HNO3 + CH3COOH) solution to fully remove the Al layer, and, finally, the desired MEAs
could be obtained.

The proposed and fabricated structure of a single MEA was a fully processed 6-inch
silicon wafer, as shown in Figure 3. The designed MEA was realized with a combination
of three parts, named recording sites, interconnection lines, and interconnection pads.
Recording sites were well arranged with high spatiotemporal resolution in a compact
area. The MEAs structures were efficiently optimized to reduce the interference between
the adjacent electrodes. Moreover, the advanced micro-fabrication technology helped
to fabricate interconnection pads without any shorting points and enabled to transfer a
reliable signal from the recording electrode sites to the detection equipment.



Electronics 2021, 10, 316 4 of 12

Electronics 2021, 10, x FOR PEER REVIEW 3 of 12 
 

layer. This process was followed by a curing process, in which the prepared structure was 

placed at the ambient condition of 90 °C for 30 min and 125 °C for 60 min separately to 

achieve the desired shape with appropriate aspect ratio. Moreover, the polyimide surface 

was treated with an inductively coupled plasma etching process under a chamber pres-

sure of 450 mTorr, a coil power of 650 W, a CF4 flow of 8 sccm, and an O2 flow of 72 sccm. 

 

Figure 1. The fabrication schematic of the proposed flexible polyimide-based multichannel microe-

lectrode arrays (MEAs). 

 

(a) 

Electronics 2021, 10, x FOR PEER REVIEW 4 of 12 
 

 

(b) 

 

(c) 

Figure 2. Surface roughness analyzed by atomic force microscopy (AFM): (a) Surface morphology 

of the silicon supporting wafer after O2/H2 plasma treatment; (b) surface morphology of the polyi-

mide wafer after CF4/O2 plasma treatment; and (c) surface morphology of the Cr/Pt electrode layer. 

The adhesion between the first polyimide layer and Cr/Pt metal layer was due to the 

high RMS value of 14.01 nm, as demonstrated in Figure 2b. Step 5: 60 channels recording 

electrode network were formed by photolithography, in which the Cr/Pt (15/150 nm) 

metal layer was evaporated with deposition rates of 3/3 Å/s. Before the evaporating pro-

cess, the metal source was cleaned in an ultra-sonic methanol bath and implementing iso-

propyl alcohol (IPA), which made the surface of electrode metal layer much smoother. 

Typically, source cleaning and pre-melting processes could offer a more constant compo-

sition and surface topography [20]. Subsequently, a lift-off process was executed with a 

pressure of 3 MPa to clean the fabricated devices first with acetone for 60 s, followed by 

an IPA treatment for 30 s, and, finally, deionized water (DI-water) treatment for 60 s. The 

roughness of the electrode surface with a low RMS value of 3.46 nm is demonstrated in 

Figure 2c. Step 6: The wafer was sequentially fabricated with the second polyimide film 

through the patterning process, similar to Step 3. The wafer was masked using photoresist 

to define interconnection lines and pads of the structure. After that, a 15/150 nm-thick 

Cr/Pt metal layer was formed by using an e-beam evaporator with a deposition rate of 3/3 

Figure 2. Surface roughness analyzed by atomic force microscopy (AFM): (a) Surface morphology of
the silicon supporting wafer after O2/H2 plasma treatment; (b) surface morphology of the polyimide
wafer after CF4/O2 plasma treatment; and (c) surface morphology of the Cr/Pt electrode layer.
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Figure 3. Images of the designed and fabricated MEAs: (a) The designed structure of a single MEA
and (b) a single fabricated MEA with the fully processed 6-inch silicon supporting wafer and MEA.

The existing interconnection pads on a fabricated device were mainly added to connect
with a slot-type connector. The advanced micro-fabrication method was used to fabricate
25 flexible MEAs on a single 6-inch silicon wafer. Additionally, the maximum area of
exploitation was carefully considered to avoid wafer edge defection and fabrication tolerance.

The schematic plot (a), side view (b), and top view (c) of a fully assembled flexible
MEA are shown in Figure 4. In total, 60 pins were led out from the slot type connector
on the top floor and connected to the interconnection pads of the bottom flexible-PCB
(FPCB) through vias, 30 of which were visible, while the other 30 vias were shielded by the
installed slot type connector. The practical surface mounted device was fabricated with
a slot-type connector without any additional bonding wires. This formation prevented
the device from electrical interconnection failure, which could be caused by skull tissues
during in vivo testing. The polyimide-based FPCB structure was used to support thin
layer MEA electrodes and provided protection from physical damage. The top and bottom
PCBs were processed with a connecter socket on the front side and interconnection pads
on the backside. Similarly, the FPCB was connected with top and bottom PCBs through
a V-cut, which can be easily removed during in vivo testing. Usually, the skull signal is
recorded for a long duration, and sometimes several rounds of recording are executed to
provide accurate and reliable measurement results. Therefore, the top PCB, bottom PCB,
and slot type connectors were designed to be disassembled during the in vivo recording
process. This innovative circuitry helped the potential patient to relieve the acute suffering
caused by the additional weight of auxiliary components. Moreover, scalp surgery was not
required between successive measurements. This innovative process can help to save cost
and time and reduce the complexity, along with the patient’s personal relief.
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(a) Schematic demonstration; (b) side view; and (c) top view.

3. Result and Discussion

The functionality and reliability of the proposed MEAs were investigated using the
insertion of a suspended device in phosphate-buffered saline (PBS) solution, as shown in
Figure 5, which improved electrical conductivity and helped to form the circuit. The electric
signal of each individual channel was characterized by EIS. The measurement setup of the
proposed MEAs was comprised of a signal recording system, bibulous paper, assembled
MEAs as working electrodes, PBS solution, and a counter electrode.
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Whenever metal is immersed in an electrolyte, an excess concentration of electrons
forms on its surface. The interface between electrode and electrolyte remains electrically
neutral, and a cloud of ions form in the electrolyte adjacent to the electrode surface [21].
When an alternating signal is applied at the input of the MEAs, the generated electrons
start accelerating through the electrode surface and a charge transfer resistance is induced.
The accelerated electrons overcome the ohmic resistance of bulky Cr/Pt electrodes, before
reaching an electrode-electrolyte double-layer junction. The whole testing environment
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can be described through Randles circuit analysis, as shown in Figure 6. The Randles
circuit is comprised of a charge-transfer resistor Rel parallel with a double layer capacitor
Cel, in series with an equivalent resistor of electrolyte RMet and electric circuit path RSpread.
Due to the existence of a very large capacitance of Cel, Rel is assumed to be small in relation
and can be neglected for the further study. The modified circuit is represented with a
constant phase element capacitance CPE and a circuit resistance Rms.
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Where circuit resistance Rms = RMet + RSpread
Furthermore, the representation of a simplified equivalent circuit improved the

impedance of the complete electrochemical cell and can be expressed as [22]:

Z = ZPE + Zms =
1

(Q2π f j)n + RMet+ RSpread (1)

where Q is the double layer interface capacitance in µF, f is the input frequency (Hz), and n
is dimensionless. It is observed from Equation (1) that there is an inverse relationship
between impedance Z and input frequency f. Hence, all impedance measurements of
the proposed MEA should be followed by a given relationship. The data recording and
frequency setup of the signal generator was performed using nanoZ software.

The impedance measurement of the individual channel of each MEA is important to
analyze the signal to noise ratio [23]. The mean value of the measured impedance with
an error bar for 10 randomly selected channels in the frequency range from 1 Hz to 2 kHz
is shown in Figure 7a. The obtained results of randomly selected channels indicate the
impedance magnitude of 145.6 ± 5.4 kΩ at 100 Hz and 12.3 ± 0.675 kΩ at 1 kHz, respec-
tively. The phase angle was characterized at the frequency of 1 kHz, and measurements
were performed for 10 MEAs. The average phase angle exhibited −57.85 ± 2.77 degrees,
as represented in Figure 7b. This fruitful outcome proves a high consistency with excellent
signal to noise ratio and high functionality of each individual channel in assembled MEA.
Moreover, each tested channel operates efficiently with no short-circuiting or interference.
However, the measured impedance results of all 10 channels were almost the same up to
1 kHz, and a slight difference emerged between 1 Hz to 2 kHz. The obtained results indicate
a high correlation among 10 channels that verify the reliability and effectiveness of the
advanced micro-fabrication process.

The reliability of a device is vital for the feasibility of mass-production. It also provides
a guarantee for high yield and cost-effectiveness. The reliability of the fabricated MEAs
was evaluated through a driven response, giving measured impedance results. The ECoG
channel yield of 10 MEAs with all 60 channels is shown in Figure 8. Measurement data
for 10 randomly selected MEAs with all 60 channels was recorded under a laboratory
testing environment, and, afterward, the impedance results of each MEA were statistically
obtained. The reduction in channel yield occurred due to fabrication failure, leakage
through the polymeric encapsulation, or electric short circuit. An impedance less than
15 kΩ was considered the criteria for normally operated MEA channels versus rejected
channels. The maximum ECoG channel yield of 100% was obtained at E.7, and a minimum
channel yield of around 91% was observed at E.9. Based on the overall statistical data,
over 90% of channels in single MEA were normally operated, which proves the excellent
reliability and feasibility of the fabricated MEAs. The proposed wafer-scale fabricated
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MEAs are cost-effective due to high yield percentage and can be regarded as a promising
candidate to assist more researchers and doctors for further understanding of the behavior
of neural networks. Additionally, it also benefits patients to treat them with a cost-effective
and less painful instrument.
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Furthermore, as compared with the other reported literature [24–27] and as shown in
Table 1, the proposed electrode represents the low magnitude of impedance with a large
area. The active area dimension of a single electrode in the fabricated MEA is 101,736 µm2,
with an average output impedance of 12.3 kΩ at 1 kHz. The desired outcome represents
better signal acquisition with low signal to noise ratio and provides sufficient flexibility,
much smaller than the impedance required for practical implantation [22]. The acquired
results of the fabricated MAE electrodes indicate magnitudes of measured impedance two
orders lower, with superior signal to noise ratio. When the size of the electrodes increased,
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the overall capacitance of the MEA also increased and impedance decreased. Through
comparing these obtained results, it can be concluded that there should be a trade-off
between the signal to noise ratio and the size of the electrode when facing a practical
application [26].
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Table 1. Performance comparison of the proposed microelectrode arrays (MEAs) with several
reported MEAs.

Ref. Electrode Numbers of
Electrodes

Electrode Size
(µm2)

Impedance
at 1 kHz

[24] Gold 8 53,066 150 kΩ
[25] Gold 10 14,000 1 MΩ
[26] Gold & Ti 8 & 16 125,600 18 kΩ
[27] ITO & Pt 49 240,000 15 kΩ

This work Cr/Pt 60 101,736 12.3 kΩ

An in vivo test on the skull of a hybrid adult male mouse (C57BL/6J—129S4/SvJae
hybrid mice (12–15 weeks old)) was conducted to measure brain signals. The mouse was
anesthetized with a ketamine (120 mg/kg, i.p.) and xylazine (6 mg/kg, i.p.) cocktail.
The effect of anesthesia was monitored during the entire testing. Under the anesthetic
condition, the mouse was placed on the stereotaxic apparatus (David Kopf Instruments,
Model 902, Tujunga, CA, USA). The ear bars were placed in the mouse’s ear canal and
tightened carefully. The eyes were covered with biocompatible jelly (e.g., petroleum
jelly) to protect them from drying under surgery light. Afterward, the mouse’s head was
moisturized with 70% ethanol and the fur was shaved from the head. Subsequently, 2%
lidocaine hydrochloride was injected for local anesthesia. The head was incised about
2.5 cm inside the scalp and the skin was pinched with micro-clamps (Fine Science Tools,
Inc., 18052-03, Foster City, CA, USA) to keep the incision wide open. Later, the remaining
tissues and membranes were removed from the skull by using sterilized cotton swabs.
After that, the bregma point was marked and MEA electrodes were placed on the skull.
The electrode array was swabbed clean with alcohol and kept completely dry in order to
obtain a better adhesion with a mouse skull. The electrodes remained fixed on the skull,
due to Van der Waals forces. A rigid stick was positioned on the middle of the head as a
strut to connect the vertical connector with a strong glue, then the dental acrylic cement was
applied over the skull and the backside of the connector plane. Subsequently, the micro-
clamps were removed and the incised skin was sutured. After recovery, the electrodes
could be connected to the headbox of a multichannel EEG amplifier system (Synamps2,
Charlotte, NC, USA) via the connector and the recording was performed after 1 hour of
habituation. The image of MEA electrodes placed on the mouse skull during in vivo test is
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presented in Figure 9a,c, respectively. The electrode array had a Christmas tree structure
with 12 branches on each side, and each branch had several electrical contact points,
covering the exposed skull in an evenly distributed manner (Figure 9b). It is observed
that the MEAs were well-arranged and conformed to the skull. This precise implantation
helped to record signals after the mouse was habituated. CH1-CH10 represents the output
of 10 randomly selected channel electrodes out of 60 channels. The VB and nRT as shown
in Figure 9b represent the data from two big electrodes used for grounding purposes.
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Figure 9. Images of the microelectrode: (a) Flexible MEAs mounted on the skull of an adult male mouse; (b) arrangement of
the high-density mouse ECoG electrodes; and (c) microscopic photograph of the partially enlarged MEAs.

An absence seizure was recorded from the mouse skull with placed MEA by systemic
administration of 50 mg/kg γ-butyrolactone (GBL) to induce bilaterally synchronous spike-
wave density (SWD). The sample traces of ECoG with SWD episodes are exhibited in
Figure 10, and the SWDs robustly occurred in the GBL model. The absence seizure was
observed in all channels, and it was noticeable that strong signals were detected favorably
in the parietal and frontal cortex.
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Figure 10. A sample trace of ECoG experiencing absence seizure induced by intraperitoneal injection
of γ-butyrolactone (GBL). The number follows the channel montage defined in Figure 9b.

4. Conclusions

In this article, the wafer-scale fabrication and assembly method of flexible polyimide-
based MEA with 60 channels is proposed. The critical fabrication technique is explicitly
introduced to demonstrate the process flow with clear understanding. A group of 25 MEAs
were fabricated on a single 6-inch high-resistivity silicon wafer by carefully considering
the maximum area exploitation to avoid wafer edge defection and fabrication tolerance.
FPCB and a slot-type connector were applied to provide surface-mounted assembly without
additional wire-bonding, representing an easier signal recording method for the fabricated
MEAs. The EIS measurement was performed on 10 randomly selected channels to analyze
the signal to noise ratio. The low order magnitude of impedance proves that the assembled
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MEAs have excellent robustness, which could be applied to simultaneously record the
neural signal with high selectivity and sensitivity. Reliability and outstanding channel
yield significantly prove cost-effectiveness and give a chance for the proposed MEAs to
fulfill a commercial requirement in the future biomedical market. In vivo recording on the
skull of the adult male mouse demonstrates the conformation of efficient signal recording
and makes this device suitable for practical application.
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