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ABSTRACTS 

 This thesis systematically studies two main topics, namely, a design and fabrication of 

a combined device between optoelectronics and transparent graphene-based electrodes and a 

development of an implantable micro-electrocorticography for a chronic implantation. 

 The first topic introduces the design and fabrication of the flexible and implantable 

combined device for optogenetics area. The optoelectronics is utilized the commercial blue 

LED component to stimulate Channelrhodopsin-2 (ChR2) mouse model, which is a blue light-

gated non-specific cation channel that neuronal activation. The micro-electrocorticography 

device is used the transparent graphene-based electrodes instead of the metal electrodes for 

recording a neural signal. Graphene that is a novel material consisting of carbon atoms, has a 

broad wavelength transparency from ultraviolet (UV) to infrared (IR) range. Moreover, 

graphene has superior properties such as electrical conductivity, mechanical flexibility, and 

biocompatibility etc. These advantages of graphene make it a promising material for the next 

generation biomedical application. Finally, we demonstrate a fully implantable system utilizing 

microscale LEDs vertically stacked on top of transparent graphene-based electrodes which the 

light can pass through, enabling synchronous a light stimulation and a neural signal recording. 

 The second topic is on the implantable micro-electrocorticography for a chronic 

implantation using a 3D-printed cranial prothesis. It also allows the internal neural signal 

recording of the dorsal cerebral cortex of the rodent model. The photocurable polyimide (PI) 

substrate allows the stable mechanical property of the fabricated device. Compared to fMRI 

and MEG application areas, our device has a good spatial and temporal resolution. We also 

demonstrated the implantation method using the fabricated device and figure out the 

improvement in the next batch experiment. They have a potential to apply and impact the 

internal neural signal recording area and the neural image research field in the future. 
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CHAPTER 1. Introduction 

1.1. Optogenetics 

In 2006, the term of optogenetics was firstly introduced by Deisseroth et al. [1] and it 

is an innovative biological technology to control the activity of cells using genetic engineering 

and optical technology. It is a useful and popular method to understand the nervous system in 

neuroscience research due to its spatial and temporal accuracy [2]. 

 The nerve system can be broadly categorized into two major area: central nervous 

system (CNS) and peripheral nervous system (PNS) [3]. The CNS consists of two parts: the 

brain and the spinal cord [3]. The PNS includes the nerves and ganglia outside of the brain and 

spinal cord [3]. 

Figure 1.1. A visual diagram of the distribution between the CNS and the PNS based on 

different optogenetic applications [4]. (n: number of publications) 

 Since 2015, the latest applications in neuroscience using optogenetic applications from 

the CNS to the PNS are counted in the variety of neural regeneration (Figure 1.1) [4]. The many 

optogenetic applications play a major and leading role in the nerve system. 



2 

 

 

Figure 1.2. Common opsins in optogenetics. Channelrhodopsin (ChR) opens upon excitation 

with blue light (475 nm) and permit a cation influx into the cell when stimulated that 

depolarized the neuron. Halorhodopsin (NpHR) and archaerhodopsin (Arch) silence the neuron 

by hyperpolarization (inhibition) when they open the light-sensitive channels with yellow and 

yellow-green lights, respectively (575-600 nm). Upon light stimulation, NpHR allows chloride 

influx and Arch pumps protons out of the cell, respectively [2]. 

 Generally, optogenetic actuators are proteins that modify the cell activity when they 

are expressed in response to illumination. The most common and used actuators are opsins. It 

can be categorized into two parts: microbial opsins (Type I) and vertebrate opsins (Type II) 

[5,6]. Type I opsins were used in the first optogenetics experiments because of genetic 

engineering using a single component protein and their faster kinetics compared to Type II 

opsins. The common microbial opsins are shown in Figure 1.2. The microbial opsins can be 

divided into two types: depolarizing (excitation) microbial opsins (channelrhodopsins) and 

hyperpolarizing (inhibition) microbial opsins (halorhodopsins and archaerhodopsin) [2,4–6]. 

Channelrhodopsin (ChR) opens upon excitation with blue light (475 nm) and permit a cation 

influx into the cell when stimulated that depolarized the neuron. Halorhodopsin (NpHR) and 
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archaerhodopsin (Arch) silence the neuron by hyperpolarization (inhibition) when they open 

the light-sensitive channels with yellow and yellow-green lights, respectively (575-600 nm). 

Upon light stimulation, NpHR allows chloride influx and Arch pumps protons out of the cell, 

respectively [2,5]. 

 Both microbial opsins and vertebrate rhodopsins share architectural similarities and 

are consisted of seven transmembrane (TM) α-helices, called opsins and a photosensitive 

chromophore, called retinal [7]. Upon illumination at a targeted and specific wavelength, 

retinal in microbial rhodopsin is going to start an isomerization from all-trans to 13-cis that 

initiates a series of photocycle (Figure 1.3.) [8]. For vertebrate opsins, they undergo an 

isomerization from 11-cis to all-trans. This reaction makes the generation of unique photo-

intermediates that lead to change of proteins that caused a channel opening, closing, and ionic 

conductance of the rhodopsin [9,10]. 

Figure 1.3. Photoreaction mechanism. Light-mediated isomerization of the retinal Schiff base 

(RSB). Top: Type I Opsin. Bottom: Type II opsin [8]. 

 Using Optogenetics in the field of neuroscience, it has a chance to changing the 

neuroscience area. We can proceed a new generation of experiments to explore the roles of 

specific neural circuit components in normal and dysfunctional behavior [5]. 
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1.2. Micro-Electrocorticography (μECoG) 

In the recording system for multichannel neural interfaces, the methods of interfacing 

with the cerebral cortex and recording electrodes can be categorized into four parts: 

electroencephalography (EEG) for external scalp recordings, electrocorticography (ECoG) and 

micro-electrocoticography (µECoG) for surface cortical recordings, and penetrating electrode 

arrays for intracotical recordings in the brain [11]. These device types have their advantages 

and disadvantages in terms of invasiveness and spatial resolution (Figure 1.4.) [11]. 

 Compared to ECoG electrode arrays, µECoG electrode arrays have micro-scale size 

diameters of electrodes for recording the neural signal (Figure 1.4.a-b). It means that µECoG 

device has a more spatial resolution compared to the conventional ECoG devices that are used 

the approximately 1 cm diameter of the recording electrode sites. Among these four types, 

µECoG electrode arrays provide a promising system due to neural signal acquisition, spatial 

resolution, and a less invasiveness properties (Figure 1.4.c). 
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Figure 1.4. a) Photograph of comparison between ECoG and µECoG array [11]. b) X-ray 

image showing the implanted conventional ECoG and µECoG electrodes [12]. c) The graph 

with respect to spatial resolution and invasiveness for four types of neural electrodes [11]. 
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CHAPTER 2. Design and Fabrication of Combined Device between Optoelectronics and 

Transparent Graphene-based Electrodes for Light Stimulation and Neural Signal 

Recording 

2.1. Introduction 

Flexible electronics which can be bent, folded and/or stretched, have potential used in 

various applications, such as biomedical implantation and wearable devices, due to their 

structure to facilitate less invasive clinical operation [13–17]. Flexible devices combined with 

optoelectronic systems extend to a range of applications such as biomedical stimulations and 

recordings using light sources, especially as optogenetics [18,19]. Optogenetics is a powerful 

technique involving a genetic modification of neural cells to make them reaction to a specific 

light stimulation by a selective excitation or inhibition of targeted neuron types for neural 

interfacing devices [20]. To utilize this method, it is necessary to deliver a specific light into 

the cortex for the direct stimulation. 

Neural surface electrode arrays, such as micro-electrocorticography (μECoG) devices, 

provide a promising system according to neural signal acquisition, spatial resolution, a proper 

invasiveness [21–24]. However, these devices normally use opaque metallic conductive 

materials. Recently, many research studies have shown that graphene is an excellent candidate 

as a recording electrode due to its excellent electrical/thermal conductivity, transferability, and 

mechanical properties [25–29]. Furthermore, the biocompatibility and broad-wavelength 

transparency from the ultraviolet (UV) to the infrared radiation (IR) spectrum of graphene 

make it ideal for the replacement of metal counterparts in optogenetics stimulations, recordings, 

and imaging applications [30]. Because light is the primary stimulation tool for optogenetics, 

optoelectronics benefit from using transparent devices by precisely matched exposing light on 

the recording site through transparent electrodes. To deliver light into the cortex at the targeted 
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brain areas, the conventional method is used the optical fiber as the light source for a neural 

stimulation, externally [26,31,32]. However, the light sources have low spatial resolution due 

to the number of beams and the relatively imprecise positioning between a stimulation and 

recording area. To solve this problem, commercial micro light emitting diode (μLED) arrays 

[33–35], optical waveguide arrays [36,37], a fabricated passive Si photodiode array [38], and 

high-density μLED array [39] have been applied for the precise individual addressing. 

Moreover, recording devices with an internally mounted light source are capable of the 

operating under fully implanted condition. 

According to Ji et al., commercial μLEDs have been fabricated on their polyimide-

based (yellow-color) μECoG device by a wire bonding method and conductive silver paste for 

a good metal connection on the Au pads/polyimide (PI) [33,34]. However, not only transparent 

conductive materials but also clear (or transparent) substrate are important material 

characteristics for optoelectronics. Also, delicate fabrication technique of metal connection 

should be considered in sequence without the additional fabrication process in the same batch. 

Meanwhile, a transparent, flexible, and biocompatible Parylene C substrate was used to directly 

fabricate a monolithic device design in which GaN μLED and recording electrodes [40]. This 

design has 25 μm gap between recording electrode and μLED. However, it requires the same 

position to get the exact neural signal at the precise same area between the stimulation and 

recording area. 

In this work, we demonstrate a fully implantable system utilizing microscale LEDs 

vertically stacked on top of transparent graphene-based electrodes which the light can pass 

through, enabling synchronous a light stimulation and a neural signal recording for neural 

interfacing. 
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2.2. Design of Optoelectronic and Transparent μECoG devices 

We developed a unique design of optoelectrical neural stimulation and transparent 

μECoG devices. The design purpose is the combination of integrated optoelectronics and 

distributed transparent nerve signal recording electrodes on the flexible substrate for detecting 

the optical evoked potential. The simultaneous stimulating and recording in one device are 

aimed to Channelrhodopsin-2 (ChR2) mouse model, which is a blue light-gated non-specific 

cation channel that neuronal activation [41]. 

 Figure 2.1.a schematically shows the device structure both the integrated blue µLED 

(dominant 456.5 nm wavelength) and transparent graphene-based μECoG devices which are 

on flexible polymer substrates. The flexible substrate materials are Noland Optical Adhesive 

61 (NOA 61, NORLAND Products), SU-8, and polyethylene terephthalate (PET). Also, 4 × 

4 µLED arrays for the optical stimulation is matched the location of 4 × 4 graphene channels 

for the neural signal recording, as shown in Figure 2.1.a and Figure 2.2. 

 The dimension considered to fit into the mouse brain size. The dimensions (width W, 

and length L) of the area of the integrated µLED and transparent graphene-based µECoG 

electrodes arrays are approximately 2.13 × 1.89 mm2 (Figure 2.2.a) and 1.87 × 1.96 mm2 

(Figure 2.2.b), respectively. The detailed dimension information is written as follows; 

Commercial µLED chip (C460TR2227-0333, Cree Inc., USA) is 220 (W) × 270 (L) µm2 and 

diameter of the graphene electrode is 150 µm. The center to center spacing or pitch between 

the two neighboring µLED and the two adjacent graphene-based electrode sites is designed as 

500 µm. The fabricated combined device is shown in Figure 2.1.b after the attachment process. 
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Figure 2.1. Schematic illustration and optical image of the combined device. a) the integrated 

blue µLEDs, NOA 61 (50 μm)/µLEDs (50 μm)/SU-8 (400 nm)/Metal electrode (Cr 10 nm/Au 

350 nm)/SU-8 (1.5 μm) and graphene-based μECoG devices, PET (100 μm)/SU-8 (3 

μm)/Metal electrode (Ti 50 nm/Au 200 nm)/four-layered graphene electrodes (1.2 nm)/SU-8 

(10 μm) for optical stimulation and neural signal recording, respectively. b) A combined 

corresponding device both the integrated blue µLEDs and graphene-based ECoG devices. 

Figure 2.2. Schematic of the device design, a) flexible integrated µLEDs for optoelectrical 

neural stimulation and b) transparent graphene-based µECoG devices. (green line: outline of 

substrate, dark blue line: the shape of µLED, light blue line: graphene electrode, yellow line: 

metal electrode) 
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2.3. Fabrication of µLEDs array device 

The integrated µLEDs array fabrication process can be divided into two steps. The first 

step is the preparation of the transferred 16 μLEDs on handling substrate. The second step is 

the integration process for optoelectronic. The detailed fabrication processes are shown in 

Figure 2.3. and Figure 2.4. 

Figure 2.3. Schematic illustration of μLEDs transfer process using a stamp method. a) Metal 

deposition (Ti, 30 nm) as an align mark for transfer process on a precleaned glass substrate. b) 

Coat and bake PDMS (15:1) layer to stick μLED on the top surface. c) Transfer μLED on 

PDMS layer and d) attach a stamp substrate with handling substrate which is deposited a 

sacrificial layer (Ti/Pt/Ti/Al) using NOA material. After curing process by UV light for 90 mins, 

e) detach the stamp substrate and remain the LEDs on the handling substrate, f) Embedded 

μLED on a polymer layer/precleaned glass substrate. 

 

First, as shown in Figure 2.3., the fabrication process begins with preparing a glass 

slide (Fisher Scientific, 25 ×  75 ×  1 mm3) as a stamp substrate that was cleaned by 

ultrasonication with acetone, isopropyl alcohol (IPA), and deionized water (AQUA 
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SOLUTIONS, resistance: 18 MΩ) and dried at 110 °C for 1 min on a hot plate prior to use. 

The photoresist (PR) layer on a cleaned glass slide is prepared by spin-coating an image 

reversal PR (AZ 5214E, MICRO CHEM, 2,500 rpm, 30 sec) and soft-baking at 95 °C for 3 

mins. In Figure 2.3.a, the aligned marks to transfer µLED arrays were generated through 

contact-mode lithography using a mask aligner (MJB3, KARL SUSS, illumination: 5.5 

mW/cm2, 2.3 sec), hard-baking at 115 °C for 90 secs, exposed sufficient ultraviolet lights for 

flood exposure for 25 secs at the same illumination intensity. The next step is developing the 

image reversal photoresist with a developer (AZ 917, MICRO CHEM) for 30 secs. Titanium 

(Ti, 30 nm) layer is deposited in sequence by an e-beam evaporator (Vacuum deposition system, 

ANGSTROM ENINEERING, 2 × 10-6 Torr). After finishing lift-off process with acetone, 

polydimethylsiloxane (PDMS, SYLGARD 184 Silicon elastomer base and curing agent, DOW 

CORNING, ratio: 15:1) layer is covered them by spin-coating (4000 rpm, 60 sec, ramp up 

condition) and baked at 120 °C for 60 mins (Figure 2.3.b). Figure 2.3.c shows that µLED is 

transferred on the stamp substrate within the aligned mark. 

The device fabrication using an ultrathin polymer film as a substrate is difficult 

because of the lack of rigidity. To support a stable further fabrication, it is desirable to use an 

additional handling substrate [17]. The handling substrate is prepared a glass slide (Fisher 

Scientific, 75 × 50 × 1.2 mm3) that was cleaned by the same method. The metal layers, Ti 

(15 nm)/Platinum (Pt, 100 nm)/Ti (15 nm)/Aluminum (Al, 200 nm), are deposited as a 

sacrificial layer in sequence by an e-beam. Figure 2.3.d shows that second transfer process 

which the sixteen µLEDs array moves from the stamp substrate to a handling substrate. The 

NOA 61 is used to planarize for matching a same thickness, then is cured by exposing to UV 

light for 90 mins. Finally, the stamp substrate is detached from a handling substrate (Figure 

2.3.e) and remain sixteen µLEDs array on a handling substrate on the proper position for a 

further process (Figure 2.3.f or Figure 2.4.a). 
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Figure 2.4. Schematic illustration of the fabrication process for optoelectronic device. a) 

Embedded µLEDs array on polymer layer/Glass substrate. b) Coated and etched SU-8 layer 

and c) Deposited the metal electrodes by e-beam evaporator and life-off process. d) Defined 

the passivation layer, SU-8, on the device and e) released the fabricated devices on the handling 

substrate by anodic metal dissolution method. f) Attached the backside of both the integrated 

µLEDs and the graphene-based µECoG devices. 

 

A detailed fabrication process of 4 ×  4 micro blue LED arrays for an optical 

stimulation is shown in Figure 2.4. The embedded µLEDs array on polymer layer (Figure 2.4.a) 

are passivated to define and protect the µLED electrode areas by coating SU-8 layer on the top 

surface in Figure 2.4.b. SU-8 negative PR (2000.5, MICRO CHEM, 3000 rpm for 30 sec, ramp 

up condition) is spin-coated on the µLEDs array sequentially and soft-baked at 95 °C for 1 min. 

To get a thicker passivation layer, same coating and baking process are processed once again. 

The passivation layer is cured by exposed UV light for 10 mins and hard-baked from 65 °C to 

150 °C for 1 min and 5 mins, respectively. During a hard baking process, it needs to warm up 

slowly and cool down slowly to room temperature avoiding the crack of SU-8 layer due to the 
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difference of thermal expansion coefficient between SU-8 and NOA 61 layers on a handling 

substrate. Oxygen plasma treatment (Reactive ion etching, RIE, 10NR, SAMCO, O2 40 sccm, 

120 mTorr, 40 W, 30 sec) is processed to clean a top surface and to make hydrophilic surface 

for a next fabrication process. To make a copper (Cu) layer as an etching block layer, a positive 

PR (S1813, MICRO CHEM, 2500 rpm, 30 sec) is coated and baking at 105 °C for 3 mins. The 

pattern is generated through contact-mode lithography using MJB3 mask aligner (illumination: 

5.5 mW/cm2, 30 sec) and developed with the developer (MF-321, MICROPOSIT, 60 sec). Cu 

layer (100 nm) is deposited by the e-beam evaporator. After finishing a lift-off process to 

remove PR masking layer using acetone, SU-8 layer is etched by RIE (CF4 3 sccm, O2 81 sccm, 

75 mTorr, 100 W, 1 min for four times) in order to open the selected SU-8 region. The Cu mask 

layer is removed by a wet-etching process (Cu etchant: APS-100, TRANSENE Company INC., 

15 sec). The thickness of SU-8 passivation layer is approximately 400 nm by alpha-step 200 

profilometer (TENSOR Company). 

Next, Chrome (Cr, 10 nm) and Gold (Au, 350 nm) metal electrode are deposited by 

using the e-beam evaporator. The Cr/Au metal electrode layer is etched by a wet-etching 

process (Au etchant: TFAC, TRANSENE Company INC., 1 min, Cr etchant: CEP-200, HTA 

Enterprises, 20 sec) after defining the PR mask (S1827, MICRO CHEM, 4000 rpm, post-

baking: 115 °C for 1 min, exposure time: 1 min, develop time: 50 sec, hard-baking: 115 °C for 

5 min) (Figure 2.4.c). RIE (O2 10 sccm, 10 mTorr, 50 W, 30 sec) process is treated to clean a 

top surface and remove a photoresist residue for a next fabrication process. Second SU-8 

negative photoresist layer for the passivation is spin-coated two times (SU-8 2002, MICRO 

CHEM, 3000 rpm, 30 sec, ramp up condition, soft-baking: from 65 °C to 95 °C with slowly 

warming up for 2 min). The first exposure illumination intensity and time is 12 mW/cm2 and 

15 secs, respectively. After post-baking process at 95 °C for 2 mins, second passivation layer 

is developed with a developer (AZ 917, 110 sec). The thickness of second SU-8 passivation 
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layer is approximately 1.5 µm. The fabricated device is taken a hard-baking process at 110 °C 

for 15 mins (Figure 2.4.d). The fabricated device on the polymer substrate is detached from the 

handling substrate by anodic metal dissolution method [21,42] (DC power supply E3631A, 

Agilent, voltage: -25 V ~ 25 V, counter electrode: Pt, electrolyte: Sodium chloride (NaCl), 

current: 0.657 A) as etching the sacrificial Al layer (Figure 2.4.e). Finally, the integrated 

µLEDs device for light stimulation as an optoelectronic is fabricated and ready to attach to a 

graphene-based μECoG device. The detailed information to assemble is described at the end 

of chapter 2.4 section. 
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2.4. Fabrication of Graphene-based μECoG device 

The fabrication process of graphene-based μECoG device have many steps as reported 

in our previous papers [26–28]. In this paper, unlike our previous fabrication process, we 

change the substrate material from Parylene C to PET. Due to excellent optical [43] and 

biocompatible properties [44], PET was chosen for the transparent substrate instead of Parylene 

C. The fabrication begins with a preparation of a 4-inch silicon (Si) wafer as a handling 

substrate that is coated PDMS (ratio: 10:1, 500 rpm, 30 sec, ramp up condition) and baked at 

120 °C for 10 mins. 

A PET film is attached on the top surface of PDMS/Si substrate (Figure 2.5.a). The 

PET film is taken an oxygen plasma treatment (RIE, O2 10 sccm, 10 mTorr, 50 W, 15 sec) to 

clean the top surface and improve the adhesion of the next SU-8 photoresist layer. Moreover, 

the handling substrate is coated SU-8 (2002, 3000 rpm, 30 sec, no ramp condition, soft-baking: 

soft-baking: from 65 °C to 95 °C with slowly warming up for 2 min) layer using a conventional 

spin-coating method to avoid unexpected unevenness of PET surface. As shown in Figure 2.6, 

to verify the surface roughness both the bare PET and SU-8/PET film, we measure the surface 

roughness of them using atomic force microscope (AFM, Bruker Catalyst Bioafm, scan size: 1 

× 1 µm2). The root mean square roughness (Rq) of the bare PET film is 4.84 nm (Figure 2.6.a). 

On the contrary, the Rq of the coated SU-8 on PET film is 0.93 nm (Figure 2.6.b). The value 

of Rq on SU-8/PET film is reduced. It also means that the adhesion between SU-8 and the next 

layer is improved. Connecting traces and pads were formed with metal (Ti: 50 nm, Au: 200 nm) 

through conventional photolithograph, e-beam evaporation, and lift-off techniques (Figure 

2.5.b). The contacting area to a mouse brain of the device is composed to transparent graphene 

electrode sites. Pristine monolayer graphene is transferred 4 times on the contacting area and 

the patterned metal traces using a wet transfer technique (Figure 2.5.c). A protective layer 100 

nm thick SiO2 for graphene four sheets was deposited to avoid loss of the graphene in the 
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further process (Figure 2.5.d). The SiO2/graphene layers were patterned using conventional 

photolithography and two steps of dry etching. The first etching step is for SiO2 layer (RIE, 

CF4 45 sccm, O2 5 sccm, 40 mTorr, 100 W, 4 min) and the second one is for graphene (O2 10 

sccm, 10 mTorr, 50 W, 4 min) (Figure 2.5.e). After the patterned PR was stripped, a second 

SU-8 (2005) layer was used for encapsulation (Figure 2.5.f). The SU-8 layer was patterned 

using a metal etching mask (Al, 100 nm) and dry etching process (RIE, CF4 3 sccm, O2 81 

sccm, 75 mTorr, 100 W, 32 min) in Figure 2.5.g. The Al etching mask is gently etched using 

AZ 400k developer for 1 min. The fabricated device on PET substrate is detached from 

PDMS/Si substrate (Figure 2.5.h). Finally, the SiO2 protection layer is etched using 1:6 

buffered oxide etchant (BOE) for 1 min, and the devices were rinsed with DI water (Figure 

2.5.i). 

Figure 2.4.f shows the attachment process between the backside of both optoelectronic 

and transparent graphene-based μECoG devices. devices. The 4 × 4 arrays of sixteen µLED 

are arranged with the top surfaces for emitting a light facing downwards, allowing light to 

propagate through the same array of transparent graphene-based electrode without obstacles. 

Each backside polymer substrates of both optical stimulator and transparent signal recording 

device were combined with an adhesion material NOA 61 (UV exposure time: 90 min). 

 

  



17 

 

Figure 2.5. Schematic illustration of the fabrication for transparent graphene based µECoG 

device. a) Attach PET flim on PDMS/Si substrate. b) Coat SU-8 layer and deposit metal traces 

and pads (Ti/Au). c) Transfer four graphene sheets and d) deposit a protecting layer (SiO2) on 

the graphene layers. e) Pattern and etch the graphene layer using RIE. f) Coat a second SU-8 

layer for the encapsulation. g) Pattern and etch the top SU-8 layer for opening a recording area 

site. h) Release the fabricated ECoG device on PDMS/Si substrate and i) etch a SiO2 layer 

using a buffered oxide etchant. 
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Figure 2.6. Atomic force microscopy (AFM) images on the surface of a) bare PET (Rq: 4.84 

nm) and b) SU8/PET (Rq: 0.93 nm) substrate. The scan size is 1 μm × 1 μm. 

 

2.5. Characterization of Optoelectronic device 

According the date sheet of the commercial µLED, the emission peak at λ=456.5 is 

close to the absorption peak of ChR2 at λ=450 nm [41], thus the optoelectronic with µLED 

array allow to know reasonable technology application for the ChR2 mouse. To evaluate the 

electrical characteristic of the fabricated µLEDs on the flexible polymer substrate before and 

after the release process, Current-voltage (I-V) characteristic curve was measured using a 

semiconductor characterization system (KEITHLEY 4200-SCS, voltage range: 2-3 V, step: 

0.03 V, compliance: 0.005 A). The electrode map of the integrated blue µLEDs device is shown 

in Figure A.1. 

Figure 2.7.a shows an average of electrical characteristics of the fabricated 10 µLEDs 

device with comparison between before (black curve) and after (blue curve) the release process. 

The bright gray and the dark gray region are each µLEDs component before and after release 

process, respectively. This is shown that they have the almost same current values during a 

turn-on state that exceeds 1 mA at approximately 2.7 V. They emitted the blue light and can be 

applied for the purpose of the light stimulation the optoelectronics. 
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Figure 2.7. Array characterization. a) I-V characteristics of 10 μLEDs between before (black 

line is average; bright gray is each μLEDs component) and after (blue line is average; dark gray 

is each μLEDs component) a release process by anodic metal dissolution. The broad twenty 

gray lines using the two different gray color show I-V characteristics between before and after 

a release process. b) Average I-V characteristics of 10 μLEDs under the difference soaking 

times from 0 to 4 days in PBS solution for an accelerated aging test. 

 

Moreover, we performed the accelerated aging test to evaluate the durability and 

stability of the integrated μLEDs device in a liquid environment as similar as a normal 

biological environment. The fabricated μLEDs device is soaked in phosphate-buffered saline 

(PBS, Sigma-Aldrich, 1X, pH 7.4) at 60 °C for 4 days. To match the real situation for the 

purpose of optogenetic devices, we turned on all of the integrated μLEDs device for a one hour 

of 24 hours when the device is soaked in PBS at 60 °C. The soaked and fabricated μLEDs 

device is measured I-V characteristic curve every 24 hours by Autolab PGSTAT 12 (Metrohm 

Autolab, Netherlands, voltage range: 0-3 V, step: 0.01 V, scan rate: 0.5 V/s). 

 Accelerated aging test has been widely used for that  an artificial procedure for 

establishing the lifespan or shelf life of medical devices [45]. Accelerated aging experiment 
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using the Q10 (reaction rate coefficient or factor) = 2 rule [46,47] and the Arrhenius equation 

[48,49] have been also broadly used and applied. Accelerated aging time equation based on 

Arrhenius equation (Equation 2.1) is written below [45]: 

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒𝑑 𝐴𝑔𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 =
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑅𝑒𝑎𝑙 𝑇𝑖𝑚𝑒

𝑄10
(𝑇1−𝑇0)

10

   (Equation 2.1) 

where Q10 = reaction rate coefficient, T1 = Temperature of the reaction (aging), T0 = Reference 

or room temperature. 

 We chose the value of desired real time (2 months, 60 days), T1 (60 °C) and T0 (22 °C) 

to calculate the accelerated aging time for long-term implantation. The calculated accelerated 

aging time is approximately 4 days. Moreover, all of the µLEDs device is turned on for a one 

hour during 24 hours for matching the practical application. The real time of the one hour of 

the accelerated aging time at the same condition is approximately 10 hours. The I-V 

characteristic curve of the soaked µLEDs device is measured every 24 hours. The I-V curve is 

shown in Figure 2.7.b. The measurement result shows that the average current values of each 

accelerated aging days are slightly decreases after soaking. However, after 3 days, the current 

values are not changed much between 3 and 4 days compared to the one of from 0 to 2 days. 

This may be due to the soaking device is stabilized at the accelerated aging condition within 2 

days. In the results, the µLED arrays retained full functionality with a less degradation of 

electrical performances in liquid or normal biological environment for the long-term 

implantation. 
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2.6. Characterization of Graphene-based μECoG device 

2.6.1. Raman Spectroscopy of Graphene layer 

Raman spectroscopy (Thermo-Fisher Scientific DXRxi Raman Imaging Microscope) 

was used to evaluate the quality of a pristine monolayer, four-layer graphene on the Si substrate, 

and four-layer graphene on a SU8/PET compared to a bare PET film. Raman measurements 

are carried out using laser source that Raman excitation wavelength is 532 nm at 10.0 mW. 

The exposure time and number of scans per spectrum are 2.86 msec (350 Hz) and 1000, 

respectively. The spectral range of Raman shift is from 50 to 3400 cm-1. 

Raman spectroscopy is a useful tool to identify and characterize the chemical and 

physical properties of graphene [50]. Raman spectra of the graphene using 532 nm excitation 

laser were shown in Figure 2.8.a. For the measurement, the CVD grown graphene layer is 

transferred using the same wet transfer technique on Si substrate and SU-8/PET substrate, 

respectively. In general, the single, double, few, and multi layers graphene can be determined 

by the peak position, peak intensity and peak broadening of Raman spectra. The typical peak 

positions of graphene are D (1350 cm-1), G (1580 cm-1), and 2D (2690 cm-1) peaks [50]. The 

graphene has D (1350 cm-1), G (1583 cm-1), and 2D (2673 cm-1) peaks in Figure 2.8.a. The D 

peak intensity of a monolayer graphene on Si substrate (black line) presents too low to 

distinguish from near range of conventional D peak. The very low disorder-induced D peak 

means that the synthesized graphene has the high quality [50]. The intensity ratio of 2D peak 

over G peak is approximately 2.74. The intensity ratio (I2D/IG>2) means that the graphene is 

monolayer graphene [51]. Moreover, the ratio of the 2D peak to G peak intensity for four-layer 

graphene on Si and SU-8/PET were 0.949 and 0.951, respectively. The characterized four-layer 

graphene on PET substrate also shows C-O, C-C, and C=O bonding of PET at 1290 cm-1, 1614 

cm-1, and 1726 cm-1, respectively. These three values are matched the typical peak positions of 
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a PET material [52–57]. The expanded Raman spectrum (Figure 2.8.a inset) indicates that the 

G peak was estimated at 1583 cm-1 from the four-layer graphene on SU-8/PET substrate. 

 

 

 

 

 

Figure 2.8. a) Raman spectrum of monolayer and four- layer graphene on Si wafer and PET 

substrate using a 532 nm excitation laser. The ranges are from 1200 to 2800 cm-1 and G peak 

range (inset). Graphene can be identified by the position and shape of its D (1350 cm-1), G 

(1580 cm-1), and 2D (2690 cm-1) peaks. b) Light Transmittance test results for bare PET, 

SU8/PET, monolayer graphene on SU8/PET, and four-layer graphene on SU8/PET substrate in 

UV/VIS wavelength from 300 nm to 1500 nm. 
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2.6.2. Transmittance 

The transmittance of several substrate condition is measured by UV/VIS/NIR 

spectrometer (Perkin-Elmer Lambda 19). The conditions are a bare PET, SU-8/PET, 

monolayer graphene/SU-8/PET, and four-layer graphene/SU-8/PET substrates. The 

wavelength range of the measurement is from 300 nm to 1500 nm. The light sources are 

deuterium lamp for UV region and halogen lamp for VIS/NIR region. 

A graph of the light transmittance versus wavelength for PET, SU-8/PET, 

monolayer/SU-8/PET, and four-layer/SU-8/PET film is shown Figure 2.8.b. The measurements 

were taken for the broad range of wavelengths from 300 to 1,500 nm using a UV/VIS/NIR 

spectrometer. For the four-layer graphene/SU-8/PET as the same device structure, an 

approximately 90 % of the light impinging on the substrate is transmitted at desired 

wavelengths (450- 470 nm for excitation of ChR2). This value is similar to previously reported 

results for optogenetic and neural imaging applications [26,58]. 
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2.6.3. Electrochemical Impedance Spectroscopy (EIS) Measurement 

The 16-channel graphene electrode was connected to the Autolab PGSTAT 12 

(Metrohm Autolab, Netherlands) via a zero insertion force (ZIF) printed circuit board (PCB) 

connector. The electrode map of the transparent graphene-based μECoG device is shown in 

Figure A.2. For the EIS, 500 mV sine waves at frequency from 1 to 100 kHz were used. A 

three-electrode system was used with graphene-based μECoG as the working electrode (WE), 

the platinum (Pt) as the counter electrode (CE), and Ag/AgCl as the reference electrode (RE) 

in saline (LabChem, NaCl, 0.9 % w/v). During the measurement, the fabricated device was 

soaked in normal saline solution at a room temperature. 

Electrochemical impedance spectroscopy is an important tool used to understand the 

electrochemical performance between a recording electrode and electrolyte interface [59]. The 

graphene electrodes with the diameters (150 μm) were investigated the impedance property of 

the graphene-based μECoG. The open surface area of these electrodes is 15,394 μm2. We 

measured the electrochemical impedance of transparent graphene-based electrodes using EIS 

equipment (Figure 2.9). A graphene-based μECoG with fitting and a modeled equivalent circuit 

(inset) was used to understand its charge-carrying mechanism (Figure 2.9.a). The circuit model 

includes a solution resistance (Rs), constant phase element impedance (ZCPE1, ZCPE2), Warburg 

Impedance (ZW), and charge transfer resistance (RCT1, RCT2). The Nyquist plot exhibits two 

charge transfer resistance (RCT1 = 79.1 kΩ, RCT2 = 73.0 MΩ) values, which can be calculated 

from each semicircle diameter, obtained by fitting with an equivalent circuit. The ZCPE 

represents the double-layer capacitance of neural electrodes expressed in Equation 2.2 [28], 

where an ideal capacitor is n=1. 

𝑍𝐶𝑃𝐸 =
1

𝑄𝜔𝑛
𝑒−(𝜋/2)𝑛𝑖  (Equation 2.2) 

where Q is the magnitude of ZCPE, n is a constant (0 ≤ n ≤ 1), and 𝜔 is the angular frequency. 
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The ZCPE1 and ZCPE2 parameters of the equivalent circuit model are 0.83 nS∙s1 and 15.8 nS∙s0.75, 

respectively. The Bode magnitude and phase plot were used to depict the impedance and phase 

within 1 to 100 kHz frequency range (Figure 2.9.b-c). The frequency response of impedance 

for the graphene-based μECoG device showed decreased trend as a function of increasing 

frequency (Figure 2.9.b). The benchmark frequency of neural electrodes is 1 kHz [60,61]. The 

average magnitude of the impedance of 16 channels was approximately 161 kΩ at 1 kHz. 

According to Park et al., they reported the good channels range of electrochemical impedance 

for four-layer graphene electrode between 100 and 600 kΩ at 1kHz as a function of the various 

electrode areas [28]. Also, the average phase angle was ~58 º at 1 kHz in Figure 2.9.c. This 

modeling results shows that the graphene electrodes have a capacitive charge carrying 

mechanism [59]. Capacitive charge transfer is an essential property for biological stimulation 

due to the reduced chemical changes and tissue damage that occur at the interface between 

tissue and electrode. 

 

Figure 2.9. a) Nyquist, b) Bode magnitude, and c) Bode phase plot measurement data with 

fitted model of equivalent circuit (inset) under normal saline (0.9% w/v NaCl) solution. 
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2.6.4. LED light collimation 

The light from LED will expand as it propagates, leading to cross talk between adjac

ent recording electrodes. Integrated photonics structures could be used to enhance the collima

tion of the beam propagation to reduce the cross talk [62]. 
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2.7. Conclusion 

In this study, we demonstrated the fabrication of the combined device between a 

flexible optoelectronics and transparent graphene-based μECoG electrodes on a flexible 

substrate for a light stimulation and a neural signal recording, simultaneously. Furthermore, the 

fabricated device on a flexible polymer substrate allows both a wide range of fabrication 

procedures to develop biomedical electronic devices and spatially resolution for neural signal 

recording interfacing with a cerebral cortex. The collimation method of each of μLEDs light 

due to the light divergence to the μECoG electrodes can be helped and solved to get rid of this 

issue. Moreover, the fabricated hybrid devices show that they are ready to do the optogenetic 

experimentation through the graphene-based our device on the cerebral cortex of an animal 

brain and In-vivo recorded signal characterizations. The application of the fabricated device 

with optoelectronics and transparent recording electrodes shows the feasibility of this method 

for developing a biocompatible neuromodulation system with a minimal invasive surgery and 

fully implantation with the light stimulation and recording devices in the animal brain. Our 

device has the potential to significantly impact the development of optogenetics devices and 

could be contributed the next-generation technologies in biomedical electronic area. 
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2.8. Future Works 

2.8.1. Monolithic fabrication and the change of the commercial LEDs 

 This proposed device in the above section is needed to the separated fabrication 

process. The one part is the fabrication process of optoelectronics and the other part is the 

fabrication process of transparent graphene-based μECoG device. Moreover, it needs the 

attachment process to align the blue LEDs position with the recording electrode area. If we can 

come up with a monolithic fabrication procedure to make the two devices part in the same 

batch without the attachment process, it will improve and reduce the fabrication process time 

and the cost issues, and get rid of the misalignment issue that have a chance during the 

attachment process by hand. Furthermore, instead of the commercial LEDs, using an epitaxy 

substrate or materials is helped the reduced the devices size with the same light intensity and 

wavelength for the target application of optogenetics area and improved the spatial resolution 

compared to the current device design with the same devices size and area. In addition to, it 

makes the device to the less invasiveness one with the same spatial resolution. 

 

2.8.2 Combined another LEDs lights for optogenetics such as red, green etc 

 In this research project, we only used the sixteen blue LEDs array for the 

optoelectronics to apply the target application, ChR2 mouse model. For the other target model 

for the optogenetic area, it can be changed and mixed the variable wavelength LEDs array in 

the one device and the one batch process. 

 

2.8.3. Wireless devices with wireless power transfer (WPT) and NFC modules 

 We needed the ZIF PCB connector cable to connect the fabricated device to the 
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measurement equipment such as AutoLab PGSTAT 12 for EIS and Tucker-Davis Technologies 

(TDT) equipment for the animal experiment to record a neural signal. If we can give and charge 

the power of the devices and control the each of LEDs using Near Field Communication (NFC) 

modules, we can make the fully implantable and embedded device in the animal or human body 

for the neural signal recording application area. 

 

  



30 

 

CHAPTER 3. The Implantable Micro-Electrocorticography (μECoG) for Cortical neural 

interfacing using Cranial Prostheses for the Chronic Implantation. 

3.1. Introduction 

 Many neuroscientists are considered how to be taken benefits of the modular 

organization and segregation of the cortex in the separated regions and have made tremendous 

progress understanding how specific computations or mechanisms performed in designated 

cortical regions involve behavior in recent decades [63–66]. Whatever is happening in the head 

and nobody really knows, it is not a same computation that performed in the computer. 

However, despite these interests and curiosity, the analysis of its components in isolated areas 

can not be understood the performance of the brain. 

 To better understanding the large-scale brain computations demands the ability to 

monitor and record neural activity in the large areas of the cortex. In recently, the study of 

meso- and macro-scopic brain functionality has been used and performed by functional 

magnetic resonance imaging (fMRI) and magnetoencephalography (MEG) [67,68]. However, 

fMRI and MEG method are limited by their spatial and temporal resolution [69]. 

 In the recent days, two-photon (2P) imaging to provide the deep imaging has 

significantly emerged as a tool for in-vivo neural imaging in rodent models compared to one-

photon (1P) neural imaging method [70]. Genetically encoded Ca2+ indicators, GCaMP6 for 

the general and well-used method, have enabled and detected in-vivo high-resolution 

monitoring of hundreds or thousands of neurons activities [71]. Moreover, the other method 

that is developed red-shifted variants of Ca2+ indicators and optogenetic tools make the 

exploration of deep cortical regions for optical sensing and perturbation [72].  

 The appearance of new technologies about these new optical tools and equipment for 

chronic imaging of large-scale areas of the cerebral cortex needs to come up with the replacing 
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the opaque targeted model skull with a transparent substrate. There are many methods that is 

researched in the field such as glass coverslips [73], the technique for refractive index matching 

[74], thinned skull preparation [75], and curved glass windows and their associated surgical 

implantation methodology [76]. However, those strategies are needed the surgical preparation 

and is susceptible to the regrowth of the natural animal bone over the time. Recently, the 

realistic transparent polymer skulls methodology, so called ‘See-Shells’, for long durations 

(over 300 days) is represented for the large-scale optical access of the dorsal cerebral cortex 

[77]. They show a practical and feasible technique of this neural image area for replacing an 

opaque animal cranial bone. However, for the neural signal recording, they used a multi-

channel silicon-based neural probe as extracellular recording probe. Therefore, large optical 

transparent windows with long-term implantation and functionality, easy fabrication and 

surgical implantation procedure, and flexible design deformation technique are needed. 

 Here we demonstrate the implantable micro-electrocorticography (μECoG) device for 

the chronic implantation and allow the internal neural signal recording of the dorsal cerebral 

cortex of the rodent model. 
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3.2. Design of the implantable μECoG device 

 The design of the implantable μECoG device is considered to match the conventional 

mice brain size and the target 3D-printed cranial prothesis for the long-term implantation. The 

detailed dimension information is that the diameter of electrode size is 200 μm and the neck 

length between ZIF connector area and recording area is 5.5 mm. The distance between ECoG 

sites is approximately 670 μm (Figure 3.1.a). The area of the reference electrode is 2.5 mm 

(width) × 0.2 mm (length). Figure 3.1.b shows a photograph image of the fabricated μECoG 

device connected a ZIF PCB connector cable before the animal experiment procedure. 

 

 

 

Figure 3.1. The design and photograph images of the fabricated implantable micro-

electrocorticography (μECoG) device. a) The design images with the size information. The 

diameter of electrode size is 200 μm. The neck length is 5.5 mm. The distance between ECoG 

sites is approximately 670 μm. The area of the reference electrode is 2.5 mm (width) × 0.2 

mm (length). b) Photograph image of the fabricated μECoG device connected a ZIF PCB 

connector. 
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3.3. Fabrication process of the implantable μECoG device 

 The implantable μECoG device fabrication process is illustrated in Figure 3.2. Before 

the fabrication process, a handling substrate is needed to prepare for a stable fabrication 

procedure when the flexible polymer substrate is used. The handling substrate, 4 inch Si wafer, 

is prepared by starting a cleaning process. The handling substate is cleaned and washed by 

ultrasonication with acetone, isopropyl alcohol (IPA), and deionized water (AQUA 

SOLUTIONS, resistance: 18 M Ω). After that cleaning process, the 4 inch wafer is dried at 

110 °C for 1 min on a hot plate prior to use. For the release process in a further fabrication 

process, aluminum (Al, 30 nm) layer is deposited on the pre-cleaned handling substrate by an 

e-beam evaporator (Vacuum deposition system, ANGSTROM ENINEERING, 2 × 10-6 Torr). 

The handling substrate is ready to use for the fabrication process of the implantable μECoG 

device. As shown in Figure 3.2.a, the 1st polyimide (PI, HD4110, HD MicroSystems, 2500 

rpm, 40 sec, ramp up condition) layer is spin-coated on the pre-cleaned handling substrate. The 

1st PI layer is soft-baked at 90 °C for 6 mins and 110 °C for 6 mins, respectively. The soft-

baked 1st PI layer is patterned to define the shape of the proposed device by a conventional 

lithography process using Suss MA6 Aligner equipment (365 nm, 10 mW/cm2, 40 sec). The 

exposed sample is undergone a post exposure bake (PEB) process at 110 °C for 90 secs. The 

patterned sample is developed by the proper developer (PA401D, HD Microsystems, 3 min) 

and rinse solution (PA400R, HD Microsystems, 1 min), respectively. In the sequence, the 

patterned sample is hard-baked in a cooke vacuum annealer equipment (Cooke Vacuum 

Products, 375 °C, 4 Torr for Nitrogen process gas). The thickness of the cured and patterned PI 

layer is approximately 15 μm. The metal electrode (Titanium, Ti, 30 nm/Gold, Au, 230 nm) is 

deposited by using the e-beam evaporator after defined the photoresist (PR) mask (KL1604, 

KemLab, 2500 rpm for 30 sec, soft-baking: 110 °C for 60 sec, exposure time: 13 sec, PEB: 

115 °C for 60 sec, development time: 90 sec using the mixed solution both MFTM-CD-26,  
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Figure 3.2. Schematic illustration of the fabrication process for the implantable micro-

electrocorticography (μECoG) devices. a) Pattern 1st polyimide (PI) layer on a handling 

substrate by a photolithography process using MA6 aligner equipment. b) Deposit metal 

electrodes on 1st PI layer by a conventional e-beam evaporator. c) Pattern 2nd PI layer using 

the same process of 1st PI layer. d) Release the fabricated device on the handling substrate to 

each a sacrificial layer, Al, by a wet-etching process. 

 

MicropositTM, 100 mL and a deionized water, 75 mL) as shown in Figure 3.2.b. The thickness 

of PR layer is around 3 μm. Oxygen plasma treatment (Reactive ion etching, RIE, O2 10 sccm, 

10 mTorr, 50 W, 30 sec) process is treated to clean a top surface and remove a photoresist 

residue for a stable next fabrication process before the PR coating and metal deposition 

processes, respectively. After a conventional life-off process using acetone, 2nd PI layer as a 

passivation layer is coated and patterned by the same method of the 1st PI layer (Figure 3.2.c). 

As shown in Figure 3.2.d, the fabricated device on the handling substate is detached by a wet-

etching process (AZ400K developer, MicroChemicals) to remove the sacrificial layer (Al). The 

fabricated device is successfully released from the handling substrate without any issues and 

problem. 
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Figure 3.3. Corresponding samples microscopy and photograph images based on the 

fabrication flow. a-b) Pattern 1st PI layer. c-d) Deposit metal electrodes. e-f) Pattern 2nd PI 

layer. g) The release the device off from the handling substrate. 
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 The microscopy and photograph of corresponding samples as followed the fabrication 

process are shown in Figure 3.3. The 1st PI layer for the substrate is defined well in Figure 

3.3.a-b. The metal electrodes are deposited on the 1st PI substrate after a lift-off process using 

acetone in Figure 3.3.c-d. Moreover, the gap between the device area and outside of the device 

is clear and there is no PR residue in the gap. It is good for the next fabrication step. The 2nd 

PI layer as a passivation layer is patterned and cured in a cooke vacuum annealer equipment in 

Figure 3.3.e-f. The fabricated device is released from the handling substrate using a wet etching 

process to remove a sacrificial (Al) layer in Figure 3.3.g. After finished the washing and dry 

process, the fabricated devices are well defined and made as followed the predicted and 

designed fabrication procedure. 
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3.4. Device characterization 

 The implantable μECoG device is measured the electrochemical impedance 

spectroscopy (EIS) of the metal electrodes with the diameters (200 μm) by AutoLab PGSTAT 

12 with the connection using a zero insertion force (ZIF) printed circuit board (PCB) connector. 

The frequency range is from 1 to 100 kHz and a three-electrode system was applied with an 

implanted μECoG electrode as a working electrode (WE), the platinum (Pt) as a counter 

electrode (CE), and Ag/AgCl as a reference electrode (RE) in phosphate-buffered saline (PBS). 

The electrodes maps of the integrated μECoG device are shown in Figure B.1. Left-side and 

right-side devices are connected 1-32 headstage channel cable between ZIF connector and the 

recording equipment for measuring a neural or electrical signal. The fabricated device is soaked 

in PBS solution at a room temperature when the device is measured. The electrode open area 

of the implantable μECoG device is 25,447 μm2. The measurement results of left-side and 

right-side devices is shown in Figure 3.4. The Bode magnitude and phase plot were used to 

depict the impedance and phase within the measurement frequency condition. The benchmark 

frequency for the neural electrodes is 1 kHz [60,61]. Compared to the other researcher reference 

using a metal electrode [78], the fabricated devices that have the impedance around 15 kΩ at 1 

kHz have good channels for the target application area in Figure 3.4.a,c. Also, the average of 

phase angle both of devices at 1 kHz is approximately 70 ° in Figure 3.4.b-d. This Bode phase 

plot measurement means that the metal electrodes have a capacitive charge carrying mechanism 

[59]. For the bio application area, the capacitive charge transfer property is and essential 

because of the reduced chemical changes and tissue damage that generated on the interface 

between the tissue and electrode. 
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Figure 3.4. Electrochemical impedance spectroscopy (EIS) measurement results. a, c) Bode 

magnitude and b, d) Bode phase plot measurement results of the left-side and right-side devices, 

respectively. 
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3.5. Animal experiment using cranial prostheses for the chronic implantation 

 The fabricated μECoG device is conducted the implantation process on the brain tissue 

of an acute mice. The animal experiment is started the hold process to fix the mice brain 

position for the autodrill process on the stage (Figure 3.5.a). After shaving and incise the mice 

brain area skin in Figure 3.5.b, we measured the X-Y-Z coordinate of the cranial bone location 

and input this information in the program that is made by Stephan Blanz. The drill is pathed 

the designated position as a function of the heights step by step. When the drill is down to the 

targeted Z axis position, the mice brain can be removed from the brain. The fabricated device 

is connected the recording equipment using a ZIF PCB and headstage cable and implanted on 

the top surface of the opened mice brain (Figure 3.5.c). In Figure 3.5.d, the enlarged photograph 

image shows that the fabricated devices are implanted and touched the top surface of the mice 

brain model. We know that this implantation method is needed to modify and improve the 

procedure to establish the long-term implantation. This is a first time to conduct the real animal 

experiment using the first sample that is a invented and fabricated devices. We need to figure 

out the modification of the device and the implantation method in the further related research. 
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Figure 3.5. Photograph images of animal experiment procedure for the implantation process. 

a) Hold the mice head on the stage. b) Incise the mice brain area skin, drill, and remove the 

cranial bone using the designed and programed autodriller machine by Stephan Blanz. c) Test 

the attachment and implantation process without a cranial prothesis at that moment. d) Enlarged 

a photograph image when the device is attached on the brain surface. 
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3.6. Conclusion 

 In this study, we demonstrated the implantable μECoG device to apply the chronic 

implantation and make the device recording of the neural signal of the dorsal cerebral cortex 

of the rodent model without external recording probe. The photocurable PI substrate allows the 

stable mechanical property of the fabricated device. Moreover, the proposed device has the 

stable and easy fabrication procedure. Compared to fMRI and MEG application areas, our 

device has a good spatial and temporal resolution. Moreover, the EIS measurement result 

shows that all μECoG electrodes are fully working and ready to record the neural signal of the 

rodent brain surface. Furthermore, we also conducted and shows the possibility of the long-

term chronic implantation procedure with the acute rodent model with the autodriller machine 

to open the cranial bone from the rodent. We also figured out the improvement of the current 

implantation method for the chronic implantation procedure. The detailed information of the 

future works is shown in the next section (Chapter 3.7). Our device has the potential to apply 

and impact the internal neural signal recording application and the neural image research fields. 
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3.7. Future works 

3.7.1. The transparent substrate for the neural imaging research field 

 The photocurable polyimide (PI, HD4100) is not a transparent material but a yellowish 

one. This color works for the current research purpose. However, for the future study of the 

neural imaging area, we need to figure out whether this photocurable PI material is a proper 

one or not. Figure 3.6 shows the fluorescence microscopy images of the photocurable PI in the 

green fluorescent protein (GFP) and TxRed fluorescent channel taken by Dr. Kevin P. Cheng. 

The device light up pretty brightly in those channels. It means that the photocurable PI emit an 

autofluorescence in GFP and TxRed channels. Especially in the GFP channel is that the normal 

method is the use for GCaMP. As the results, the photocurable PI is not appliable in the neural 

imaging area. We need the other candidate materials to match the neural imaging area. 

 We have searched the other candidate materials. The one of the candidate materials is 

CP1 transparent polyimide (PI, NeXolve Holding company, CP1 in resin form in Diglyme). 

We conducted the curing process of the CP1 transparent PI in a cooke vacuum annealer. 

Moreover, the cured CP1 layer is captured the fluorescence microscopy images in the same 

channels (Figure 3.7). Based on the images in Figure 3.7.a-d, the CP1 PI is much clear and 

transparent compared to the photocurable PI in the GFP and TxRed channels. To better 

understanding, we also check the Parylene C material that our group used to use the device 

substrate for the bio application area in the past. The CP1 PI and Parylene C substrate put side 

by side in brightfield, GFP, and TxRed channels (Figure 3.7.e-g), respectively. Compared to 

Parylene C material, CP1 PI material have some autofluorescence in both channels whereas 

the parylene C is completely clear in the TxRed Channel. CP1 PI material might be the proper 

materials to do the conventional semiconductor fabrication. However, we found that the CPI 

PI material is susceptible to acetone and affected the solution that contains N-Methyl-2-



43 

 

Pyrrolidone (NMP) solvent and extremely polar solvents such as THF, DMAc, DMF. As a 

result, we continually needed to find the proper stable materials for the neural imaging and the 

conventional semiconductor fabrication process. 

Figure 3.6. Fluorescence microscopy images of photocurable polyimide (PI) by taken Kevin 

P. Cheng. a) A slice in the green fluorescent protein (GFP) channel and b) put the device over 

top of the slide. c) A slice in the TxRed fluorescent channel and d) put the device over top of 

the slide. The devices light up pretty brightly. Especially in the GFP channel which is the one 

we normally use for GCaMP. 
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Figure 3.7. Fluorescence microscopy images of CP1 transparent polyimide (PI) by taken Kevin 

P. Cheng. a) A slice in the GFP channel and b) put the device over top of slide. c) A slice in the 

TxRed fluorescent channel and d) put the device over top of the slide. e) Put the CP1 transparent 

PI and Parylene C substrates side by side in brightfield, f) GFP channel, and g) TxRed channel. 

Compared to Parylene C material, CP1 PI material have some autofluorescence in both 

channels whereas the Parylene C is completely clear in the TxRed Channel. 
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3.7.2 The implantation method for the long-term implantation 

 The photograph images of the cranial prothesis are shown in Figure C.1. The cranial 

prothesis is made by 3D-printer using polymethylmethacrylate (PMMA) and Titanium (Ti). 

The surface of the 3D-printed frame is boned the flexible polyethylene terephthalate, PET, film 

as a real device substrate (Figure C.1.a,c-d). Titanium head plate to support the stable 

mechanical property is shown in Figure C.1.b. These two frames will be assembled in the final 

stage on the implantation process in the future. This concept is given from the other research 

group in department of mechanical engineering at University of Minnesota. Moreover they 

published the concept so called ‘See-shell’ in the journal [77]. We are collaborating this concept 

research and will be made the improved concept devices. 

 

 

  



46 

 

CHAPTER 4. Conclusion 

4.1. Conclusion 

 A design and fabrication of the combined device between optoelectronics for light 

simulation and transparent graphene-based μECoG electrodes for neural signal recording is the 

first topic in this thesis. Prior to introducing the main idea, the related concepts and methods 

of optogenetics and the development of ECoG field are reviewed in the introduction section. 

In this topic, we choose the usage of the commercial blue LEDs for the light stimulation of the 

target ChR2 mouse model. The detailed fabrication and measurement results is written in 

sequence followed the related chapters. In the optogenetics field, the designed and fabricated 

current device concept have a potential to apply those area for a target wavelength stimulation 

to the genetically encoded rodent model and human in the future. The future research and works 

to improve the current device concept are investigated and written in the end of chapter 2. 

 The implantable μECoG for cortical neural interfacing using 3D-printed cranial 

prostheses for the chronic implantation methodology is the second topic of this thesis. The 

demonstrated device can be also applied the chronic implantation procedure and allow the 

internal neural signal recording of the dorsal cerebral cortex of the rodent model. Our device 

has a better spatial and temporal resolution than the fMRI and MEG application areas. The 

specific information of fabrication procedure and the presented chronic implantation method 

is also described in the certain chapter. As same as the first topic, the improvement of proposed 

device concept and the chronic implantation methodology for the neural imaging area are 

written in the end of chapter 3. 
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4.2. Suggestions for Future Works 

 Future works of the first and second topic is written in the end of each chapters. 

The new research project will include developing a functional magnetic resonance 

imaging (fMRI) compatible electrode device. The other researchers are reported that the metal 

electrode, especially Platinum, and traces make an artifact that the MRI are blur in the metal 

region. We fabricated the test sample using platinum and four-layer graphene electrodes to 

compare the fMRI image result, separately. The taken fMRI shows that there is not the artifact 

between platinum as the metal electrode and four-layer graphene as the transparent electrode. 

Both are transparent in the fMRI capture condition. Based on the test results, we will only use 

the metal electrode for the next experiment. The research purpose is the chronic implantation 

for non-human primates. The research topic has a chance to give us an applicable high-quality 

medical recording methodology. 
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Appendix A. Electrode maps of the integrated blue µLEDs and transparent graphene-based 

μECoG device 

Figure A.1. Electrode maps of the integrated blue µLEDs device. Connected 17-32 headstage 

channel cable between LED control box and LED’s ZIF connector. 

Figure A.2. Electrode maps of the transparent graphene-based μECoG device. Connected 1-

16 channel cable between PZ5-32 and graphene-based ECoG’s ZIF connector. 
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Appendix B. Electrode maps of the implantable μECoG device 

 

 

 

Figure B.1. Electrode maps of the integrated μECoG device. Left-side and right-side devices 

are connected 1-32 headstage channel cable between ZIF connector and the recording 

equipment for measuring a neural and electrical signal. 
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Appendix C. Photograph images of the cranial prothesis 

 

Figure C.1. Photograph images for the cranial prothesis by 3D-printed polymethylmethacr-

ylate (PMMA) and Titanium (Ti). a) A frame for the attachment of the μECoG device with 

boned flexible polyethylene terephthalate (PET) film. b) Titanium head-plate to support the 

stable mechanical property. c-d) side view of optical images both 3D-prined PMMA frame 

(white and black) with flexible PET film. The Titanium head-plate and 3D-printed PMMA 

frame are assembled in the final stage [77]. 

 


