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ABSTRACT 
 

IMPLANTABLE  OPTICAL NEURO STIMULATORS WITH WIRELESS POWER AND DATA TELEMETRY 
 

By  
 

Wasif Afsari Khan 
 

Neural interfaces provide a direct communication pathway between nervous systems and the 

external environment. Clinical and therapeutic treatments for neurological diseases and events 

such as spinal cord injury, stroke, and traumatic major amputations have gained a promising pace 

through the introduction of these interfaces. Some Artificial neural interface relies on electrical 

signals to evoke sensation in the central- and peripheral- nervous systems (CNS and PNS 

respectively), and have most commonly been used in the scientific practice for decades. However, 

due to the limitations and difficulties of electrical stimulation, these neural interfaces require 

improved technology. Optogenetics, a recent and fascinating technique that combines optics and 

genetics, has established its ability by direct optical stimulation of genetically modified target 

neuron population and achieving sub-millisecond temporal precision. As neuron stimulation in 

optogenetics is achieved by light, efficient and validated engineered light delivery tools are of great 

importance towards an effective experiment or clinical trial.  

 

This dissertation provides a development process towards a wireless and fully implantable micro-

LED based opto-neuro stimulator. GaN micro LED’s were the source of the optical stimulation and 

a process was described for the fabrication, etching morphology and characterization of such 

LED’s. In order to enhance the optical efficiency, a micro optic element (reflector) was coupled 

with the LED stimulator and the electrical, optical and thermal characteristics of the as-fabricated 



neuro stimulator were characterized.  

 

In order to realize a untethered optical neuromodulation and simultaneous neural data recording, 

a head mounted battery powered module has been developed, coupled with a 4 channel μ-LED 

array stimulator and a 2 channel recording electrode. This module can wirelessly transmit and 

receive signals using Bluetooth low energy (BLE), store data in a PC and simultaneously show real 

time neural recordings on a GUI. Efficacy of the stimulation was validated by c-Fos biomarker 

detection and signal processing indicating phase lock synchrony.  

 

Finally, a demonstration of an intensity enhanced, miniaturized (millimeter scale), single channel 

optical stimulator has been developed, capable of being wirelessly powered through a transmitter 

(Tx) and millimeter scale receiver (Rx) coil link. The fabrication methods have been discussed with 

the electrical, optical, and thermal characteristics of the stimulator being quantified. The effect of 

two coil alignment were verified both from simulation and from experimental results. Sufficient 

power transfer (4mW) was achieved to drive the stimulator at a low frequency (96MHz), and an 

immunohistology analysis showing effective neuron activation with c-Fos biomarker expression 

establishes the efficacy of the stimulation.  
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Chapter 1. Introduction 

1.1 Background 

Optogenetics, the “Nature method of the year 2010”, is a fast growing technology that expands 

its applications in fundamental neuroscience[1]–[3], brain mapping[4], gene therapy[5] and also 

for discovery of new medical approaches[6] to fight a variety of neurological diseases, such as 

Parkinson’s, neuropsychiatric diseases, and vision impairments[7], [8]. This is a technology that 

combines optical and genetic approaches to achieve function of events within cells of living tissues. 

Function of events could indicate the activation or inhibition of a neuron if this technique is 

performed on the nervous system[9]. In neuroscience applications, it is a technique to control and 

monitor the activities of neurons in living tissue—even within freely-moving animals[10], [11]—

and to measure the effects of those manipulations in real time. 

 

Optogenetics could be classified to have 3 primary components[12]. The first one involves 

microbial opsins[13], which are members of organism families such as algae and archaebacterial, 

and these organisms consist genes to encode a distinct protein which in application of sufficient 

and specific wavelength of light elicit electrical current[12] across cellular membranes by creating 

ion channels. The second component is the general method for targeting sufficiently strong and 

specific opsin gene expression to well-defined cellular elements in the brain while the third 

component being the general methods for providing intense, precisely timed and specific 

wavelength light[12] towards target brain regions, cells or parts of cells as the experimental 

subject (rodent, primates) carries out behaviors of interest simultaneously. 
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Expanding on the first component, the microbial opsin-which are proteins that transduce photons 

into electrical current. Three families of these opsins have commonly found their use in 

optogenetics. The excitatory channel rhodopsin (ChR2) creates sodium ion channels on the 

membranes of the target neurons[13], and the application of light ensures flow of positive sodium 

ion into the cell as the channel opens. Influx of Na+ ion depolarizes the neuron from its rest 

potential (-70mV). Sufficient depolarization would cause the neuron to generate an action 

potential (also known as a spike or impulse) and thus activating or turning ‘on’ the target 

neuron[14]. The  

Figure 1-1. Channelrhodopsin, Halorhodopsin and Bacteriorhodopsin and their mechanisms in 
optogenetic stimulation. Adapted from [8]. 
  

ChR2 is maximally excited by a wavelength of 470nm[15] (blue region in the visible spectrum) and 

requires a  minimum optical irradiance of 1mW/mm2 [16], [17] [15]for effective activation, and 5 

mW/mm2 [17] for faster off kinetics. The halo-rhodopsin (inhibitory) creates chloride ions and with 

the application of 589nm [18] (yellow light) and a minimum of 7mW/mm2 intensity light, the opsin 

pumps chloride ions out of the cell body. The chloride efflux hyperpolarizes the cell membrane, 
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and effectively turns ‘off’ the cell by suppressing the action potentials. The bacteriorhodopsin/ 

proteo rhodopsin (BR/PR) pump protons out of the cell thereby inhibiting the neurons by making 

it harder to generate action potentials[18], [19].  

 

Although the initial incidence of the microbial opsins was reported back in 1971[20], it was not 

until 2007 that the mammalian behavioral ultimately came to completion[21], and indicating that 

the microbial opsins will come into helpful uses. Much work has been done to achieve a well-

tolerated and stable expression of the crucial vectors, then to test and acquire the real time 

readouts through their electrophysiology and behavior in vitro[22]. Moving towards the crucial in 

vivo experiment and readout eventually motivated the design and implementation of bi-

directional neural interfaces for in vivo[23] light delivery. Researchers managed to selectively 

target a microbial opsin gene within a defined population of neurons deep in the brain of adult 

mice with significant specificity and penetrance[21]. Later, activation patterns from those cells 

were obtained through an optical fiber and simultaneous multimodal system readouts via 

electroencephalography (EEG) and electromyography (EMG) that described the sleep/wake 

status[21] of those rodents. These experiments demonstrated the causal role in sleep/wake 

transitions for the defined activity patterns, given a specific population of cells.  
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Figure 1-2. Steps of optogenetics. Adapted from [24] 

 

The need to understand the neural circuitry of symptoms related to disease states have motivated 

a number of discoveries. The circuit level mechanisms and tissue level manifestations of 

neuropsychiatric disease have long been a mystery and the applications of optogenetics[25] are 

indicating a promising effort in discovering them. Studies of the cellular activity of seizure 

propagation[26] have demonstrated some of the first closed loop approaches in behaving 

animals[27]–[29], simultaneously identifying immediate seizure termination sites which are 

remote from the initiation sites[29]. Optogenetic investigations have also discovered the cells and 

pathways that promote or inhibit normal and parkinsonian movements[30], [31]. 

 

Before the outspread of optogenetic techniques, electrical neuromodulation[32] was executed to 
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stimulate a certain region of interest of the brain. Although electrical stimulation provided  

Figure 1-3. Electrical and optogenetic stimulation, adapted from [1] 

 

groundbreaking results, however it should be noted that neurons are electrically interconnected 

and providing an electrical pulse usually stimulated all of the neurons within the vicinity. Cell level 

specificity is not possible to achieve using electrical stimulation and the spatial resolution is also 

lower when compared with optical stimulation, in specific cases where we consider the current 

spreading. Another advantage over electrical stimulation is the generation of minimal electrical 

artifacts and instrumental interference with electrophysiological recording[33], which thereby 

allows simultaneous recording of light-evoked neural activity. Generally, a conductive probe needs 

to be inserted into the brain for deep brain stimulations, which across time could damage and 

inflame the tissues of interest and could thereby compromise the purpose of the stimulation. 

However, insertion of probes or invasive surgeries are not exclusive in cases of electrical 

stimulations only, but also applicable for optogenetics too. 

 

1.2 Challenges in the light delivery methods 

From engineering perspective, the third component to deliver precisely timed and sufficiently 
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intense light to the target population of neurons is of great interest. Numerous optogenetics 

applications have inspired the development of optical stimulators as well as the instruments for 

light delivery.  Although mammalian brain surfaces have been reported to have demonstrated 

opsin expressions[34]–[37] after optical stimulation and responses were mapped after acute 

exposure and light illumination, however, the deep regions of the brain still remained inaccessible 

to optogenetics and hence control of behavior had not been achieved[12]. It is therefore 

important indeed to develop a opto-neuro stimulator to safely, focally and flexibly deliver visible 

light to the deep brain regions of the freely behaving mammal. To ensure effective opsin 

expression and imaging needs, it is desirable to extract much high intensity at the neuro- 

stimulator interface, preferably greater than needed at the opsin-expressing cells themselves as 

dispersion and scattering losses are expected over the target neuron population. 

 

1.3 Challenges while using micro LED’s 

Techniques that enable simultaneous optogenetic stimulation and recording with near cellular 

resolution typically features micro-structured features with recording and 

illumination/stimulation capabilities[38]. Light emitting diodes, along with electrical recording 

sites structured on a GaAs substrate to create an injectable needle, was reported, which enables 

the illumination and signal recording in a small space for high spatial resolution. The drawback is 

the low efficiency of the LEDs. This bottleneck in LED efficiency limit the emission power levels 

that can be achieved without adverse effects (>1.5 μW corresponding to 1 mW/mm2 and 2°C 

increase in local temperature). The adverse effects could be explained as the cell damage, 

undesired artifacts in the recorded signals and alteration in cellular activity which could be linked 
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with the thermal load. These adverse conditions limit the activation depth to less than 100 μm 

with standard opsins, making broad illumination of larger brain areas difficult.  

 

1.4 Layout of the dissertation 

This work focuses on the development of a reflector coupled optical neural stimulator for 

optogenetics that aims toward intensity enhancement and furthermore, paves the path towards 

the development of a truly untethered optical stimulator, capable of wirelessly powered through 

miniaturized coil links, and coupled with a reflector for effective opsin expression by optogenetic 

stimulation, while fulfilling the requirements for biomedical implants (i.e. being biocompatible, 

low operating temperature increase). A battery powered head borne module has also been 

developed to stimulate and simultaneously record neural activity (ECoG), store the data in a PC 

for future analysis, and show real time neural activity on a GUI. In detail, chapter 2 discusses the 

general light delivery methods used in optogenetics, limited within tethered stimulators. Chapter 

3 discusses the advances in the untethered optogenetic stimulators. Chapter 4 provides an 

approach towards the fabrication process for in house micro-LED production for optogenetic 

purposes, specifically targeted to the 473 nm excitation region of the ChR2 opsin. Chapter 5 

demonstrates a method to enhance the optical intensity from a planar micro LED surface, by 

incorporating a reflector. In addition to intensity enhancement, this method effectively reduces 

the power consumption for a micro LED for a given intensity threshold. Chapter 6 illustrates an 

approach towards developing a head-mounted battery powered module capable of simultaneous 

stimulation, recording, data representation and data storing. Chapter 7 focuses on the concept of 

a miniaturized, wirelessly powered single channel neuro stimulator.  
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Chapter 2. A Review of Light Delivery Methods: Tethered Systems  

One of the core components [12] of optogentics is the efficient delivery of specific wavelength and 

high intensity light to the genetically modified cell population for opsin expression- in order to 

achieve the desired inhibition or activation of neurons[39]. Much research has been done towards 

developing interfaces for efficient light delivery[40]–[43]. The light delivery methods have been 

evolved from high power Xenon lamps to fiber optic based focused stimulation, and more recently 

towards LED arrays to provide more flexibility and better spatial resolution. From the device 

perspective, the fiber optic coupled stimulators gained much popularity due to their superior light 

intensity[18] while being coupled with a laser or a high power LED.  

 

2.1 Laser coupled Optical fibers for light delivery 

In examples where fiber optic based light delivery method demonstrated successful and effective 

expression of the opsins, the fiber in use was coupled to a powerful optical source (laser diode, 

LED) on one end[42], [44], the other end being inserted through the skull of the experimental 

animal using craniotomy. Figure 2-1 (a, b) shows an example of an optical fiber coupled stimulation  

Figure 2-1. (a) Concept diagram of optical neural interface mounted on a rat skull, showing optical 
fiber guide, optical fiber inserted and blue light transmitted to the cortex. b) Close-up view of the 
optical neural interface showing fiber guide attached with translucent cranioplastic cement. 

 

a b 
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Adapted from [11]. 
 

interface both as a schematic and as an experimental setup. The interface development took up 

pace with the incorporation of laser diode–coupled fiber optics[11] and researchers were also 

been able to incorporate other features with the optical fiber including heat isolation and activity 

feedback, registering virus injection to illumination site- allowing new opportunities for targeted  

Figure 2-2. Cortical sections of mouse brains infected with lentiviruses carrying the ChR2-mCherry 
fusion protein under the CaMKIIα promoter were immuno-stained for mCherry. (b) Same section in 
(a) immunostained for the excitatory glutamatergic neuronal marker CaMKIIα. (c) Merged image 
of (a), (b) showing co-localization between ChR2-mCherry and CamKIIα. Adapted from [11]  
 

control and readout while the experimental animal expresses behavior change. The core optical 

technology described in [11] by Aravanis et. al. demonstrates a blue laser diode coupled to an 

optical fiber, where the laser diode was capable of millisecond precision pulses to output 20 mW 

of power at 473 nm. Coupling the optical source with a flexible stripped multimode optical fiber 

generated 380 mW/mm2 light intensity at the end, which was sufficient enough to excite the 

genetically modified neurons even within millimeters of the fiber end and also accounted for the 

attenuation. After immunohistochemistry, an observation of 95% ChR2-positive cells in the cortex 
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also expressing CaMKIIα validates the efficacy of the stimulator as CaMKIIα was used as the 

promoter to drive ChR2 expression, as seen in an example illustrated in Figure 2-2 (a-c).  

 

2.2 LED coupled Optical fibers for light delivery 

LED coupled optical fibers were another advancement for optical neural interfaces[45]–[48]. 

Nussinovitch et. al in [49] used a 2-mm- diameter-fiber-coupled monochromic LED (450 nm) in 

order to stimulate the ChR2 transgene site with flashes of blue light. The group used optogenetic 

stimulation to control cardiac excitability in a rat heart in vivo in order to demonstrate a biological 

pacemaker approach, in a clinically relevant manner. Similar approaches have also been 

mentioned in [50], [51], where the researchers aimed at controlling the heart beat rate using 

optogenetic stimulation, in order to mimic a clinical/biological pacemaker. Nussinovitch et. al were 

able to optogenetically induce the activation of the ventricle, by increasing the heart beat rate 

from 180 beats/min to 300 beats/min during stimulation. The success rate of the optical induction 

varied while using different frequencies of stimulation and also with the irradiance Figure 2-3 (a,c). 

On the other hand, the researchers did not observe any pacing due to stimulation to areas injected 

with the control virus, in the same hearts or in other animals. A close up view of the animal heart 

is shown in Figure 2-3 (b). 
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Figure 2-3. Response curves summarizing the effects of altering flash duration a) with respect to 
irradiance c) with respect to flash durations b) a photograph showing the experimental design, in 
which the heart was exposed and a LED-coupled fiber optic represented was placed in close 
proximity, adapted from [49] d) Anaesthetized mouse was placed on a scanning stage and was 
stimulated by a 473nm laser directed through a microscope objective, motor output was detected 
by EMG electrodes in front and hind-limb muscles, and by a laser motion sensor fixed with the 
stage. Adapted from [44].   
 

2.3 Microscope focused light delivery 

Other techniques to focus a collimated light beam to the target population of neurons using 

microscope have also been explored. As described in [44], Ayling et. al. used a 473 nm laser 

targeted through a simple microscope as seen in Figure 2-3 (d). In order to obtain a light based 

 
 

  

a 

d 

b
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mapping of the brain, a fixed mouse was moved relative to the focused laser beam. 

Electromyogram (EMG) and electroencephalogram (EEG) data was collected after delivering 

flashes of laser light towards the brain. Ayling et. al. observed that light intensity varying from 40-

600 mW/mm2 with a stimulus duration ranging 1-35 ms was sufficient enough to produce motor 

response (i.e. EMG response). However, a significantly large photo electric artefact [52]–[54] 

accompanies this method which was confirmed by observing the artefact while conducting the 

same experimental procedure on a control mouse[44].  

 

2.4 Waveguide directed light delivery 

Introduction of microscale out of plane waveguides improved the spatial resolution of the optical 

stimulators. Micro-machined, tapered tipped and thin out-of-plane waveguide shanks reduced 

implant invasiveness also. Usually for these devices, a butt coupled laser acted as the optical 

source and light being emitted from the tip of the shanks to provide multi-site stimulation. 

Integration with the UTAH multi electrode array probes enabled simultaneous stimulation and 

recording of neural activity[55]. One reported work is a SiO2 Utah waveguide array[56] capable of 

optical stimulation with both visible and infrared (IR) light. Consisting of 10×10 arrays of optrodes 

with length of 0.5-2 mm at a 400 μm pitch, these waveguide arrays were bulk micromachined 

using fused silica or quartz diced at 50mm diameter with a 3mm thickness. A dicing saw with a 

bevel blade was used to shape the pyramidal tips with a precisely controlled taper slope. Zhang et 

al. demonstrated an optrode array[57] with dual modality[55], [57]–[59] modified from a 

previously developed silicon Utah multielectrode array. The reported array had 100 Si shanks, 

while one was replaced with a multimodal optical fiber. The process of replacement was 
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performed by removing a shank, using ablative laser machining they drilled a hole and inserted 

the fiber mechanically through the hole. Packaging was done with adhesive epoxy. 

 

In contrast to the out-of-plane arrays, in-plane micro-waveguide probes[60], [61] benefit more 

from modern microelectromechanical system (MEMS) technology evolved from process 

technology in conventional semiconductor device fabrication. These devices have a generic 

configuration- a silicon or polymer shaft carrying in-plane microwaveguide for optical stimulation 

and capable of electrophysiological recording and/or microfluidic modalities. There are reports on 

various dielectric materials as the waveguide components such as oxynitride core (refractive 

index: 1.51) with oxide clad (refractive index: 1.46)[62], and SU-8 core with either silicon oxide[63],  

Tungsten-titanium alloy (10% titanium)[65], or glass clad[66]. With microfluidic modality, 

integrated micro-channels were constructed by either photo-patterning of SU-8 [65] or reflow of 

borosilicate glass followed by chemical mechanical polishing (CMP) [66].  

 

Although using the fiber optic approach provides higher light intensity, and groups also have 

demonstrated the proof of optogenetic stimulation using this method[67]–[69]; however using a 

tethered fiber optic greatly reduces the free moving behavior of the experimental animal[70], [71]. 

A tethered stimulation system limits the animal to enter small areas or spaces, and hinders the 

usual interaction of the experimental animal (i.e rodent) with other animals[72]. Experimentation 

with a coupled optical fiber requires manual attachment/detachment, which requires precision 

handling by the researchers. Implementing a rigid fiber optic can also create chronic tissue damage 

or inflammation of the tissue. Using a microscope coupled laser only allows an anaesthetized 
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Figure 2-4. a) an assembled opto-EcoG array b) Zoomed-in image of individual modules c) Light 
scattering property of the –LED chip was estimated in brain tissue d) ITO electrode array. Adapted 
from [64]. 

 

animal to be used in the experiment as both the light source and the light projection site is 

fixed[44]. A lower spatial resolution which inherently limits multi-site stimulation accompanies 

both the fiber coupled or a microscope based optical stimulator. 

 

2.5 Micro-LED based light delivery 

LED array based light delivery techniques have recently got much attention[64], [73]–[76]. Use of 

micro-LEDs (μ-LEDs) gained popularity as they are power-efficient, low-cost, and offers the 

 

b a
 

c d 
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potential to be integrated with wireless electronics. Μ-LEDs in an array could be individually 

addressed [77] through the means of micro fabrication techniques, and thereby enhances the 

possibility of multi-site in vivo stimulations. These benefits of μ-LED based stimulators have 

encouraged researchers to investigate flexible, multi-channel stimulators with simultaneous 

neural data recording capabilities. 

 

The prior work of our group by Kwon et. al. in [64] mentions a LED array of 4x4 μ-LED on each of 

a two subarray design. The active μ-LED array area was 2.5x2.5 mm2. The stimulator had a two sub 

array design as the device was intended to simultaneously record EcoG (electro-corticogram) from 

the bilateral cortical surface. Micro fabrication of μ-LED incorporated neural stimulators on flexible 

substrates are particularly desirable for both stimulation and EcoG recording as the cortex surface 

is curved instead of being flat. A flexible substrate capable of bending offers to be in direct contact 

with the cortical tissue, resulting in valid and efficient EcoG data recording and light delivery. 

However, the optrode demonstrated by Kwon et. al. is a tethered device and has to be wired 

connected with outside electronics for power and data transmission. None the less, they have the 

potential to be converted into a truly untethered stimulator with further development. Being a 

low power system[78], [79], they also have the potential to function with wireless power 

transmission and wireless telemetry, with further development. 

 

Although LED arrays provide advantages over the fiber optic coupled stimulators in offering the 

potentials mentioned previously, a challenge still remains for as LED’s have low out-coupling 

efficiency when coupled with a fiber optic and have wide irradiation angles due to the Lambertian 
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emission pattern [80], resulting in a big loss of radiation. This loss could be compensated by driving 

the LED’s at a higher power to surpass the minimum threshold of effective activation at the target 

neuron population of the excitatory and inhibitory opsins, 1 mW/mm2[11] and 7 mW/mm2 

respectively. Application of high LED driving power could potentially damage both the tissue and 

the neural interface, due to the heat generated by the operating LED’s. Higher driving power could 

increase the temperature of the tissue by >2ºC resulting in neuron damage and degradation; at 

the same time could potentially damage the solder bonding the LED’s, could also burn the 

packaging material and drain the power source (such as batteries) very quickly. For wireless power 

transmission and telemetries, transfer of this high power is very difficult to achieve[81] as implants 

have small coils and cannot be driven by very high frequency and power to maintain tissue and 

nerve vitality. Also, due to the low power transfer efficiencies for wireless wireless power, only a 

limited power is possible to transfer to the receiver coil. Therefore, a method offering enhanced 

intensity along with reduced power consumption is desirable for efficient optical stimulation and 

to establish a complete untethered system.  

 

The following table lists the difference in the optical interfaces discussed in this section, along with 

their advantages and disadvantages.   
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Table 2-1. Comparison among optical interfaces 

Interface Advantages Disadvantages Other remarks 

Laser coupled fiber 

optics 

High intensity, 

focused beam 

High power required, low 

spatial resolution, localized heat 

generation, tethered system, 

wireless stimulation not 

possible 

Conversion to 

untethered 

system not 

possible 

LED/laser diode 

Coupled fiber optics 

Collimated beam. 

Lower power 

required than laser 

coupled interfaces. 

Fast Switching. 

Tethered system, low spatial 

resolution, localized heat 

generation, wireless stimulation 

and telemetry difficult for laser 

diode. 

Conversion to 

untethered 

system might be 

possible 

Microscope coupled 

optics 

Focused beam, high 

intensity 

Tethered system, anaesthetized 

animal required. localized heat 

generation, low spatial 

resolution, wireless stimulation 

or telemetry not possible. 

Conversion to 

untethered 

system not 

possible 

μ-LED based flexible 

neuro-stimulator 

Flexible, high spatial 

resolution, multi-site 

stimulation, low 

power device, Fast 

Switching. 

light not collimated, low 

intensity compared with fiber 

optics interfaces 

Untethered 

development, 

wireless control 

and telemetry 

possible 
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Chapter 3. A Review of Light Delivery Methods: Untethered Stimulators 

An ideal optogenetic stimulator, in general would be capable of effectively and practically deliver 

sufficient light (of high power density)[1], [12] to the target neural population in order to create 

behavioral changes on the experimental animals[82], [83]. Early development of optical 

stimulation tools requires penetrating optical fibers with interconnections to externally located 

electronic control and light sources (i.e. lasers) [1]. Recent demonstration of surface mounted 

optical sources and electronics (i.e. LED and Bluetooth data transmission systems) also exposes 

necessity of being connected with batteries or outside power sources[84]. These tethered systems 

require manual and physical attachment/detachment of an optical fiber or batteries[85], [86] 

before behavioral testing, thereby limiting the environments in which freely behaving optogenetic 

experiments and data collection could be performed. To address this issue, some groups have 

implemented fiber rotation techniques during animal movements[10], [22]. Although this 

approach has improved the ease of device attachment and detachment, the tethering could 

increase chronic physical trauma at the implanted site as well as bias the results of behavioral 

studies[87] as the animal is not familiar with this pain and hence it is uncomfortable during the 

experiment. Furthermore, surface mounted stimulation sources and data acquisition systems 

suffer from deficiency in penetrating into the volumetric depths of the tissues, which poses a 

significant challenge in their operations [88]–[90]. 

 

The optical stimulators mentioned in the previous section were examples of untethered systems, 

as one end of the devices are connected with outside power sources or telemetry links. As 

mentioned before, although the tethered stimulators provide more than sufficient output 
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intensity for effective opsin expression, however they restrict the free moving behavior and 

natural/social interaction of the animal. LED array stimulators are more preferable than the 

microscope or fiber optic coupled ones in regards of multi-site, high spatial resolution[91], [92] 

stimulation and because of their potential to be converted into wirelessly power transferred 

stimulators and connected to wireless telemetry electronics. To eliminate the deficiencies of wire 

tethering, several wireless powered optical stimulation sources have been demonstrated in 

previous reports[48], [68], [72], operating at high frequencies (910 MHz or 1.5 GHz) to achieve the 

desired untethered power transfer.  

 

3.1 Battery powered head mounted systems  

To eliminate the tethers, recent efforts have been made to provide optical stimulation via wireless 

head-mounted systems [48], [68], [71], [81], [93]–[95]. Development of both wirelessly powered 

[71], [81] and battery powered [48], [84], [95] devices have been pursued to deliver light to the 

surface of the animal brain with an LED. In order to stimulate the deeper brain regions, targeting 

with a flexible, injectable LED system with the option to be powered wirelessly through a head-

mounted receiver [68], [93] or with a battery powered module assembled from commercial off-

the-shelf components [84], [94] have been explored. However, one of the limitations of these 

devices are in the mass and size. Head mountable devices in general, have a mass larger than the 
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Figure 3-1. a) Image of the transmitter b) Image of the receiver c) averaged output powers of 
the LED after every10,000 pulses of 25ms duration. Adapted from [48]. 

 

 
 
Figure 3-2. EMGs from the right hind-limb with light stimulations delivered by an optic fiber on 
the left motor cortex. (B) EMGs from the right hind-limb with light stimulations delivered by the 
wireless LED receiver unit. Adapted from [48].  
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animal (mouse) head itself and usually protrudes millimeters beyond the skin. Generally, these 

head mountable devices are connected with a connector and requires attachment and 

detachment before and after the experiments, and cannot be left attached to the animal for 

prolonged periods of time. This limitation is more prominent when stimulating the spinal cord or 

the peripheral nervous system,  as the size and mass prohibit and limit the central structures that 

can be targeted [96]. Moreover, bearing a load on the head prevents the animal from entering 

very small enclosures. A small power receiver turning on an LED was reported by Yeh et al, 

however stimulation of opsin expressing cells or any target neuron population was not performed 

[97].  

 

The approach of Iwai et. al. provides a head mounted battery powered stimulation system[48] 

consisting of a transmitter and a receiver, illustrated in Figure 3-1 (a-b). The transmitter in Figure 

3-1 (a) was an infrared (IR) remote to control the receiver, sending output signals at 38KHz. The 

receiver in Figure 3-1 (b) consisted of a 3mm diameter blue LED (NSPB300B, Nichia), and was 

powered through 2 Li batteries (CR1025). The total mass of the receiver, as reported by the 

researchers was 3.1g while the batteries were 1.4g approximately in total. However, the system 

lacks the capability of data recording. Iwai et. al. reported a 65% (74 out of 114 trials) success rate 

in stimulation for a 100 ms pulse width, success rate was defined by whole body muscle twitch 

detection after stimulation. For the same experiments, 28 trials also detected whisker movement. 

Figure 3-1(c) indicates that the LED provided a constant output power for a 40K pulses, and then 

starts to reduce. 
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Figure 3-2 shows the stimulation efficacy of the wireless device demonstrated by Iwai et. al. in 

contrast with a fiber optic stimulation. For stimulations with identical parameters, they achieved 

similar EMG responses for both the fiber coupled stimulator and their wireless stimulator, for 

multiple trials. 

 

 

Figure 3-3. a) A multifunctional, implantable optoelectronic device, illustrating various 
components. b) Photo and diagram explaining the components of the system and demonstrating 
wireless power c) Mice with acutely mounted head-stage antennas. Adapted from [68]  
 

Ideally, a fully wireless system that enables chronic experiments, and supports experimentation 

with multiple animals is desired. Although promising, however battery-based systems suffer from 

operational charge limitation[48], [98], especially when the LED’s are driven by high current for 

targeting deep brain structures; battery powered modules are particularly disadvantageous when 

many LED’s are required. The weight of the batteries comprises most of the head mounted 

modules weight- as an example the batteries for Iwai et. al. receiver makes up 50% of the total 

weight. 

 

 
 

 

a b 

c 
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Figure 3-4. a) Schematic of wireless implant customized for the brain. b) Size comparison of wireless 
implants (left to right: peripheral nerve endings, brain, spinal cord) with a US 1-cent coin. c) 
Diagram of light-delivery system. d) Freely moving mouse with the brain implant e) Mean circling 
rate of ChR2+ mice significantly increased (0.40 turns/min to 2.5 turns/min; n = 5 ChR2+ mice, 
paired t-test, *P = 0.021 f) Light power density and efficiency of the LED as a function of input 
power. Adapted from [72] 
 

 

 

 

a 
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3.2 Far field wireless stimulation systems 

The approach followed by Kim et. al. introduces a novel injectable cellular scale optoelectronic 

based stimulator[68]. Apart from 4 custom fabricated micro LED, this injectable and releasable 

neuro stimulator also consists a platinum electrode for electrophysiological recordings or electrical 

stimulation, light detector and a temperature sensor, depicted in figure 3-3 (a).  

 

For wireless operation, as shown in figure 3-3 (b,c) the system relies on a head mountable printed 

circuit board (PCB) consisting of an antenna to receive power at 910 MHz from a signal generator. 

Montgomery et. al. reported a wirelessly powered fully internal device for optogenetic stimulation 

of brain, spinal cord or peripheral nerve endings[72]. The stimulator consisted of a LED, a power 

receiving coil and necessary circuitry- accumulating a total size of 10-25 mm3 and of 20-50 mg in 

weight. The receiver unit is powered through a 21-cm diameter, 15-cm height aluminum resonant 

cavity to couple electromagnetic energy towards the tissue at 1.5 GHz. This group from Stanford 

adjusted the light power density by varying the input power to the resonant cavity. With a 

maximum power output efficiency of 19% (emitted light power/input power) throughout the 

power densities suitable for optogenetic stimulation (1–20 mW/mm2), their stimulator generated 

behavioral change (circling of the animal during stimulation). 

 

3.3 Near field wireless stimulation systems  

Mickle et. al. introduced a miniaturized bio-optoelectronic implant [99] providing  an optical 

stimulation interface using microscale inorganic light-emitting diodes to activate the opsins, 

eventually stimulating the transgenic neurons the opsins are bound with. They implemented a 
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soft, high-precision biophysical sensor system allowing continuous organ function measurements, 

simultaneously providing a control module and data analytics approach. Significance of this 

approach, as explained by Mickle et. al. was to support closed-loop operation of the system in 

order to eliminate the occurrence of pathological artifacts in real time. Their interesting prototype 

included a soft strain gauge that transmitted real-time bladder function information, 

experimented in a rat model. In addition to the prototype demonstration, they have utilized data 

algorithms and identified pathological behaviors, and have automated the optogenetic closed-

loop neuromodulation of bladder sensory afferents to show the normalization of bladder function. 

The wireless control and power (WCP) module as they have described, is a thin flexible component 

subcutaneously inserted in the rat abdomen. Similarly interesting as their approach towards 

pathological artifact reduction is their use of wireless power transfer to the implant. Utilizing the 

principal of a three coil resonant inductive coupling, Mickle et. al. loaded the transmitter side with 

a 13.56-MHz radio frequency identification driver, impedance-matching circuitry along with a 

primary coil. The resonator coil wrapped around the bottom of the cage to enhance the efficiency 

of power transfer, and a load/receiver coil in the WCP module constitute the receiver end. Taking 

the advantage of impedance matching of the receiver coils to resonate at 13.56 MHz establishes 

a loosely coupled wireless power transfer system. This specific design assisted to reduce sensitivity 

mismatches in the antenna characteristics to ensure wireless power transfer property with a 

coverage of the rat cage. Although their system introduces an unique design and efficient method 

for delivering wireless power, the size of their prototype and receiver coil (~10mm in diameter) is 

still a limiting factor while establishing a miniaturized wirelessly powered implant. 
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These reported untethered approaches have shown the efficacy of battery powered head 

mounted module with IR signaling, injectable -LED’s capable of receiving wireless power through 

rigid PCB and flexible polyimide substrate with antenna, and miniaturized receiver unit receiving 

power from a resonant cavity. However, the limitation still exists in the size of the receiver unit, 

the difficulties in attachment and detachment of the receiving antenna with the stimulator, and 

more importantly, the frequency (1.5 GHz or 910 MHz) at which the transmitter is transferring the 

wireless power. The high operating frequency range of the reported systems mentioned in this 

section is proved to be unsafe towards nerve vitality[100], simultaneously induces possibilities 

regarding electromagnetic radiation over-exposure and microwave-induced heating of nerve 

tissues[101]. 

 

To meet these challenges, a truly untethered system is desired which is capable of wirelessly 

transmit power to the stimulators at a low frequency that does not damage the nerve and their 

vitality, at the same time is small enough to be fully implanted and provide deep brain stimulations 

while increasing minimal heat during operation and provide efficient optogenetic opsin expression 

for the target neuron population.  

 

In this thesis, the author has proposed a wirelessly powered, miniaturized, reflector coupled 

multichannel optical stimulator that operates at low frequencies and is capable of efficient opsin 

express, both for in vivo and in vitro experiments. In order to realize that, the author has integrated 

an aluminum coated hemispherical reflector-fabricated using silicon isotropic etching to enhance 

the optical intensity from each channel. A reflector coupled stimulator was demonstrated to prove 
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the viability of an intensity enhanced multichannel stimulator- where each channel could be 

individually addressed and the device as a whole is capable of multisite stimulation. To realize the 

untethered property, the author has demonstrated a battery powered head mounted module as 

a first generation interface. This module uses Bluetooth low energy (BLE) for data transmission 

and has simultaneous stimulation and recording capability, as well as providing real time data 

update using a computer GUI and storing the data in a PC for further analysis. In vivo animal 

experiment was successfully performed using this first generation untethered device on an 

experimental animal. In order to realize a truly untethered interface using wireless power transfer, 

the author has demonstrated proof of concept of a single channel stimulator coupled with a two 

coil link to wirelessly power the optical source. The expectation for this interface was to 

successfully transfer energy wirelessly to operate a single channel stimulator using low frequency 

(<100MHz). A successful demonstration of the working stimulator has been provided in this thesis, 

and in vivo experiment on an anaesthetized rat proved the efficacy of the stimulation on the living 

tissue. 

 

The work done by the author expects a significant optical intensity increase due to the collected 

backside emission from the coupled reflector. The miniaturized single channel stimulator is 

expected to be wirelessly powered and effectively stimulate neurons for in vivo experiments. In 

order to be a fully implantable biomedical device, the implants are expected to be miniaturized, 

and dissipate low heat-subsequently generating low temperature increase (<2ºC). Multisite 

stimulation is required to increase the spatial resolution of the proposed devices by using higher 

channel counts. Meeting these requirements are imperative in order to achieve the ultimate goal 
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of the project- an intensity enhanced, truly untethered (wirelessly powered) miniaturized, 

multichannel optical stimulator for both in vivo (on behavioral experimental subjects) and in vitro 

studies as a biomedical implant. 

 

The following chapter provides a detailed description on the fabrication and characterization of a 

development process on micro scale LED arrays to be used in optogenetic applications. Typically, 

inductively coupled plasma reactive ion etching (ICP-RIE), an expensive and complicated etching 

process is used to fabricate LEDs commercially. The author has implemented low cost 

conventional RIE technique using SF6 gas plasma. Blue LEDs having a peak emission wavelength of 

~470nm were fabricated monolithically, then characterized and compared with the commercially 

available one. The process developments sets the footprint for microscale LED fabrication towards 

the light delivery tools needed for optogenetic stimulation.  
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Chapter 4. Gallium Nitride Micro LED: the optical stimulus source 

Light emitting diodes (LEDs) are the semiconductor devices that can efficiently convert electrical 

energy into electromagnetic radiation[102]. Most of this radiation falls within the visible light 

spectrum for humans. The semiconductor germanium was the first material to be used to fabricate 

LEDs. However, germanium was quickly replaced by silicon due to its superior power handling 

performance, electrical properties, and temperature stability[103]. Efficient luminescence 

requires the photon energy comparable with the energy band gap of the semiconductor and 

semiconductors with energy gaps >2 eV is desirable[102]. This property is available in the III-V 

compound semiconductors. The III-V nitride materials have shown a great potential in the 

fabrication of optoelectronic devices due to their wide band gaps and reasonable electron 

mobility[103]. 

  

4.1 Use of Gallium Nitride (GaN) as a wide bandgap LED material 

 

One of the prominent III-V compound semiconductors is gallium nitride (GaN). To date, GaN and 

its alloy nitrides, such as InGaN and AlGaN, have been widely utilized in the manufacturing of 

optoelectronics, such as light emitting diodes, lasers, detectors and high-temperature devices. The 

band gap for GaN is 3.2 eV and electron affinity is 4.1 eV, thus making GaN-based optoelectronics 

operate in the blue/green and UV region of the light spectrum with a wide variety of applications 

[104]–[106]. Of particular interest is the application of blue/green LEDs in optogenetics, which has 

attracted a great attention of the neuroscience community[107]–[109]. Various LED neural 

interface devices have been developed using wide bandgap materials, for site-specific and multi 
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photon-stimulation of opsin expressing neurons[64], [76], [110]. With the rapid growth of this 

field, there has been an increased need for the development of high-resolution, high-channel-

count LED light sources to fully realize the potential of optogenetics. This requires a reliable, low-

cost technique for patterning GaN and its alloys in order to increase the control precision and 

minimize the damage to devices.  

 

4.2 Review on GaN Etch methods  

 

Chemically, GaN is known to be a very stable material with high bond strength, which makes it 

insoluble in common mineral acids and bases at room temperature. Carosella et al. reported that 

AZ400K (active ingredient KOH) etched molecular beam epitaxially (MBE) grown GaN at 80 °C but 

did not etch GaN synthesized by metal organic chemical vapor deposition (MOCVD) or hydride 

vapor phase epitaxy (HVPE) methods[111]. GaN can also be etched in hot phosphoric acid and 

alkali solution at a very slow rate. However, in order to achieve high yield and fine pattern transfer, 

slow etching in acids and base is not a very practical option.  

  

As an alternative, plasma etching techniques have been explored for efficient dry etching of GaN 

with fast etching rates. Commonly used dry etching techniques include the electron cyclotron 

resonance reactive-ion etching (ECR-RIE) and inductively coupled plasma RIE (ICP-RIE) that utilize 

high-density plasma under a lower operating pressure of 0.133-0.266 Pa and lower ion 

energy[112]. For example, Pearton et al. reported the dry etching of GaN by ECR-RIE, using 

different gasses of CCl2F2, CH4, Cl2, and BCl3 activated by an ECR plasma source biased with a 
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13.56 MHz RF power[113]. Humphreys and Govett reported the etching rate of greater than 100 

nm/min using Cl2/ CH4 gas mixture plasma generated by ECR-RIE[114]. Other specialized plasma 

etching techniques have been reported, such as reactive ion beam etching (RIBE) and chemically 

assisted ion beam etching (CAIBE) with Cl2 and BCl3 as reactive gasses[115]. Although ECR-RIE, 

ICP-RIE, and IBE have a unique ability to control the ion flux and ion energy separately, these 

techniques usually involve corrosive chlorine, chlorine mixtures and chlorine-based halocarbons 

based plasmas[116], [117] that damages the vacuum system and requires expensive reactive 

chamber and specific filtration system[118] in contrast with less corrosive SF6, CH4, Ar and H2 

based plasmas[117]. In addition, hydrogen diffusion in GaN during ECR-RIE can create electrically 

neutral complexes with dopants[119]. The incorporation of hydrogen leads to uncontrolled 

variations in conductivity of a semiconductor. Moreover, due to the wide band gap and high bond 

strength of group-III nitride materials, the dry etching techniques generally rely on high-density 

ion bombardment to assist the chemical etching and to promote both bond breaking and sputter 

desorption of III and N–reaction products[115]. This may, in turn, degrade the structural quality of 

the material, leading to optical and carrier losses. 

   

Conventional RIE techniques, on the other hand, are seldom used in GaN etching. Several 

researchers explored GaN etching using Cl or F based gasses, such as CHF3/Ar, C2ClF5/Ar, SiCl4, 

CCl2F2/Ar, and Cl2/H2[103], [113], [120]–[122]. Hydrogen containing gasses like CH4 and HBr have 

also been used for RIE patterning of GaN[123], [124], by breaking the stable bonds of GaN using 

high energy ions. However, these approaches still suffer from the diffusion of hydrogen in the 

hydrogen gas plasmas, the requirement for expensive reaction chamber, and the special gas 
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residue disposal system[118]. While Basak et al. reported the reactive ion etching (RIE) of GaN 

using SF6 with the etching rate of 5.4-15.4 nm/min in[125], no LED devices were implemented 

using such a process to demonstrate its viability. 

 

In this work, we report a low-cost, hydrogen-free fabrication method for making GaN blue LED 

arrays using SF6 plasma etching alone in a conventional RIE system. We have focused our efforts 

on studying the etching rate and surface roughness of MOCVD grown epitaxial GaN on a sapphire 

wafer with different carrier materials and with different etching recipes. GaN LED arrays were 

successfully implemented using the developed process, and their optical, electrical, and thermal 

properties were fully characterized. Improvement in the electrical and optical characteristics by 

annealing the LEDs in a nitrogen environment was also studied. Compared to the techniques 

reported by other researchers, our RIE etching method is less expensive and corrosive, and 

enables reasonably fast etching rate of GaN.  

 

4.3 GaN LED fabrication by reactive ion etching 

 

Figure 4-1 illustrates the process flow for making GaN LEDs using SF6 plasma etching[126]. MOCVD 

grown GaN epitaxial LED on sapphire wafers (2 inches in diameter) were obtained from Xiamen 

Powerway Advanced material Co, China and diced into 1 cm × 1 cm chips. Each LED was 400 µm × 

150 µm in dimension. Cu was selected as the mask material for GaN etching because the low etch 

rate of Cu in SF6 plasma[127]. For the mask, 500 nm copper with a 5 nm titanium adhesion layer 

was deposited by thermal evaporation Edward Auto306, Edwards). A positive photoresist mask 



 33 

(Shipley S1813, MICROCHEM) was patterned using ultraviolet (UV) lithography. The unwanted Cu 

and Ti was removed chemically using copper etchant (Ferric chloride, MG chemicals) and buffered 

hydrofluoric acid (MicroChem) respectively. Prior to RIE processing, the chips were attached to 

different substrates, in order to study the effect of substrates on the etching rate. RIE was carried 

out in a Nordson March RIE-1701 plasma etching system using SF6 with the gas flow of 40 sccm 

and the base pressure of 15 mTorr. The RF power was varied during plasma etching. Table 4-1 lists 

the processing parameters under different conditions. 

 

Table 4-1. Processing parameters of GaN samples 

 

Recipe # Processing pressure (mTorr) RF power (W) Carrier substrate 

1. 200±50 200 Sapphire 

2. 200±50 200 Silicon 

3. 200±50 200 Glass 

4. 200±50 400 Glass 

5. 200±50 600 Glass 

 

To fabricate the LED structure, 30 nm SiO2 was deposited at 300 °C using plasma enhanced 

chemical vapor deposition (PECVD) machine (Plasmalab 80 Plus, Oxford) to create an insulation 

between n-GaN and p-GaN layer contact metals. The oxide layer was later patterned using S1813 

photoresist to create an active current injection site of 20 µm diameter at the RIE etched n-GaN 

surface. After that, metallic materials (Ti/Al/Ni/Au) were deposited using thermal evaporation (for 



 34 

Ti, Al, Au) and e-beam evaporation (for Ni), and patterned using lift-off with a photoresist mask to 

form the contact pads. The contacts were made by Ti/Al/Ni/Au (50/400/50/150 nm) for the n-GaN 

and Ni/Au (50/150nm) for the p-GaN, respectively. Multilayer metal contacts were carefully 

designed to reduce the contact resistance at the metal-GaN interface. For the n-GaN, in particular, 

Ti was chosen as the direct contact on n-GaN because its work function (4.3 eV) is closer to n-GaN 

(4.1 eV), resulting in a small potential barrier[128]. Ti reacts with the nitrides to form TiN or AlTi2N 

layers by annealing, which reduces the native gallium oxide at the AlGaN/GaN interface[129] to 

further improve the contact resistance[130]. Au in the outer layer prevents oxidation of the Ti/Al 

metals during annealing. A diffusion barrier layer (Ni) is applied to minimize the diffusion of 

Au[129]. For p-GaN, Ni was chosen because of its very high work function (5.15 eV), allowing 

efficient charge carrier transport[131].  To ensure a good adhesion of metal on the GaN surface, 

an oxygen plasma etching was used before metal deposition to remove photoresist residues. The 

layer structure of the LED is shown in Figure 4-1. Post-fabrication, the LED samples were annealed 

in a nitrogen atmosphere at temperatures of 150 °C, 300 °C, and 450 °C for 10 mins each.  
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Figure 4-1.  Simplified fabrication process flow for making GaN LEDs. 

 

4.4 Device characterization 

  

The etched step-heights were measured by an atomic force microscope (Dimension 3100 SPM, 

Veeco Bruker) to quantify the etching rate of GaN. The surface roughness of the etched n-GaN 

surface was also analyzed by AFM, since spatial disorders and rough etched surface may result in 

unwanted light scattering[115]. The electrical properties of the fabricated LEDs were characterized 

using a semiconductor parameter analyzer (4145B, Hewlett Packard). The light intensity of the LED 

was measured using an optical detector (818-SL, Newport) and quantified using an optical power 

meter (815 series, Newport). The temperature variation of the LED before and after being turned 

on was measured using a thermal imaging camera (FLIR E6, FLIR) in air at the ambient temperature 

of 22 °C. 
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4.5 Surface morphology results  

 

The step heights of the etched GaN were measured along the diagonals of the 1 cm×1 cm chips 

etched using the recipes in Table 4-1. Figure 4-2 (a) shows the average etch rates and standard 

deviations (n=50, number of LED’s for each recipe), calculated from the step heights. We tested 

the etching rates of GaN with three different substrates: sapphire (recipe 1), silicon (recipe 2), and 

glass carrier substrates (recipe 3-5). Etching recipe 2 and 3 shows a smaller standard deviation 

than recipe 1, suggesting that the addition of a carrier substrate improves the uniformity of GaN 

etching under the same processing pressure and power of RIE. In addition, adding the glass 

substrate reduces GaN etching rate while the additional silicon substrate enables higher etching 

rate compared to samples with sapphire substrates. This difference in etching rates could be due 

to the different thermal conductivity of glass (0.8-0.9 W/mK), sapphire (27.21 W/mK) and silicon 

(149 W/mK) at 300 K. The higher thermal conductivity of silicon and sapphire than glass might 

have assisted to disperse the heat generated during the reactive ion etching step which in turn, 

might have increased the etch rate[132]. 

 

 

 

Figure 4-2. (a) Mean etch rates for the recipes listed in table 1. (b) AFM images of etched n-
GaN (top row) and p-GaN (bottom row) (number of samples, n=22).  
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The effect of RF power on etching rate was tested with the various power of 200, 400, and 600W, 

using samples with additional glass substrates. As expected, increasing RF power enhances the 

etching rate significantly, as shown in Figure 4-2 (a). However, 600W RF power created fractures 

on GaN layers due to high-energy ion bombardment that results in pinholes and deformation in 

the metal mask.  

 

Three-dimensional (3D) surface roughness images of the etched and mask covered surfaces are 

provided in Figure 4-2 (b). Surface roughness images also illustrate the deformation of the masked 

surface due to rapid plasma removal, which is prominently significant when higher RF power is 

used. This phenomenon could be eliminated by using other mask materials like aluminum[127]. 

Figures 4-3 (a) and (b) show the average surface roughness of the RIE etched surface and the mask-

covered surface, respectively. For the same RF power, it was found that adding a silicon carrier 

generates more roughness, resulted from the higher etch rates. Also, the surface became rougher 

as the power increased, indicating the surface roughness to be correlated with higher energy 

plasma[133]. 

 

 

 

 

 

 

  

Figure 4-3. Mean surface roughness for the recipes listed in table 1. (a) on the n-GaN layer (b) 
on the masked p-GaN layer. (number of samples, n=22). 
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4.6 Electrical properties 

 

Figure 4-4(d) illustrates current (I) vs. voltage (V) characteristics of LEDs for annealing 

temperatures of 150, 300, and 450 °C compared with the IV characteristics of a commercially 

available LED. LEDs fabricated using recipe 2 were chosen due to the comparatively high etching 

rate. Moreover, recipe 2 has a higher surface roughness on the n-GaN surface, providing better 

contact metal adhesion and simultaneously reducing contact impedance. The comparison 

indicates higher impedance for the as-fabricated LED’s which could result from the oxide layer 

formed on the metal contacts. The post-fabrication annealing treatment improves ohmic contact 

between metal and GaN, presumably by creating better metal alloy contact at the metal interface. 

Annealing at higher than 300 °C effectively reduced the contact impedance, hence increasing the 

current output at a given voltage. The IV performance, however, still needs to be improved. Figure 

4-4 (e) shows the threshold voltage of the LEDs, which is defined as the voltage when the LED 

starts to conduct current (in our case 0.1 mA). The threshold voltage was decreased from ~3.9V 

to ~2.8V, corresponding to annealing temperatures of 450°C and making the forward voltage of 

the as-fabricated LED’s comparable to commercial ones[134]. 
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4.7 Optical and thermal properties of LEDs  

Similar to the electrical properties, the optical performance of the arrays was also improved after 

annealing, as shown in Figure 4-4 (c, d). The LED’s provided a light intensity of 15 mW/mm2 when 

~4V were supplied, after annealing at 450 °C. Shown in figure 4-4 (b), the temperature change was 

found to be less than 1 °C when 20 mW electrical power was applied to drive the LED, which at 

the same time provided ~16 mW/mm2 light intensity. These properties of the fabricated LED’s 

makes it suitable for complete device fabrication, especially towards biomedical 

implantations[135]. 

 

 

 

 

Figure 4-4. A fabricated LED array and a microscope image of a single LED (b) change of the LED 
surface operating temperature with input power and optical intensity (c) Change of light intensity in 
as-fabricated LED’s (n=4). (d) I-V characteristics of as-fabricated LED’s under different annealing 
temperatures compared with a commercial LED’s characteristics (e) The threshold voltage of the LEDs 
under different conditions. Figures represent results from LEDs fabricated using recipe 2.    
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Table 4-2. Comparison of GaN etching with RIE and methods reported by other groups. 

Work Etching method Etching rate 

(nm/min) 

Etching gas Intensity 

(mW/mm2) 

[125] RIE (120-250W) 5.4-15.4 SF6 N/A 

[136] ICP-RIE (250W RF, 1000W ICP power) 360 Cl2/CH4 /H2/Ar N/A 

[137] ICP-RIE (250 W RF power) N/A Cl2/Ar 15 

[138] 
ICP-RIE 

(100W RF, 800W ICP power) 
300 Cl2/Ar N/A 

[139] ECR-RIE (200W RF,100W ECR) 13 BCl2/Cl2 N/A 

this work RIE (200-600W) 2-25 SF6 16 

 

Table 4-2 lists the etching method and used gases, etch rate and optical intensity of our RIE 

method compared with other LED fabrication approaches reported in the literature.  

 

This method provides a number of advantages. First, the use of conventional RIE and less corrosive 

fluorine gas not only reduces the production cost but also lowers the risk of corrosion in the RIE 

chamber and corrosive gas hazards[116]–[118]. Second, the etching rate for our LED arrays with 

substrates varies from 2-25 nm/min, which is significantly higher than the RIE etching methods 

reported by other groups[125], [133], [139]. Third, our fabrication method is compatible with 

conventional microfabrication techniques, facilitating the integration of the LED arrays with other 

electronic elements to achieve complex, system-level functionality. However, it should be noted 

that the electrical efficiency of our LED’s is lower than that of a commercial GaN LED in figure 4-4 
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(d). The optical output intensity at an applied power in figure 4-4 (c) indicates the necessity in 

improving the power conversion efficiency. This performance reduction is mainly attributed to 

oxide layers formed in between metal contacts, thereby increasing the contact impedance, which 

could be addressed by maintaining a better vacuum during metal deposition and creating a better 

contact metal alloy.  

 

In this chapter, the author has systematically characterized a low-cost and less-corrosive method 

for GaN LED fabrication based on SF6 plasma etching in a conventional RIE system, and successfully 

applied this method for making high-density LED arrays. The results demonstrate that improved 

etching uniformity and surface roughness could be achieved by adding carrier substrates during 

plasma etching. High-temperature annealing effectively reduces the contact impedance between 

metal and GaN, resulting in lower threshold voltage and higher light intensity of the LEDs. The low-

temperature change together with sufficient light intensity at low supplied power expands the 

horizon of the microfabricated LEDs for different biomedical applications, especially aiming 

towards optogenetics implants. 

 

The following chapter discusses the concept of a first generation prototype, including the 

description of a tethered, hemispherical reflector coupled multichannel (32 channels) stimulator 

array capable of multi-site stimulation with an enhanced optical power density (maximum of 65% 

enhancement from a bare LED). 
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Chapter 5. Optical Intensity Enhancement and Beam Collimation 

In this chapter the author attempted to address the issue of compensating the backside emission 

loss and enhance output light intensity with a low power consumption- by using a promising 

approach of incorporating an optical element with the LEDs. The LED array stimulators currently 

in use is able to collect one-sided radiation of the optical source[81], while the backside radiation 

is not contributing towards the activation of opsin transfected neurons. This chapter proposes the 

micro fabrication of a cavity reflector coupled with the LED arrays in order to enhance output light 

intensity by capturing the backside reflection of the LEDs. The objective of this prototype device 

is to establish our capability of fabricating multichannel stimulators, while enhancing the intensity 

for opsin activation at a lower power, thereby enabling wireless power transfer and telemetries 

for stimulation and data recording.  

 

5.1 Method  

As shown in figure 5-1, the proposed reflector coupled LED array design consists of 32 stimulation 

channels, being distributed in a 4x4 configuration on two subarray panels of 3mm x 3mm each. 

Each channel contains a μ -LED with a surface area of 220 μm x 270 μm x 50 μm aligned on a 

reflective silicon cavity with a diameter of 300 μm[140]. The overall device dimensions are 23 mm 

x 10.5 mm. The two-panel design allows the stimulator to be used in in-vivo animal experiments, 

where we can selectively stimulate each of the cortices of the brain.  

 

Expanding over the cortices, this device design is capable of stimulating our entire region of 

interest (the visual cortex) in multiple sites by individually controllable stimulators. Release from 
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the silicon wafer makes the device fully flexible and implantable on an experimental subject.  

 

Table 5-1. Design properties of reflector coupled two panel stimulator 

Property Dimensions 

Panels 2 

Each panel length x width 3x3 mm 

No. of stimulation site on each panel 16 

Distance between stimulators 800 um x 600 um 

LED dimensions 270 um x 220 um x 50 um 

Distance between panels 3 mm 

 

5.2 Device design  

As illustrated in figure 5-1 , the proposed stimulator consists of an array of 32 stimulation channels 

distributed in two symmetric panels, with 4x4 channels on each panel[140]. Each of these 

stimulation channels has a -LED coupled with a reflective silicon cavity. The -LED (CREE 

TR2227tm) has a surface area of 270 µm x 220 µm and a thickness of 50 µm, and the central 

illumination wavelength of 465 nm for excitation of optogenetic opsins. The diameter of each 

hemi-spherical reflective cavity is 300 µm and the distance between adjacent cavities is 

approximately 430 µm. The overall dimension of each panel is 3 mm x 3 mm, which is intended to 

cover one hemisphere of the primary visual cortex (V1) of rats. The two-panel design exclusively 

allows stimulation of both cortices individually. To reduce the number of interconnects to control 

circuitry, LEDs on each panel share a single ground wire while having separate power wires to 
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enable individual control of one or more LEDs at a time. 

 

 

Figure 5-2 illustrates a simplified process flow for device fabrication, which includes the following 

major steps.  

 

5.3 Device fabrication steps 

5.3.1 Wafer preparation for silicon etching  

Silicon wafers with 300 nm standard low-pressure chemical vapor deposited (LPCVD) nitride were 

purchased from University Wafers, Boston, MA, USA. Fabrication initiated by cleaning the wafers 

in acetone and isopropyl alcohol (IPA), followed by deionized (DI) water rinse. Post cleaning, a 

layer of 4 nm/500 nm titanium (Ti)/ copper (Cu) was thermally evaporated (Auto306, Edwards) 

and chemically patterned using a photoresist mask. Ti was deposited as an adhesion layer and Cu  

 

 
Figure 5-1. Conceptual schematic of the reflector coupled -LED array stimulator. 
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acted as a mask for nitride etching because of its low etching rate in SF6 plasma[127]. A positive 

photoresist mask (Shipley S1813, MICROCHEM Corp.) was patterned using ultraviolet (UV) 

lithography. The unwanted Cu and Ti were removed chemically using Cu etchant (ferric chloride, 

MG chemicals) and hydrofluoric acid (HF) respectively, followed by DI water rinse. After that, the 

LPCVD nitride was patterned in a reactive ion etcher (RIE 1701, Nordson March) using 20 sccm SF6 

plasma at 250W RF power for 45 seconds. After the reactive etching, the Cu and Ti used for 

masking were completely removed using the process mentioned above. 

 

5.3.2 Silicon etching 

The formation of hemi-spherical cavities utilizing chemical etching is achieved by a mixture of 

hydrofluoric and nitric acid, HF:HNO3. Based on the solution recipe reported by Albero et al., in 

this paper[141], we studied several different combinations of masking materials to determine the 

best protocol for wet silicon etching, including plasma enhanced chemical vapor deposition 

(PECVD) silicon oxide (SiO), PECVD nitride and LPCVD nitride. For the samples, PECVD nitride was 

 
Figure 5-2. A simplified fabrication process flow. Steps (a)-(d) illustrate the planarization process. 
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deposited at 300 °C on 375 µm thick silicon wafers using an Oxford PlasmaLab 80 Plus PECVD. It 

was observed that for a PECVD nitride coated silicon wafer, the nitride layer was rapidly stripped 

in an HF:HNO3 (1:9 by volume) solution. An addition of acetic acid, to create a solution of 

HF:HNO3:CH3COOH (1:9:1 by volume) did not retard the etching rate of the PECVD nitride. A single 

layer of SiO (100 nm) and a stacked layer of PECVD nitride (100-300 nm) and SiO (100 nm) on 

silicon were also studied, which, however, show faster etching rates in the 50°C HF:HNO3 solution. 

LPCVD nitride, on the other hand, was very resistant to the HF:HNO3 chemical, thereby providing 

an optimum masking layer for the etch.  

 

To fabricate hemi-spherical cavities, LPCVD nitride coated silicon wafer samples were submerged 

in the HF:HNO3 (1:9 by volume) solution for 60 minutes at room temperature. No agitation was 

applied during this step in order to better control the etching rate and surface smoothness. From 

our experiments, it was evident that the LPCVD nitride mask is imperative for the wet etching, in 

contrast with PECVD nitride or SiO. After the etching, the nitride mask was stripped off using 

phosphoric acid at 75 °C. Finally, the wafer was rinsed with DI water before the metallization step.  

 

5.3.3 Reflector formation 

A 5-µm-thick Parylene C layer was deposited (SCS Labcoter 2-PDS 2010, Specialty Coating Systems) 

over the etched silicon cavity, followed by thermal evaporation of 100 nm aluminum (Al) (Auto306, 

Edwards). The deposited Al was selectively patterned using a Shipley S1813 photoresist mask and 

etched with Transene Aluminum Etchant A. It should be noted that this selective Al etching is 

optional, however, this step was performed to eliminate the possibility of reflection from LED side 
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emission which might reduce the spatial resolution. Moreover, because the interface strength 

between large area Al and PDMS is not well understood, the Al layer was selectively etched to 

ensure a good adhesion. Due to its high reflectivity, the Al within the cavity is expected to work as 

the mirror for reflecting the LED backside emission and focusing the diverged light beams.  

 

5.3.4 Planarization using PDMS 

Due to the presence of the cavities, planarization using polymers was desired in order to create 

an even surface for fabricating interconnect wires and contact pads for LED integration. 

Polydimethylsiloxane (PDMS) was selected as the planarization polymer due to the ease of 

processing and also its lower refractive index (1.4) when compared with SU-8 (1.67). PDMS pre-

polymer was prepared by mixing the elastomer base and curing agent in a weight ratio of 10:1 

(Sylgard 184, Dow Corning). During planarization (Figure 5-2), a Parylene C coated secondary wafer 

was spin-coated with a 10-µm-thick PDMS layer (5000 rpm, 60 seconds). Concurrently, a thin layer 

of PDMS was coated on top of the primary wafer where the cavities were constructed. Both the 

primary and secondary wafers were coated with PDMS to ensure sufficient PDMS filling in the 

reflector cavity and optimal adhesion. The primary wafer was then attached with the secondary 

wafer on the PDMS coated sides. The bonded wafers were subjected to a 9.8 N weight (16.33kPa 

pressure) for 24 hours at room temperature (25 °C) until the PDMS adhesive cured completely. 

This slow curing step allows PDMS to flow into the cavities with minimal air bubbles. After the soft 

curing, the bonded samples were baked in a vacuum oven at 50 °C for 30 mins, followed by a 100 

°C bake for 5 mins. The higher temperature baking at 100 °C ensured hardening of the PDMS layer 

towards further metallization and LED bonding processes. After hard baking, the secondary wafer 
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was completely detached from the rest of the sample by delamination at the Parylene-silicon 

interface, resulting in the planarized Parylene-PDMS-Parylene structure to rest only on the primary 

wafer[142]. 

 

5.3.5 Interconnect metal deposition and LED bonding 

A 5 nm/600 nm Ti/Cu layer was thermally evaporated, followed by UV photolithography with a 

Shipley S1813 photoresist mask. The photoresist mask was stripped off by rinsing the sample with 

acetone, IPA, and DI water. Afterward, a thin Parylene C layer (2 m) was deposited and selectively 

patterned to expose the bonding pads by oxygen plasma (58 sccm O2, 250 W). Commercially 

available CREE TR2227 blue LEDs were bonded onto interconnect metal pads by applying low 

melting point (LMP) solder (melting point at ~ 62 °C, 144 ALLOY Field's Metal, Rotometals, Inc.) on 

the exposed metal contacts[64].  

 

5.3.6 Packaging 

After LED assembly, the arrays were completely encapsulated by 15 µm Parylene C to protect the 

devices from delamination, deformation, and corrosion due to the humidity and tissue fluids 

present in the in vitro and in vivo environments. The contact pads were connected to the power 

supply through flexible wires. 

 

5.4 Device characterization 

Surface morphology and optical property measurement 

Silicon cavities were scanned in a NanoMap-500LS Surface Profilometer to quantify the horizontal 
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and vertical etch profiles of the cavities. Inspection of surface topography was done using a Hitachi 

S-4700II field emission scanning electron microscope (FESEM). The surface roughness of the Al-

coated reflective layer was measured using an atomic force microscope (AFM, SPM 3100, Veeco). 

Light intensity for both the bare LED and reflector-coupled devices were measured using a 

Newport 818-SL optical detector and Newport 843-R series optical power meter. The devices were 

tested under a probe station in air, and the detector was placed at a distance of 7 mm above the 

LED surface in all of the optical measurements. 

 

5.5 Thermal property measurement 

The temperature profile of the stimulator during continuous operation provides critical 

information to study the effect of the silicon reflector on LED heat dissipation. When a single LED 

was continuously powered by ~1-25 mA current (~2.6-73 mW), the thermal energy dissipation of 

the array was characterized in air using a thermal imaging camera (FLIR E6, FLIR® Systems, Inc) 

with an infrared resolution of 160x120 pixels and a temperature sensitivity of 0.06 °C. The imaging 

camera was calibrated by the manufacturer. The temperature of the LED surface, being the spot 

where the temperature would be the highest, was recorded using the imaging camera. The 

maximal temperature increase at the activated LED site was quantified with respect to the ambient 

temperature (22 ºC) and compared to that of a bare µ-LED.   

 

5.6 Finite Element Analysis 

Optical intensity captured at a specific parallel plane from the LED surface was simulated using 

TracePro (Lambda Research Corporation). As illustrated in Figure 5-3(a), the model used for the 
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simulation consisted of a micro LED with the same physical dimensions as the CREE TR2227 LED 

(270 m x 220 m x 50 m) and a silicon cavity with a reflective layer of a standard mirror (95%). 

Air was used as the surrounding medium to mimic the actual environment of device 

measurements. The effect of the reflective mirror on the optical intensity of the overall device was 

studied by varying the cavity diameter and the distance of the detector plane from the LED surface. 

For this study, the detector diameter of 10 mm was selected, which is consistent with the detector 

(Newport 818-SL) aperture used in the experimental setup. The percentage increase was 

calculated by normalizing the increased light intensity from the reflector-coupled LED with respect 

to the intensity of a bare µ-LED at a certain separation: (Iref -Ibare)/Ibare, where Iref and Ibare are the 

simulated light intensity of reflector-coupled and bare LEDs, respectively. Figure 5-3 (b) shows that 

the intensity enhancement goes higher as the diameter of the reflector cavity increases from 100 

µm to 400 µm, and then drops gradually as the cavity diameter continuously increases. For a 300 

µm diameter reflector, an intensity enhancement of 78% was achieved, when compared to a bare 

LED without a reflector. A better localization of light beams was observed when the hemi-spherical 

cavity was compared with a planar mirror in simulation. Figure 5-3(c) shows the quantitative 

analysis of centralized illumination area using spherical reflector over a planar mirror calculated at 

different distances from the LED surface, while Figure 5-3 (d, e) shows the examples of simulated 

light spots at the same separation in the same intensity range. The center spot beam localization 

was estimated by calculating the central area of the beam (from the planar mirror or hemi-

spherical reflector) at the same intensity level and at the same distance from the detector. Fitted 

curves have been included in Figure 5-3(c) to indicate the trend of center beam localization for 

the mentioned geometries, and shows an advantage of the hemi-spherical cavity reflector over a 
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planar mirror, in terms of localized beam area reduction. This advantage will enable better spatial 

resolution of optical stimulation, which is desired for optogenetics applications.  

 

 

 

5.7 In vitro experiments 

To establish proof-of-principle for application with an optogenetic system, we assessed the 

efficacy of the µ-LEDs to activate an optically-induced gene expression system[142] (with and 

without reflectors). Successful induction is confirmed by the visual identification of the expression 

 
 

Figure 5-3. (a) Simulation model in TracePro. (b) Simulation showing the optical intensity 
enhancement of the reflector-coupled device, as compared with a bare LED (without any reflector). 
Legend refers to cavity diameter. (c) Focused beam areas using planar and spherical reflectors with 
fitted curves, calculated at various distances from the LED surface (d), (e) example of beam 
localization between a planar mirror and spherical reflector, respectively at 1.5mm from the LED 
surface, colormap is the same for both (d), (e).  
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of a red fluorescent reporter following genetic modification and exposure to blue light.  For these 

in vitro experiments, human embryonic kidney cells (HEK 293) were used. HEK 293 were 

maintained under Dulbecco’s modified Eagle's medium (DMEM; Life Technologies) supplemented 

with 10% fetal bovine serum (FBS; Sigma) and 1% penicillin/streptomycin (Life Technologies). 

Colonies were passaged every 3-4 days by chemical dissociation utilizing TrypLE (Life 

Technologies). Cells were kept in an incubator at 37 °C with 5% CO2. Prior to light induction 

experiments, cells were passaged onto 24-well plates at 68,000 cells/well. Cells were then 

transiently transfected utilizing Lipofectamine 3000 (Invitrogen) by following the manufacturer’s 

protocol. Each well was transfected with 200 ng of DNA including 40 ng of activator plasmid 

(“EL222”, a blue light-activated gene expression system)[143], [144], 20 ng of reporter gene (red 

fluorescence protein, RFP) and 140 ng of PUC (an empty plasmid). Twelve (12) to sixteen (16) hours 

after DNA transfection, cells were exposed to blue light (465 nm) from LEDs for either 240 or 480 

minutes. Two wells were exposed to standard (bare) LEDs, two wells were exposed to reflector-

coupled LEDs, and four were kept under dark conditions as a control.  

 

After light stimulation, cells were maintained in the incubator. After 72 hours, each well was 

imaged using a fluorescent microscope (Leica MZ10 F) to assess optical induction of the RFP 

reporter construct. All plasmids used in this study were provided by BiomiLab, LLC[144]. Individual 

images received manual threshold utilizing Ocular software (QImaging) to eliminate background 

fluorescence. Images from all wells were further analyzed with an in-house MATLAB script to 

calculate the number of “zero” pixels (where a fluorescent signal was not detected) and non-zero 

pixels (where fluorescent signal was detected) to obtain the percentage of pixels above threshold 
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(number of non-zero pixels divided by total number of pixels, % PAT, multiplied by a factor of 

10,000 to facilitate comparison, Table 5-2) for each image. Lastly, an additional MATLAB 

script[145], [146] was used to assess the spatial gradient of gene expression in a preliminary test 

by creating bins of intensity in area increments (two wells were exposed to light for 480 minutes: 

one with the bare LED stimulator and the other with the reflector coupled stimulator). To assess 

images spatially, bins were utilized to quantify mean intensity as a function of distance from the 

center of the LED location. Twelve 200 micron-width bins were analyzed which projected radially 

from the center of the LED site. Location of the center was manually selected to accurately 

represent the center of the region that received direct light exposure. The LEDs were manually 

positioned at the center on each well, based on visual inspection. The manual procedure for LED 

placement, as well as the flexibility of the LEDs, likely contributed to a slightly off-center placement 

relative to the center of the well in Figure 5-6(a). 

 

5.8 Results  

5.8.1 Fabricated devices 

Figure 5-4 (a) provides SEM images showing the morphology of the silicon cavity after wet etching. 

The cavity formation is the most important step for the reflector fabrication, and the surface 

morphology of the cavities need to be comparatively smooth to ensure efficient light reflection 

with minimum scattering. AFM analysis in Figure 5-4 (d) shows a small mean roughness of ~ 72 

nm, confirming the smooth surface of the etched cavity. The horizontal and vertical etching rates 

of silicon cavities were calculated based on the profilometry data, as shown in Figure 5-4 (c). The 

results indicate that the etching rates in the horizontal and the vertical direction are not the same,  
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with the opening of the nitride mask being a limiting factor. Due to the lack of agitation, the vertical 

etching rate is slower than the horizontal rate and less dependent on the size of nitride opening 

in Figure 5-4(c). This phenomenon forced the cavities not to be perfectly hemi-spherical, thereby 

creating a deviation between the theoretical concept and the realized cavity geometry. 

 
 

Figure 5-4. (a) SEM images of the etched silicon cavity (b) Surface profilometer results for 
calculating the etched lateral and vertical distances (c) The etched distance with respect to mask 

diameter. (d) AFM image showing the smoothness of the etched cavity (x axis units in m, y axis 
units in nm) (e) A fabricated array stimulator, coupled with the cavity reflector (f) A released 
stimulator array before LED bonding. 



 55 

Consequently, a deviation should also be expected between the simulation results (which 

considers the cavity to be perfectly hemi-spherical) and the experimental results. Figure 5-4 (e) 

illustrates a fabricated 32-channel stimulator array on a silicon chip, with illuminated LEDs on both 

panels. There is a slight misalignment between the LED bonding pads and cavity, due to the 

inaccuracy of the photolithography process. Deposition of the Parylene C layer allows the release 

of the array from the silicon substrate and transform it to a fully flexible free-standing stimulator 

array to adapt with corrugated brain surfaces by conformal contact. Figure 5-4 (f) shows a released 

array from the substrate wafer, where the bending is due to the mechanical stress of the thin 

Parylene C layer after release, and could be reduced by stabilizing and flattening the array on a 

separate substrate using water as adhesive.  

 

5.8.2 Optical properties 

Figure 5-5 (a) shows the optical intensity enhancement due to the coupled reflector, which was 

measured experimentally with respect to a bare (no-reflector-coupled) optical stimulator. The 

reflector-coupled devices achieved the minimal and maximal enhancement of 49% and 65%, 

respectively, verifying the effectiveness of the reflector to collect the rear surface emission of the 

LED. For these benchtop experiments, the LEDs were coupled with 300-µm-diameter reflectors 

that ensure the optimized intensity enhancement as suggested by the simulation above. The 

experimental data was slightly lower than simulated values, which could be attributed to several 

factors: fabrication imperfections, oval-shaped cavity profile, inaccuracy of manual alignment 

between the LED and reflector layers, and high contact impedance of the LED-solder-contact 

interface. Regarding in-vivo experiments, a common excitatory opsin is channelrhodopsin (ChR2) 
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that can be activated by blue light with threshold of 1 mW/mm2[11]. Preliminary benchtop 

measurements indicate that our intensity enhanced stimulators surpass this threshold even at a 

low applied current of < 2.5 mA. It is of note that the detector and LED surface had a separation 

of 7 mm due to the use of a probe station. The measured intensity might be further improved if 

the separation could be reduced by improving the measurement setup.  

 

5.8.3 Thermal properties 

Although the brain is only 2% of the body’s mass, 20% of the cardiac output is delivered towards 

it, indicating a high metabolic demand in the brain[147]. A high resting blood flow clears the heat 

generated by the brain. Adverse effects of increased temperature due to implants, on top of this 

high metabolism activity have been observed in the central nervous system (CNS) where 

breakdown of blood-brain barrier was observed after 60 minutes at 42 °C along with some 

neuronal death (6%) after 60 minutes of heating at 40.5 °C[148]. A maximum tolerable heat dose 

of 42.0 to 42.5 °C for 40 to 60 minutes or 43 °C for 10 to 30 minutes[149] was established after a 

review study on regional exposure of the animal brain and spinal cord. The American Association 

of Medical Instrumentations (ANSI/AAMI) has a standard limit of 2 ºC increase for chronic 

biomedical implants for neuro-stimulators (ISO-14708-1). A change in temperature was calculated 

by subtracting the initial temperature (~22 ºC when the LED was off) from the 

operating temperature of the LED measured by the infrared camera. A temperature increase of < 

1 ºC was observed when our stimulators were operated under continuous current inputs in Figure 

5-5 (b), even at higher light intensities (> 8 mW/mm2). It could be noted that when compared with 

bare LEDs, the reflector-coupled stimulators dissipate less heat at > 8 mW/mm2 intensities, 
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potentially due to the decreased thermal conductivities of silicon and PDMS at higher 

temperatures [150]. 

 

 

5.8.4 In vitro results 

In vitro tests confirmed proof-of-principle for the successful induction of red fluorescent reporter 

expression with µ-LEDs, as well as a more robust and spatially localized area of induction with the 

use of reflectors (Figure 5-6, Table 5-2).  Fluorescent microscope images of each well were 

analyzed for either %PAT or intensity at each of the various duration settings chosen for light 

exposure. Qualitatively, light-induced gene expression was visually observable following 240 

minutes of exposure in Figure 5-6 (a). Table 5-2 shows %PAT values obtained from our first in-

house MATLAB script and represents average values of %PAT for two images per condition (n=2, 

where the entire image area is quantified to deliver a single output value) for a blue-light exposure 

duration of 240 minutes and %PAT values for one image per condition (n=1) for a blue-light 

exposure duration of 480 minutes.  As expected, light-stimulated wells registered higher %PAT  

 
 

Figure 5-5. (a) Optical intensity and (b) temperature increase compared with a bare micro LED 
stimulator (in inset-correlation of intensity vs current for reflector coupled stimulators) 
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Table 5-2. Average %PAT (multiplied by a factor of 10,000 to facilitate comparison) for control, 

bare LED stimulator and reflector coupled stimulator. 

Average %PAT per condition 240 min 

(n=2) 

480 min 

(n=1) 

Control (no light) 6.86 17.21 

Bare LED stimulator 12.12 83.41 

Reflector coupled stimulator 17.37 88.39 

 

values than non-exposed wells, verifying successful optical induction of the reporter gene (Table 

5-2). Due to the residual dark-state binding of the activator, some fluorescence in dark conditions 

 
 

Figure 5-6. (a) Comparison of bare LED stimulator and reflector coupled stimulator fluorescence of 
RFP reporter for 0 min, 240 min and 480 min (scale = 1 mm) (b)Mean intensity data with respect to 

bin radius (n=1). 
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was observed and served as a baseline for quantification. At 480 minutes, higher %PAT values 

were measured for the cells exposed to both the reflector coupled LEDs and for the bare LEDs 

when compared to the 240 min exposure duration (Table 5-2).  Additionally, reflector-coupled 

LEDs registered slightly elevated %PAT values for both timepoints. 

   

 Utilizing our second MATLAB script, preliminary observations suggest a more spatially 

localized pattern of reporter expression at 480 minutes [white circle in Figure 5-6 (a)] potentially 

related to focused illumination enabled by the reflectors.  To analyze the expression pattern as a 

function of distance from the center of induction, mean intensity per bin was calculated and 

normalized by using the corners of each image. This confirmed elevated expression in comparison 

to standard LEDs within the highlighted region of interest in Figure 5-6(a).  

 

In this chapter, the author has designed, fabricated, simulated and characterized a multichannel, 

reflector-coupled -LED array for optogenetic experiments. A wafer-level fabrication method was 

implemented to monolithically integrate multichannel reflectors with -LEDs. Our experimental 

results demonstrate that using the Al-coated cavity as a back reflector enables significant 

enhancement in light intensity by at least 49% and a maximum of 65% in comparison to a bare -

LED. Simulation using optical ray tracing verified the effectiveness of the reflector to improve the 

output light intensity, while also providing a guideline towards future optimization of device 

design. Additionally, the 32-channel stimulator array allows high-resolution spatial stimulation, 

enabling multi-site stimulation for localized neuronal activity analysis. Furthermore, the structural 

and packaging material used in our device is Parylene C, which ensures the biocompatibility and 
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reliability of the stimulators in the brain fluids. When compared with optical fiber based 

stimulators, the proposed array is advantageous in terms of multi-site stimulation and motivates 

toward an untethered wireless device. In addition, the array demonstrated improved heat 

dissipation (<1°C), compared to an optical fiber based stimulator reported by Y. Shin et al.[151] 

where a temperature increase of 1-1.5°C was observed . Finally, the effectiveness of the reflector-

coupled LEDs for localized light induction of optogenetic DNA was validated in vitro using human 

embryonic kidney cells. 

 

With the aim towards a multichannel untethered optical stimulator (as a 2nd generation 

prototype), the following chapter demonstrates a head mounted battery powered module with 

multichannel (2x2) stimulators and recording electrodes (1x2) being capable of wirelessly receive 

signal and transmit ECoG data modalities, show real time recorded ECoG using a GUI and store 

data in a PC for further analysis.     
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Chapter 6. A Battery Powered Optrode With Wireless Telemetry 

The previous chapter describes the approach of coupling a passive reflector to enhance the light 

intensity in flexible μ LED array stimulator. Although the flexible μ-LED array stimulator paves the 

way for a truly untethered stimulation device, however the device demonstrated in the previous 

section still remains as a tethered device as it has to receive the operating power from wired power 

source.  

 

6.1 Concept description 

As a transition towards an untethered system, this chapter proposes and demonstrates a wireless 

opto-electro neural interface system, including ECoG recording and optical stimulation modalities 

for experiments with small freely behaving animals. The system consists of 1) a headmounted 

module, which would be attached on an animal subject, 2) a opto-electro neural interface, 

integrating 4 μLEDs and 2 recording electrodes, 3) a custom-designed dongle, and 4) a personal 

computer (PC) in order to store data and provide a graphical user interface (GUI). The headborne 

module wirelessly communicates with the dongle through a bluetooth low energy (BLE) link. The 

module’s bi-directional signal transmission capability could be driven selectively by receiving and 

acting on user commands set in the GUI. Simultaneously, the recorded ECoG signal are amplified, 

digitalized, and wirelessly sent to the dongle, which is plotted in GUI in real time to monitor the 

functionality of the system. Also, the ECoG signal is saved in the PC for further data processing.  

 

6.2 Control circuitry and flexible stimulator design 

A simplified conceptual diagram of the proposed wireless optoelectro neural interface system[84]  
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Figure 6-1. In vivo experimental setup of the wireless opto-electro neural interface system with a 
freely behaving rat. Reprinted with permission and courtesy of Dr. Yaoyao Jia (Georgia Institute of 
Technology) and Adapted from [84]. 
 

Figure 6-2. Close-up view of the hesadstage with the implanted neural interface. Reprinted with 
permission and courtesy of Dr. Yaoyao Jia (Georgia Institute of Technology) and adapted from [84]. 
 

for small freely behaving animals is provided in figure 6-1. The GUI serves a dual purpose of 

sending instruction to the headborne unit and to provide real time ECoG feedback. Upon receiving 

user commands from the GUI, the master micro controller (CC2540) in the dongle establishes a 

link via BLE with the slave micro-controller in the headborne module (CC2541). The later module’s 
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firmware includes two main functions: 1) periodical stimulation and recording and 2) data 

tranmission. The establishment of BLE link enables the user to trigger the periodic 

stimulation/recording function. 

 

6.3 Optrode design 

The concept of the optrode[152] includes two separate flexible and biocompatible film panels, i) 

the stimulation panel and ii) the recording panels bonded together to erect the complete 

structure. The stimulation panel had two sub arrays, each having two bonded μ-LEDs separated 

by 1 mm distance. The optrode had a two shank design in order to evoke excitable cell activity 

from both cortices. Reducing photo electric artifact is a persisting challenge and to address the 

issue, recording electrodes were designed to be at a distance ~5 mm from the closest stimulation 

channel. The stimulation and recording channels were connected to the head-mounted PCB’s via 

an 8pin omnetics connector. 

 

6.4 Optrode fabrication 

Fabrication of the stimulation panel started by spin coating positive photoresist (S1813, Shipley) 

on a 9um double sided copper (Cu) cladded polyimide film. Cu was patterned by UV lithography 

and excess Cu was etched with Cu etchant (Ferric Chloride solution, MicroChem). μLED’s (CREE 

TR2227tm) were bonded on the copper using low temperature melting solder. The panel was 

packaged with a layer of Parylene to provide insulation and protection from damage.   
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Figure 6-3. The fabrication process flow of the opto-electro neural interface. 

 

Fabrication of the 500 μm diameter recording electrodes initiated with chemical vapor deposition 

of 12 μm Parylene on a silicon wafer, followed by thin films of titanium (Ti) and gold (Au) 

deposition. Au and Ti were patterned by potassium iodide and hydrofluoric acid, respectively. The 

array was then packaged by Parylene followed by oxygen plasma etching to selectively expose the 

recording sites. The fabricated stimulation and recording panels were bonded using medical grade 

epoxy. The fabrication steps are illustrated in Figure 6-3. 
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6.5 In-vivo behavioral experiment on free moving rodents (rats) 

To verify the surgical and functional applicability of the proposed head mounted module and the 

implanted wireless opto-electro neural interface system, in vivo animal experiments were 

conducted. All procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) at Michigan State University. Adult rodent subjects (Long Evans, female, 300– 400 g) 

received virus injection (AAV-hSyn-hChR2 (H134R)-m Cherry; UNC Vector Core) in the primary 

visual cortex (V1) to express neurons with light sensitive channelrhodopsin-2 (ChR2) prior to 

device implantation. The injection surgery was performed under a inhalation anesthesia 

(Isoflurane and oxygen mixture, 2-4% vaporizer) while the subject was on a stereotaxic apparatus. 

3-4 cm incision was created in the skin and 3 equidistant holes were drilled on each cortex. The 

AAV virus (1012~1013 genome/mL) was injected to the brain through the holes, delivering 1.0 μL in 

each drilled location. After successful injection procedures, the cortex was covered with gelfoam 

and then the skin sutured close.  

 

The injected rats were housed separately and given pain medications to reduce discomfort and 

antibiotics to prevent infections. Two weeks’ post injection surgery, the subjects were placed back 

on the stereotaxic apparatus again with the anesthesia procedure mentioned above. The flexible 

multichannel opto-electro array was surgically implanted over V1 and firmly attached onto the 

skull using dental cement. A grounding wire was inserted under the skin to reduce artifacts. The 

skin was sutured while the Omnetics connector (housed in a 3D printed case to prevent short 

circuit and damage) was exposed for connection to the detachable, wireless head-mounted 

control module. Manual attachment and detachment of the headborne module was performed 
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before and after the experiments. The experimental subject was allowed to move freely in the 

homecage while stimulation with different parameters (i.e. current level, frequency and duty 

cycle) were applied on the animal cortex. Simultaneous animal movements were recorded using 

a Kinect sensor (Kinect 2.0, Microsoft) to analyze the movement of the animal during stimulations. 

A total of four experimental subjects were used with an experiment interval of 7 days, for each 

subject. Data analysis indicates a constant result, thereby validating the stability and reliability of 

our system up to 21 days after implantation. 

 

6.6 Experimental Results 

6.6.1 Immunohistology analysis 

To validate the efficacy of the optical stimulation, immunohistology analysis using c-Fos biomarker 

was performed on the stimulated and control cortex (V1). As a standard c-Fos protocol, the 

anaesthetized experimental subject’s brain was stimulated for 45-60 minutes. A 75-90 min. 

survival period was provided post stimulation. Later, the subject was perfused with chilled saline 

and 4% paraformaldehyde, post-fix brain overnight at 40ºC in the same solution. Brain sections 

 
Figure 6-4. Immunohislogy analysis results on the a) stimulated V1 b) Control V1 

 

a. b. Stimulated  

Control 
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were cut (50 µm thickness) and chilled in 0.1M phosphate buffer and place in 12 or 24 well shaped 

tissue culture dishes for immunohistology analysis. 2ml solution was found to be sufficient for 

immunohistology. Sections were washed three times for 10 minutes in PBS (phosphate-buffered 

saline). Post wash, sections were soaked in PBS containing 1% NGS and 0.3% Triton X-100 for 2hrs 

at room temperature (25ºC). 1ml of pre-made antibodies (rabbit mAb) were placed in 1.5ml 

Eppendorf tubes. Eppendorf tubes were clipped onto a rotating mixer and stored at 40ºC for 24 

or 48 hr. incubation. Sections were poured into 24 well shaped culture dish wells for washing, 

three times by 10 mins each- in 0.1% Tween-20 in PBS. Later, they were incubated in the dark with 

20 antibodies (ThermoFisher A27034 goat anti-rabbit IgG superclonal Alexa Fluor 488 conjugate) 

for 2hrs. at room temperature. Finally, they were washed in 0.1M phosphate buffer, mounted and 

cover slipped with anti-fade solution – and stored in a cool dark place.  

 

The results illustrated in Figure 6-4 (a) indicated a higher population of neurons (bright green in 

the image) expressing c-Fos biomarker in comparison with the control cortex in Figure 6-4 (b). This 

up regulation in the stimulated cortex is a metric of the stimulation efficacy provided by our 

stimulators in vivo[153], [154]. It should be noted that the control cortex also shows some c-Fos 

expression, which could be due to the mechanical pressure on the cortex during the surgical 

procedures. 

 

6.6.2 ECoG signal analysis 

Optical stimulation was provided to the right visual cortex using constant-intensity light pulses 

with pulse width of 10 ms, frequency of 1 Hz, and optical intensity of ~4mW/mm2, and the  
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non-stimulated left cortex was used as control to compare the difference. Using the recording 

modality of the head mounted module, microelectrode on the right visual cortex recorded the 

light evoked ECoG simultaneously. Stored digitized ECoG data was later analyzed with MATLAB 

and chronux toolbox. The analysis presented in this chapter is reprinted with permission and 

courtesy from Dr. Yaoyao Jia, Georgia Institute of Technology that includes 50 one-second trials of 

stimulation and simultaneous neuronal changes. In order to clearly visualize the light evoked 

 
Figure 6-5. Instantaneous phase of the light-evoked ECoG signal with stimulation current of (a) 5 
mA and (b) 10 mA. Reprinted with permission and courtesy of Dr. Yaoyao Jia (Georgia Institute of 
Technology). 
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changes on the stimulated V1, instantaneous phases of the ECoGs (2 ~ 25 Hz) were measured 

based on Hilbert transform and shown in figure 6-5 (a,b). It was observed that a stronger phase 

synchronization is achieved with a larger stimulation current. Prominent phase locked neuronal 

oscillations with ~200ms latency was obtained with an applied stimulation current of 10mA in 

Figure 6-5(b), and ~150ms phase synchronization was seen to be prominent with the application 

of 5mA in Figure 6-5(a). The prominent phase locked oscillations indicate the reliability of the 

neuromodulations over the trials and confirms the efficacy of the proposed stimulation and 

recording system. 

 

This chapter discusses the development and efficacy of a battery powered head mounted module 

capable of bi-directional communication. The multi-channel stimulator effectively activated the 

light sensitive opsins, which was validated by the detected up regulation of the c-Fos biomarkers. 

The efficacy of the stimulation was further enhanced by the ECoG data analysis which 

demonstrated a prominent phase lock for 150ms and 200ms for multiple trials, for 5mA and 10mA 

current respectively.  

 

Although the head mounted battery powered module provided significant efficacy towards optical 

neuromodulation and provides a game changing approach towards achieving untethered and 

wireless neural interface, however the challenges of manual attachment and detachment, the 

implant size and the head mounted modules size and mass affects the natural behavior of the 

experimental subject. The manual handling of the interface and the mass could create pain for the 

subject, and hence could significantly alter its behavior. More importantly, the size and weight of 
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the head-mounted electronics it might not be viable for longer duration experiments.  

 

In order to establish a truly untethered, miniaturized and efficient neural interface, the following 

chapter explores the concept of wireless power transfer using coil links to operate a single channel, 

miniaturized optical neural interface, aiming to reduce the size and mass and provide a fully 

implantable neuro-stimulator.        
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Chapter 7. Inductively Coupled Single Channel Neuro Stimulator  

The optical stimulators described in the previous sections were either tethered or had to be 

connected with a head borne power supply and telemetry module. Although the tethered optical 

stimulators provide more than sufficient optical intensity, and the head borne power supply and 

telemetry module provides flexibility and free behavior of the experimental animal to some extent, 

they however have their own disadvantages. 

 

The drawbacks of the tethered stimulators had been mentioned in chapter 2 previously. The head 

borne module however, needs manual attachment/detachment by the researchers during each 

experiment session. This requires application of force and could possibly damage the module 

itself, and could also damage or cause inflammation of the target tissue. The added mass and size 

of the head mounted module could possibly initiate pain on the surgical wound. These conditions 

could significantly influence the natural behavior of the animal, especially when behavioral change 

is expected from the experiment. A solution to this challenge lies in the concept of a wirelessly 

powered and miniaturized neuro stimulator as an implant. However, power transfer at a high 

 
Figure 7-1. Conceptual diagram of the wirelessly-powered opto neuro-stimulator and its 
placement in animal brain. 
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frequency is harmful for the tissue, and could cause reduction in nerve vitality and tissue 

damage[100]. Also there is possibility of radiation over exposure and microwave induced tissue 

heating when frequencies are in GHz range[100].  In this chapter, the author proposes a fully 

implantable, miniaturized, wirelessly powered optical stimulator, using a mm-sized Rx coil 

optimized at a low resonant frequency of ≤100 MHz to deliver sufficient power for μ-LED 

operation. The optical source consists of a single μ LED being coupled to a microscale, highly 

reflective lens to enhance optical throughput and penetration depth of LED illumination for 

effective epidural neuro-stimulation with minimal invasiveness and good spatial resolution. In this 

chapter, the author proposes the optical-neuro stimulator and validates its efficacy through 

immuno-histology analysis.          

 

Figure 7-2. Simplified fabrication and integration process flow 
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Figure 7-3. (a), (b) SEM images of the etched Si cavity. (c), (d) Post and prior Al coating of 
the cavity respectively. (e), (f) AFM images for quantitative analysis of cavity surface 
roughness (x axis units in μm, y axis in nm). (g) Fabricated single-channel opto 
neurostimulator. (h) Rx-coil coupled single-channel opto neurostimulators. (i), (j) An opto 
stimulator powered wirelessly by a Tx coil.  
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Coupling the LED to the micro-fabricated cavity reflector provides a significant boost in optical 

intensity, as seen in previous studies[155]. Figure 7-3(a, b) show the SEM images of a cavity array 

after isotropic Si etching and cross-section of a single cavity, respectively, where a smooth surface 

morphology was observed. AFM analysis in Figure 7-3(e) and (f) shows a small mean roughness 

(~72 nm) for the etched cavity, confirming the smooth morphology of the cavity resulted from the 

wet isotropic etching. This roughness, compared with the radius of the cavity (~100 µm), is 

supposed to create a negligible light scattering, thereby allowing the reflector to optimally 

enhance the intensity. Figure 7-3(I, j) shows a fabricated neurostimulator, and its activation 

through inductive powering on a benchtop setup. 

 

 

 
Figure 7-4. Simulation model for the inductive coupling at cross section planes. Plane 3 refers to 
the bottom plane of the Tx coil (z axis displacement, z=0), plane 1,2,4 refers to z=2.5mm, z=1mm 
and z=-1mm, respectively. (a) The simulation model in HFSS. Magnetic flux distributions for (b) 
plane 1 (c) plane 2 (d) plane 3 (e) plane 4. Induced magnetic flux by the Rx coil at plane 2, while 
the Rx is positioned at (f) Tx center (g) Tx periphery. Units of flux distributions provided in the color 
map legend.  
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7.1 Methods and materials 

7.1.1 Finite element simulation 

Electromagnetic properties of the inductive link between the Rx and Tx coils were also simulated 

using the finite element method (FEM) in High Frequency Structure Simulator software (HFSS-

Ansys electromagnetics suite 17.2, Ansys). Figure 7-4 illustrates the HFSS device model of the two-

coil telemetry link, and Table 7-1 provide a set of parameters used to design the Rx and Tx models 

for FEM simulation. In this study, the dimensions of the simulated Tx coil were similar to those of 

the fabrication coil. The inner and outer diameters of the Rx coils remained the same as the 

fabricated devices, while the number of turns was varied to study its effect on the resonant 

frequency and power transfer efficiency (PTE) of the inductive power link. The pitch between 

adjacent turns was estimated using the overall length of the solenoid coil and the diameter of the 

copper wire. 

Table 7-1. Simulation parameters for two coil inductive couple link 

 Wire radius (mm) Coil radius (mm) Pitch (mm) # of turns 

Tx 0.406 2.5 1 6 

Rx 0.08 1.0 0.275 3,6,9,12,15 

 

Magnetic flux distribution of the Tx coil was simulated as cross-sectional planes at the mid-point, 

bottom, and 1mm below the bottom plane of the Tx[156]. As shown in Figure 7-4 (d, d, e), a 

stronger magnetic flux is generated at the periphery of the Tx coil due to the asymmetrical winding 

of the Tx loops. Consequently, the inductively induced magnetic field in the Rx coil is stronger 

when the Rx coil is aligned to the periphery of the Tx coil, as shown in Figure 7-4 (f) and (g). In 
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addition, the magnetic flux is concentrated in the middle plane of the coil and the strength of the 

flux reduces significantly as the simulated plane approached towards the bottom of the coil, as 

indicated in Figure 7-4(b-e).  

 

7.1.2 Equivalent circuit design 

Distributed resistive effects from the finite resistivity of the conductor, along with inductive effects 

from the coiled copper conductor, and dielectric effects from the insulation around the conductor 

altogether constitute the electrical properties of the Rx coil. An approximation of the electrical 

characteristics due to the effects of these components is of great importance, as they determine 

the efficiency and effectiveness of the inductive link towards a successful operation of the whole 

setup. To facilitate the design of the micro-coil, we studied an equivalent circuit model of the Rx 

coil that provides an estimation of the distributed passive components. As shown in Figure 7-5, 

R0i and L0i are the DC resistance and self-inductance of the i-loop wire within a multi-loop coil, 

respectively. R1i and L1i are estimated to be in effect by the tendency of alternating current being 

distributed within the conductor, commonly known as the skin effect. The distributed circuit 

 
 

Figure 7-5. Equivalent circuit model for the Rx coil. 
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model in Figure 7-5 can be simplified using a combined lump model, where R0, R1, L0, and L1 

represents the lumped resistances and inductances responsible for the impedance change with 

frequency while considering the skin effect [157], and the capacitor C is the total effective 

capacitance across the coil. The self-inductance L0 and the DC resistance R0 could be calculated 

from the following equations:  

L0 =  
N2μAc

lc
……………………………………………Eqn (1) 

R0 =  
ρD

T
……………………………………………….Eqn (2) 

where, N is the number of turns of the coil, µ the permeability of the core, Ac is the cross-sectional 

area of the coil, and lc is the length of the solenoid coil. While calculating the DC resistance, ρ is 

the resistivity of the conductor metal (in this work, copper), D being the total length of the coiled 

conductor wire and T is the cross-sectional area of the used conductor wire. The skin effect 

components, R1 and L1 could be represented by the following equations, 

L1 =
L0

αL
 ………………………………      ……………Eqn (3) 

R1 = αRR0 ………………………   …………………Eqn (4) 

where αL = 0.315αR and αR =
0.53∗wire radius 

δmax
. The skin depth in conductors, δmax, is represented 

by δmax = √
2

ωμσ
, where ω is the resonant frequency, μ is the magnetic permeability in vacuum, 

and σ is the conductivity of the conductor metal. The constant term 0.53 is derived from the 

following equation 

C =
r

2r − δmax
 

The impedance of the lumped equivalent circuit could be represented by the following equation: 
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Z =
R1R0−ω2L1L0+jω(R1L0+R0L1+R0L0)

R1+R0+jω(L1+R1R0C−ω2L1L0C)−ω2C(R1L0+R0L1+R0L0)
………………………..Eqn (5) 

Given the theoretical inductances and resistances that are derived from Eqn (1)-(4), the parasitic 

capacitance C of the coil can be estimated based on the measured impedance by curve fitting, as 

shown in Figure 7-7(b). 

 

7.1.3 Device fabrication, assembly, and packaging 

The fabrication of the flexible stimulator started by depositing 10 µm Parylene-C on a 3-inch Si 

wafer. Desired properties of an implant include biocompatibility, flexibility, and excellent optical 

transmission properties - all of which are present in Parylene-C as the substrate. A 500 nm copper 

(Cu) film on a 5 nm titanium (Ti) adhesion layer was deposited on the Parylene-C substrate using 

a thermal evaporator (Edward Auto306, Edwards). A photoresist mask (Shipley S1813, 

MICROCHEM Corp.) was patterned via ultraviolet (UV) lithography. After that, Cu and Ti thin films 

were deposited and patterned chemically using Cu etchant (Ferric Chloride by MG chemicals) and 

hydrofluoric acid (HF), respectively, to form the metal pads and traces for µLED and coil assembly. 

After removing the photoresist mask in acetone and rinsing the wafer in isopropyl alcohol (IPA) 

and deionized (DI) water, the metal patterns were encapsulated with 5 µm Parylene-C, followed 

by oxygen plasma etching of Parylene-C with 58 sccm O2 at 250W (PX-250, Nordson March) to 

create the contact vias on the µLED and coil bonding pads, using a photoresist mask. Commercially 

available blue LEDs (TR2227tm, CREE Inc.) were manually aligned on the exposed metal contacts 

and bonded with low melting point (LMP) solder (melting point at ~ 62 °C, 144 ALLOY Field's Metal, 

Rotometals, Inc.).  
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The µ-reflector was fabricated in a separate step, initiated with thermal evaporation of 500 nm Cu 

on a 300-nm thick, commercial low-pressure chemical vapor deposited (LPCVD) nitride-on-silicon 

wafer (University wafers, Boston). Because of its low etching rate under SF6 plasma [], Cu was used 

as a mask to pattern the LPCVD nitride with 20 sccm SF6 at 250 W RF power for 45s. After nitride 

patterning, the Cu mask was removed using Cu etchant, followed by DI water rinse. The nitride 

masked Si wafer was then submerged in an HF and nitric acid (HNO3) (1:9 by volume) solution for 

60 mins, which isotropically etches Si to form hemispherically shaped microcavities[140], [141]. 

After that, the nitride mask was removed using hot phosphoric acid (H3PO4) at 75 ºC and the 

wafer was rinsed with DI water. Finally, a 100 nm aluminum (Al) layer was deposited in the cavities 

using thermal evaporation to form a highly reflective surface for collecting the µLED backside 

emission and focusing the diverged light beams. 

 

For device assembly, the wafer with the reflector array first was diced into 1 mm × 1 mm chips 

containing a cavity on each. Manual alignment and positioning were performed to couple the LED 

substrate and the Al-coated cavity reflector under an optical microscope while bonding using a 

medical grade epoxy (Atom adhesives AABond- FDA2), and cured at room temperature (25 ºC) for 

24 hrs. The Rx coil was later wound around the Si base of the reflector and electrically connected 

to the contact pads on the µLED substrate using conductive silver paste. Finally, the assembled 

device was completely encapsulated using Parylene-C.  
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7.2 Device characterization 

7.2.1 Optical property measurement 

The surface roughness of the Al-coated reflective layer was measured using a Surface Profilometer 

(NanoMap-500LS) as shown in Figure 7-3(e, f). The average surface roughness of the metal coated 

cavity was ~15 nm, indicating minimal scattering of the reflected light. The light intensity of the 

as-fabricated neuro stimulator penetrating through different thicknesses brain tissue was 

measured using a Newport 818-SL optical detector coupled with an OD3 attenuator and Newport 

843-R series optical power meter, and data was compared with that of a bare µLED.  

 

The brain tissue slices with thicknesses of 100-500 µm were prepared from fixed cortical tissues 

of rats. The animals were euthanized with an Intra-peritoneal injection of heparin followed by an 

overdose of pentobarbital sodium.  Then, they were perfused transcardially with 4% 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Post perfusion, the brain was exposed and 

the head immersed in the same fixative at 4°C for at least 24 hrs then in phosphate-buffered saline 

(PBS). Finally, the brain tissues were cut into serial 100-500µm coronal sections using a Vibratome 

(Lancer). 

 

7.2.2 Thermal property measurement 

The temperature profile of the stimulator during continuous operation provides critical 

information to study the effect of trapped heat due to the silicon reflector, and also gives an insight 

on how tissue sections might be able to help in dissipation of the heat from the stimulator to 

surrounding medium. Hence, we measured the thermal energy distribution of the device while 
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stimulating over a 500 µm rat cortical tissue slice using a high resolution, thermal imaging camera 

(FLIR E6, FLIR® Systems, Inc). The temperature increase was quantified with respect to the ambient 

temperature (22ºC) and compared with that of a bare µLED.   

 

7.2.3 Electromagnetic properties measurement 

The electromagnetic properties of the Tx coil, Rx coil, and 2-coil inductive link were characterized 

using a microwave network analyzer (Keysight N5227A PNA, Keysight Technologies). The two-port 

S parameter (S21) for the 2 coil coupling link was measured to calculate the change in PTE with 

respect to the number of turns of the Rx coil. The resonance frequency of the coupling was also 

measured from the S parameter. The experimental results were compared with the simulated 

results. Furthermore, the impedance for the Rx coil was measured using an impedance analyzer 

(HP 4192, Hewlett Packard), and the obtained data was used to calculate the parasitic capacitance 

of the Rx coil based on Eqn (5). For all the measurements, the Tx coil had an inner diameter of 5 

mm, outer diameter of 5.08 mm, and 6 turns.  

 

7.3 In vivo experiment 

7.3.1 Animal handling and viral transfection 

Adult female Sprague Dawley rat (300-400 g) were used in all experiments. Rats were housed in 

the animal facility of the Michigan State University, USA under standard conditions at a constant 

temperature of 22 ºC supplied with food and water. Virus injection and device implantation were 

performed using sterile surgical protocols approved by the Institutional Animal Care and Use 

Committee (IACUC) at Michigan State University. All efforts were made to minimize the number 
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of animals used and prevent or ameliorate their suffering. 

 

For virus injection, rats were fixed on a stereotaxic frame while anesthetized with 2-4% isoflurane 

and oxygen mixture. A 3~4 cm incision was made in the skin overlying the skull and small cavities 

were made bi-laterally on the skull to get access to the primary visual cortex (V1, lateral: 3.6 mm, 

anteroposterior: 6.3 mm relative to Bregma) using a precision surgical drill. Channelrhodopsin-2 

expression was induced by administration of a viral solution of AAV-hSyn-hChR2 (H134R)-mcherry 

(1012~1013 genome/mL). The process followed a 1 µL aliquot being delivered to each cavity by slow 

pressure injection from a Hamilton syringe. One (1) µL aliquot was delivered through two loads, 

with 0.5 µL per load followed by a 10 min wait after each load to allow sufficient diffusion of the 

virus to the surrounding tissues. After the syringe was retracted, the cortical cavity was filled with 

surgical wax and the craniotomy wound was sutured. Prior to suturing the skin, the cortex opening 

was covered with gel foam. The animals were given appropriate postoperative care (analgesic, 

fluids) and placed on the heat pad. The animals were returned to the facility and housed separately 

after recovery from anesthesia, and prevention of infection and relief from surgical discomfort 

was ensured by providing topical antibiotics and subcutaneous pain medication, respectively.  

 

7.3.2 Device implantation and stimulation  

For device implantation, two weeks’ post-injection, the transfected rat was placed back onto the 

stereotaxic apparatus and underwent the anesthetic process mentioned previously. A unilateral 

craniotomy was performed by opening a small hole on top of both the right and left V1 lobes while 

the dura remained intact. A wireless neuro-stimulator was placed in the skull opening[158]. For 
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inductive power transmission, the Tx coil was aligned over the implant and driven by a function 

generator (AFG3102, Tektronix) with a sinusoidal voltage of 10 Vp-p and a resonant frequency 

<100 MHz. During the optical stimulation, one V1 lobe was stimulated continuously for 55 mins, 

while the other was considered as a control.  

 

7.3.3 Perfusion, histology and fluorescent microscopy image analysis  

After the stimulation, the rat was given a 75~90 min survival period. Upon completion of the 

experiments, animals were euthanized with pentobarbital sodium and then perfused 

transcardially with 4% paraformaldehyde fixative for histological studies. The brain tissue was 

post-fixed overnight at 4 °C in the same solution. Tissue sections (500 μm thickness) were cut in 

chilled 0.1 M phosphate buffer solution and were stored in 24-well tissue culture plates for post-

immuno-histology chemical processing. The processed sections were later mounted on 

microscope glass slides while covering by coverslips with an anti-fade solution for c-Fos (an 

activity-dependent biomarker) expression. Microscope images were taken using a fluorescent 

microscope (Nikon MICROPHOT-FXA) to analyze the c-Fos and m-Cherry expressions. 

 

7.4 Characterization and experiment results 

7.4.1 Optical properties  

The optical analysis illustrated in Figure 7-6(a) indicates the superior optical performance of the 

reflector-coupled stimulator. Figure  7-6(b) shows the captured intensity after the light passed 

through a 500 um tissue section. Our data indicates that although the intensity reduces heavily 

with introductions of thicker tissue sections, the threshold (1 mW/mm2) for opsin activation[11] is 
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achieved even for a 500 µm thickness section, establishing an elementary yet efficient method for 

brain stimulation without tissue invasion. Figure 7-6(b) shows the intensity increase in percentage, 

where a reflector-coupled stimulator was compared with a bare stimulator. Light intensity, along 

with illumination depth significantly increases by over 60%, which was measured through 500-µm-

thick tissue slices. This advantage makes our reflector-coupled stimulator a considerable 

competitor for deep brain stimulation, capable of optical stimulation from the cortical surface 

rather than brain tissue invasion[159]. 

 

7.4.2 Thermal properties  

The temperature increase of the reflector-coupled stimulator under different operating conditions 

is plotted in Figure 7-6(c), and compared to that of a bare µLED stimulator (i.e. without the 

integrated µ-reflector component). The addition of a reflector reduces the heat dissipation to the 

silicon substrate due to thermally insulating materials (i.e. polymer, epoxy, and air) in the reflective 

cavity, thereby resulting in higher temperature increases. Most importantly, the overall 

temperature rise of the reflector-coupled stimulators falls below 0.5C, complying with the 

 
Figure 7-6. (a) Light penetration through tissue sections with a coupled reflector (n=5), (b) 

Intensity improvement of reflector coupled stimulator compared with a bare -LED (c) Change in 

temperature for devices stimulating through a 500 m cortical tissue slice (n=3)  
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American Association of Medical Instrumentations (ANSI/AAMI) standard limit of 2 ºC increase for 

chronic biomedical implants for neuro-stimulators (ISO-14708-1). 

 

7.4.3 Electromagnetic properties 

Figure 7-7(a) shows the resonant frequency with respect to the number of turns of the Rx coil. 

With an increase in the loops, the resonant frequency was found to be decreasing and for ≥ 9 

turns, both our experiments and simulations provide a resonant frequency of < 100MHz. A low 

resonant frequency is highly desirable to maintain nerve vitality, which effectively minimizes the 

electromagnetic exposure to living tissues and reduce the risk of radiation[100]. The decrease in 

resonant frequency is due to the increase in flux linkage that increases with the turns for the Rx. 

However, increasing the turns or the coil length simultaneously increases the device dimensions 

and thereby makes it challenging towards fabricating a fully implantable stimulator. It should be 

 
 

Figure 7-7. (a) Resonant frequency of the two coil inductive link with respect to the number of 
turns of the Rx coil. b) Inductance and parasitic capacitance of the Rx coil as functions of the 
number of turns, calculated using impedance fitting based on the analytical models. 
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noted that, for experimental purposes, the coils were manually constructed using a winding rod 

so the actual devices have a slight deviation in pitch and length than the simulation model, 

resulting in the difference in their resonant frequencies between the simulation and experimental 

conditions. Figure 7-7(b) shows the inductance calculated based on Eqn (1) and the capacitance 

derived from impedance fitting based on Eqn (5).  

 

Figure 7-7(a) shows the measured and simulated PTE values with respect to the number of turns 

of the Rx coil. The measured PTE harmonizes with the simulated model, with a maximum efficiency 

of 12.82% for a 15 loop implant coil. It is also noted that, given the same Tx coil, the Rx coils with 

more turns have relatively higher PTE but larger dimensions. Considering the tradeoff between 

PTE and miniaturization of the implant, we utilized a 9-loop Rx coil in the first generation prototype 

for the following animal studies. Prior to animal studies, it is critical to understand the effects of 

the separation and misalignment of the coil link on the electromagnetic coupling performance and 

the optical properties of the optical stimulator. Therefore, we studied the optical intensity of the 

stimulation under various vertical and horizontal displacements between the Tx and Rx coils. As 

shown in Figure 7-7(b), the optical intensity is higher when the Rx coil of the stimulator is closer 

to the center region of the Tx coil, while the opsin activation threshold (>1 mW/mm2) is achieved 

at the separation of less than 0.8 mm from the bottom plane of the Tx coil. This phenomenon is 

supported by our simulation results as plotted in Figure 7-4, which demonstrates the gradual 

diminution of the magnetic flux from the Tx coil center/middle cross-sectional plane towards the 

bottom plane.  
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In addition, our results suggest better coupling and hence better optical intensity can be achieved 

when the Rx coil is intersecting with stronger magnetic fluxes generated by the Tx coil, preferably 

towards the periphery of the Tx coil. As illustrated in Figure 7-8(c), a stimulator with a 9-loop coil 

could achieve as high as 15% intensity enhancement if it is shifted to the periphery from the center 

of the Tx coil. Our experimental results could be qualitatively supported by the simulations from 

Figure 7-4, where a stronger magnetic flux is observed towards the perimeter of the Tx coil. This 

concentrated distribution of magnetic flux at the edge, however, becomes evenly allocated across 

the diameter, when displaced towards the bottom plane. Further improvement of the stimulator 

performance could be achieved in the future using a three-coil telemetry configuration[160], 

[161]. 

 

 

 

 
 

Figure 7-8. (a) PTE change with respect to the Rx coil turns (b) Optical intensity obtained from a 
9-loop coiled stimulator under different vertical displacements of the coils. Symbol “x” in (µm) 
indicates the horizontal position of the Rx center compared with the Tx center, while vertical 
distance (mm) indicates the displacement from the bottom horizontal plane Rx, compared with 
the bottom plane of Tx. (h) Intensity enhancement of a 9-loop coiled stimulator under different 
horizontal displacements of the coils, Z or x-axis  indicates Tx and Rx both on the same vertical 
axis and same horizontal plane. 
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7.5 In vivo results 

 

In vivo experiments were performed on three (n=3) transfected rats following the protocols 

mentioned at the end of this chapter. Figure 7-9(a) shows a 9-loop coiled stimulator placed over 

one V1 lobe and coupled to a Tx coil. The other V1 lobe of the same animal was used as a control. 

Immunochemical analysis was performed on the post perfusion fixed brain tissue to identify the 

presence of mcherry and c-Fos biomarkers, in order to validate the efficacy of the cell transfection 

and optical stimulation, respectively. Existence of m-cherry expressed cells (in red) are visible, as 

seen in Figure 7-9(c, e). These figures demonstrates the effectiveness of our viral transfection 

process, for both the control and stimulated lobes on an experimental animal. Figure 7-9(d, f), on 

the other hand, provide the evidence of c-Fos (in green) expressed cells in both the control and 

stimulated lobes of the transfected animal. The stimulated V1 lobe in Figure 7-9(f) has more cells 

expressing c-Fos as compared to the control side in Figure 7-9(d), suggesting stronger neural 

activity induced by optical stimulation. It should be noted that due to the natural activity of the 

visual cortex, there will be a population of cells expressing c-Fos even at the absence of any 

stimulation, while a larger population of cells are expected to show c-Fos expression as a result of 

the optogenetic stimulation. To provide a robust evidence towards the efficacy of the optogenetic 

stimulation, we repeated the above optical stimulation on a naïve animal without virus 

transfection, and the cortical tissues were processed immuno-biologically using the above method 

to analyze the c-Fos expression of the stimulated lobe versus the non-stimulated lobe. As shown 



 89 

in Figure 7-9(g) and (h), there is no visible significant difference in the c-Fos expression between 

the stimulated lobe and the non-stimulated control side. The presence of c-Fos expression in both 

the simulated and non-stimulated lobes is attributed to the spontaneous neural activity in the 

 
 

Figure 7-9. (a) In vivo stimulation using a wirelessly-powered neurostimulator on the V1 of an 
anaesthetized rat. (b) quantitative representation of c-Fos expressed cells using cell sorting. 
Fluorecent images of mCherry (c) and (e) as well as c-Fos (d) and (f) expressions of the control and 
stimulated cortices, respectively, obtained from the same cortical areas of the same transfected 
animal. (g) and (h) c-Fos expressions of the control and stimulated cortices, respectively, obtained 
from a non-transfected animal. 
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animal cortex. This result demonstrates that the elevated c-Fos expression in the virus transfected 

cortex is indeed induced by LED stimulation, eliminating the possibility of other interferences, such 

as heat or tissue injuries.  

 

A quantitative measurement of the expressions, such as cell sorting, was performed based on the 

fluorescent images of the tissue sections. Using an in-house Matlab script, computer vision 

techniques allowing basic morphological operations along with watershed algorithm was utilized 

to define cell segmentation and an approximate count of cells expressing c-Fos. In concert with 

the qualitative data, Figure 7-9(b) indicates that the transfected cortices with optical stimulation 

show a significant increase in the cells expressing c-Fos, and this is consistent among the three 

subjects. There is a negligible difference in cell activity between control and stimulated cortices of 

a non-transfected naïve animal, supporting our claim of increased cell activity due to the applied 

stimulation.  

 

Table 7-2 lists the specifications of some recent advances in the development of inductive link 

battery-free wireless optical neurostimulators and our work. The comparison shows a competitive 

advantage of our stimulator as a fully implantable biomedical neurostimulator with very 

lightweight, compact size (mm scale), and low operating frequency. 

 

 

 

 



 91 

Table 7-2. Comparison of the proposed two coil inductively coupled concept and 

neurostimulators reported by other groups 

Work Architecture Substrate 
Weight 

(mg) 

Dimensions 

(mm) 
Frequency channels 

Available 

intensity 

(mW/mm2) 

Kim et al [68] 
Discrete 

device 

Flexible/rigid 

PCB 
700 14x12.5x3 910MHz 4 17.7 

Montgomery 

et al [72] 

Discrete 

device 
Rigid PCB 20-50 2x2x2 1.6 GHz 1 25.8 

Shin et. al. 

[162] 

Discrete 

device 
Flexible PCB 30 

10mm 

diameter, 

thickness<1.3mm 

13.6 MHz 1,2 100 

Aldaoud et al 

[163] 

Discrete 

Device 
Rigid PCB 1000 5x2.5x2.5 

20, 

13.4/15.6 

MHz 

1,2,16 _ 

Park et 

al.[164] 

Discrete 

device 
Rigid PCB 70 2.4x3.5x8.5 

1.6-2.5 

GHz 
4 _ 

Park et al 

[165] 

Discrete 

device 

Stretchable 

Polymer 
16 3.8x6x0.7 

2.0-2.5 

GHz 
1 10 

Lee et al [94] LSI 
Stacked rigid 

PCB 
1600 12x7x11 2.4GHz 1 27 

Our work 
Discrete 

Device 
Flexible PCB 20 2.8x4.2x2.1 <100 MHz 1 5.8 
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In this section, the author has proposed a design, fabrication method, and characterization of a 

reflector-coupled, wirelessly-powered single-channel optical neuro-stimulator with an mm-sized 

receiver coil for untethered optogenetic neuromodulation. The optical analysis shows that our 

reflector-coupled stimulator enables over 60% performance improvement when compared to a 

bare -LED stimulator, simultaneously surpassing the required effective optogenetic activation 

intensity threshold. The temperature increase of the stimulator is less than 2 ºC, well below the 

safety limit for biomedical implants. The performances of the two-coil telemetry link were studied 

using analytical circuit models, FEM simulation, and experimental approaches. Inductive coupling 

between the Tx and a prototype Rx coil was optimized at a <100 MHz carrier frequency, providing 

a convincing PTE while maintaining small geometries of the coils. The efficacy of optical neuro-

stimulation was demonstrated by in vivo experiments on the visual cortex of an anesthetized rat, 

using qualitative and quantitative immunohistochemical analysis. The increased expression of 

activity-dependent biomarkers upon optical stimulation establishes a clear evidence of 

upregulated cell activity due to the optogenetic stimulation. 
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Chapter 8. Conclusion 

Chronically implanted microscale wireless electronic sensors and actuators are emerging for a 

wide range of applications in humans and animals. One subset of interest to us are the sensors 

applied for light evoked neural activity for medical diagnostics or therapeutic purposes. In 

comparison to battery powered or wired stimulators, these wireless neural stimulators are 

advantageous in aspects such as less invasiveness, interfaces with better longevity towards central 

and peripheral nervous systems. Wires are a common mode for the failure indeed, and in addition, 

percutaneous wires are not immune to infection. Implanted wires, simultaneously limits the 

stimulator’s ability to position itself with the tissue in consideration, eventually leading to create 

a foreign body response and contact area reduction of the target tissue. Particularly, in the wires 

in the peripheral devices could be subjected to chronic stress and strain, thereby leading to 

connection failure with the stimulator and jeopardizing the primary objective of the implant. The 

social behavior of the experimental subjects are of particular interest in some of the studies, where 

introduction of wires within the smaller animals like mice and rats has potential to interfere with 

the natural behavior of the animal when interacting with a group of animals.  

 

This dissertation therefore have focused on the stimulator development process to eliminate 

these difficulties. However, primary challenge in the development process is to create efficient 

miniature devices for normal activity in animal and human patients, and ensure a reliable 

operation beneath skull, bone and tissues. Although these miniaturized devices, preferably at sub 

centimeter lengths could be fully implanted in the periphery and provide light weight to be 

implemented for unrestricted animal behavior; however efficient power delivery remains to be 
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the primary challenge for devices this small. To be considered as a method for power transfer, 

propagating electromagnetic waves requires antenna feature sizes to be comparable to the 

electromagnetic wavelength. Hence, when considering millimeter/sub-millimeter devices, such as 

the one described in this dissertation, effective power-transfer frequencies lie in the GHz range. 

For this electromagnetic wave range, the radiation is absorbed by the body of the subject, limiting 

the that needs to be safely transmitted to the implants in the deep tissue region. Typical solution 

is to concentrate on magnetic induction or batteries to power the implants; however, these 

approaches significantly affects the degree of miniaturization. Magnetic induction requires 

heavier and larger magnets to create the magnetic field while batteries increase the size of the 

device and add considerable weight. Battery replacement or recharge cycles are also problematic 

towards the potential goal of a long term reliable implant. Therefore, the concentration of this 

dissertation was directed to inductive coupling, as smaller and lighter miniaturized coils could be 

utilized to provide the necessary electromagnetic radiation required for powering the implants. 

However, the generated power for a receiving coil is directly related to the amount of captured 

flux by the area of the coils. Therefore, when the receiver coils are miniaturized, a reduction of 

output power is observed which in addition, is sensitive to angular placement between the 

transmitter and receiver and also to the perturbations in the distance. An effort have been 

established in this dissertation to optimize the power transfer while considering these challenges. 

 

In addition, this dissertation discusses a fabrication process of an added optical element-a 

microscale reflector. Along with the fabrication process, the surface morphology of the as 

fabricated reflectors was characterized after the isotropic etching. The electrical, optical and 
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thermal characteristics of the fabricated neuro stimulators were quantified. The characterization 

data indicated that the proposed neuro stimulators provide enhanced optical intensity for lower 

applied power compared with the bare μ-LED array stimulators. The reflectors enhanced the 

intensity by at least 48% with a maximum of 65%. The opsin activation threshold was achieved at 

low current (~2mA) and low power consumption (<5mW). This low power requirement makes this 

1st generation stimulator a promising candidate for further development towards a untethered 

interface. 

 

To implement an untethered interface, a head-mounted battery powered bi-directional module 

have been proposed and developed, consisting of a 4 channel μ-LED array stimulator and a 2 

channel recording electrode. The efficacy of the wireless signal receiving and data transmission 

using Bluetooth low energy was shown, as well as simultaneous data and real time representation 

of ECoG recordings on a GUI was demonstrated. Efficacy of the stimulation was validated through 

immuno-histology analysis and signal processing of the phase synchrony. It was found that 

application of higher current (10mA) provides a prominent phase lock synchrony of 200ms after 

stimulation while applying 5mA current generates a 150ms phase lock.  

 

This dissertation demonstrates the analytical validation of optically induced opsin expression 

provided by the proposed stimulator by immunohistology analysis (c-Fos expression of neurons) 

performed on an anaesthetized rat. Our implemented stimulator could be wirelessly powered at 

lower frequency spectrum (<100MHz) with a transfer efficiency of 4%. A compact size (<25mm3), 

lightweight (20mg) and low operating temperature increase (<1C) gives this stimulator a 
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competitive edge as a fully implantable bio-interface.  

 

As mentioned previously, these miniaturized wireless devices are aimed to be applied as chronic 

implants towards medical and therapeutic diagnostic approaches. In addition, they serve as 

research tools for the biological studies in general. Notable to mention are their use in brain 

mapping, as the functions of brain neurons are yet to be well understood. Proper placement and 

implementation of these miniaturized devices could interpret the functions of different brain 

regions to neuroscientists. That said, it is worthy of mentioning that this dissertation discusses 

stimulators with an effective stimulation volume constituted by a collection of neurons, and the 

recorded electrical signals (ECoG) are also the collective signal from a group of neurons. An 

enhanced illustration of the neuron activity would be possible to achieve by utilizing single neuron 

stimulation and signal recording, which demands further development of these proposed devices.  

 

Widely considered as light switches, the neurostimulators provide in vivo experimental approach 

for the developed light-gated proteins, and thereby allows better understanding from the cell 

biology or pharmacology point of view for the target neurons. Interesting studies such as 

stimulation using multiple optical wavelengths generated from one implant allows to understand 

the complex function of the neurons. Exciting one set of neuron by an excitatory protein (post 

stimulation), and inhibiting another set of neurons could extract more detailed information on the 

neuron activities as well as the structure of the neural circuitry. Understanding of the biological 

neural network allows further implementation of the artificial neural networks motivated by 

algorithms and mathematical derivations. Lack of a clear interpretation on the biological network 



 97 

level could potentially create a bottleneck in the merger of these neural networks. The 

development of the neural stimulators, in conjunction with the development of light sensitive 

proteins could lead towards a complete understanding of the neural circuitry. 

 

While a rapid expansion is being experienced in the development of neural stimulators, not only 

in the research or laboratory stage prototypes but also with many devices within the 

commercialization pipeline, however, this development process is expensive as well as time 

consuming. Due to their complex nature and the high risk they impose towards human patients, 

they are classified as class III implantable devices by the regulatory. Class III implants require a very 

rigorous regulatory approval process before clinical use. Proper and conclusive preclinical studies 

could play a vital role in this approval process. Designing towards a safe neural stimulator followed 

by in vitro, in vivo (animal) and or ex vivo (e.g. human cadaver) studies accompanied by a suite of 

preclinical evaluation can demonstrate device safety.  

 

For a successful demonstration of neural stimulator, from prototype to commercialization, 

significant effort should be directed towards both device design and its preclinical evaluation to 

increase the implant lifetime and reduce associated cost when considering a new device. A 

successful demonstration of a miniaturized neural stimulator is achieved through close 

collaboration between many disciplines including engineers, scientists and the surgical/clinical 

team.  
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Some key components of any preclinical evaluation could include in vitro studies to determine 

materials suitability and device reliability, might also focus on accelerated testing under highly 

controlled environments; while in vivo experiments could use appropriate animal models of the 

disease or injury in order to assess safety and, if feasible, the efficacy of the technology. In this 

dissertation, the author have taken an effort to implement the above mentioned preclinical 

studies and have attempted to come to a conclusion based on the findings of the experiments. 

Although not within scope of this dissertation, human cadaver studies designed to ensure the 

device’s form factor could unfold important information conforming to human anatomy, optimize 

the surgical approach and to develop any specialty surgical tooling.  

 

Future investigations could be executed on the in vitro assessment of materials for biological cell–

stimulator surface interactions, glial scarring and cytotoxicity of the stimulators discussed in this 

dissertation. Further In vitro analysis using accelerated aging techniques, including elevated 

temperatures, harsh electrolyte environments and accelerated mechanical testing, would provide 

a quantitative guideline towards the implant lifetime, also would assist in the material screening 

for hermetic encapsulation. Small animal models have been utilized throughout the studies for 

this dissertation, that do establish the in vivo efficacy however are not considered suitable for the 

long-term evaluation of device safety or for human surgical approach. Appropriate large animal 

models would be a better reflection of the anatomy, define a more accurate surgical approach 

and the bio-mechanical environment towards a clinical trial of a neural stimulator. 
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MATLAB code for image processing: 

clc 
close all 
 
A = imread('image_name.tif'); 
  
figure (1) 
imshow(A) 
  
I = rgb2gray(A); %convert the image to grayscale: 
  
I = adapthisteq(I); % local contrast adjustments to extract the dimmer cells 
  
I = imclearborder(I); % To eliminate the objects on the borders. This border objects might be 
caused by noise/artifacts. 
  
I = wiener2(I, [20 20]); %Noise removal by adaptive filtering, using a small window (in this case 
20x20 pixels). Although barely noticeable to human eye, this step allows to reduce the number of 
incorrect cells. 
  
bw = im2bw(I, graythresh(I)); %The first step to extract the perimeters of cell or cell groups 
following a binarization technique. These set of morphological operations allow further removal 
of objects that are too small to be cells. 
  
bw2 = imfill(bw,'holes'); %Step to fill the image regions and holes. This helps when the cells have 
varying contrast within themselves.  
  
bw3 = imopen(bw2, strel('disk',2)); %Step to perform morphological opening using a disc kernel: 
  
bw4 = bwareaopen(bw3, 100); %Step to remove all connected components (cells) that have fewer 
than 100 pixels. This is the performance limiting step to identify the size of cells. In my case, I 
restricted my cell sizes to 100 pixels to clearly identify the activated neurons.  
  
bw4_perim = bwperim(bw4); %Many cells would be grouped. An overlay of this step with the 
grayscale image allows to visualize the grouped cells. The image overlay function is implemented 
in the next step. 
  
overlay1 = imoverlay(I, bw4_perim, [1 .3 .3]); 
  
%The watershed algorithm helps to partially divide the groups into distinct cells. The watershed 
algorithm interprets the gray level of pixels as a threshold. It is needed to modify the image for the 
cell borders to have the highest intensity and to have the background clearly marked. The process 
would be to find the maxima which would approximately correspond to the cell center.  
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% Discover putative cell centroids 
maxs = imextendedmax(I,  5); 
maxs = imclose(maxs, strel('disk',3)); 
maxs = imfill(maxs, 'holes'); 
maxs = bwareaopen(maxs, 2); 
overlay2 = imoverlay(I, bw4_perim | maxs, [1 .3 .3]); 
   
% Modify the image so that the background pixels and the extended maxima pixels are prominent 
in the image. 
Jc = imcomplement(I); 
I_mod = imimposemin(Jc, ~bw4 | maxs); 
  
  
%Applying the watershed algorithm: 
  
L = watershed(I_mod, 8); 
labeledImage = label2rgb(L); 
  
 
%Counting the number of discovered cells.  
  
[L, num] = bwlabel(L); 
  
%Overlay of the detected cells over the original grayscale image to visually evaluate the 
performance of the algorithm: 
  
mask = im2bw(L, 1); 
overlay3 = imoverlay(I, mask, [1 .3 .3]); 
  
overlay4 = imoverlay(A, mask, [1 .3 .3]); 
  
figure (2) 
imshow(overlay4) 
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