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ABSTRACT 

 
IMPLANTABLE NEURAL PROBES FOR ELECTRICAL RECORDING AND 

OPTICAL STIMULATION OF CELLULAR LEVEL NEURAL CIRCUITRY IN 
BEHAVING ANIMALS 

 
by Fan Wu 

 

Chair: Euisik Yoon 

 In order to advance the understanding of brain function and behavior, it is critical 

to monitor how neural circuits work together and perform computational processing. For 

the past few decades, a wide variety of neural probes have been developed to study the 

electrophysiology of the brain. This work is focused on two important objectives to 

improve the brain-computer interface: 1) to enhance the reliability of recording 

electrodes by optimizing the shank structure in terms of geometry and material; 2) to 

incorporate optical stimulation capability in addition to electrical recording for 

applications involving optogenetics, which is an emerging neuroscience technology to 

allow optical control of cellular activities (Nature Method of the year, 2010).  

 For the first objective, a flexible 64-channel parylene probe was designed with 

unique geometries for reduced tissue reactions. In order to provide the mechanical 

stiffness necessary to penetrate the brain, the miniaturized, flexible probes were coated 

with a lithographically patterned silk fibroin, which served as a biodegradable insertion 

shuttle. Because the penetration strength is independent from the properties of the probe 
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itself, the material and geometry of the probe structure can be optimally designed 

without constraints. These probes were successfully implanted into the layer-V of motor 

cortex in 6 rats and recorded neural activities in vivo for 6 weeks.  

 For the second objective, two different methods have been investigated for 

optical stimulation. One is to integrate optical waveguides and the other is to integrate 

µLEDs on the probe shanks. Compared to other existing methods up to date, this work 

can only offer high spatial-temporal resolution to record and stimulate from even 

subcellular neural structures by monolithic integration of all optical and electrical 

components on the probe shanks using advanced MEMS fabrication techniques. The 

animal experiments were conducted at the Gyorgy Buzsaki lab in New York University 

to study the densely populated CA1 pyramidal layer of rodent hippocampus in both 

anesthetized and chronic behaving animals. The animals used were both wild type (no 

photo-sensitive ion channels) and ChR2 expressed (sensitive to blue light) rodents. In 

the wild type animals, despite optimized recording of spontaneous neural activities, the 

cells never responded to illumination. In contrast, for the ChR2 expressed animals, light 

activation of neural activities was extremely robust and local, which phase-locked to the 

light waveform whenever the cell was close to the light source. In particular, the probes 

integrated with µLEDs were capable of driving different neural circuit behaviors using 

two adjacent µLEDs separated only by a 60-µm-pitch. The minimum activation power 

to induce observable spikes during live recording was as low as 36nW, corresponding to 

0.24mW/mm2 of light intensity. With 3 µLEDs integrated at the tip of each of the 4 

probe shanks, this novel optogenetic probe can provide more than 480 million (12!) 
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different spiking sequences at the sub-cellular resolution, which is ideal to manipulate 

high density neural network with versatility and precision.  

 xvi 



  

CHAPTER 1                                                                              

INTRODUCTION 

1.1.  Understanding the brain functions 

 The lack of a systematic theory about neural activity is complicated by the scale 

of the human brain, with an estimated 85 billion neurons, 100 trillion synapses, and 100 

types of chemical neurotransmitters[1]. Recent publication shows that the causal 

network representing the large-scale connectivity of the expanding universe is strikingly 

similar to that of a human brain[2]. Figure 1.1 is a conceptual illustration of a very small 

portion of the vast neural network. Each neuron is a highly specialized cell that 

communicates with other cells by sending electrical signals through its axons, causing 

neurotransmitters to be released at the synaptic junctions, which are then received by the 

dendrites of the receiving neurons.  The origin and processing of these neural signals are 

extremely complex, encoding every action and emotion[3]. Understanding what makes 

any one neuron fire or not is a central question in neuroscience, and so the ideal sensing 

tool must span from the single neuron to its network of connections in order to learn 

how that particular neural circuit assimilates information[4], [5]. Various technologies 

have been developed to understand brain function by monitoring the signal propagation 

through MRI[6], chemical sensing[7], optical imaging[8], [9] and electrical 

recording[10]–[12].  
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Figure 1.1: Inside look of the human brain showing massive network of interconnecting 
neurons through synaptic junctions (http://www.shutterstock.com/gallery-11418p1.html). 
 

1.2.  Optogenetics 

 In addition to recording neural activities passively, it is also useful to stimulate a 

particular neural circuit while monitoring the cellular level response and its correlation 

to animal behavior. Electrical stimulation of the nervous system can be dated to the year 

1780, when Luigi Galvani observed twitching of the frog’s leg muscles by passing 

electrical current through the attached metal electrodes (Wikipedia Commons). For the 

past few decades, electrical stimulation of the brain has brought tremendous insight on 

its functions[13], [14]. 
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 Because neural circuits are made of interacting cells of diverse types, selective 

activation/silencing of single neurons of specific types is required to identify the 

computational mechanisms of underlying functions and perturb the local circuits of a 

cortical system in a controlled manner[15]. For example, by activating (depolarizing) 

specific neurons within a region, it is possible to assess the processes that contribute to a 

specific behavior. Similarly, silencing (hyperpolarizing) specific neurons within a region 

can provide information about their roles in both network functions and behavior. This 

goal cannot be achieved effectively by electrical stimulation since it indiscriminately 

stimulates neuronal processes, including somata, dendrites and axons in a complex 

manner[16].  

 Advances in optogenetics provide a new approach to neural circuit analysis[17]. 

Optogenetics can introduce photo-sensitive proteins called opsins into specific cell types 

and achieve optical control of defined action potential patterns in specific targeted 

neuronal populations (Figure 1.2)[18]. Neurons that express these opsins can be 

selectively stimulated by visible light at an appropriate wavelength, and cell-type 

specificity can be achieved with well-controlled spatial and temporal resolution (order of 

milliseconds)[19]. For example, channelrhodopsin-2 (ChR2), when expressed in neurons, 

reacts rapidly to blue light (~473nm) with large depolarizing photocurrents to induce 

light-driven action potentials[19]–[22]. Halorhodopsins[23], [24] and 

archaerhodopsin[25], [26], when illuminated with yellow light (~590nm), mediate 

hyperpolarization, enabling the silencing of neural activity[25], [27], [28]. Multiple 

opsins can be expressed in the same cell so that it can be either depolarized or 

hyperpolarized by the corresponding wavelengths[24]. Likewise, different opsins can be 
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expressed in intermingled neuronal populations, enabling independent temporal control 

of those populations[29]. This specific targeting allows sophisticated manipulations of 

neural activity, testing spike timing during specific neural computations and behaviors at 

the resolution of individual subcircuits within the brain.  

 

Figure 1.2: Optogenetics: genetically modifying targeted cell types for optical 
depolarization or hyperpolarization of the cell membrane[18]. 

   

 For example, a recent study applied optogenetics to test different hypothesis 

underlying the ripple generation mechanisms in the hippocampus[30]. These fast 

oscillatory ripples (90-180Hz) are key physiological events in the hippocampus for 

memory consolidation[31]. Previously, competing models shown in Figure 1.3(a-c) 

have been proposed to explain the formation and timing of the oscillatory event[32]–

[35]. In this study, by using different promoters, ChR2 was expressed specifically in 

either pyramidal cells (PYR) or interneurons (INT) or both. Blue light was delivered to 

the CA1 region of the hippocampus via optical fibers to stimulate the ChR2 expressed 

cells, and the induced effects mimicked the naturally occurring ripples and spikes. 
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Because of the cell-type specific optical stimulation, distinct roles of PYR (excitatory 

cells) and INT (inhibitory cells) were identified, which could not have been possible 

with electrical stimulation methods. The results indicated a new possible model as 

shown in Figure 1.3(d), where a complex PYR-INT-INT feedback network was shown 

to generate the ripple. 

 

Figure 1.3: Proposed mechanisms for the generation of CA1 ripples. 
 

1.3.  Neural interfacing methods 

 Brain activities can be directly recorded using electrodes, by methods 

categorized according to the recording locations. In general, there is a tradeoff between 

signal fidelity and invasiveness of the recording method. For example, 

Electroencephalogram (EEG) is the noninvasive recording method using electrodes 

outside of the scalp[36]. However, each electrode can only record a spatiotemporally 

smoothed version of the local field potential (LFP), integrated over an area of around 10 

cm2. Individual neuronal activity cannot be discerned due to the large parasitic 

capacitance and resistance between the cell and the electrode, so that high frequency 

signals are severely distorted and attenuated[37]. In contrast, invasive electrodes are 

implanted underneath the brain surface to record directly from individual cells. Figure 
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1.4 shows the capability to map individual cells and identify their functions by recording 

the extracellular potentials from an array of electrodes implanted inside a deep brain 

structure[5]. While it is also possible to record intracellular potentials using patch 

clamps with even higher signal fidelity than extracellular recording[38], this technology 

is not scalable to record from a large-scale neural network as shown in Figure 1.4. The 

work described in this thesis will be focused only on the development of implantable 

technologies for extracellular recording of multiple, single-unit activities for advanced 

neuroscience applications to understand neural circuit function and behavior. 

 

Figure 1.4: Mapping neuronal functions using implantable neural probes: the positions 
of pyramidal cells (PYR, red triangle) and interneurons (INT, blue circle) are calculated 
by triangulation of the recorded spikes from the electrodes. Red lines indicate excitatory 
outputs from PYR and blue lines indicate inhibitory outputs from INT[5].  
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1.4.  Development of implantable neural probes 

 The earliest implantable electrode is a simple microwire developed more than 60 

years ago to record from single neurons[39]. Since then, the microwire technology has 

evolved into tetrodes[40], [41] and polytrodes[42] configurations, which can be used to 

pinpoint locations of a neuron by measuring the relative signal amplitudes picked up by 

a group of electrodes. It was estimated that within 50µm of a tetrode, more than 100 

neurons can be identified and separated after signal processing; and that within 140µm 

of a tetrode, more than 1,000 neurons can be detected (not yet separable) (Figure 1.5). 

These devices are readily available at low cost. However, the density of the electrodes is 

limited by the pitch between each tetrode, which cannot be accurately defined using 

manual assembly. 

 

Figure 1.5: Schematic of a tetrode showing its capability to record from multiple 
neurons within its vicinity[5].  
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 Advanced microelectromechanical systems (MEMS) technologies enable 

micron/sub-micron scale features to be accurately defined using photolithography 

techniques. Figure 1.6 shows the micro-electrode array developed at the University of 

Utah[43]. By deep etching through silicon wafers, a matrix of “needles” is formed. The 

shank length is determined by the starting wafer thickness. A layer of insulation material 

covers the shanks, except at the tips, where metal is deposited to form the electrodes. 

Low power integrated circuits have been designed to interface with the Utah array for 

wireless data transfer[44]. Complete recording systems using the Utah array architecture 

have been commercialized by Blackrock Microsystems and have recently been approved 

by FDA for human applications[45]. 

 

 

Figure 1.6: Photograph of a Utah electrode array[43]. 
 

 Prior to the Utah array, Kensall Wise first pioneered the adaptation of 

microfabrication and micro-machining techniques to develop microprobes at Stanford 

University[46]. Later, the technology was being continuously developed at the 
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University of Michigan by Wise and his group, and has since then acquired the fame for 

its new name as the “Michigan Probe”[47]–[50]. In contrast to the Utah array, the 

Michigan probe is fabricated with its components (electrodes, interconnects) integrated 

on a planar substrate, followed by the bulk micromachining processes to shape the 

substrate into needle-shaped shanks (Figure 1.7). Typically, an array of 

stimulating/recording electrodes can be lithographically defined at the probe tip, and the 

interconnecting leads carry signals from/to the ribbon cable at the backend. The 

Michigan planar architecture offers several advantages over the Utah architecture. 

Firstly, any number of electrodes can be defined on a probe shank using lithography, 

whereas the Utah array can only carry one electrode per shank. Secondly, the probe 

shank length is not limited by the wafer thickness as it is in the Utah process, so that it 

can be easily tailored to target even the deepest regions in the brain (typically a few 

millimeters).  

 

Figure 1.7: Schematic of a Michigan probe[48].  
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 Because of the tremendous scalability and versatility of the planar probe 

processes, it has been the central platform for the development of high-density probes to 

monitor large number of neurons. Statistically, the number of integrated electrodes have 

been doubling every 7 years, mimicking the Moore’s law; yet, advanced neuroscience 

studies demand more[51]. The challenges in scaling up the number of electrodes are 

several folds.  Firstly, as the number of electrodes increases, the shank width should be 

kept at a minimum to avoid excessive insertion damage. Secondly, IC integration for 

multiplexing the large number of channels is necessary to avoid oversized assembly and 

tethering problems. Thirdly, to expand the recording coverage from the limitation of the 

planar probe structure, it is desirable to stack multiple 2-D probes into a 3-D array. 

Figure 1.8(a) shows a technique to integrate 64 electrodes in a high density manner on a 

60-µm-wide probe shank by e-beam patterning of interconnect traces with 290nm width 

and spacing[52]. Figure 1.8(b) shows a monolithically integrated IC on probe shank to 

reduce the number of interconnection lines and external cables[53]. Figure 1.8(c) shows 

the most recent Michigan probe design prior to this thesis work that demonstrated a 128-

channel, 3-D stacked array from multiple 2-D probes[54]. 
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Figure 1.8: Recent process towards scaling the number of recording sites: (a) 64-
channel probe using e-beam patterning[52]; (b) monolithically integrated circuits on 
probe shank[53]; (c) 3-D stacking of planar probes[54]. 
 

 Another major motivation for the development of implantable neural probes is to 

prolong the lifetime of the electrodes. Foreign body reactions are inevitable and the 

neural recording quality typically degrades over time[55]. Creating lattice structures 

within the probe shank as shown in Figure 1.9(a) helps to reduce surface area to 

minimize protein adsorption, which can lead to downstream immunoreactions[56]. The 

comparison between a solid shank and a lattice shank having the same overall 

dimensions show significantly less adverse reaction near the lattice shank (Ph.D. 

dissertations by Gayatri and Merriam; Figure 1.9(b)). Another recent work by Seymour 

showed the importance of size reduction of the probe shanks and quantified the tissue 

reaction intensity as a function of the distance from the probe shank (Figure 1.9(c))[57]. 

The results suggested ideal placements of the recording electrodes relative to the probe 

shanks in order to minimize the local tissue reactions (Figure 1.9(d)).  
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Figure 1.9: Recent developments in Michigan to reduce tissue reactions near the 
recording electrodes for chronic applications: Ph.D. dissertations from (a) Gayatri[58], 
(b) Merriam[59] and (c, d) Seymour[60].   
 

 The work described in this thesis continues the Michigan probe lineage with two 

primary objectives: 1) to prolong the recording lifetime of passive recording probes 

following strategies devised from previous contributions; 2) to open up a completely 

new direction for future Michigan probes by incorporating optical stimulation capability 

onto the existing platform, in order to fulfill the growing demand from the optogenetic 

community. For the second objective, two different approaches have been investigated, 

monolithically integrating either optical waveguides or µLEDs on the probe shank for 

cellular level manipulation of the neural circuitry. 

 

  

 12 



  

CHAPTER 2                                                                                         

SILK-COATED POLYMER PROBES FOR CHRONIC RECORDING 

2.1.  Introduction 

 Implantable neural probes can monitor the activity of individual neurons with 

unmatched spatial and temporal resolution[61]. These devices provide the technological 

backbone to support the most advanced neuroscience research towards functional 

mapping of the neural circuitry and hold promises for clinical treatment of various 

neurological diseases in human[62]. Although many different designs have been 

realized[42], [48], [63]–[65], recording quality typically degrades over time due to 

complex foreign body reactions associated with breaching the blood-brain barrier, glial 

scar formation, neuronal degradation, etc., that can ultimately degrade the electrode 

interface with healthy neurons[66]–[68]. This bottleneck severely limits the application 

of neural probes from chronic animal experiments and reliable clinical human use.  

 Many previous studies have made progress towards understanding the foreign 

body reactions and have developed several strategies to minimize them. It has been 

shown that flexible probes helped to reduce tissue damage caused by the relative micro-

motion between brain and implanted devices[69], [70]. Other studies have demonstrated 

that the local tissue reaction intensities are proportional to the implanted device size, 

showing significantly reduced astrocyte and microglia density near device structures 
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with sub-cellular dimensions[57], [71]. However, designing probes to accommodate 

these ideal conditions presents significant challenges. For example, it has been 

impractical to scale down probe size to the micro-fabrication technology limit. Even for 

silicon-based designs, there are minimum dimensions required to provide enough 

mechanical stiffness for proper insertion into the brain tissue without buckling against 

pia[72]. To design probes with flexible polymer materials having Young’s Modulus two 

orders of magnitude lower than that of silicon is even more challenging due to the lack 

of stiffness. Several approaches have been made towards supporting the insertion 

procedure of flexible probes[73]–[75]. In a recent innovation, the smallest implantable 

probe realized by carbon fibre also showed significant reduction in chronic tissue 

reaction[71]. Yet these approaches often come with the cost of reducing the number of 

recording channels, which would limit their applications from more advanced 

neurophysiology. In this work, the aim was to design an implantable probe that is both 

flexible and minimal in size without compromising its scalability towards large number 

of recording electrodes in dense arrays for chronic applications.  

2.2.  Design 

 This probe has been designed for chronic behavioural neurophysiology to target 

layer-V of the rat motor cortex. The two outstanding criteria were to have a large 

number of recording electrodes and to have prolonged recording lifetime, which have 

previously proved challenging because of the intrinsic tradeoff between device size and 

the intensity of chronic tissue reaction[57]. In this work, 64 channels were integrated 
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into the probe, which must be designed with strategies to minimize tissue reactions near 

the electrodes. 

 The probe substrate was designed with parylene because of its biocompatibility, 

and flexibility (E = 2.8 GPa) for reduced tissue damage induced from micro-motion. The 

layout of the 64-channel probe is shown in Figure 2.1. It has eight shanks, each carrying 

8 electrodes, which are extended 2 mm in depth in order to reach the layer-V motor 

cortex (Figure 2.1(a)). The total lateral recording span is 1.75 mm, accommodating a 

250 µm pitch between each shank to prevent unnecessary adverse interactions between 

adjacent shanks. Each probe shank has a vertical recording span of 320 µm while 

adjacent shanks have a 200 µm vertical offset in order to maximize the recording 

coverage of the layer-V motor cortex (Figure 2.1(b)). The electrodes are grouped in a 

tetrode configuration with each electrode separated by a vertical pitch of 40 µm.  

 Because the number of shanks and the recording electrodes have been scaled 

drastically from a preliminary work[76] by an order of magnitude, each probe dimension 

must be minimized without sacrificing the fabrication yield. The parylene substrate is 8-

µm-thick and has the bare minimum area to completely insulate all metal 

interconnection traces. This aggressive design allows a probe shank carrying 8 recording 

channels to have only 36 µm in width. A probe tip structure has a fork shape as shown in 

Figure 2.1(b), which may not resemble conventional silicon probe tip geometries. 

Therefore, this probe cannot penetrate the pia mater by itself and requires a mechanical 
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supporting structure for the duration of the implantation surgery. 

 

Figure 2.1: The schematics of a specific probe design: (a) overall probe layout showing 
8 shanks with a backend containing bonding pads and holes within the parylene 
substrate for accelerating release process of the probes during fabrication and alignment 
during bonding process; (b) enlarged view of two adjacent probe shanks (metal layer 
shown only); (c) enlarged view of the probe tip with a biodegradable silk coating 
outlining the parylene probe to provide mechanical stiffness for insertion. 
 

 The parylene probe design can take any shape and flexibility because the 

mechanical stiffness required for insertion was predominantly controlled by the 

properties of a biodegradable coating of silk fibroin. This unique silk protein was 

selected among many other biodegradable materials because of its biocompatibility, 

process compatibility, high Young’s modulus (E = 4-6 GPa) and controllable 

degradation time in vivo[77]–[79]. In a concurrent report, silk fibroin has been shown to 
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reduce gliosis with intrinsic biocompatibility and the potential to serve as a drug 

delivery vessel[80]. Figure 2.1(c) shows the schematic of a sharp probe tip shaped by a 

silk pattern that would support the insertion of the flexible parylene probe in any shape. 

Because the degradation rate of silk can be tailored, the coating was designed to remain 

mechanically stiff for the duration of the implantation procedure and will dissolve 

immediately after the targeted insertion depth has been reached. Once the silk dissolves, 

it leaves behind the flexible probe which has a unique structure specifically designed to 

favor minimized tissue reactions near the electrodes. In the specific design illustrated in 

Figure 2.1, the parylene probe has a fork-like tip to further reduce the parylene shank 

width by half. The topmost electrode was designed to have a 100-µm-long separation 

distance from the main probe shank. These design strategies are expected to reduce the 

chance of glial scar formation near the electrodes, knowing that the intensity of tissue 

reaction is proportional to size. 

 

2.3.  Probe fabrication 

 The fabrication process of the parylene probe is illustrated in Figure 2.2. A 

Cr/Au/Cr sacrificial layer was first deposited on a silicon wafer. The composite 

sacrificial layer has been shown to have a faster etching time than a single Cr layer in Cr 

etchant[81] in order to minimize the probe’s soaking time in the acidic etchant. To form 

the bottom insulation, a 4-µm-thick parylene was deposited onto the sacrificial layer. 

The recording electrodes and the interconnection lines were formed by thermal 

evaporation of Ti/Au (20 nm/150 nm) layers followed by lift-off in acetone. The 

adhesion between parylene and Ti was enhanced by an O2 plasma treatment at 100 W 
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for 30 seconds prior to the evaporation step. After patterning the metals, a 4 µm-thick 

parylene layer was deposited again as the top insulation layer. Next, the field parylene 

was dry etched by O2 plasma to define the probe shape. In order to etch away the 8 µm-

thick parylene without significant lateral etch, it was necessary to use a low stress, 

sputtered Cr layer (34 nm) instead of a thick photoresist as an etch mask. The Cr layer 

was patterned by a quick dip in Cr etchant with the patterned photoresist as a mask. 

After etching the field parylene, the Cr masking layer was patterned for the second time 

and was used to mask against a 4-µm-deep dry etch of parylene to expose the recording 

sites. Finally, the photoresist was stripped in acetone and the probes were released in Cr 

etchant, which etched away both the sacrificial layer and the Cr masking layer. The 

through-holes at the probe backend shown in Figure 2.1(a) helped to accelerate the wet 

etching process over the large parylene area. 

 
Figure 2.2: Fabrication process: (a) deposition of Cr/Au/Cr sacrificial layer and bottom 
parylene; (b) evaporation and lift-off of Ti/Au electrodes and interconnections; (c) 
deposition of top parylene; (d) etching of field parylene using Cr as a mask; (e) etching 
of top layer parylene to form electrical contacts; (f) final release of probe by etching Cr.  
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  The fabrication yield was higher than 95% with a total of 265 probes released 

from a 4-inch-wafer. The microscope images of the probes are shown in Figure 2.3. The 

design in Figure 2.3(a) maximized the electrode density at a given vertical pitch of 40 

µm on each side of the shank. The design in Figure 2.3(b) aimed to further reduce tissue 

reactions near the electrodes by dividing the electrodes into two smaller groups. Gold 

electrical interconnections and the recording electrodes were clearly visible, and were 

outlined by the parylene layers with the minimum overlap area to completely insulate 

the metal. The SEM images in Figure 2.4 show straight shanks and smooth surface of 

parylene layers. The narrowest section of the cantilever-like parylene structure was only 

8-µm-wide to cover the interconnection line that reached the deepest electrode.  
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Figure 2.3: Microscope images of the fabricated probes with two different electrode 
configurations in (a) and (b).  
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Figure 2.4: SEM images of the fabricated probes with two different designs in (a), (b) 
and their respective magnified view in (c) and (d).  

2.4.  Silk Patterning 

 Several methods to pattern silk fibroin have been developed by this work in 

order to coat the polymer probes. In each case, aqueous silk solution with protein 

concentration of 0.15g/mL was used. A simple dip-coating approach was first explored 

to embed a single-shank probe[76]. The advantage of the dip-coating method is that it 

required no alignment procedures to coat silk around the probes. However, there are 

several drawbacks to this simple method. Firstly, the coating could not exceed thickness 

of greater than 10 µm. With limited stiffness, it cannot be used for applications that 
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require probe penetration into deeper regions of the brain. In addition, the shape of the 

silk coating relies on the probe structure, which served as a scaffold during dip-coating. 

Therefore, the shape of the probe should resemble the final structure of silk and be able 

to provide features such as a sharp tip to assist the insertion procedure. This significantly 

sacrifices design freedom of probe dimension and shape to minimize the tissue reaction. 

Lastly, dipping the entire probe shank into aqueous silk solution would inevitably cover 

the electrodes, which can potentially create a void between active neurons and the 

recording sites even after silk degradation in vivo. 

 To improve the coating performance, a new patterning method was developed to 

address all of the problems encountered during the dip-coating experiments. Using 

standard soft lithography techniques, a PDMS mold was created to form trenches that 

resembled the final structure of the silk coating. The PDMS surfaces were first 

pretreated with isopropyl alcohol (IPA), which allowed aqueous silk solution to easily 

flow into the otherwise hydrophobic PDMS mold. The top surface of the mold remained 

hydrophobic, which conveniently served as a barrier to prevent silk solution from 

overflowing out of the trenches. The silk solution was allowed to dry over 12 hours at 

room temperature. Finally, the dried silk protein can be easily de-molded from the soft 

PDMS substrate without any structural deformation of the shanks. With this method, the 

silk protein can be patterned into any arbitrary shapes as shown in Figure 2.5. The 

fabricated silk structures have perfectly straight shanks, which are critical for insertion. 

The thickness of the dried silk protein was controlled by the trench depth and silk 

concentration. The silk thicknesses that were later used for insertion tests were 30 µm, 

 22 



  

45 µm, and 65 µm, which were molded using trench depth of 40 µm, 75 µm, and 95 µm, 

respectively.  

 

 
Figure 2.5: Silk patterned by PDMS molding for various shapes and mechanical 
stiffness. 

2.5.  High throughput packaging 

 In order to electrically connect the parylene probe to the PCB in a high 

throughput manner, a single flip-chip bond method using anisotropic conductive 

adhesive (ACA; Shiva Consulting, Carmel, IN)[82] was developed to simultaneously 

connect all 64 contact pads on the probe to the corresponding contact pads on the PCB. 

In this procedure, 4 µL of ACA was dispensed onto the PCB within a grooved boundary 

that contained all 64 contact pads. The ACA was degassed in a desiccator (20 mmHg) 

for 30 min to remove air bubbles. The parylene probe was then coarsely aligned with the 

bonding region on the PCB with the contact pads facing down. Because of the optical 
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transparency of parylene and a set of alignment keys on the probe (Figure 2.1(a)), the 

64 pairs of contact pads between the probe and the PCB can be easily fine-tuned to 

overlap perfectly with each other. The assembly was then positioned at the center of a 

magnet (Dexter Magnetic Technology, Elk Grove Village, IL) inside an oven at 100 ºC. 

During the curing process, randomly distributed magnetic particles inside the ACA 

epoxy became aligned to the magnetic field, which was perpendicular to the PCB 

surface (Figure 2.6(a)). When the epoxy hardened, the magnetic particles became fixed 

in position to form a dense forest of vertically conducting columns with approximately 

20-µm-pitch. These columns electrically connected the aligned pairs of contact pads 

while the epoxy resin insulated each column from the adjacent ones. Figure 2.6(b) 

shows a microscope image of the cross section of the ACA, demonstrating the formation 

of conductive columns inside the epoxy. Figure 2.6(c) shows a magnified top view of a 

probe aligned and bonded to the PCB. Each contact pad on the probe (Ti layer facing up) 

clearly overlapped with the Au contact pad on the PCB with a pitch of 200 µm. Figure 

2.6(d) shows the overall view of the parylene probe bonded to the PCB with a Hirose 

connector at the backend for external connections to the recording system. Because these 

electrodes were relatively small (175µm2) and were made out of Au, the expected 

impedance should be in the order of several mega ohms. In order to reduce the 

impedance for higher signal-to-noise ratio recording, the electrodes were electroplated. 

To characterize the impedance change, half of the electrodes of 3 test probes were 

electroplated and the impedances were measured using NanoZ (Tucker-Davis 

Technologies, Alachua, FL). Out of these 3 tested probes, around 95% of the electrodes 

were considered electrically functional, with impedance of 3-7 MΩ at 1 kHz prior to 
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electroplating. Only these functional sites were sampled for the statistical analysis of the 

impedance. As can be seen in Table 1, electroplating has reduced the impedance level of 

the electrodes down to less than 1-2 MΩ at 1 kHz (roughly 3 folds) due to the increased 

surface roughness. 

 

Figure 2.6: High throughput ACA bonding: (a) schematics showing the working 
principle of ACA; (b) microscope image of the cross-section of ACA showing the 
conductive columns; (c) microscope image of the top view of the assembly showing all 
of the probe pads aligned to the corresponding PCB pads; (d) image of the entire 
assembly with the probe bonded to the PCB and a Hirose connector attached at the 
opposite end.  
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Probe # 

Site 1-32 (plated) Site 33-64 (non-plated) 

Magnitude 

(MΩ) 
Phase (°) 

Magnitude 

(MΩ) 
Phase (°) 

1 

n 32 32 

µ 0.73 -83.28 3.35 -81.03 

σ 0.41 0.61 1.34 2.05 

2 

n 29 28 

µ 1.83 -84.47 4.32 -80.33 

σ 1.17 2.63 2.01 2.93 

3 

n 30 31 

µ 2.03 -83.14 7.49 -76.50 

σ 0.92 1.35 1.16 2.19 

Table 1: Impedance and phase statistics of 3 probes measured at 1 kHz: µ = mean, σ = 
standard deviation, n = sample size (number of electrically functional sites). 

2.6.  Silk coating onto packaged probe 

 In order to define the silk coating around the probe shanks with a minimal 

margin, the probe must be accurately aligned with the PDMS mold prior to silk casting. 

The PDMS mold was designed with only 5-µm-alignment margin with the parylene 

probe on each side to minimize the silk coating width. The PDMS mold and the probe 

(bonded to the PCB via ACA) were separately held by two micromanipulator stages. 

Because of the probe shank flexibility and electrical charges at the parylene surface, it 

would be extremely difficult to precisely lower the probe into the PDMS mold with all 8 

shanks simultaneously aligned to each of the corresponding trenches using the 
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micromanipulators. Typically, the electrostatic force would prematurely pull the 

suspended probe shanks towards the mold from a large distance (>500 µm); and together 

with friction, it would prevent further adjustment of the probe position. To overcome 

this challenge, de-ionized water was first injected into the PDMS mold to fill the 

trenches. The probe was then coarsely aligned to the water-filled trenches using a 

micromanipulator (now there is negligible electrostatic attraction). Once the probe 

shanks come into contact with water, they were bounded by surface tension, which 

prevented them from escaping the trench. Fine-tuning of the shank position can then be 

done easily using the micromanipulator as the probe shanks float on top of the 

frictionless water surface. In addition, floating on top of the water surface also reduced 

the degree of freedom of the probe shanks to three (movements in plane with the water 

surface) from six, if they were suspended in air. The water evaporated within a few 

minutes, resulting in lowering of the probe shanks to the bottom surface of the mold. 

Once the shanks were aligned to the mold, the silk solution was then injected into the 

trench (Figure 2.7(a)). Because of the water stiction force that firmly attached parylene 

to the PDMS mold, silk was only coated onto the backside of the probe shanks. This 

method prevented silk from covering the recording sites, which were positioned with 

contacts facing the mold bottom surface during alignment. Once silk dried, all 8 shanks 

can be easily de-molded from the PDMS without curling as shown in Figure 2.7(b) and 

(c), which was critical for insertion. The magnified images in Figure 2.7(d) and (e) 

show that the silk coating can be defined with very sharp tips and in precise alignment 

with the parylene probe. 
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Figure 2.7: Silk coating procedure onto the packaged probe: (a) alignment of probe to 
the PDMS mold and casting of aqueous silk solution into the mold; (b), (c) two designs 
of the probe coated with silk; (d) magnified images of the probe tips of the two designs. 

  

2.7.  Insertion tests 

 Silk inevitably loses stiffness as it hydrates when coming into contact with the 

cerebrospinal fluid (CSF). It is difficult to predict the in vivo degradation dynamics and 

the required silk dimensions for a successful insertion. Many variables such as silk 

surface-area-to-volume ratio, number of shanks, quality of the craniotomy, insertion 

speed, etc. can have significant impact on insertion. In order to minimize tissue damage, 

and especially to avoid breaching the blood-brain barrier during insertion, the silk 

dimensions need to be minimized. The silk mold should have the minimum area 
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required to cover the parylene probe and to form a sharp probe tip. The minimum 

required coating thickness (and therefore the depth of the PDMS mold trenches) was 

determined empirically after insertion experiments. The silk shanks were molded in 

thicknesses of 30 µm, 45 µm, and 65 µm, respectively, and were attached to dummy 

PCBs. Half of the samples were water-annealed for 3 hours in a desiccator (under 20 

mmHg) to increase silk’s stability in water. Various coating shapes (shown in Figure 

2.5) were prescreened by test insertions into 0.6% agar gel. All except for the narrowest 

(50-µm-wide) design shown in Figure 2.5(d) penetrated the agar gel. The design in 

Figure 2.5(a), on the other hand, displaced significant volume of the gel during 

penetration and was discarded due to expected severe tissue damage during insertion. 

We chose the two designs and the in vivo insertion experiment was then carried out for 

only the coating designs shown in Figure 2.5(b) and (c), both having a shank width of 

75 µm. These probes were stereotactically inserted down to a depth of 1.4 mm in 3 

seconds, targeting the layer-V of motor cortex in an adult Long Evans rat. The insertion 

results were quantified based on how many shanks were inserted into the brain without 

buckling. Table 2 shows the minimum thicknesses for 100% penetration rate were 45 

µm and 65 µm for water annealed silk and non-annealed silk, respectively. Figure 2.8(a) 

and (b) show the insertion experiment before starting and after completion, respectively. 

Figure 2.8(c) shows the brain sectioned at 1 mm in depth without staining on the second 

day post-surgery. The 8 insertion wounds with 250-µm-pitch can be seen clearly, 

indicating that all shanks were successfully implanted in parallel without deviation from 

the intended track. 
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Probe Thickness 
(µm) 

H2O 
Annealing (hr) 

Number of 
Shanks 

Penetrated 
1 30 0 0/8 
2 30 0 0/8 
3 30 3 0/8 
4 30 3 5/8 
5 45 0 0/8 
6 45 0 6/8 
7 45 3 8/8 
8 45 3 8/8 
9 65 0 8/8 
10 65 0 8/8 

Table 2: In vivo insertion test results that measured the quality of insertion based on 
how many probe shanks penetrated the pia mater. 

 

 

Figure 2.8: Insertion experiment of the silk-coated probe: (a) before entering the pia 
mater and (b) after successfully reaching a depth of 1.4 mm; (c) histology showing 8 
penetration wounds in parallel at 1 mm below the surface of the brain.  
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2.8.  Chronic recording 

 For chronic in vivo studies, one probe was implanted into each of the 6 Long 

Evans rats with the same procedure used for the insertion experiments. After 

successfully positioning the recording electrodes into the layer-V motor cortex, the 

craniotomy was covered by Kwik-sil. Finally, the PCB was secured onto the skull by 

dental cement. 

 The animals were allowed to recover from surgery for 3 days before the first 

recording session. Figure 2.9 shows a representative spike waveform recorded on the 

27th day post surgery. After manually removing epochs with clear noise artifacts, two 

analysis approaches was used to assess the ability of the probes to record neural activity. 

Firstly, the rate of spiking events crossing the 4σ threshold was measured. Secondly, the 

power spectra of the recorded signals were examined. Here, “spikiness” was defined as 

the total signal power within the spike bandwidth (600 Hz - 6 kHz). Power spectra may 

indicate higher fidelity spike detection than threshold-crossing event counting because it 

is less likely to generate false positive spike counts from noise events having amplitude 

over the 4σ threshold. Figure 2.10 shows 9 representative channels that can be 

distinctively separated into three groups in a particular 20-minute recording session. The 

first group (blue), which recorded obvious large-amplitude spike signals and local field 

potential (LFP), showed highest power over the spike band. The second group (green), 

which only recorded LFP but no obvious large spike signals showed lower power over 

the spike band. At lower frequency, the power spectra (< 100 Hz) matched that of the 

first group, indicating that these electrodes were indeed functional but only recorded 

LFP - possibly due to large separation distance from the nearest active neuron. The third 
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group (red) was chosen among those channels that showed high electrode impedance 

(>5 MΩ) prior to implantation: clearly, these channels did not record any physiological 

signals but contained large low frequency noise. These observations were reflected by 

the distinctive power spectra pattern showing high power density below 20 Hz and 

minimal power density within the spike band. 

 

Figure 2.9: Spike train recorded on the 27th day post surgery for a 0.3 second recording 
window (left) and a magnified single spike waveform (right). 

 
 The chronic recording quality was evaluated by co-plotting the average threshold 

crossing event rate and the spikiness over time in Figure 2.11. The spikiness detection 

was more consistent than the threshold crossing event rates with less fluctuation over 

time, which may be due to the occasional high amplitude noise events counted in the 

automated threshold (4σ baseline) crossing detection. Figure 2.12 shows the heat map 

of spikiness from each recording channel in a probe. From these results, no significant 

signal degradation in spike event rate or power was detected, indicating functional 

recording over period of 6 weeks. 
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Figure 2.10: Power spectra analysis over 20-minute recording session to measure 
spikiness. The recorded spectra are separated into 3 groups: LFP and spike (blue), LFP 
only (green) and noise only (red). 
 

 

Figure 2.11: Average threshold crossing event rate and average absolute power summed 
between 600 and 6 kHz over each recording session over a period of 6 weeks.  
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Figure 2.12: Heat map of absolute power summed between 600 and 6 kHz recorded 
over 42 days with each recording site from one animal. 

2.9.  Discussion 

 In this work, a biodegradable silk-backed parylene neural probe was designed 

and used for recording in behaving Long Evan’s rats. The minimal silk dimension has 

been experimentally determined to obtain the necessary mechanical stiffness that would 

last over the entire stereotactical insertion process for 8-shank 64-channel probes. The 

flexible parylene probe can be designed in any geometry because the mechanical 

stiffness required for insertion was predominantly controlled by the properties of a 

biodegradable coating of silk fibroin. This allows complete design freedom of the probe 

in terms of material, size and shape. The in vivo recording quality was evaluated by both 
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average threshold crossing rate and the “spikiness” over time. The spikiness detection 

was more consistent than the threshold crossing event rates with less fluctuation over 

time, which may be due to the occasional high amplitude noise events counted in the 

automated threshold (4σ baseline) crossing detection. In fact, even though the activities 

recorded from a particular recording site fluctuated between recording sessions, the 

average performance improved slightly over time as shown by Figure 2.11. This 

observation can be explained by the recovery process from the initial insertion 

wound[83] as silk coating degraded over time. Still, 6-weeks recording is not sufficient 

to evaluate chronic recording performance of the new probes. In addition, it is still 

inconclusive whether the new design has significantly improved the reliability of 

recording without comparison with the conventional silicon-based probes. Such 

comparison may require extensive studies under carefully-controlled experiments, as 

there are often multiple design parameters, insertion methods, and even differences 

among animals that can affect the recording quality. Nonetheless, the method described 

in this paper can be utilized to optimize polymer probe structures without the design 

constraint of required stiffness in order to individually evaluate design parameters such 

as probe size, flexibility, electrode density, etc. for prolonged recording lifetime. In the 

future, extended studies should quantitatively correlate the recording quality and 

immunohistochemistry followed by comparison of the results against existing probe 

designs. 
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CHAPTER 3                                                                         

INTEGRATED WAVEGUIDE OPTICAL STIMULATION PROBE 

3.1.  Introduction  

 Recent advances in optogenetics enable cell-type specific activation and 

silencing of targeted neurons with high spatiotemporal resolution[17]. Although 

optogenetics promises exciting new possibilities for neuroscience research, to date there 

is still an unmet need for reliable implantable tools to precisely deliver light to the 

targeted neurons and to simultaneously record the electrical signals from the individual 

neurons. Typically, optical stimulation has been achieved by placing a single light 

source on the surface of the brain[14] or a thick fiber in the brain parenchyma a few 

hundred microns away from the recording sites[84]–[90]. This approach inevitably 

activates many unmonitored neurons, making the separation between direct and 

population-mediated effects impossible. The high intensity used to activate deep neurons 

may generate multiple superimposed spike waveforms[91] and considerable light 

artifacts[86], [89], [90].  

 Current state-of-the-art implantable optical probes include the assembly of four 

tetrodes (25 μm in diameter each) symmetrically attached about the perimeter of a 200-

μm-diameter optical fiber[85], [91]. Although the components of such systems are 

readily available, the distance between the tetrodes and the fiber cannot be accurately 
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controlled by manual alignment. In addition, the assembly displaces a relatively large 

neuronal volume and may cause tissue damage along its insertion path[66], limiting its 

potential for scaling up towards the large number of sites. In another innovation, a 

complete multi-site/multi-color optical stimulation and electrical recording system was 

demonstrated by using diode-coupled optical fibers attached to commercial multi-shank 

silicon recording probes[92]. The manual attachment of fibers glued to each probe shank 

is very labor-intensive, resulting in potential alignment inaccuracy and contamination of 

the recording sites by misplaced glue. Fabrication of waveguide array integrated onto a 

single silicon shank with dimensions similar to a 200-μm-diameter optical fiber was 

reported[93], but recording electrodes were not integrated onto the probe. Other recent 

work demonstrated a polymer-based neural probe integrated with SU-8 waveguide, 

electrodes and a microfluidic channel[94]. Although in vivo experiment was performed, 

spontaneous neural activities were only recorded in the tip-most electrodes (2 out of 9) 

that were farthest away from the bulky waveguide and microfluidic channel measuring 

over 200-µm-thick and 190-µm-wide. In addition, only a single neuron responded 

indirectly to blue light stimulation with excessively high power (1 to 2 mW)[94]. 

Another SU-8 design demonstrated the coupling of light from a bare laser diode 

chip[95]. Although the compact diode assembly presents significant advantage for 

chronic experiments with moving animals, no in vivo validation was reported, and the 

probe shanks were still too bulky for applications that require concurrent optical 

targeting and electrophysiological monitoring of dense neural population regions such as 

the hippocampus. 
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3.2.  Design 

 In this work, the first implantable neural probes, designed and fabricated with 

integrated waveguides, are illustrated in Figure 3.1. This approach provides spatially-

confined stimulation (activation and silencing) of simultaneously monitored neurons by 

enabling local light delivery precisely above the recording sites at specific wavelengths 

of choice. The lithographically-defined probe shank was designed with minimal 

dimensions to contain all necessary optical and electrical components, in order to 

minimize insertion-induced tissue damage and foreign body reactions, as well as to 

reduce alignment tolerance between the optical stimulation site and the electrical 

recording sites.  

 The first version waveguide is composed of an SU-8 core (refractive index of 

1.70) with a bottom oxide-cladding layer (refractive index of 1.46) that can transmit 

light at specific wavelengths for optical stimulation of targeted neurons. A U-groove 

was lithographically defined at the proximal end of the waveguide for self-alignment 

with an optical fiber. Later, additional probe schemes incorporated various optical 

waveguides for different optogenetic applications[96]. Curved SU-8 has been patterned 

to form an optical splitter (Figure 3.1(a)) and an optical mixer waveguide (Figure 3.1(a)) 

for advanced optical functions. Dual-shank probes integrated with double-waveguides 

on each shank for stimulation at multiple sites, each independently controlled by a 

corresponding light source, were also realized as shown in Figure 3.1(c)[97]. The 

transmission efficiency of blue light (λ=473nm) from the fiber to the stimulation site 

through the SU-8 waveguide was measured at roughly 0.67%. 
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Figure 3.1: Schematics of waveguide configurations designed for the first generation 
integrated waveguide probes: (a) optical splitter; (b) optical mixer[96]; (c) dual 
waveguide per probe shank[97]. 
 

 Although the probes using SU-8 waveguide core proved functional in terms of 

optical power transmission immediately after the fiber assembly, when the same probes 

were delivered to Prof. Buzsaki’s lab at Rutgers University for animal tests, no light 

output can be detected at the stimulation sites. The source of failure was inspected and it 

was observed that the SU-8 waveguide could be damaged by the laser source during 

prolonged testing due to heating. In addition, SU-8 could absorb ambient moisture[98], 

which could adversely affect its transmission as well as coupling efficiency.  

 As an alternative to using SU-8 as the waveguide core, improvement has been 

made using an all-dielectric waveguide. To determine whether the integrated device has 

benefits to record in a densely packed brain region, the hippocampus CA1 pyramidal 

layer was chosen to be the ideal target in a rodent brain. Simplifying the design for the 
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initial feasibility study, the probe was designed with 8 nearby recording electrodes and a 

single waveguide, all integrated on a single silicon shank as shown by the schematics in 

Figure 3.2(a). The overall shank dimensions were designed to minimize tissue damage 

while maintaining sufficient mechanical strength for insertion and having enough space 

to contain all optical and electrical components. The shank thickness was defined by the 

top silicon layer of our starting Silicon-On-Insulator (SOI) wafer, which can be 

commercially made with 15 µm in thickness and an accuracy of ±0.5 µm. Combined 

with a lithographically defined sharp tip, the thin probe can easily penetrate the pia 

mater with minimal tissue damage along its insertion path. For this particular probe 

design, the shank width was 70 µm, the minimum dimension to carry 8 interconnection 

lines and a waveguide given the fabrication process constraints. The interconnection 

lines carried electrical signals from the 8 recording electrodes to the bonding pads, 

which were wirebonded to a custom-made printed circuit board (PCB). The waveguide 

delivered light from an aligned optical fiber to the stimulation site. The U-groove at the 

backend of the probe was designed to perfectly fit a 125-µm-diameter optical fiber, 

having the fiber core (50 µm in diameter) in an aligned position with the integrated 

waveguide as shown in Figure 3.2(b). The optical fiber provided a convenient coupling 

intermediate between an external diode-pumped solid-state (DPSS) laser source and the 

waveguide. 

 The optical waveguide was composed of a 5-µm-thick oxynitride core (index of 

refraction: 1.51) surrounded on each side by a 3-µm-thick oxide cladding (index of 

refraction: 1.46). The waveguide width tapers from 28 µm at the end proximal to optical 

fiber, to 14 µm at the distal end. The larger cross-sectional area at the proximal end 
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allowed higher coupling efficiency to the optical fiber core, while the smaller cross-

sectional area at the distal end (Figure 3.2(c)) allowed spatial confinement of light 

exiting from the waveguide and minimized tissue damage. Assuming tissue isotropy and 

light scattering, the distribution of light coming out of the waveguide in the brain tissue 

can be estimated[92], [99]. Given a horizontal pitch of 40 µm between the top two 

recording sites and a light output of 0.5 mW at the waveguide tip, positioning the tip of 

the waveguide 50 µm above the top recording site placed all recording sites within a 

light cone with intensity above 7 mW/mm2 (Figure 3.2(d)), which was sufficient to 

activate/silence single-units in-vivo[92]. 
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Figure 3.2: Design of single shank, monolithically-integrated probe: (a) 3-D schematics 
of overall probe design, (b) Coupling junction between the optical fiber and the 
integrated waveguide, (c) A-A’ cross-section showing the waveguide with oxynitride 
core (purple) and oxide cladding (blue), (d) Simulation results of light intensity 
distribution as light propagates through the brain tissue. 
 

 Monolithic integration of both electrical and optical components of the neural 

probe allowed precise definition of the optical stimulation site and the recording 

electrodes in terms of position, size and alignment in a high-density array. For example, 

to enable single unit recordings in structures with dense cell body layer, such as 

neocortex and hippocampus, recording sites span 140 µm in depth with each electrode 

separated by a pitch of 20 µm[100]. Sizing the electrode area has a tradeoff between low 
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impedance, high probability of coming into proximity of an active neuron (large 

recording area) and the ability to distinguish single unit activity (small recording 

area)[101]. In this work, each electrode was designed with an area of 143 µm2 to achieve 

low impedance and to record from dense populations of individual neurons (soma 

diameter 10-20 µm) in the neocortex and hippocampus. The accurate alignment between 

the waveguide and electrodes ensures precise delivery of light to the neurons monitored 

by the electrodes with minimal power. The spatially confined, low power stimulation 

generates less heat and minimizes electromagnetic interference to the recording channels, 

as well as unintended excitation of nearby neurons. 

3.3.  Fabrication process 

 Figure 3.3 shows the probe fabrication steps. Briefly, the probes were fabricated 

with Silicon-On-Insulator (SOI) wafers for precise control of the shank thickness, which 

was defined by the top silicon layer (15 µm in our probes). The process began by 

depositing a nitride layer for the electrical insulation from the silicon substrate. This 

nitride layer in tensile stress compensated compressive stresses of much thicker oxide 

cladding layers deposited in later processes. Electrical interconnections and recording 

sites were patterned by lift-off, after evaporation of gold and sputtering of iridium 

respectively. The waveguide was composed of a 5-µm-thick oxynitride core layer 

patterned by plasma etching, and 3-µm-thick oxide cladding layers deposited to 

surround each side of the core. Deep reactive ion etching (DRIE) of the fiber groove was 

performed after waveguide patterning steps. Finally, the probes were released by a 

double-sided DRIE process with the final structure shown sitting on top of a US quarter 
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in Figure 3.4(a). The recording electrodes and the waveguide are shown in the 

microscope image in Figure 3.4(b). SEM images of the waveguide at the distal and 

proximal ends (fiber coupling junction) are shown in Figure 3.4(c) and Figure 3.4(d), 

respectively. 

 

 

Figure 3.3: Outline of fabrication steps with cross-sections along the long axis of the 
probe: (a) Deposition of bottom insulation layer on SOI wafer, (b) Patterning of 
electrical interconnections and electrodes, (c) Defining waveguide bottom cladding and 
core layers, (d) Deposition of top cladding layer and formation of electrical contacts, (e) 
Silicon DRIE for the optical fiber groove, (f) Final release of the complete probe. 
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Figure 3.4: Images of the released probe: (a) Relative size in contrast with a US quarter, 
(b) Microscope image of probe tip showing the lithographically defined electrode array 
and the waveguide, (c) SEM image of the waveguide magnified at the distal end, (d) 
SEM image of the waveguide at the proximal end and the optical fiber groove. 

3.4.  Device performance characterization 

 The released probes were wirebonded to a custom-made printed circuit board 

(PCB) which has an Omnetics connector (A79038, Omnetics Connector Corporation, 

Minneapolis, MN) for electrical interface with an external amplifier. Impedances of 

recording sites were analyzed in saline solution with an impedance analyzer (HP 4194A 

Impedance/Gain-Phase Analyzer, Test Equipment Depot, Melrose, MA). The average 

impedance of the recording sites was 1.37 MΩ read at 1 kHz, which is sufficiently low 

to record neural signals with high signal-to-noise ratio. 
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Figure 3.5: Fully packaged system with silicon probe bonded to the PCB and optical 
fiber aligned to the integrated waveguide. Light has been successfully guided from the 
laser source to the stimulation site. 
 

 The integrated waveguide was direct (butt-) coupled to a multi-mode optical 

fiber (GIF50, Thorlabs, Newton, NJ). The entire optical assembly is illustrated in Figure 

3.5 showing light transmitted from the 473 nm DPSS laser (Dream-Lasers), advancing 

through the optical fiber, and exiting at the distal end of the integrated waveguide. The 

overall transmission loss from the fiber to the stimulation site was 10.5 ± 1.9 dB (mean, 

SD; n = 3) for blue light. The optical loss predominately occurred at the coupling 

junction due to the cross-sectional area mismatch between the multi-mode fiber (core 

diameter = 50 µm) and the waveguide (area = 140 µm2 proximal to the fiber). 

Nonetheless, coupling to a multi-mode fiber with 7 mW blue light output produced a 

total power of 660 µW at the end of the waveguide. Given the small aperture size of our 

waveguide (70 µm2) at the distal end, this corresponded to an optical intensity of more 
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than 9400 mW/mm2. In general, we observed an increase in transmission efficiency 

through the oxynitride waveguide as wavelength increased: roughly doubled efficiency 

when switching from 473 nm to 593 nm laser source and tripled efficiency upon 

switching from 405 nm (Sony KES-410ACA) to 639 nm laser diode (Opnext 

HL6359MG).  

3.5.  In-vivo experiments  

 The 8-site single-shank oxynitride waveguide probe was implanted into the 

neocortex and hippocampus of a wild-type rat expressing ChR2 under the CAG 

promoter. In the CA1 pyramidal layer, a brain region in which cells are tightly packed, 

the electrodes recorded spontaneous local field potentials and spiking activities of 

multiple single-units (Figure 3.6), indicating that the electrode configuration was 

adequate for recording from multiple singe cells and that the additional volume of the 

waveguide did not compromise the quality of the recordings. To demonstrate 

optogenetics, a 473 nm DPSS laser (Dream-Lasers) with a sinusoidal light output was 

adjusted to 120 µW peak power at the probe tip, corresponding to an intensity of ~51 

mW/mm2 at the center of the electrode array given the attenuation of optical intensity 

through neural tissue.  This resulted in robust spiking of multiple single units; notably, 

different units exhibited distinct firing patterns during the light stimulus (Figure 3.7). 

For instance, the “red” unit occasionally fired one or two spikes during a given stimulus 

cycle. In contrast, the unit depicted in pink emitted multiple spikes per stimulus cycle.  
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Figure 3.6: In-vivo recording of spontaneous local field potential and spiking activity 
from the CA1 pyramidal layer of a Long-Evans rat across 8 recording channels (sites 1 
and 8 correspond to the deepest and shallowest recording sites respectively, which is 
shown with site 1 as the lowest trace). Each spiking event is marked and color-coded to 
represent a distinguishable single unit at the bottom. 
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Figure 3.7: Spiking activity recorded during a 25 Hz sinusoidal optical stimulation 
pattern. Two distinct single units (pink and red) spiked robustly following the optical 
stimulation cycles. 
 

 To quantify the temporal relations between light stimulation and single-unit 

spiking as well as the influence on extracellular spike waveforms, we also used square 

light pulses at weaker intensities (40 µW, corresponding to 17 mW/mm2 at the shank 

center). The first (red) unit described above tended to spike following most light pulses 

(71%) at short latencies (median latency, 4 ms), suggesting a direct light effect (Figure 

3.8, top). In contrast, the second (pink) fired only following some light pulses (31%) and 

at longer latencies (center of mass, 41 ms), suggesting a network-driven effect (Figure 

3.8, bottom). For both cells, the spontaneous and light-induced waveforms were 

indistinguishable (correlation coefficient >0.99). Thus, the monolithic silicon 

waveguide/recording platform enables monitoring and control of multiple single-units in 

dense brain structures in-vivo. 
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Figure 3.8: Optical stimulation with square pulse waveforms (50 ms, 40 µW max power) 
showing distinct temporal relations between the light stimulus and spiking of the two 
units: red (top) and pink (bottom), which were identified in Figure 3.7. 

3.6.  Discussion 

 In 2005, the first neuron firing a precise action potential in response to blue light 

stimulation was demonstrated[19]. Although many investigators have realized the 
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unparalleled advantages that optical stimulation of neurons had offered as compared to 

the conventional electric stimulation, only few laboratories had the capability to couple 

optogenetics with extracellular recordings for in-vivo neuroscience research due to the 

lack of reliable optical stimulation probes.  

 In this study, a new probe with monolithically integrated optical waveguides and 

recording electrodes was designed. The key innovations of this work are in the precise 

geometric definition of all electrical and optical components as well as the overall 

miniaturization of probe dimensions for biocompatibility and scalability. The recording 

electrodes and the optical stimulation sites can be custom-designed into any 

configuration to target a specific application. For simple validation experiments in vivo, 

a single-shank probe with 8 recording electrodes and 1 waveguide was used. The 

electrode array has been carefully designed in terms of recording site area, pitch and 

total recording span, in order to maximize the probability to record from single-unit 

potentials given the anatomy of the hippocampus CA1 region. Because the stimulation 

site was positioned very close to the recording sites (60 µm from the closest), only a 

small amount of light (<20 mW/mm2) was required to illuminate all the neurons being 

monitored by the electrode array, thus preventing spike superposition and LFP offset 

which can be the result of strong photo-induced currents[91]. Yet the current design also 

enables emitting higher light intensities, on the order that may be required to target large 

neuronal populations and influence certain behaviors[14], [99]. The shank dimensions 

were also reduced to the bare minimum to avoid displacing large volume of tissue 

during implantation. This is critical especially for scaling towards simultaneous 
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stimulation and recording from large number of neurons with multiple probe shanks 

without serious insertion damage or increased foreign body reactions.  

 One of the biggest challenges of this technology was to obtain high optical 

transmission efficiency from the optical fiber to the stimulation site via the integrated 

waveguide. The dielectric waveguide was more appropriate than SU-8 waveguides for 

applications that involve the stimulation of ChR2 expressed neurons since absorption 

loss of SU-8 is very high near 473 nm[94], [102], [103]. In addition, SU-8 absorption of 

water is well known and could significantly affect long-term optical property of the 

waveguide[98]. The two drawbacks of the dielectric waveguide were the surface 

roughness created during plasma etching of the waveguide sidewall and the limitation of 

waveguide thickness constrained by the fabrication equipments (up to 5 µm) such as 

deposition and etching tools. The surface roughness can lead to propagation loss through 

the waveguide surface but has been alleviated by optimizing the lithography and plasma 

etching conditions to create smooth sidewalls as shown in Figure 3.4(c). Because it was 

difficult to fabricate thick dielectric layers due to stress and extended plasma etching 

time, a thin waveguide limited the ability to match the mode-shape between the large 

multi-mode optical fiber core and the smaller waveguide. This resulted in relatively 

large coupling loss at the fiber-waveguide junction. To reduce coupling loss, the width 

of the waveguide at the fiber junction was doubled from 14 µm to 28 µm, which allowed 

the waveguide to overlap 7.13% of the total cross-sectional area of the 50-µm-diameter 

optical fiber core. In previous report[93], very low coupling loss (0.4 ± 0.3 dB) was 

achieved due to their fabrication capability of depositing very thick (9 µm) dielectric 

waveguide core, which matched closely with the cross-sectional area of their single-
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mode optical fiber with 8 µm in diameter. In this work, it is also possible to achieve a 

higher coupling efficiency if a single-mode fiber (3-µm-core-diameter; 460HP, Thorlabs, 

Newton, NJ) were used to couple to the oxynitride waveguide (5-µm-thick). However, 

the single-mode fiber suffers more than 60% loss in comparison to the multi-mode fiber 

when coupled to the laser source. Therefore, in order to maximize the output power at 

the end of the waveguide, it was more appropriate to use multi-mode fiber despite larger 

coupling loss to the waveguide. Nonetheless, in this work the total loss through the 

entire assembly has been measured to be 10.5 ± 1.9 dB, which is comparable to recent 

report using SU-8 (> 12.4 dB) with significantly larger cross-sectional area (150 µm 

×150 µm)[94]. Besides reducing insertion damage, another advantage of the small 

waveguide aperture is the confinement of high optical intensity (9400 mW/mm2) into a 

small region (14 µm × 5 µm) with minimal input power (7 mW from optical fiber). This 

not only provides stimulation with high spatial resolution but also minimizes 

electromagnetic interference from the optical stimulation site to the recording channels. 

 When coupled to the yellow (593 nm) laser, the overall transmission loss was 

roughly 7.45 dB, which included coupling and propagation losses through the 

waveguide.  The overall efficiency (18%) was higher than the cross-sectional area ratio 

after application of index-matching epoxy at the fiber/waveguide junction, which helped 

convergence of skew rays towards the waveguide and reduction of reflective loss at the 

waveguide interface. Previous studies have achieved coupling efficiencies at around 

twice the ratio of the fiber core area to the waveguide cross-sectional areas[92]. The 

lithographically-defined waveguide and fiber groove have allowed precise self-

alignment to obtain a coupling efficiency close to the theoretical value (more than twice 
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the fiber-to-waveguide cross-sectional area ratio), given the current waveguide design. 

Because the coupling loss dominated the total transmission loss at 593 nm (total 

measured transmission efficiency was close to the maximum theoretical coupling 

efficiency), it can be deduced that the propagation loss through the oxynitride 

waveguide at 593 nm was negligible. However, a dramatic increase in propagation loss 

was observed as the wavelength of the coupled light sources reduced. The measurements 

have indicated that the efficiency of yellow (593 nm) light was roughly two times that of 

the blue (473 nm) light and at least three times that of the violet (405 nm) light. For 

applications involving excitation of ChR2 expressed neurons, it is sometimes 

advantageous to use violet (405 nm) rather than blue (473 nm) light source because of 

lower source cost, smaller spatial spread, and greater spectral separation from the longer 

wavelengths that could be used to activate other types of opsins[17]. From the 

preliminary results, it can be estimated that the transmission efficiency of violet light by 

the dielectric waveguide is roughly 67% of the blue light. In addition, the sensitivity of 

ChR2 to violet versus blue is approximately 60%[22]. The maximum output power of 

the probe for this in-vivo experiment was 1.1 mW when connected to a 17 mW blue 

laser source. Therefore, since the effective stimulation power of the violet light was 

around 40% of the blue light, it would still be more than enough to excite ChR2 as we 

have shown robust photo-induced spiking in response to 40 µW stimulation power. 

 The acute in-vivo experiment demonstrated the feasibility of the monolithically 

integrated optical stimulation probe by recording single-unit activity in response to a 

variety of optical stimulation patterns in the rat hippocampus CA1 region. However, 

concurrent local field potential (LFP) analysis (in addition to spike detection) was not 

 54 



  

possible during optical stimulation because it was necessary to filter out the low 

frequency light artifact, which also removes other low-frequency features of the LFP.  

 The light artifact was mainly caused by a large amount of light (>80%) leaking at 

the fiber-waveguide junction, which was only 1 mm away from the nearest wire bond 

(rather than photons hitting the recording sites). In a simple modification to the current 

design, the bonding pads would be moved farther away from the fiber-waveguide 

junction, allowing sufficient amount of opaque epoxy to be applied on the pads, thus 

blocking the electrical signal lines from the leaked light.  

 In the future, the number of recording channels and optical stimulation sites can 

be scaled up without compromising the intrinsic advantages of the monolithic 

integration technology. Flexibility of design alternatives can be introduced in waveguide 

structures, such as implementing an optical mixer configuration to deliver different 

wavelengths from multiple light sources to the same stimulation site[96]. Recent 

work[92] demonstrated the advantages of directly integrating multiple light sources, 

such as light emitting diodes (LED) or laser diodes (LD), on the animal head stage to 

enable free animal movement while minimizing mechanical damage to the implanted 

probe by removing tethered optical fibers altogether. Combining this assembly 

technology with the monolithically integrated waveguide probe design can be the next 

step towards applications involving chronic large-scale extra-cellular recordings and 

optical stimulation in behaving animals. Although challenging, as there will be two 

optical coupling junctions (LED or LD to fiber and fiber to waveguide), the high 

transmission efficiency from fiber to waveguide obtained in this work (∼ 9%) is likely to 

suffice given the previously reported 5% transmission efficiency from LD to fiber[92]. 
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Even without any modifications to the present probe, commercially-available 10 mW 

LD will deliver ~45 µW at the tip of the waveguide, similar to the power used to activate 

single-units in the current study. Therefore, the monolithically integrated optical probe, 

having precisely defined geometries through lithography, high optical transmission 

efficiency obtained by enhanced fabrication/packaging technologies, and the flexibility 

for alternative configurations as well as scaling, can bring optogenetics to its full in-vivo 

potential. 
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CHAPTER 4                                                                                       

MONOLITHIC INTEGRATION OF µLEDS ONTO PROBE SHANK 

4.1.  Motivation towards designing a “dream probe” 

 The successful fabrication and in vivo testing of the single-shank probe with 

monolithically integrated waveguide described in Chapter 3 generated tremendous 

excitement to the engineering group. Although it was a significant leap in technical 

achievement[104], the single-shank, single waveguide probe was far from being useful 

for practical neuroscience studies. The key challenge was scaling of the number of sites 

both in recording and stimulation, while keeping the entire system, including packaging, 

in its minimal volume and weight. This was especially critical for Buzsaki group’s 

research, that is primarily focused in the CA1 region of the hippocampus to study spatial 

memory and navigation in behaving animals. To target the CA1 pyramidal layer in mice, 

which is only roughly 50-μm-thick or 4-6 cell layers across, high-density electrodes and 

multiple optical stimulation sites are needed to study the densely populated region. This 

sets a limitation on the depth span of the probe tip that would be useful to interact with 

the CA1 pyramidal layer, and therefore also the number of active components 

(electrodes/optics) within that span. Clearly, the size of the active components must be 

reduced while maintaining reasonable light output intensity, electrode impedance, etc. 

(which scale unfavorably as size reduces), in order to simultaneously interact with 
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multiple cells in this tiny neural structure. In addition, because the most practical animal 

subjects are behaving mice, weighing only 25-40 g, the total weight of the implanted 

device including headstage and cables should be no more than 10% of the mouse’s body 

weight. All of the tethering cables/connectors should neither restrict the animal 

movement nor transmit mechanical force down to the probe shanks, either when the 

animals are moving or when cables are plugged in/out of the headstage. The previous 

design from Chapter 3 relied on guiding light through one external optical fiber per 

stimulation site. The tethered fiber was too bulky for a behaving mouse, so that it was 

only suitable for larger animals such as rats, or for acute experiments using anesthetized 

animals. Having acknowledged the limitations of the previous design, the new goal 

statement was to design the next generation “dream probe” with scalable quantity and 

resolution of integrated active components to enable neuroscience studies at the cellular 

level neural circuitry in behaving animals. 

4.2.  Initial approach and other published works 

 At the very beginning of the design stage, the most important objective was to 

eliminate the bulky optical fiber because it was a non-scalable approach. An intuitive 

advance from the previous design was to use external laser diodes or LEDs to couple 

light into the integrated waveguides. The rationale was that these semiconductor optical 

devices require only electrical wires instead of optical fibers to deliver the light; and that 

these wires can be made extremely lightweight and flexible. Potentially, these light-

emitting devices can also be powered wirelessly to eliminate the mechanical tethering to 

the animal headstage completely. Figure 4.1 illustrates the concept of coupling an 
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external LED array to the neural probes with integrated waveguides. The LEDs can be 

purchased from vendors (Cree Inc., Durham, NC) with the smallest emission area of 

roughly 250μm × 250μm. However, even in these dimensions, the Lambertian emission 

profile of the LEDs cannot be efficiently coupled into the integrated waveguides having 

a cross-sectional dimension in the order of 20μm ×  15μm. Despite considering 

approaches such as using intermediate tapered fibers to couple light between the LED 

and the waveguide, the light cannot be effectively converged towards the waveguide as 

restricted by the conservation of Etendue[105], resulting in significant coupling loss. A 

more power efficient approach is to use laser diode, which has a much more confined 

emission. Currently, chip-level laser diode chips are rare and expensive, especially at 

around the 470 nm wavelength range (ideal for the activation of ChR2). In all cases, the 

LED and diode coupling approaches require significant engineering as well as highly 

accurate manual assembly to address the coupling challenges, which drive up the cost 

and production time while decreasing yield and scalability. Lastly, the number of 

waveguides-per-shank and the shank pitch were severely limited by the pitch of the LED 

linear array as clearly illustrated in Figure 4.1. 
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Figure 4.1: 3-D illustration of the first concept to scale up the number of optical 
stimulation sites by coupling LED array to the integrated waveguides.  

 

 Concurrent with the development of the new approach that will be described in 

the majority of this Chapter, a few other academic groups have attempted to integrate 

LEDs onto the probe shank that would allow increased numbers of stimulating sites on a 

probe shank without optical fiber connections. One approach was hybrid integration: 

manually assembling the microfabricated LEDs onto a flexible platform[106]. Although 

the individual LEDs could be made relatively small (50μm x 50μm) using a laser lift-off 

technique, the hybrid assembly gave a large probe shank width of over 400μm. This 

probe substrate is too wide to study delicate brain regions such as the CA1 layer. In 

addition, the flexible substrate is incapable of continuous driving in depth after 

implantation, which is essential to locate the optimal recording position in the CA1 layer. 

In Kim et al., the GaN LED active layer was removed from the sapphire substrate and 

protected by an adjacent polymer film attached using epoxy[106], [107]. Water and ion 
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permeability in the organic layers may limit longevity and reliability and may increase 

parasitic capacitance, thereby compromising the signal-to-noise ratio[108]–[111]. 

Another group proposed using the mature technology of fabricating GaN LEDs on 

sapphire to create LED-on-sapphire probes[112]. Although the thermal and optical 

characterizations of these μLEDs with diameters of 40μm have been reported, no probe 

shank was defined and no recording electrodes were integrated. The same report 

suggested that the probe shape can be patterned by laser dicing and that the substrate can 

be thinned mechanically, but it would be extremely difficult to etch the sapphire 

substrate reliably into a desired probe shape and produce a sharp needle-like structure, 

which again is crucial for probing small brain regions such as hippocampus. 

4.3.  Monolithic integration of μLEDs onto silicon probe shanks 

 The final goal of this dissertation is to design the “dream” probe targeting 

optogenetic applications that require high spatiotemporal resolution for interactions with 

multiple single-units in behaving animals. After numerous communications with 

collaborators (Dr. Stark and Prof. Buszaki), the specifications for the next generation 

optoelectrode can be summarized as following: 

1. Overall shank dimensions (5-mm-long, 70-μm-wide, 30-μm-thick) and 

recording electrode array configuration (number, size and pitch, material) 

should be kept the same as the single-shanked probe described in Chapter 2, 

as it was proven to record single-unit activities in the CA1 region.  

2. The number of shanks should be increased to at least four to cover the lateral 

recording span. 
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3. The number of optical stimulation sites should be maximized given the shank 

dimension, with the emission area similar to that of one recording electrode 

(or the soma of a neuron) to achieve subcellular stimulation resolution. 

4. The entire assembly must be minimal in size and weight no more than 3-4 g 

(~10% of a mouse’s average body weight). 

 

Figure 4.2: 3-D schematics of proposed 4-shank neural probe with monolithically 
integrated 32 recording electrodes (gold) and 12 μLEDs (blue). 

 

 While the natural approach to couple diodes to the previously designed 

waveguide probes seemed to have limited potentials, other alternative techniques to 

integrate LEDs onto the probe shanks could not meet our specifications[106], [112]. 
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However, it was clear that the direct integration of light sources onto the probe shanks 

was necessary because of the quantity and resolution of the optical stimulation sites it 

can achieve; the question was only how. Finally, a completely novel modification to the 

Michigan probe has been devised as illustrated in Figure 4.2, monolithically integrating 

3 μLEDs and 8 recording electrodes onto each of the 4 silicon shanks. This new design 

offered several significant advantages over the integrated waveguide approach described 

in Chapter 3. Firstly, the μLED power supply can be wired to external electronics with 

flexible cables, which helped to enhance animal mobility because of the reduced 

assembly size, weight and rigidity. Furthermore, it can be easily wirelessly controlled, 

even in small animals[106]. Secondly, the μLED size can be arbitrarily designed for any 

specific application. For the initial prototype, the μLEDs were designed with 15µm × 

10µm emission area (which can be tailored into different sizes for other applications), 

similar to the size of a typical neuronal soma. This is an important advancement over all 

the previous optical probe designs because it even holds promise to stimulate with a 

spatial resolution to target a specific subcellular structure (e.g., soma, dendrite, axon, 

etc.). Thirdly, because of the small electrical interconnection line width required to 

power the μLEDs (~2-5 µm) as compared to the width of our previously designed 

integrated waveguides (~ 15 µm), it was possible to fit 3 μLEDs onto the same probe 

shank with dimensions necessary to contain a single waveguide. Having a total of 12 

μLEDs distributed across 4 probe shanks, there are 12! (480 million) possible 

stimulation sequences that can be programmed to manipulate the spike timing at these 

12 different locations. This will allow highly versatile manipulation of high-resolution 

neural circuits, which is critical to study memory formation/consolidation by stimulating 
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very specific parts of the hippocampus where synaptic junctions are highly plastic[113], 

[114].  

4.4.  LED-on-Si technology 

 To specifically design μLEDs that can be monolithically integrated onto the 

probe shank, the μLED materials and architecture must be carefully selected, which 

would determine the emission wavelength(s), substrate choice, theoretical efficiencies 

and process compatibility[115], [116]. The simplest form of LEDs is a p-n junction 

where electrons and holes are injected into an active region where they recombine to 

form photons[115]. Multiple quantum well (MQW) structures have been engineered at 

the active region of LED junctions to enhance radiative recombination (i.e., to 

effectively produce photons rather than generating heat)[117]–[119]. The emission 

wavelength of the active region is determined by the bandgap energy of the small 

bandgap material in the quantum well[120] (Figure 4.3(a)). InGaN/GaN MQW is most 

attractive for optogenetic applications because, by tuning the InN to GaN ratio, the 

MQW emission wavelength can be tailored across a wide range within the visible 

spectrum[121], suitable for activating commonly used opsins such as ChR2 (blue), 

Archaerhodopsins (green and yellow), and Halorhodopsin (green, yellow, and red), as 

shown in Figure 4.3(b).  
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Figure 4.3: (a) Cross-sectional view of LED structure showing MQWs (intrinsic) 
between p-type semiconductor and n-type semiconductor, all grown on top of a substrate 
(sapphire)[120]; (b) Chart showing bandgap and wavelength tuning by varying the 
composition of the MQW materials. 
 

 A significant challenge in fabrication of GaN-based devices is that GaN wafers 

do not exist, so that GaN must be deposited on a substrate with different material 

composition having significantly different atomic lattice structure[122]–[124]. As a 

result, the deposited GaN is stressed when forced to bond with the different atomic 

arrangement of the substrate material, which leads to dislocations and other forms of 

defects as shown in Figure 4.4. These defects can propagate from the interface and 
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become detrimental for high efficiency optoelectronic devices. Typically, GaN-based 

LEDs are fabricated on top of sapphire or SiC substrates where lattice mismatch is most 

acceptable[125]. McAlinden, et al. has reported that miniaturized LEDs fabricated on 

sapphire substrates have the potential to be used for optogenetic probes, after a detailed 

analysis of the LED efficiencies and thermal budget[112]. However, sapphire is 

impractical as a substrate for neural probe fabrication because it is extremely difficult (or 

almost impossible) to etch sapphire into a desirable, needle-like structure to penetrate 

into the brain tissue without detrimental tissue damage. 

 

Figure 4.4: Lattice mismatch between two crystalline semiconductors resulting in 
strained film deposition. 

 
 Recently, growth of GaN on Si (111) technology has shown tremendous progress 

by introducing buffer lattice matching layers to reduce the interface defects[126]–[130]. 

Significant progress in this area to further optimize the interface between GaN and Si are 

being made with the primary goal of reducing LED costs with large-scale Si wafer 

processing[126]. Currently, customized GaN films on Si wafers are commercially 

available (NovaGaN, Kyma, etc.). The wafers used for the work described in this 

Chapter were purchased from NovaGaN with the customized specifications given in 
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Figure 4.5. Silicon substrate is ideal for neural probe fabrication because well-

established micromachining techniques can accurately define the silicon probe shape by 

either dissolved wafer process[11], [47], [48] or DRIE approach[96], [104], [131]. 

Silicon also has approximately 5 times higher thermal conductivity than sapphire, 

allowing more effective dissipation of heat generated by the LEDs[132]. In addition, 

having an opaque silicon substrate helps to confine light emission only from the top side 

of the LED, as opposed to LEDs-on-sapphire, which can emit light isotropically even 

through the transparent substrate. This could be advantageous for large-volume 

illumination, but it is certainly undesirable for high-resolution stimulation of a local 

neural circuit, which is the target application of this work. Despite obvious advantages 

of fabricating LEDs on silicon, there is one significant drawback of this approach: The 

interface defect density of GaN grown on silicon substrate is still roughly 10 times 

greater than that grown on sapphire[126]. As a result, LED efficiency is expected to be 

lower. Section 4.6. will discuss in detail about how this efficiency deficit is manageable 

based on modeling and theoretical calculations. 

 

Figure 4.5: Specifications of the GaN-on-Si wafers purchased from NovaGAN.  
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4.5.  Fabrication process 

 The fabrication process is illustrated in Figure 4.6. Briefly, the process began 

with the commercially available Si (111) wafer with quantum-well epitaxial layers 

(NovaGaN). The GaN/InGaN quantum wells were tailored to have an emission spectrum 

centered at 440 nm for the activation of ChR2 expressed neurons. The epitaxial layers 

were etched down to expose n-GaN, forming an isolated LED mesa structure. Then, 

500-nm-thick PECVD oxide was deposited to insulate the mesa sidewalls. Using the 

same photoresist mask, the oxide was wet etched to open a contact to p-GaN, and a 

semi-transparent Ni/Au (5nm/5nm) layer was patterned by liftoff to form an ohmic 

contact to the p-GaN. Later, a separate mask was used to open a contact to the n-GaN 

layer. Next, a Ti/Al/Ti/Au (50/300/50/100 nm) layer was patterned to form the electrical 

interconnection lines for recording channels as well as for powering the LEDs. The 

bottom Ti layer served as the adhesion layer with a proper work function to form ohmic 

contact with n-GaN. The multiple metal stack was selected because of its thermal 

stability and enhanced resistance to both interlayer diffusion and surface oxidation[133].  

At this stage, the LED fabrication was complete and was available for characterization 

using a probe station. Post-LED fabrication began with etching of the GaN layer in the 

field region (outside of the probe shank) completely to expose the GaN sidewalls and the 

underlying silicon substrate. Double layer of dielectrics (30-nm-thick Al2O3 by atomic 

layer deposition (ALD) and 500-nm-oxide by PECVD) was then deposited to insulate 

the GaN layers. The additional ALD oxide has been shown to significantly reduce the 

moisture permeability of the insulation layer[134]. The oxide bilayer was then etched to 

open the contact at the recording sites and Ti/Ir was sputtered over the contacts to form 
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the recording electrodes. Finally, the silicon substrate was etched from top as well as 

from bottom, using a double DRIE process to release the probes from the wafer. 

 

Figure 4.6: Fabrication processes of LED-integrated probes, showing cross-section 
through A-A’: (a) starting wafer with epitaxial LED layers grown on <111> silicon 
wafer; (b) plasma etching of GaN to form LED mesa; (c) deposition of PECVD oxide; 
(d) patterning current spreading layer; (e) plasma etching of oxide to expose n-GaN; (f) 
patterning of Ti/Al/Ti/Au for interconnection lines; (g) plasma etching of field GaN; (h) 
deposition of PECVD oxide for complete insulation of LEDs; (i) etching oxide to form 
electrical contact and patterning of Ti/Ir to form recording electrodes; (j) front and back 
DRIE processes to define probe shank dimensions and release probes from wafer. 
 

 Figure 4.7 shows the fabricated devices with high magnification at the probe tip 

to highlight some of the key fabrication steps. In Figure 4.7(a), the μLED mesa has been 

etched and the Ni/Au current spreading layer can be seen as a slightly smaller 

rectangular region inside the mesa. The current spreading layer must be carefully 

engineered to produce a low resistance ohmic contact to p-GaN[133]. In addition, the 

layer must be transparent to the emission wavelength. The Ni/Au (5nm/5nm) layers 
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create a reasonable ohmic contact to p-GaN with contact resistance of 10-5 Ω-cm and 

have 75% transparency to blue light (460 nm). This was significantly better than using 

Indium Tin Oxide (ITO) deposited from the Lurie Nanofabrication Facility, which had 

roughly 4 magnitudes higher contact resistance. The poor ITO ohmic contact would 

raise the turn-on voltage of the μLEDs from 2.8V to over 10V. The n-contacts were 

defined close to the mesa to minimize series resistance through n-GaN, while taking into 

consideration of the alignment margin and routing of the interconnects. The GaN defects 

were clearly observable as black dots in this image, which were present both in n-GaN 

region and on top of the mesa. These defects existed on the starting wafer due to the 

lattice mismatch between GaN and silicon. Figure 4.7(b) shows the interconnection 

lines patterned by liftoff using projection lithography. The line width and spacing were 2 

μm each for the recording channels, while the line width for the LED power lines was 5 

μm to reduce the resistance, which was roughly 100Ω for the 5-mm-long metal 

interconnect. This process step was very critical due to the density and length of the 

interconnects: any defect would cause open circuit to a channel. It was necessary to 

avoid contact lithography because of the intrinsic tensile stress of the GaN-on-Si wafer 

(~100 MPa), which causes ~15 μm wafer bow (wafer diameter = 2 inch). This resulted 

in poor contact between the mask and the wafer, which led to diffraction through 

multiple “slits” from the mask pattern and inability to resolve 2-μm-features. Using 

projection lithography instead, this problem was effectively circumvented. In Figure 

4.7(c), the field GaN was removed completely by dry etching. The photoresist here must 

be sufficiently thick (> 8 μm) to withstand the poor selectivity through Cl2/BCl3 plasma 

etch for the ~2-μm-thick GaN/AlN (n-GaN and buffer layers). Etching through the 
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alternating stacks of GaN/AlN showed distinctive colors, typically a mixture between 

red, green and blue. This was an easy visual aid to control the etch timing so that the 

silicon substrate, which was clearly grey in color, would not be roughened undesirably 

by plasma over-etching. In Figure 4.7(d), the Ir electrodes were patterned, which had 

impedance of ~ 1MΩ at 1 kHz with an area of 143 μm2. In Figure 4.7(e), a narrow, 10-

μm-wide trench surrounding the probe perimeter was etched using DRIE. The trench 

depth was 30 μm, which defined the shank thickness.  This etch depth was 

conservatively chosen because of the lack of an etch stop in SOI wafers such as the work 

described in Chapter 3. A thinner shank would be more preferable for reducing the 

tissue damage during probe insertion, but would be more difficult to control the final 

backside etching process, which could significantly lower the yield of released shanks. It 

was also critical to define only a narrow trench around the probe, instead of etching the 

field region entirely. Having minimal amount of Si removed in this step greatly helped 

the uniformity of the backside Si etch in the next step for two reasons: 1) the reactive 

ions inside the plasma is being consumed during Si etch, and therefore the plasma 

density depended on the amount of Si present; 2) the heat generated during the etching 

process conducts through the Si substrate, which also depends on the amount of Si 

present. Therefore, preserving most of the Si substrate would generate least variation in 

thermal conductivity and plasma density during the backside etching process, and this 

would result in the most uniform etch rate across the entire wafer. Figure 4.7(f) shows 

the released probe after backside Si etch. The etch uniformity of the backside etch (465-

μm-deep) must be less than 5% in order to release all of the probes having thickness of ~ 

30μm. With the minimal trench width defined in the front DRIE step and multiple 
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dummy silicon pieces surrounding the actual device wafer to buffer the etch rate, 100% 

of the probes from a 2-inch-wafer were successfully released. Figure 4.8 and Figure 4.9 

show larger scale appearance on the wafer right before release and a released probe, 

respectively. 

 

Figure 4.7: The microscope images of the probe tip following several key fabrication 
steps shown in Figure 4.6 (all scale bars = 15 μm): (a) LED mesa structure with a stack 
of MQW, p-GaN and Ni/Au in addition to n-contact opened after step E; (b) liftoff of 
Ti/Al/Ti/Au forming interconnects; (c) complete etching of GaN in the field region to 
expose the Si substrate; (d) patterning of Ir electrodes; (e) front DRIE of Si substrate to 
define probe shank perimeter and (f) after backside Si etching to release the probes from 
the substrate shown.   
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Figure 4.8: Overview of the wafer immediately before the last releasing process with 
two probes next to each other, showing the backend of probe 1 (left) and the tips of 
probe 2 (right). 
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Figure 4.9: Low magnification microscope images of the released 4-shanked probe 
showing (a) probe tips (scale bar = 70μm) and (b) probe backend for wirebonding (scale 
bar = 250μm). 
 
 SEM images from Figure 4.10 show further details of the probe structure. 

Figure 4.10(a) illustrates with a tilted view of the probe tip. Figure 4.10(b) shows a 

μLED with the nearby interconnects and contacts. The high contrast between metal and 

the underlying oxide show that excellent alignment was achieved by the projection 

lithography required for high-density integration. Figure 4.10(c) shows a high 

magnification image of a mesa structure just after plasma etching. The defects seen as 

“pits” can be correlated with the “black dots” seen from the light microscope images 
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shown in Figure 4.7(a). These defects are present on top of the mesa (p-GaN) and at the 

bottom (n-GaN). Clearly, these defects were not the caused by the GaN etch step. In 

contrast, Figure 4.10(d) shows a mesa structure etched by a different plasma condition, 

composed of only Cl2 gas instead of a mixture of Cl2 and BCl3 as was used for the 

etching process shown in Figure 4.10(c). It was previously reported that the addition of 

BCl3 in plasma etching increases the chemical reactivity, and hence is more material 

selective[135].  

 
Figure 4.10: SEM images showing (A) released probe at the tip (scaled bar = 35μm); (B) 
LED and the metal interconnects (scaled bar = 6μm); (C) LED mesa etched with 
Cl2/BCl3 plasma (scaled bar = 1μm); (D) LED mesa etched with Cl2 plasma (scaled bar 
= 1μm). 
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Figure 4.11: Probe wirebonded to a customized PCB. 

4.6.  μLED characterization  

 The μLED efficiency is the utmost important determining factor for feasibility of 

the fabricated probe: the output power must be sufficiently high enough to activate 

targeted opsins without exceeding the input power limit as constraint by the thermal 

budget and interference to the recording channels.  

The LED plug efficiency or power conversion efficiency (η0) can be 

approximated by η0 = ηi × ηr × ηe. The first term, ηi, is defined as the injection 

efficiency of the LED, which indicates the fraction of injected carriers that enter the 

 76 



  

quantum wells. The injection efficiency is strongly affected by the fabrication process, 

especially by the quality of the p-GaN ohmic contact formation and interconnects 

patterning. Once these steps were optimized, the I/V characteristic of the μLEDs should 

show a low turn-on voltage and small differential resistance. The second term, ηr, refers 

to the internal quantum efficiency (IQE), which measures the fraction of carriers inside 

the quantum wells that radiatively recombine to generate photons. Commercially 

available LEDs on sapphire substrates can easily achieve greater than 80% IQE. GaN 

LEDs fabricated on a Si substrate unfortunately have more than one order of magnitude 

higher dislocation density (5×109/cm2) as compared to sapphire (DD ~ 3×108/cm2), 

which will trap injected carriers and prevent radiative recombination. As a result, the 

IQE from GaN-on-Si LEDs has been measured to be around 33% by other work[136]. 

The third term, ηe, refers to the extraction efficiency, which indicates the fraction of 

generated photons that can escape the semiconductor. The photons generated at the 

active region (MQWs) are emitted in all directions. The opaque silicon substrate absorbs 

almost all of the photons emitted downwards (approximately half of the total photons). 

A majority of the other half of the generated photons emitted away from the substrate is 

trapped by total internal reflection (TIR): only the fraction of photons hitting the 

GaN/air interface with an incident angle less than the critical angle θc can be 

extracted[136]. A simple first order approximation using equations ηe = 0.5 × (1 – Cos 

(θc)) and θc = Sin-1(nGaN/nair) reveals that only 4.5% of the photons fall within the 

extraction cone, using index of refractions values nGaN = 2.45 and nair = 1. Additionally, 

the Ni/Au current spreading layer has 75% measured transparency to blue light. The 

extraction efficiency, ηe, is therefore only 3.37%, which is similar to the results from the 
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previous report[136]. Photon extraction is a common challenge to all LED designs, 

which in most application can be alleviated by roughening the semiconductor surface to 

reduce TIR[137]. This method was not explored in this work due to the significant 

complication of the fabrication process after surface roughening (e.g., poor ohmic 

contact to p-GaN). Therefore, the theoretical plug efficiency for the μLED-on-Si is 

roughly 0.9% (product of IQE and extraction efficiency), assuming negligible injection 

loss from the optimized fabrication process and negligible Fresnel reflection.  

  Figure 4.12 shows the first neural probe with monolithically integrated μLEDs 

arrays lighting at the tip of the shanks. Qualitatively, the emission appears uniform on a 

single μLED, suggesting that the injected current is uniformity distributed across the 

entire mesa. In addition, the 3 μLEDs biased using the same voltage source also showed 

uniform emission, which indicate consistent fabrication quality in terms of contact 

resistance, interconnect resistance, etc., because any variation would be exaggerated 

visually, as the optical power is an exponential function of the bias voltage. Figure 4.13 

shows all 12 μLEDs being driven at the same time. In this fabrication run, around 50% 

of the probes had all 12 functional μLEDs, and the other 50% had only 1 or 2 mal-

functioning μLEDs. The photoluminescence plot from Figure 4.14 shows the emission 

wavelength centered at 440 nm, which is within the sensitivity range of ChR2. 
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Figure 4.12: Microscope images of the fabricated probe on a U.S penny (left) and high 
magnification images showing single and triple μLEDs lighting at the probe tip (right). 
 

 

Figure 4.13: All 12 μLEDs lighting captured by low magnification microscope.  
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Figure 4.14: Photoluminescence measurement from the GaN-on-Si wafer. 
 

 The characterization of μLED performance is summarized in Figure 4.15. 

Emission was visible to bare eye at a bias voltage of ~ 2.4V. In some previous device 

runs, when the poor ohmic contact to p-GaN was made by sputtering ITO, the μLEDs 

did not turn on until over 10V. The high turn-on voltage was attributed to the Schottky 

barrier between ITO and p-GaN[133], [138]. In the modified process, a thin Ni/Au film 

was annealed at 500 °C for 5 minutes to form an ohmic contact to p-GaN, which showed 

nearly 4 orders of magnitude reduction in contact resistance. This improvement 

increased the overall plug efficiency of the μLEDs (the ratio between total optical output 

power to the total electrical input power) by nearly 4 times. From Figure 4.15(b), 

although the total output power was in the microwatt range, the intensity was 

significantly higher than 1 mW/mm2 that is required for ChR2 activation[92]. This is 

because of the small emission area of the μLED, which also has advantages of high 

resolution for confined stimulation. The output power saturates at around 53 μW (333.25 

mW/mm2 assuming uniform emission from the entire μLED surface of 150μm2) with 12 
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mA of injected current, which can provide an option to stimulate a larger tissue volume. 

The efficiency droop for InGaN-based LEDs is a well-known phenomenon but is still 

largely under debate[139]. The similar effect can be shown in Figure 4.15(c). Figure 

4.16 shows the near-threshold performance of the μLED. The lowest detectable output 

power of 0.02 nW occurred at 2.4V bias, with only 20 nA of current injection. The 

operating point that produced 1.2 mW/mm2 (just barely over the published ChR2 

threshold) is at 3.1V, 7.38 μA (22.88 μW input power), which was in fact near the 

measured peak plug efficiency of 0.87%.  

 ,  

 

Figure 4.15: Measured characteristics of the μLEDs across large bias range. 
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Figure 4.16: Measured characteristics of the μLEDs near the threshold. 

4.7.  Thermal modeling 

 According to the literature, even the slightest increase in temperature over 1ºC 

can adversely affect neural tissues[140]. In this study, COMSOL Multiphysics software 

was used to estimate the temperature rise in nearby tissue during μLED operation. The 

upper μLED driving power limit was simulated to meet the thermal budget. To simplify 

the model, only the probe tip with 3 LEDs on a 60-µm-vertical-pitch was modeled as 

shown in Figure 4.17. The probe shank consists of 30-µm-thick bulk silicon with 2-µm-

thick GaN and 1-µm-thick oxide on top. A large rectangular box with a boundary 

surface 300 µm away from the probe is drawn to model the surrounding brain 
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environment (not shown). Table 3 summarizes material properties used in the COMSOL 

model. The thermal energy will mostly be contained within the GaN and Si layers due to 

the high thermal conductivity of these materials. The brain ambient was defined with a 

convective coefficient of 5W/Km2 to model the capillary cooling effect[141]. Large 

specific heat of the brain ambient also helps to increase the thermal time constant, which 

slowed the tissue temperature rise. Figure 4.17 shows the temperature rise across the 

probe tip when the µLED was driven by 1 mW input (electrical) power. The maximum 

temperature rise of LED1 is roughly 0.2 °C higher than that of LED3, as shown in 

Figure 4.17(a, c), because the silicon probe shank (high thermal conductivity) acts as a 

heat sink and distributes the thermal energy towards the backend. For the same reason, 

when all three LEDs are turned on at the same time (Figure 4.17(d)), the maximum 

temperature also occurs at the probe tip. 

 

Figure 4.17: Surface temperature distribution across the probe tip with each LED 
operating at 1 mW electrical power input, showing (a) LED 1 on: Tmax = 37.75 °C; (b) 
LED 2 on: Tmax = 37.61 °C; (c) LED 3 on: Tmax = 37.5 °C; (d) all three LEDs on: Tmax = 
38.39 °C.  
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Material Thermal 
conductivity 
[W/(J*C)] 

Specific Heat 
[J/(kg*C)] 

Brain ambient 0.45 3650 
GaN 230 500 

Si 130 700 
SiO2 1.4 730 

Table 3: Material properties used in the COMSOL model. 
 

 To conservatively estimate the upper limit of input power, it is important to 

simulate the temperature rise of µLEDs at the steady-state condition. Figure 4.18 shows 

the temperature change of LED1 (the distal LED) during a period of 1.4 seconds, where 

the system has reached thermal equilibrium. The result indicates that even if the µLEDs 

are continuously turned on in the brain, the temperature rise would not exceed the 1° C 

limit with voltage bias less than 3.4V. In fact, all of the data points shown in Figure 

4.16 are below this thermal threshold. At 3.4V, the output power is 0.91µW, 

corresponding to an optical power of 6.06mW/mm2, which is certainly capable of 

activating ChR2.  

 More realistically, typical in vivo studies require pulsed light output with 

duration in the order of, or less than, the thermal time constant, which is approximately 

150 ms. In these more practical cases, temperature would not reach its steady-state value. 

For example, if a 30ms long square pulse is used, the maximum bias would be 4.37V, 

corresponding to 2.2mW in electrical input power as shown in Figure 4.19, and 7.28µW 

(45.5mW/mm2) in optical output power, respectively. Even higher optical output power 

can be obtained up to 53µW (the µLED operation limit shown in Figure 4.15(b)) with 

proper input frequency and duty cycle[106]. 
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Figure 4.18: Extended time thermal simulation of the LED1, showing equilibrium 
temperature at different input voltages. 

  

 

Figure 4.19: Temperature rise in tissue above LED1 at t = 30 ms with varying input 
power. 

 

 85 



  

4.8.  Acute in vivo studies   

 The probes were tested in urethane-anesthetized mice (CaMKII::ChR2). All 

testing was done with the same probe, which was repeatedly used in 5 acute animals and 

the recording was done with a multiplexed (AmpliPex) system. The entire headstage 

(PCB and the multiplexor) was shielded by a copper mesh in order to minimize ambient 

interference. The targeted brain region was the CA1 pyramidal layer inside the mouse 

hippocampus. The 50-µm-thick layer is densely packed with cells (4-6 cells across) as 

shown in Figure 4.20. It is extremely challenging to position an array of electrodes 

accurately to record from this tiny layer of cells. Therefore, it was crucial to design a 

dense array of recording electrodes and µLEDs to interact with as many of these cells as 

possible. It was also important to minimize the shank dimensions so that the 

displacement of tissues during probe insertion does not significantly deform the layer. 
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Figure 4.20: Fluorescence image of the mouse hippocampus with a superimposed, 
hypothetically inserted probe. The dense layers of cell bodies (labeled in green) show 
the CA1 pyramidal layer (image credit: Steve Ramirez and Xu Liu from MIT). 
 

 Figure 4.21 shows the spontaneous recording in the CA1 pyramidal layer when 

the electrodes have been optimally positioned in terms of implantation depth. The 

recording sites were color-coded in categories according to the shank number. Single-

units pyramidal cells (PYR) and interneurons (INT) were identified and mapped in 

Figure 4.21(b), which could in fact be used to layout the CA1 pyramidal layer. The 

position of the probe relative to the CA1 pyramidal layer can be speculated with the 

illustration in Figure 4.20. In anesthetized mice, the ripples were easily observed as 

shown in Figure 4.21(b, c). These ripples have been hypothesized to associate with 

memory consolidation and are especially prominent when the animals are not 

moving[30]. Concurrent spiking in Figure 4.21(d) can also be identified to match the 

waveforms recorded in Figure 4.21(c). 
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Figure 4.21: Spontaneous activity recorded from CA1: (a) mapping of the electrodes 
and µLEDs with color coding; (b) ripple power heat plot (one malfunctioning recording 
site on shank 4) with superimposed location of identified pyramidal cell (PYR, red 
triangles) and interneuron (INT, blue circles); (c) 1s snapshot with 2 consecutive ripples 
and spikes; (d) concurrent spiking (red, PYR; blue, INT). 
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 Figure 4.22 shows the optically induced activities using the same probe at the 

same location as shown in Figure 4.21. Using sine-wave (5 Hz) stimulation, there was 

clear entrainment of neural activity by light. However, whenever the LED power was on, 

there was significant interference, which was capacitive coupled to the recording 

channels via the n-GaN layer. Using low bias (0-3.6V) to drive a µLED on the third 

shank (green) and after filtering out the artifacts, robust spiking was observed (green 

trace in Figure 4.22(b)). At the same time, the red and blue traces from the adjacent 

shanks only recorded spontaneous activities: no light effect was observed. Figure 4.22(c) 

shows the gain (total number of light-induced spike events over the number of spike 

events during spontaneous activity) relative to the phase of the sine-wave input. It can be 

shown that when the µLED on shank2 was turned on, only the channels on shank2 

recorded gain in spike events (Figure 4.22(c, top left)), whereas the channels on shank3 

recorded zero gain (Figure 4.22(c, top right)). Similar effects can be seen when the 

µLED on shank 3 was turned on and the resultant spike events contrast between shank2 

and 3 (Figure 4.22(c, bottom row)). 
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Figure 4.22: (a) Layout somata and spatial distribution of ripple power during 
spontaneous activity; (b) Probe layout and wide-band, artifact-free traces from 3 shanks 
during sine-wave polarization on shank 3 (5 Hz, 0-3.6V, central LED – black circle). 
Note local induction of entrained spikes on shank3 (green trace). (C) Group data, shown 
separately for units recorded on shank 2 (S2) and on shank 3 (S3; PYR in red, INT in 
blue). Different rows show the neuronal activity during polarization of the central shank 
2 LED (C2.2) and of the top LED on shank 3 (C3.3). Note localized entrainment of cells 
on the shank level. 

4.9.  Chronic in vivo studies  

 For chronic studies, 4 probes were mounted on a movable micro-drive and were 

implanted into 4 mice (two CaMKII::ChR2 and two wild type), respectively. In order to 

reduce the interference as observed during the acute experiments, the stimulation cable 

was built out of two 24-strand Litz cables that were shielded and grounded (12 signal 

wires and 2 ground wires to power the µLEDs, the rest were used to provide shielding). 

All stimulation cable grounds were connected to the recording ground (earth) directly.  

 The mice were allowed to recover over a course of one week and then recordings 

and stimulation were carried out, targeting the CA1 pyramidal cell layer. To be safe, the 

probes were first inserted to about 0.8 mm in depth to reach the neocortex, so that the 
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probe tips do not pass through the CA1 pyramidal layer, which is located at around 

1.1mm to 1.7mm in depth. Brain edema during surgery is common, so the exact depth of 

the target cannot be accurately predicted. Because the CA1 pyramidal layer is composed 

of only 4 to 6 cells across (~50-µm-thin) as shown in Figure 4.20, the probes were 

advanced slowly at a rate of 70µm per day while observing the signals from the 

electrodes. All 4 probes rarely recorded spikes from the neocortex. As the probe tips 

finally reach the CA1 pyramidal layer, spontaneous spiking and ripples were first 

observed at the tip-most electrodes while the upper electrodes were silent as they were 

still in the CA1-orien, a sub-layer structure mostly absent of cell bodies. Figure 4.23 

shows a snapshot of the spontaneous recording at the CA1 layer. Here, a single ripple 

(140-180 Hz oscillation) can be seen across the recording channels, which was a clear 

indication that the recording electrodes were inside the CA1 pyramidal layer[30]. The 

red traces in Figure 4.23(a) show the location of maximum ripple power. The individual 

cells can be identified and located after spike sorting and are shown in Figure 4.23(b) 

with the pyramidal cells (PYR; red triangles) and interneurons (INT; blue circles). The 

location of the PYR cells and the maximum ripples can be used to map the CA1 

pyramidal cell layer across the 4 shanks. 
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Figure 4.23: Spontaneous recording in chronically implanted mouse at the CA1 
pyramidal layer: (a) Snapshot of wide-band recording (0.3-10,000 Hz; 200 ms; 31 
recording sites) from CA1 of a freely moving mouse during a single CA1 ripple. Red 
traces indicate the estimated center of the CA1 pyramidal cell layer; (b) example 
recording session showing the estimated locations of pyramidal cells (PYR; red 
triangles), interneurons (INT; blue circles), and the center of the CA1 pyramidal cell 
layer (sites with maximum ripple power are connected by the green line and the green 
band thickness represents the mean ripple power). The recording sites are shown as 
black circles and the µLEDs are shown as blue squares. 
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 Following the stimulation procedures for the acute animal study, a 5 Hz sine-

wave stimulation waveform was also used to drive the µLEDs in both CaMKII::ChR2 

mice and wild type mice. The amplitude of the sine wave varied between 0V and a peak 

value ranging from 2.5V to 4V. The intensity of the µLEDs at the peak of the sine wave 

can be easily found in Figure 4.16. It should be noted that, even though the input 

waveform was a sinusoid, the µLEDs were only turned on during a short pulse when the 

voltage surpassed the diode threshold which is ~2.8V. This method effectively 

eliminated the high frequency component of the electrical input (if a square pulse was 

used) to generate a short pulse of light; thus reducing the interference capacitively 

coupled to the recording channels. The effects of the optical stimulation were clearly 

observed in the CaMKII::ChR2 animals and were intensity dependent: spikes was 

induced at low intensities (as low as 2.9V, corresponding to about 37nW, 

0.25mW/mm2 intensity), and high frequency oscillations (HFOs) were induced at 

higher intensities (as low as 3.2V, corresponding to about 350nW, 2.3mW/mm2 

intensity). In contrast, no effects on spiking or HFOs were seen in any of the wild-type 

animals, despite the fact that the probes were recording spikes and ripples from the CA1 

pyramidal cell layer. This evidence rejected the hypothesis that the electrical current 

used to drive the µLEDs can also generate spikes due to capacitive, inductive or thermal 

effects.  

 Figure 4.24 demonstrates the high spatial resolution that can be achieved using 

low optical power stimulation. All 4 cases show the recorded data from the same 

location with stimulation amplitude ranging from 0V to 3.35V to drive the µLEDs (peak 

optical output power: 0.8µW, 4.9mW/mm2). The blue/red open circles mark the 
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estimated locations of the somata (cell bodies): triangulation was only possible in the 

vertical dimension. Therefore, the blue circles (INT) were plotted to the left and the red 

ones (PYR) were plotted to the right for convenience.  

For optical activation at the specified level, all spikes of a given cell were collected 

during a recording session. Each cell was then assigned a vector: the magnitude (0-1) 

defined the fraction of spike events that were phase-locked to the light input; the phase 

(0-2π) defined the relative timing between the sine wave peak and the spike. If a cell 

were statistically phase-locked to the light input, it was plotted as a filled circle, with the 

diameter and color representing the magnitude and phase, respectively. For example in 

Case1, when the lower µLED was turned on, two PYRs within 20 µm of the µLED were 

strongly entrained, firing near the peak of the light as shown by the two large red circles. 

These two PYRs were not entrained in Case2, as shown by the two open circles, when 

the middle µLED (60µm away from the lower µLED) was turned on. In this case, an 

INT just below the middle µLED was entrained more strongly than in Case1, and 

appeared in phase with the light peak. Because the animals were CaMKII::ChR2, INT 

cannot be directly affected by light. Therefore, the activation of INT was an indirect 

effect, most probably by the output of a nearby PYR that was activated by light. This 

was consistent with an unpublished work from Prof. Buzsaki’s group showing the PYR 

activation of INT with very short time lag (3ms). In addition to the local circuit 

activation, distant indirect effect was also observed using low power stimulation. In both 

Case1 and 2, a PYR on shank4 was strongly entrained by both µLEDs. This suggested 

an indirect PYR-INT-INT-PYR circuit (note PYR is excitatory cell and INT is inhibitory 

cell), where the first PYR was illuminated by light and the output eventually activated 
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the second PYR with a series of INT connections. The expected delay as signal 

propagate through this circuit was consistent with the π/2 phase shift as indicated by the 

cyan fill, which also disambiguate the circuit effect from a direct light effect precisely 

because the cell fired only during the absence of light. 

 Similar effects can be observed on shank4 as shown in Figure 4.24, where the 

lower and the middle µLEDs induced activities from different cells. The nearest cells to 

each of these two µLEDs were further analyzed to demonstrate the sub-layer resolution 

in Figure 4.25. In this figure, the two PYRs were labeled by the red and pink triangles, 

respectively. The red PYR and the pink PYR had the highest recording amplitude near 

the 6th and 4th electrode, respectively. Therefore, the separation distance between these 

two cells were only around 50µm, which is equivalent to the thickness of the CA1 

pyramidal layer. Clearly, when the µLEDs were driven with low peak intensity of 

4.9mW/mm2, only the PYR close to the µLED was phase-locked, while the other PYR 

at the opposite side of the CA1 pyramidal layer did not respond to light. These 

observations clearly demonstrated sub-layer stimulation resolution, even within the 

50-µm-thin band defined by the CA1 pyramidal layer. 
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Figure 4.24: Stimulation using low optical power (0.8µW, 4.9mW/mm2) showing precise localization of induced activities even with 
adjacent µLEDs. Case1 and 2 show different activities induced by two µLEDs on shank 3; Case 3 and 4 show different activities 
induced by two µLEDs on shank 4. The diagram shows µLEDs (blue squares), recording electrodes (black circles), PYR (open red 
circles), INT (open blue circles). Each operating µLED is shown as enlarged blue square. Cells that are phase-locked to the light input 
are shown as filled circles: the diameter of the circle is proportional to gain in spike event rates that are phase-locked to the light 
stimuli; the color of the filled circles represent the phase between induced spike timing and the peak of the sinusoid light input. 
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Figure 4.25: Sub-layer resolution control of spiking in the CA1 pyramidal layer shown by independent control of distinct cells on 
shank4 between the bottom and middle µLEDs using same bias conditions in Figure 4.24: (a) bottom µLED generated phase-locked 
spiking of a well-isolated PYR (pink) next to the µLED, but not of another well-isolated PYR (red) at the opposite side of the 
pyramidal layer; (b) middle µLED generated phase-locked spiking of the adjacent PYR (red) but not of the distant PYR (pink).

 97 



  

 In contrast to using low power, confined emission for high-resolution stimulation, 

higher power (4µW, 28mW/mm2) stimulation only achieved inter-layer resolution. 

Figure 4.26 shows that when the bottom and middle µLEDs were turned on sequentially, 

several cells were unselectively activated by both µLEDs without phase delay. Since 

PYR-PYR circuit activations are extremely rare[142], and that PYR-INT-INT-PYR 

activation would show time lag, the distant in-phase activation can be attributed to the 

stronger light output reaching remote cells and activating them directly. Very 

interestingly, illumination above the CA1 pyramidal layer (in the CA1 oriens) by the top 

µLED leads to anti-phase locking for the same group of cells that were activated in-

phase by the bottom and middle µLEDs. Figure 4.27 shows a single isolated PYR firing 

in-phase to the sinusoidal light input when the bottom and middle µLEDs were turned 

on. The same cell fired during the anti-phase, at the absence of light when the top µLED 

was used. This result demonstrated the possibility to control the induced spiking phase 

relative to the light input (i.e., different activation mechanism of the same cell), by using 

different µLEDs. This also suggested an interlayer circuit effect, mediated by basal 

dendrites (dendrites from above the cell, in contrast to most dendrites in CA1, which are 

apical, or coming from below the cell)[143], which is still unproven to the neuroscience 

community and would require further evidence to understand its underlying mechanism. 

The discovery demonstrated that the fabricated µLED probes can allow for conducting a 

new set of experiments for neuroscience studies that could not have been done using the 

previous optogenetic devices because they would have unselectively stimulated both the 

CA1 oriens and the CA1 pyramidal layers. 
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Figure 4.26: Stimulation using relatively high optical power (4µW, 28mW/mm2) showing several cells activated unselectively by 
both the bottom and middle µLEDs. The same cells were also activated by the top µLED outside of the CA1 pyramidal layer with a 
phase delay, indicating indirect circuit effect. The diagram shows µLEDs (blue squares), recording electrodes (black circles), PYR 
(open red circles), INT (open blue circles). Each operating µLED is shown as enlarged blue square. Cells that are phase-locked to the 
light input are shown as filled circles: the diameter of the circle is proportional to gain in spike event rates that are phase-locked to the 
light stimuli; the color of the filled circles represent the phase between induced spike timing and the peak of the sinusoid light input. 
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Figure 4.27: Control of spike phase by direct vs. indirect activation. A well-isolated 
PYR recorded on shank3 fired in a phase-locked manner upon (putatively somatic) 
illumination with the bottom µLED (5 Hz; peak power, 4 μW; peak intensity at the 
µLED surface, 28 mW/mm2), and maintained its phase during application of the same 
pattern via the middle µLED. However, application of the same pattern via the top LED 
induced anti-phase spiking (putatively activating the basal dendrites, at the sine wave 
troughs, i.e., during the lack of light). 

4.10.  Discussions  

 The importance of understanding cellular level neural circuit has been 

highlighted by the recent 2014 Nobel Prize in Physiology or Medicine, which was 

awarded for the discovery of place cells and grid cells that enable the sense of place and 

navigation[144], [145]. At the same time, another recent 2014 Nobel Prize in Physics 

was awarded for the invention of blue LEDs. Coincident or not, the µLED neural probe 

described in this dissertation bridged the technological advance in semiconductor LEDs 

to its new application in neuroscience. 
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 One of the early objectives of this work was to eliminate the bulky optical fiber 

connection in many of the previous work[85], [99], [104], [146] in order to alleviate the 

constraint on animal movements in behaving experiments. Only few efforts[92] has been 

made in recent years to couple semiconductor light emitting devices to short optical 

fibers attached to the probe shanks, thus using only light-weight, flexible electrical 

cables to deliver the power. It is also possible to couple the off-shelf LEDs or laser 

diodes to integrated waveguide probes as described in Chapter 3. This method requires 

significant engineering challenges and assembly techniques to efficiently couple light 

from the external light source into the small waveguide. However, at least with the 

current available technologies, it offers the advantage of interchangeable light sources 

with different wavelengths, which cannot be done easily with the monolithically 

integrated µLEDs on the probe shanks. Certainly, being able to silence and excite 

targeted cells is one of the revolutionary advances that optogenetics can offer in 

comparison to conventional electrical stimulation. Although not a mature technology yet, 

the emission wavelength of LEDs fabricated from the same material can be tuned by 

controlling its mesa size and therefore the built-in stress. Figure 4.28 shows the 

preliminary work done by Prof. Ku’s group from the University of Michigan, which 

demonstrated multi-wavelength emission from the same LED epitaxy layer by reducing 

its lattice strain for a blue shifted effect[147], [148]. This method suggests the possibility 

of monolithically integrating multi-wavelength µLED arrays using the same epitaxy 

wafer, which would provide another degree of freedom in neural activity manipulation 

by the added capability of silencing neurons. 
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Figure 4.28: Wavelength tuning by changing the built-in stress of individual nano-pillar 
LED mesas. 

 

 The monolithically integrated µLED probe described in Chapter 4 has 

tremendous impact for the neuroscience community (even with single emission 

wavelength). It completely eliminated optical fiber connections, which supported 

behavioral studies in small animals and allowed scaling of the number of µLEDs to 3 

per shank for a total of 12 µLEDs, while using the same shank width (70 µm) of the 

single-shank probe described in Chapter 3. For confined stimulation, the µLEDs were 

designed to have a small emission area (10µm ×15µm), similar to the size of the 

recording electrodes and the size of a cell body of neurons. The µLED architecture also 

minimized its protrusion from the shank surface below sub-micron range, which could 

further reduce unnecessary tissue damage during insertion. The µLEDs were fabricated 

on a GaN-on-Si wafer, which has intrinsically a low quantum efficiency due to high 

dislocation densities caused by lattice mismatch in the GaN/Si interface. However, by 

optimizing the fabrication processes, it was demonstrated that the µLEDs can be made 

with low contact resistance and low leakage, so that total measured efficiency at an 

optimal operating point is close to the theoretically-calculated plug efficiency of 0.9%. 

Despite the seemingly low efficiency, it was shown that the µLEDs could operate at 
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their steady state as well as transient, pulsed conditions, to emit light at intensity enough 

to activate ChR2 without exceeding the thermal budget of 1°C in tissue temperature rise. 

 The µLED probes were first tested in anesthetized (n=5) and then followed in 

behaving mice (n=4) at Prof. Buzsaki’s lab in New York University. All of the probes 

were inserted into the optimal position inside the CA1 pyramidal layer of the 

hippocampus. The acute experiments were designed for initial feasibility assessment. 

The surgeries (~1 hr) were considerably shorter than chronic implant (~3-4 hrs), and the 

recording began immediately while the animals were under anesthesia. Spontaneous 

activities were recorded as soon as the probe tip entered the CA1 pyramidal layer. The 

frequent ripples were identified as “signature” of CA1 neural activities when the animals 

are immobile. In these early experiments, both 60 Hz and higher frequency (~2 kHz) 

interference were significant in recording even without stimulation; during stimulation, 

the injected current caused additional interference to the recording channels, making 

observation of neural activities in real time impossible. Fortunately, it was still possible 

to extract the neural signals from the noisy background with offline processing. 

 During chronic experiments, the probes were implanted and the animals were 

allowed to recover for a full week before recording began. The cables and headstage 

were carefully shielded this time, which completely abolished the ambient noise (60 Hz, 

etc.). The recording ground and the LED ground were also shorted together with a 

configuration to avoid large ground loops. This significantly minimized the stimulation 

interference (although still observable), so that spikes, ripples and HFOs can be easily 

identified during live recording in real time. Once the probes were inserted into the 

optimal depth, as all shanks could record spontaneous ripples and spikes from the CA1 
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pyramidal layer, the optical stimulation experiments began. In these studies, a 5 Hz 

sinusoidal waveform was used to drive the µLEDs, and the amplitude varied from 0V to 

a set of values. The minimum light outputs to induce spikes or HFOs from a nearby 

PYR were determined to be only 37nW (0.25mW/mm2) and 350nW (2.3mW/mm2), 

respectively. When driving the µLEDs near the threshold, sub-layer circuit stimulation 

was resolvable. This was clearly demonstrated by the selective stimulation of two 

nearby PYRs (approximately 50µm apart), using two adjacent µLEDs (exactly 60µm in 

vertical pitch). In addition to direct PYR stimulation by light, INT can also be activated 

via PYR-INT circuit with very short time lag[30] (note that light cannot directly activate 

INT in CaMKII::ChR2 animals). Also, distant PYR can also be activated indirectly, via 

PYR-INT-INT-PYR circuit, in which the first PYR was illuminated and the second PYR 

responded after long delay during signal propagation[142]. All of the above mentioned 

circuit effects are shown in Figure 4.24 using low power stimulation. With higher 

power stimulation, induced activity was only localized at interlayer resolution. Here an 

interesting phenomenon was observed for the first time: stimulation of the CA1-orien 

generated robust spiking and ripples in distant PYRs inside the CA1 pyramidal layer 

with phase locking to the trough of the sine input (during absence of light) as shown by 

Figure 4.26, and more specifically by the activities of the “red cell” shown in Figure 

4.27. The underlying signal transduction method is still unknown, but can be speculated. 

Illumination via the bottom/middle µLED activated the PYR (“red cell” in Figure 4.27) 

directly via somatic or dendritic illumination). In contrast, since light cannot reach the 

“red cell” from the top LED, one possible mechanism of action is as follows: 

illumination via the top µLED activated another (“hidden”) subset of PYR (via their 
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basal dendrites), which synaptically activated INT. Those INT can, in turn, generate 

rebound spiking in PYR[142]. One of the latter PYR can be the same “red cell” that was 

also directly activated via the bottom/middle µLEDs. Thus, the same cell can spike in-

phase or anti-phase, depending on the relative location of the soma vs. input. 

Equivalently, distinct PYR can either fire in-phase or anti-phase, depending on the 

source of their respective input.  

 In conclusion, the µLED integrated neural probe developed in this work enabled 

high spatial resolution in stimulation of targeted neural circuits. Because the µLEDs can 

be positioned extremely close to neurons, the amount of light needed to induce robust 

spiking is minimal. Therefore, confined stimulation of sub-layer neural circuit can be 

achieved, with power consumption well under the limit to cause thermal damage to the 

tissue. A few experiments in chronic behaving mice already shed light on some new 

interesting circuit effects that could not have been observed using the previous devices 

reported up to date, which could only illuminate a large volume of tissue.  
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CHAPTER 5                                                                                                                        

SUMMARY AND FUTURE WORK 

5.1.  Summary: 

 The Michigan probe has been leading in multi-site, high-density recording and 

stimulation for neuroscience applications among other neurotechnologies. The MEMS-

based, planar platform enables design freedom for scaling and integration of functions 

such as microfluidic channels and electrochemical detection. The innovations pursued in 

this thesis are in line with evolvement towards the next generation Michigan probes. 

  The work described in Chapter 2 aims to utilize a biodegradable silk shuttle to 

support the insertion of probes that can be made out of any materials and shape, so that 

the probes themselves can be structurally optimized to minimize tissue reaction. The 

techniques for patterning the biodegradable coating have been optimized to facilitate 

reliable insertion of multi-shank, flexible probes. However, due to the complexity of the 

foreign body response, the current animal experimental data cannot conclusively support 

the hypothesis that the silk-coated probes have better recording performance compared 

to existing probe technologies in the long term. Yet, the coating technology allows 

tremendous design freedom in forming the structures of future implantable devices, 

which will be tested and applied in a chronic setting.  
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 The rest of the thesis reports the development of neural probes with the 

capability to simultaneously record neural signals (extracellular potentials) and stimulate 

neurons with light. Two approaches have been demonstrated, integrating either optical 

waveguides or µLEDs onto the conventional Michigan probe. In both cases, the designs 

revolve around the central idea of leveraging advanced microfabrication techniques to 

monolithically integrate the optical and electrical components onto the probe shanks. 

This key design feature enables precise spatial definition of all components with 

lithographic resolution, which offers optogenetic studies with the ability to accurately 

map the input and output processes within a neural network. These probes were tested at 

the Prof. Buzsaki’s lab at New York University using rodents. The waveguide integrated 

probe was tested in an acute rat, from which spiking activities were phase-locked to the 

optical stimuli. Because the µLED integrated probes were scaled significantly (in terms 

of confined illumination, increased number of light sources per shank, increased number 

of recording electrodes, and reduced weight of tethered cables), they were chronically 

implanted into mice for practical neuroscience studies. These µLEDs are the smallest 

implantable light sources ever reported for optogenetic applications. In the experiments, 

selective activations of individual cells that are only 50 µm apart were demonstrated, 

and that the activations of a particular cell via different input pathways were also 

demonstrated. These results clearly marked the record in spatial precision of optogenetic 

manipulation of neural circuits, which will bring new insights to brain mapping at the 

cellular or even sub-cellular level.  

 The detailed achievements and contributions of this thesis can be summarized as 

follows: 
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Flexible polymer probe: 

• A novel silk coating method enabled implantable devices to be made out of any 

material (including polymer), size and geometry as the coating provides the 

mechanical stiffness to penetrate the brain. 

• The probes were made from flexible parylene substrates to reduce shear stress 

caused by micro-motion. The probe tips were designed with unique geometries 

aimed to minimize tissue reactions near the recording electrodes. The probe 

structure could be optimally designed to enhance its recording reliability. 

• Silk fibroin was patterned for the first time by soft-lithography, creating arbitrary 

shapes in uniform thickness with high precision. 

• The 64-site, 8-shanked probes were successfully inserted into the layer-V motor 

cortex in rats without significant deviation from their intended track. 

• The implanted probes recorded from 6 behaving rats for 6 weeks without signal 

quality degradation. 

 

Optical stimulation probe (waveguide approach): 

• The Michigan probe was monolithically integrated with optical waveguides for 

the first time for optogenetic applications. 

• Different waveguide geometries such as optical mixer and optical splitter can be 

easily patterned with lithographic resolution for different light guiding 

configurations. 

• The total transmission efficiency of 9% was achieved in the dielectric waveguide, 

which was improved from SU-8 waveguides by nearly an order of magnitude. 

 108 



  

• A single-shanked probe (shank dimensions: 5-mm-long, 70-µm-wide, 15-µm-

thick) with 1 waveguide and 8 recording electrodes could successfully induce the 

robust spiking corresponding to light stimuli in an acute CAG::ChR2 animal. 

 

Optical stimulation probe (µLED approach): 

• The Michigan probe was monolithically integrated with µLEDs directly on the 

probe shanks for the first time by utilizing recently developed GaN-on-Si 

technologies. 

• The 4-shank, 32-recording-site, and 12-µLED probes were designed, fabricated 

and fully characterized (shank dimensions: 5-mm-long, 70-µm-wide, 30-µm-

thick, 250-µm-pitch; recording site area: 143µm2; µLED emission area: 150µm2).  

• The fabricated µLEDs performed close to their theoretical efficiency of 0.9% 

from the optimized fabrication processes and operating conditions. 

• Thermal modeling in COMSOL showed that both DC and AC driving conditions 

of the µLEDs were possible to produce enough light (conservatively greater than 

1mW/mm2) to activate the ChR2 while keeping the ambient tissue heating by 

less than 1°C. 

• The entire assembled package was fiberless and low-weight (~4g), allowing 

animals to move freely during behaving experiments.  

• The minimum power to robustly activate ChR2 expressing neurons using the 

µLEDs was only 36nW, corresponding to 0.24mW/mm2 light intensity. 
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• Low power stimulation has achieved sub-layer resolution, as demonstrated by 

the selective stimulation of two cells that are only 50 µm apart using adjacent 

µLEDs that are separated by 60 µm in pitch. 

• It was demonstrated that a particular cell could be activated via different 

mechanisms, and can be either in-phase or anti-phase relative to the timing of the 

light input. 

• It was shown for the first time that illumination of the CA1-orien layer (absent of 

PYR) could trigger distant PYR in the CA1-pyramidal layer to spike and 

oscillate via indirect circuit effect.  

• Having 480 million possible stimulation sequences with 12 integrated µLEDs 

that can illuminate the neural network with sub-layer resolution, this technology 

can be the key to unlock many of the unknown mechanisms underlying signal 

transduction in the brain. 

5.2.  Suggested future work 

 In order to advance MEMS implantable probe technology for chronic 

applications in rodents and eventually towards primate research or human clinical use, 

the protocol to test the long-term biocompatibility should have implantation time of at 

least 6 months. Because the silk-coating technology developed in this work can support 

the insertion of probes of any structure, it is important to simplify the geometry of the 

probe shanks and study a single parameter (e.g., shank width or surface area) that could 

be quantitatively correlated to tissue reaction. In addition, it would be beneficial to test 

other materials for the probe shanks with a property that could minimize foreign body 
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response. The electrophysiology recording quality should be coupled with 

immunohistology data and compared with existing probe technologies. 

 To support the recent advance in optogenetics, two probe designs have been 

described in this thesis. The integrated waveguide optical probe offers flexibility in 

terms of light source selection. In the future, optical fibers should be substituted by 

LEDs or laser diodes to eliminate the bulky assembly. The coupling between these large 

light-emitting sources to a miniature waveguide should be very challenging. Once 

coupling is optimized, the waveguide approach can deliver light from multiple sources 

having different wavelength for activation and silencing of targeted neuronal population. 

The µLED probe can meet the “dream” specifications for stimulation of any densely-

populated neural circuits, with high spatial resolution to selectively activate adjacent 

cells of the same type. A challenging future direction for this work is to develop 

methods to generate multi-wavelength emission from LEDs fabricated from the same 

wafer. Wireless control of the µLEDs is another feasible advance since power 

consumption is in the microwatt range. Lastly, the interference between the stimulation 

and recording channels should be further reduced. One possible solution could involve 

modifications of the fabrication process to add a shielding layer between the recording 

channels and the stimulation channels.  
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