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ABSTRACT 

The most common failures in neural stimulation implants are due to interconnect 

complications such as tissue response, lead migration, and lead breakages. The challenge 

in eliminating interconnects lies in minimizing device size to maintain spatial selectivity 

required in the CNS. One approach to this problem is a current generating device that can 

be stimulated by an external signal, such as light or sound. Here, we report the design, 

construction and testing of microphotodiode devices that can be stimulated remotely with 

near-infrared (NIR) light to generate current that can be injected locally into the 

peripheral nervous system. The use of near-infrared (NIR) light to activate 

microphotodiodes was investigated. The chip size of the prototype device is 300um by 

500um, and the small stimulation area necessitates a contact material capable of 

delivering a minimum charge injection rate of 0.5 mC/cm . The charge transfer properties 

of iridium oxide, platinum, and titanium nitride were analyzed, and titanium nitride was 

found to have a stable charge injection rate above 0.5 mC/cm2. The volume conductor 

response of the diode showed a primarily capacitive transfer of energy into the tissue. 

Three diode geometries were implanted in a peripheral nerve, and an EMG signal was 

recorded in response to laser stimulation of two diode types. The diodes with the largest 

active area achieved successful stimulation despite size differences in contact area; this 

suggests the importance of active area size for stimulation. Further characterization of 

diode performance in vivo established an optimum pulse width for minimum light energy 

needed for diode activation. This optimum pulse width increased as implantation depth 
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increased. For an implantation depth of 3.5 mm, the energy threshold was 0.53 mJ/cm2 

which is 30 times below the maximum permissible exposure for X = 830 nm. The total 

energy required for stimulation at a given pulse width increased as tissue depth increased. 
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CHAPTER 1 

INTRODUCTION 

Electrical activation of the peripheral and central nervous system has been used to 

treat neural disorders for many decades. Well-known devices that are based on this 

concept include cochlear prostheses, deep brain stimulators for Parkinson's disease, 

dorsal spinal cord stimulators for chronic back pain, sacral root stimulators for bladder 

and bowel control in spinal cord injury patients, and vagus nerve stimulators for epilepsy 

patients. Such devices are being implanted in thousands of patients every year. One of the 

factors limiting additional applications for neural stimulation is the mechanical stress on 

the electrode interconnects. These stresses cause complications such as lead breakage, 

electrode migration, erosion, and tissue damage [1]. These problems will be illustrated 

below in the context of deep brain stimulation. 

1.1 Deep Brain Stimulation 

Deep Brain Stimulation (DBS) for the treatment of mobility disorders was 

introduced by Benabid et al. in 1987 [2]. Initially, stimulation of the thalamus was 

approved for the treatment of essential tremor and Parkinson's disease. Stimulation of the 

subthalamic nucleus and the global pallidus for the treatment of Parkinson's disease was 

then approved. DBS has been used to treat tremor associated with multiple sclerosis and 

dystonia [3] and for non-movement disorders such as epilepsy and pain [1]. DBS of the 
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periventricular grey matter in the mesencephalic transition area, the internal capsule, and 

the motor cortex have all been used to treat chronic pain [4, 5]. 

A DBS system consists of one or more stimulating electrodes that are implanted 

directly into the brain. The electrodes are connected to a thin insulated wire that extends 

through the brain to an opening in the skull (burr hole) where the wire is attached to an 

extension cable. The extension cable is also a thin insulated wire that is threaded through 

the skin of the head and neck into the upper chest region, where it is connected to a 

neurostimulator implanted under the skin. Despite the benefits of DBS, hardware 

complications, such as lead fracture, migration, and erosion, have ranged from 6.7—27% 

in recent studies [3,6-9]. 

1.2 Hardware Complications in DBS 

Studies have shown that 34.7% to 50% of hardware complications in DBS are 

lead fractures [3, 7-8]. The fractures occur at either the connection of the lead to the 

stimulator or at the burr hole connection of the lead and the extension cable. Patients with 

essential tremor, dystonia, or dyskinesia are most likely to experience lead fracture [1,8]. 

The rate of lead fractures in these patients can be reduced by moving the connector of the 

lead and extension cable from below the mastoid in the neck to a location near the burr 

hole on the calvarium [7-8]. In patients with Parkinson's disease, lead damage most often 

occurred after a fall [6]. Blomstedt et al. reports an average time of 25 months for lead 

failure cases [8], In all cases of fracture, further surgery was required to remove and 

replace the failed lead. 

Lead migration, the shifting of the connection to the electrode, accounts for 4.3% 

to 20% of hardware complications in DBS [1, 3, 8]. This motion of the connectors causes 
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a shift in the position of the stimulating electrode, which reduces the effect of the 

stimulation [3]. Most common in movement disorder patients, lead migration is caused 

by the forces on the lead resulting from motion and is a contributing factor to lead 

fracture [1, 8]. Patients need a surgery to reposition the electrode and restore control of 

symptoms. 

Lead erosion is the cause of lead failure in 12.5 % of hardware complications [7]. 

A study of leads used in cardiac pacemakers shows a breakdown of the inner insulation 

of the lead, made of polyether polyurethane, but intact outer silicone rubber insulation 

layer. Pitting and cracking were observed in localized areas of the inner layer, with the 

damage beginning on the exterior of the insulation and working inward. The worst 

erosion occurred in areas of high strain due to repeated movement [10], Eventually, 

erosion leads to lead failure and the return of patient symptoms, requiring surgery to 

replace the damaged lead. 

1.3 Effects of Motion 

In DBS, the relative motion of the interconnects to the brain tissue— 

micromotion—damages bom the electrode interconnects and the surrounding neural 

tissue [11-12]. Physiological sources of micromotion include volume changes caused by 

the cardiac rhythm and pressure changes in the cerebrospinal fluid caused by respiration. 

Respiration causes low frequency, relatively large displacements of -30 um, and the 

cardiac rhythm causes higher frequency, small displacements of —1-4 ^m. Behavioral 

sources of micromotion are head and trunk movements. Small head motions can damage 

the surrounding neural tissue, which can increase stimulation thresholds. Damage to the 

stimulation device can be caused by large acceleration as seen from a sneeze or fall. 
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Finally, micromotion is caused by mechanical sources such as external vibration of the 

implant that translates to the electrode through the lead wires [12-13]. This micromotion 

intensifies the mechanical mismatch of the neural tissue and the electrode materials [14]. 

Micromotion in the CNS causes the same problems as with stimulation implants in the 

Peripheral Nervous System (PNS). In the PNS, the motion of the surrounding muscles 

and the flexibility and movement of the nerves induce large mechanical stresses and 

strains on the interconnects, triggering lead breakage [15]. 

The tissue reaction to an implant changes the electrical properties of the tissue 

around the implant [14]. There is an initial inflammation due to the implantation of the 

device, followed by the formation of a sheath of astrocytes and microglia on the surface 

of the implant. Brain stimulation devices tethered to the skull cause more tissue reaction 

than "free floating" devices [16]. The micromotion of the implant kills otherwise healthy 

cells around the implant [17]. 

1.4 Eliminating the Effects of Tethering 

Attempts to minimize the tethering forces on implants include developing small 

diameter, flexible wires for use as interconnects [18]. Subbaroyan et al. show that a 

flexible wire decreases the force transferred along the interconnect from the tethering 

point to the implanted device. However, the flexibility increases the difficulty of accurate 

implantation for the control of symptoms. The strain on the connection point at the skull 

is also increased, leading to a higher chance of lead fracture and erosion [14]. 

One design in development to eliminate tethering is a Radio Frequency (RF) 

controlled microstimulator [19]. The device has an onboard power supply and receiving 

antennae causing the cylindrical device size is a few millimeters long and two millimeters 
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in diameter. Because this device is relatively large compared to neural structures, it is 

designed to be implanted into muscles for stimulation. One way of solving this 

mechanical mismatch and tethering problem is to place telemetry electronics into the 

stimulator and control it transcutaneously with an extra-corporal magnetic coil and 

electronics, thus eliminating the interconnects. However, because these devices contain 

telemetry and power circuitry, they are large (a cylinder of 2-2.5 mm in diameter and 10-

16 mm in length) compared to the neural structures to be activated. Thus, spatial 

selectivity is poor and can be used only for activation of the whole peripheral nerves or 

muscles. The next generation of electrical stimulation devices should be in the 

micrometer size range, selectively addressed, activated remotely without wires attached, 

and targeted for specific nerve cell types in the nervous system. The proposed Floating-

Light-Activated-Micro-Electro-Stimulators (FLAMES) will have all the features of the 

next generation stimulators. These devices are micro scale photovoltaic elements, 

anticipated to be smaller than 50x50 um2, that are activated by light energy at Near 

InfraRed (NIR) wavelengths. Many of these devices will be implanted into the target 

area, such as inside the fascicles of a peripheral nerve or into the grey or white matter of 

the spinal cord or brain. The devices will be selectively activated by an array of NIR light 

emitting diodes placed extraneurally or extradurally. Spatial selectivity will be provided 

by focusing the NIR beam at specific micro-stimulators. 

The purpose of this work is to develop and test the efficacy of a wireless 

microstimulator for use in the central nervous system. To this end, three sets of NIR 

microphotodiodes with 22 distinct geometries were fabricated. Three electrode interface 

materials—iridium oxide, platinum, and titanium nitride—were deposited on the 
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photodiode contacts. The voltage generated by these devices in response to a laser pulse 

was measured in a volume conductor with a specific resistivity similar to that of nervous 

tissue. Selected photodiodes were implanted into the sciatic nerve of Sprague-Dawley 

rats to determine if the diode was capable of stimulating a nerve. EMG response to a laser 

stimulation of an implanted photodiode was measured; this EMG response indicated 

successful neural stimulation. The successful photodiodes were then implanted at 

selected depths in the sciatic nerve. The power threshold required for stimulation was 

established across a range of pulse widths. Using the power threshold data, a statistical 

model was designed to predict the laser power required for stimulation at selected 

implantation depths and stimulation pulse widths. 

A second set of experiments was conducted to study the spatial resolution of NIR 

light through neural tissue and determine the minimum separation distance between 

photodiodes. The intensity of light transmitted through a slice of rat brain tissue was 

measured as the light source was moved incrementally away from the receiving optical 

fiber under the tissue. These tests were repeated for increasing thickness of tissue, and a 

statistical model was developed to predict the percent of power collected under the tissue 

as the distance between the light source and receiving fiber was increased. This model 

was used to help determine the significance of the variables tested. 



CHAPTER 2 

BACKGROUND 

2.1 Optical Properties of Neural Tissue 

In order to use optically activated photovoltaic devices as microstimulators for 

either the CNS or PNS, the light power from a laser source must be able to penetrate 

through the tissue to the implant. Four optical properties which together determine the 

penetration depth of a wavelength of light are reflection, absorption, scattering, and 

transmission. Penetration depth is defined as the depth of tissue at which the optical 

power is 37% of the initial optical power [20]. The two most important factors in 

determining penetration depth for light are absorption and scattering. For biological 

tissue, the maximum penetration depth is achieved by using NIR light with wavelengths 

from 650-950 nm. 

Figure 1 shows the penetration depth of wavelengths from 360—900 nm. 

Penetration depth increases significantly from 600-900 nm but is much higher in grey 

matter than white matter [20]. Figure 2 compares the contributions of absorption, 

scattering and reflection as a function of wavelength, and shows that reflection and 

scattering become the dominant causes of signal loss for larger wavelengths, while 

absorption is the least dominate property for wavelengths between 600 and 900 nm [20]. 

A large portion of the light is reflected before entering the tissue and much of the light 

entering the tissue is scattered. 
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Figure 1 Penetration depth of NIR light in grey (top) and white (bottom) matter [20]. 

100 300 

Figure 2 Relative levels of reflection (R), absorption (K), and scattering (S) for different 
tissue types [20]. 

The Lambert-Bouguer Law states that all layers of material absorb the same 

fraction of incident light shining on them. Equation 2.1 expresses the probability that a 

photon of light over a path will be absorbed. This law can be expressed in the form: 



— = —fJadz, Equation 2.1 

where 

— = fraction of incident light, 

-ju = absorption coefficient (mm"1), 

dz = thickness (mm). 

Equation 2.2 can be used to determine the intensity of light transmitted to a 

certain depth in the tissue 

I(z) = I0e~M°z, Equation 2.2 

where 

/ = transmitted light intensity at depth z, 

I0 = initial light intensity, 

z= depth (mm). 

The absorption coefficient is the probability that a photon will be absorbed by the 

tissue. The absorption pathlength, 1/ua, is the path a photon travels between absorption 

events. The depth of laser penetration can be determined by finding the optical density of 

the tissue with Equations 2.3 and 2.4 

OD = log(—), Equation 2.3 

T = —, Equation 2.4 

where T is defined as the ratio of transmitted light power to incident light power [21]. 
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The attenuation of light in tissue at NIR wavelengths is only partially determined 

by absorption. The majority of the attenuation is due to light scattering caused by changes 

in refractive index at the microscopic level. Light can be back scattered and exit the tissue 

through the initial entry point or forward scattered and measured with the light 

transmitted through the tissue. The amount of light transmitted through the tissue can be 

determined by Equation 2.5 

I(z) = I0e~M°z, Equation 2.5 

where Us is the scattering coefficient, which gives the probability that a photon will be 

scattered in the tissue [21]. 

Because total attenuation in the tissue is determined through both absorption and 

scattering in the tissue, the intensity of light transmitted through tissue is shown in 

Equations 2.6 and 2.7: 

I(z) = I0e~r z , Equation 2.6 

where 

Y = M« + Us. Equation 2.7 

NIR light is non-ionizing, so the primary safety concern for NIR light is heating 

of the tissue [22]. Scattering, dominant in attenuation, has no effect in the heating of the 

tissue due to light. 

2.2 Wireless Stimulation Devices 

Numerous retinal disorders can lead to the slow loss of vision and eventually 

cause complete blindness. Retinitis Pigmentosa (RP) affects an estimated 1 in 3000 

people [23]. RP is a group of hereditary disorders that cause a breakdown of the function 

of both types of photoreceptors in the retina. Macular degeneration, the leading cause of 
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vision loss in people over fifty-five, is caused by the loss of function of the 

photoreceptors known as cones. The number of people affected by macular degeneration 

is increasing as the population increases in age. Early symptoms of these retinal disorders 

include night blindness, slow light-to-dark adaptation, and progressive tunnel vision. The 

disease slowly progresses over time, but usually accelerates when the patient approaches 

thirty or forty years old until the patient is completely blind [24]. Transplants of healthy 

retinal tissue have been shown to survive in vivo but have failed to show restoration of 

visual function. Electrical stimulation of the retina induces visual impressions in both 

normal patients and those who are blind from RP [25]. Reproducible visual potentials 

were evoked in normal animal subjects with similar electrical stimulation [23]. 

Photovoltaic elements have been built by other groups to stimulate the retinal 

cells of cats and rabbits with light energy of 880 nm in a test of a neural prosthetic 

concept [23, 36-27]. Schlosshauer's group in Germany has successfully demonstrated 

that a 3 mm diameter device with 7000 photovoltaic elements each with a dice area of 

20x20 nm2 can generate currents as high as 300 uA when about 200 uA current is pulsed 

through NIR LED source. The large array of photodiodes replaces the lost photoreceptors 

but utilizes the underlying nerves. This group has recorded electroretinogram signals 

from the implanted eye of a rabbit indicating that the implant was able to activate 

subretinal cells when illuminated by NIR light sources. Shown in Figure 3, each 

individual element has a cathode area of 8x8 um2 with the anode located across the 

bottom of the device. The diodes are intended to respond to visible wavelengths, but are 

currently tested at 880 nm to isolate photodiode response from the response of the 

remaining photoreceptors [26]. 
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D 
stimulafion electrode (+) ^ p* silicon 

insulator 
n" silicon 

counter electrode (-) 

Figure 3 Schematic of a single photovoltaic element of a retinal prosthesis array design. 

In their design, each element with a contact area of 8x8 um2 supplied about 42 

nA. This is substantially larger than the transmembrane current of a medium size axon 

(-10 um diameter) at a node of Ranvier, which is in the order of 3-4 nA. Most of the 

stimulator current will spread into the extracellular medium and not go through the cell 

membrane. Thus, the current and potential distribution around the device was estimated 

using the finite element modeling package TCAD to determine the minimum dice area 

for the device sufficient to stimulate a nerve soma or axon within a volume of 100 um 

distance from the cathodic end of the device. Because a substantial amount of NIR light 

energy will be reflected in the white (70%) and grey (55%) matters of the neural tissue 

within the 700-990 nm range, each contact area is expected to be larger than 8x8 um2 to 

reduce the internal resistance and increase the voltage generated. However, the active 

area of the photodiode is expected to be smaller than 50x50 um2. 

Peachey and Chow have designed a similar microphotodiode array 2 mm in 

diameter with an individual diode measuring 20x20 um2. These devices respond to 

wavelengths from 500 to 1100 nm. The group has tested the use of gold, platinum, and 
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iridium as contact materials and discovered gold did not transfer enough charge to be 

useful. The device thickness has been reduced to 50 um to minimize damage to the 

surrounding tissues [25]. In contrast to the array approach, the devices produced in this 

study are single photodiodes intended to stimulate a distinct structure in the CNS. 

In this project, a Neruocal simulation was used to determine the current needed to 

activate action potentials in the neuron. Neurocal simulates neural activity and 

stimulation by solving the cable equation. A neuron at 37 °C with one axon (diameter = 

10 urn) and two dendrites was modeled with one external stimulator. The neuron was 

divided into 55 segments with the external stimulation (a square wave) placed at segment 

27 in the middle of the neuron but placed 100 um from the center of the neuron. 

Early testing of the photodiode in a volume conductor with resistivity of 300 Q-

cm showed that the voltage produced in the volume declines as the distance from the 

photodiode contact increases. One hundred micrometers was chosen as a distance where 

significant voltage is still experimentally produced in the volume. Neurocal simulation 

revealed that current threshold values varied more with changes in pulse width than with 

changes in distance from the axon. Therefore, distance from the axon was kept constant 

throughout the simulation. Decreasing this distance would result in lower current 

thresholds and higher penetration depths through the tissue. 

2.3 Injection of Charge into Neural Tissue 

To achieve neural stimulation, electrical charge must be injected into neural tissue 

by metal electrodes. However, charge is carried by electrons in metal electrodes but by 

ions in physiological tissues. The meeting of electrode and tissue is known as the 

electrode-electrolyte interface. Two mechanisms allow charge to be transferred into the 
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tissue at the electrode-electrolyte interface: capacitive and faradic. The dominant 

mechanism of transfer is determined by the electrode material. 

2.3.1 Capacitive Charge Injection 

In capacitive charge transfer, mere is no transfer of electrons across the electrode-

electrolyte interface. Metal ions in the tissue combine with the metal electrode, leading to 

a double layer of charge on the surface of the electrode because of the opposing charges 

on the electrode surface and the tissue. A layer of water molecules forms between the two 

layers of charge and acts as a dielectric capacitor [28]. If only capacitive charge transfer 

occurs, the interface can be modeled as a double layer capacitor Cdi, shown in Equation 

2.8 

rA 
Cdl = es0 — , Equation 2.8 

where 

Cdi - double layer capacitance, 

£ = dielectric constant of the material, 

so - dielectric permittivity of a vacuum, 

r = ratio of real to geometric surface area, 

A = geometric surface area, and 

t = distance between layers. 

During stimulation, the charge built up on the surface of the electrode changes, 

causing a change in the charge in the electrolyte. When current is injected through the 

negative electrode, the surface of the electrode builds up negative charge. The electrode 

surface now attracts cations and repels anions in the electrolyte. The counter electrode 
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acts as the positive electrode which repels cations and attracts anions. Figure 4 shows the 

exchange of charge at the interface where ions are formed in the double layer of charge 

and injected into the tissue. This mechanism of injection is ideal because no 

electrochemical reactions occur to cause changes in the tissue [29]. 

Electrode 

A" 

A 

Electrolyte 

Figure 4 The electrode-electrolyte interface between an electrode composed of metal 
atoms C and an electrolyte containing ions C+ and anions A" of the electrode 
metal [28]. 

2.3.2 Faradic Charge Injection 

In faradic charge injection, electrons cross the electrode-electrolyte interface 

through a chemical species being oxidized or reduced. At the negative interface, the ions 

are reduced and gain an electron. Ions at the positive interface are oxidized and lose an 

electron. The faradic mechanism injects a much higher charge into the neural tissue 

because a higher level of charge is necessary for the oxidation/reduction process. 
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However, the ability to inject more charge must be balanced by the injection of new 

chemical ions into the tissue. The injection process can be labeled as reversible or 

irreversible. If the reaction is reversible, the new species introduced into the tissue by 

oxidation is removed by reduction when a current is applied in the opposite direction, and 

no net changes occur in the tissue. Once the reaction becomes irreversible, the introduced 

species begin to build up in the tissue, leading to changes and damage. An example of a 

reversible reaction can be seen with an electrode made of Iridium (Ir) as shown in 

Equation 2.9, 

IrO + 2H+ + 2e~ 4* Ir + H2 0. Equation 2.9 

Reversible reactions can be pushed into irreversible reactions by increasing the 

current levels beyond set limits. These limits are determined by the electrode material and 

stimulation protocols. 

Real world electrodes contain both capacitive and faradic processes. Figure 5 

shows a simple electrical circuit model of charge transfer across the electrode-electrolyte 

interface. The double layer capacitance, Ca, represents the capacitive charge transfer, and 

the parallel faradic impedance, Rj, represents the charge transferred with electrons 

exchanged between the electrode and electrolyte. The value of the impedance and 

capacitance is dependent on the electrode material and the electrolyte. 
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Figure 5 Circuit model of the electrode-electrolyte interface. 

The interface behaves as a low pass filter, making the electrode impedance 

frequency dependent. Impedance is highest at low stimulation frequencies because Rd 

adds in series with Rs. When stimulation frequencies are high, the effect of Rd on the 

electrode impedance is lowered, and the impedance approaches Rs. The electrode 

impedance and capacitance are also dependent on current density, with Rd decreasing and 

Cdi increasing as current density increases [30]. As overall impedance decreases, the ease 

of charge transfer across the interface increases [31], which increases signal gain [32]. 

2.3.3 Charge Storage Capacity 

As the capacitance increases in the double layer of charge, so does the Charge 

Storage Capacity (CSC) of the electrode. The CSC is the amount of charge stored in the 

double layer capacitance and reversible faradic reactions of the electrode for injection 

into the tissue [29]. An electrode with a high GSC can inject more charge into the tissue 

than an electrode with a low CSC. If a charge higher that the CSC builds up on the 

electrode surface, a dielectric breakdown will occur and cause irreversible reactions 

within the tissue. Electrode materials that have been or can be deposited with a rough 
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surface area to increase the real surface area without increases the geometric surface area 

of a diode. The capacitance can then be calculated from Equation 2.8. This allows for an 

increase in the capacitance and the CSC of the electrode without increasing the geometric 

surface area of the electrode. Increasing real surface area while minimizing geometric 

electrode size is important to minimize tissue damage from the electrode [33]. 

2.4 Electrode Materials 

An electrode used in neural stimulation must transfer a large charge into the tissue 

in high frequency, low pulse width situations. This high charge must be delivered without 

causing irreversible reactions such as electrode corrosion, electrode dissolution, gas 

bubbling, or toxic chemical creation. The impedance of the electrode should be low 

enough to allow for a high charge injection limit. The charge injection limit is the amount 

of charge that the electrode can inject into the tissue during stimulation and is usually 

lower than the CSC because an electrode can store more charge than it can transfer. The 

charge injection limit depends on electrode material, surface structure, and stimulation 

protocols. To avoid damage to the electrode or the surrounding tissue, stimulation must 

occur through either capacitive or reversible faradic reactions. Stimulation density must 

occur below the 1 mC/cm2 neural damage limit [34] but above the 0.5 mC/cm2 

stimulation threshold in small area electrodes [35]. 

Platinum (Pt) and platinum-iridium alloys are frequently used in electrical 

stimulation because of their resistance to corrosion and electrical properties. Pt has been 

used in long term stimulation in cochlear implants and has a proven record of 

biocompatibility. The safe charge injection limit of Pt is 400 uC/cm2 [36], which is well 

under the safety limits for charge injection into neural tissue. Pt is a soft metal, and is 
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often alloyed with iridium (Ir) to improve the mechanical strength. These 10-30% alloys 

have charge injection limits similar to pure Pt [37]. Erosion of Pt-Ir electrodes has been 

shown during stimulation with charge densities as low as 200 - 400 uC/cm2, and both Pt 

and Ir were found in tissue adjacent to the electrode tip [38]. Because of its low charge 

injection limit, Pt may not be a good choice for neural stimulation with very small area 

electrodes. To increase the CSC and lower the impedance of a Pt electrode, a layer of 

platinum black may be deposited on the surface. However, Pt black is easily removed by 

insertion into muscle or neural tissue and deteriorates during stimulation, making it 

unsuitable for long term applications [33]. 

Another material considered for use in neural stimulation is Iridium Oxide (IrOx). 

IrOx is a porous, multi-layer oxide film that can be formed on the surface of an Ir 

electrode through a process known as activation. In IrOx activation, a current is applied 

to the electrode while it is bathed in a solution containing Ir. The majority of charge 

transfer in an IrOx electrode is due to reversible faradic reactions [39]. The 

oxidation/reduction reactions of the IrOx layers, unlike Pt, do not produce components 

soluble in the electrolyte [35]. The total amount of available charge is determined by the 

activation process and thickness of the IrOx layer. IrOx electrodes have a CSC as high as 

30 mC/cm2 but have a charge injection limit of 3-4 mC/cm2 [40-41]. IrOx electrodes have 

proven stable at charge densities under 3.2 mC/cm2 [38], and though the CSC decreased 

with chronic pulsing over 5 days, the injected charge remained sufficient for stimulation 

[39]. Studies using IrOx as a cortical implant have shown it to be biocompatible [34,39]. 

Titanium Nitride (TiN) coatings are frequently used in cardiac pacing and could 

prove useful in neural stimulation [42]. The mechanism of charge injection in TiN 
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electrodes is capacitive, which often results in low charge injection limits. However, the 

sputter deposition of TiN results in a porous, columnar, high surface area coating [43-44]. 

This high surface area results in charge injection limits of 1 mC/cm2 for a pulse less than 

0.5 ms and ranging from 2.2-3.5 mC/cm2 for a pulse of 1 ms [43,45]. Unlike Pt and IrOx, 

sputter deposition of TiN is a common micromanufacturing process so special deposition 

procedures are not required [41]. Hammerle et al. demonstrated that TiN microelectrodes 

arrays are functional after 16 months of continuous use in vitro although the decay time 

increased over the same period [46]. The biocompatibility of TiN has been debated. In 

one study, the exposure of TiN to a cell culture resulted in a higher percent of cell death 

than the control [47]. However, Schlosshauer et al. found that the cell attachment to the 

surface of TiN was low and the quantity of cell death due to exposure to TiN was similar 

to that of the controlled cell culture [26]. The biocompatibility of TiN may depend on the 

system it is implanted in [48-49]. 

Peachey and Chow have measured the response of Au, Pt, and IrOx coated 

microphotodiode arrays. Figure 6 show the response of 3 different photodiodes to a 100 

ms IR pulse. Both Au and Pt have a capacitive response with a sharp peak and rapid 

return to the baseline, significantly before the end of the stimulus. The IrOx photodiode 

has a much slower decay and a dc component representing a faradic response. The 

faradic response transfers an increased quantity of charge into the tissue, improving the 

chances of stimulation. Both the Pt and IrOx coated photodiodes were shown to stimulate 

the nerves in the subretinal space [25]. 
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Figure 6 Electrical response of individual photodiodes in a microphotodiode array to an 
IR stimulus [25]. 

Figure 7 shows the response of a TiN coated microphotodiode array designed by 

Schlosshauer et al. [26]. The initial peak has a slow decay, but little voltage elevation at 

the end of the pulse indicating the expected capacitive response. The peak current 

averaged 300 uA for a 50 mW/cm2 stimulus and was dependent on the power of the LED 

stimulus. 

LED^n tiOon 

t [ms] 

Figure 7 The current generated by a microphotodiode array in response to an IR stimulus 
[26]. 

2.5 Biocompatibilitv 

Survival of the retinal glia and neurons was tested on silicon dioxide (Si02), 

silicon nitride (Si3N4), and Ir surfaces in cultures. There were no significant differences in 
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the survival rates between retinal cells planted on these materials and the control group 

planted on glass cover slips for four weeks of incubation time [47]. The number of 

surviving cells was markedly reduced on titanium nitride (TiN) surfaces, although the 

effect was not mediated by diffusible factors released from the material. Cell adherence 

to plastic, SiC>2, and Ir surfaces was only about 20% of the originally plated cells after 6 

hours of culture. Plating the surfaces with poly-D-lysine/laminin (PDL), poly-L-

lysine/laminin (PLL) or laminin increased the cell adherence up to 80% at the end of the 

incubation times as long as three weeks. Schlosshauer et al. (1999) confirmed that bare 

TiN and SiC*2 do not permit cell attachment. They treated the surface of photovoltaic 

elements with oxygen plasma under high voltage to render the surface hydrophilic and 

coated them with a double layer of PDL. In a 3 day incubation time, the cell adhesion 

remained stable allowing even cell proliferation as deduced from an increase in cell 

population [26]. In conclusion, SiC«2 seems to be biocompatible and to allow the survival 

of cells in cultures, although its surface is not hydrophilic and thus prevents cell 

attachment. Cell attachment can also be achieved for both SiC>2 and TiN materials by 

coating their surface with materials like PDL. 



CHAPTER 3 

METHODS 

3.1 Fabrication of Micro-Photodiodes 

The micro-photodiodes studied in this work were designed at the Optical 

Characterization and Nanophotonics Laboratory, Electrical Engineering, Boston 

University and fabricated at Ecole Polytechnique F&lerale de Lausanne (EPFL) in 

Switzerland. Silicon (Si) lithography and processing techniques were followed using Si 

as the semiconductor. An anti-reflection coating was deposited over the active area, and 

aluminum metallization formed the rectangular contacts. Ion implantation was used to 

form highly doped positive (p+) and highly doped negative (n+) regions within the 

substrate. An interdigitated p+/n+ design, shown in Figure 8, limited the maximum 

distance between the p+ and n+ regions to 20 um, which increased the responsivity and 

conduction speed of the device by ensuring the charge generated in the active region 

needs to travel less than 20 um to be stored in a p+/n+ region. A layer of silicon dioxide 

(SiCh) was deposited over the contact regions and channels were etched to prepare the 

diodes for contact deposition. Figure 9 shows the diagram of the layers in the fabrication 

process. 

23 
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Figure 8 The interdigitated design of the p+/n+ devices. 
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Figure 9 Cross section of the fabrication layers of the photodiode device. 

Three silicon wafers were produced during the fabrication process. Each wafer 

contained nine sections with 142 micro-photodiodes with a chip size of 300 by 500 urn. 

One section of the wafer has seven sets of 22 different geometries of micro-photodiodes. 

The devices vary by size of Active Area (AA), Contact Area (CA), and separation 

distance of contacts. Table 1 lists the different photodiode types that were produced. 

http://_100.fi
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Table 1 List of the 22 Types of Micro-photodiodes by Device Geometry. 

Diode Type 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Active Area 
(LxW, |im) 
100x40 
100x40 
100x40 
100x40 

100x40 
100x40 
100x40 
100x40 

100x100 
100x100 
100x100 
100x100 
100x100 
100x100 
100x100 
100x100 

200x200 
200x200 
200x200 
200x200 
200x200 

200x200 

Contact Area 
(LxW, urn) 

30x40 
30x40 
80x70 
80x70 

30x40 
30x40 
80x70 
80x70 

30X100 
30X100 
60x200 

60x200 
30X100 
30X100 
120x100 
60x200 

60x200 
60x200 
115x250 
60x200 
60x200 

115x250 

Separation of 
Contacts (urn) 

120 
320 
120 
280 
120 
320 
120 
280 
120 
320 
120 
320 
120 
320 
120 
320 
220 
330 
220 
220 
330 
220 

Leakage 
Resistor (kil) 

n/a 
n/a 
n/a 
n/a 
200 
200 
200 
200 
n/a 
n/a 
n/a 
n/a 
80 
80 
80 
80 
n/a 
n/a 
n/a 
20 
20 
20 

Some of the devices contain a leakage resistor, shown in Figure 10, in parallel 

with the contacts to discharge contact capacitance formed by the double charge layer at 

the electrode-electrolyte interface. 
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Figure 10 The layout of the leakage resistor in the micro-photodiodes. 

To create the leakage resistor, a p+ strip was implanted into the bulk substrate 

parallel to the photodiode. The leakage resistance was fixed to approximately 200 KQ by 

regulating the size of the strip and the concentration of the dopants. The chosen resistance 

limits the shunting of the current during the on cycles to 10 % and discharges the 

capacitance of the interface during off cycles. 

3.2 Deposition of Contact Material 

Two of the device wafers had TiN deposited on the contacts at the Institute for 

Micromanufacturing (IFM) at Louisiana Tech University. A DC-RF magnetron sputter 

deposition system was used to deposit a layer of TiN on two of the wafers. The TiN layer 

was formed using reactive sputtering in a 50% argon/ 50% nitrogen (N2) atmosphere with 

a feed pressure of 2 x 10"3 Torr, an open pressure of 2 x 10"3 Torr, a throttled pressure of 

5 x 10"3 Torr, and a deposition rate of 200 A/m. One wafer was sputtered for 10 hours to 

a TiN thickness of 635 nm, and the second was sputtered for 14 hours to a TiN thickness 

of900nm. 
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The third wafer had a 350 nm layer of IrOx sputter deposited onto the contacts at 

Boston University. After the deposition of the three wafers, they were placed into an 

acetone bath to remove the resist and excess deposition from the wafers. The bath and 

wafer were immersed in an ultrasonic cleaner and pulsed at 40 kHz for three periods of 

five minutes. In between each session, the wafer was rinsed with deionized water. After 

the resist was removed, the wafers were diced into individual photodiodes by 

MicroPrecision Engineering (MPE) Inc. 

After the dicing process, a small number of the IrOx coated photodiodes were 

selected from the third wafer to have a small layer of platinum black deposited on the 

contacts. Each diode was placed into a platinization solution composed of 1% chloro-

platinic acid, 0.0025% HC1, 0.01% lead acetate, and deionized water. A DC current with 

a density of 500 mA/cm2 was delivered into the diode for three minutes through a 

microelectrode touching the cathodic contact vs. a large Pt reference electrode in the 

solution. A white light was allowed to shine on the micro-photodiode while the current 

was delivered. Both the anode and the cathode were coated with platinum black at the 

end of this process. 

33 Volume Conductor Measurement 

The voltage generated by the coated microphotodiodes was measured in a volume 

conductor. The volume conductor consisted of saline diluted five times with distilled 

water to the specific resistivity (300 Qcm) of CNS gray matter [50]. Figure 11 shows a 

diagram of the volume conductor measurements. The diode to be measured was attached 

to the bottom of a 10 mm diameter Petri dish using modeling clay. The diluted saline was 
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then poured 2 mm deep into the Petri dish. A 50 mW laser (DLS-500-830FS-50, 

SotckerYale, Canada) was positioned over the microelectrode. A square wave pulse was 

used to control the laser, with 0 V turning the laser on and 5 V turning it off. 

2 mm 
= 3 r 

laser J L / l 

S\ 

Buffer Amp 

yf f , 
\ 

^ 

9VDC 
PCI 6025E PC 

Pt reference microelectrode 

Figure 11 Diagram of volume conductor measurements. 

The voltage generated in the volume conductor was measured with 76 mm 

tungsten microelectrodes in reference to a large Pt electrode. The positioning of the 

microelectrode was controlled using a WPI M325 precision micromanipulator which has 

10 um steps and error of ± 2um in the x, y, and z directions. The microelectrode had a 

500 um shank diameter and a taper angle of eight degrees. The AC impedance of the 

electrodes was 12 MQ at 1 KHz. A buffer amplifier stage, with a 9 V supply, was added 

immediately following the microelectrode to compensate for the high impedance of the 

electrode. Both input and output were controlled by a custom Lab VIEW program. 

During measurements, the microelectrode was positioned on the surface in the 

center of the cathode contact of the diode. The Lab VIEW program is used to send a 5 ms 

square wave pulse at 4 Hz to the laser for 30 seconds while simultaneously recording the 

voltage generated in the volume. The 120 waveforms were then averaged using a Matlab 

program to improve the signal to noise ratio of the waveforms. The measurements were 

repeated in the volume conductor at 10, 20, and 30 um above the surface of the cathode. 

Then, the entire series of measurements was repeated for the anodic contact. 
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3.4 Determination of Laser Power 

A NIR laser (Lasiris, DLS-500-830FS-50, StockerYale) with a wavelength of 830 

nm was used in the in vitro and in vivo experiments discussed in this work. This laser 

takes an input signal that adjusts the intensity of the light output. Measurements were 

performed to characterize the relationship between the controlling signal voltage and the 

light intensity. The laser power curve was experimentally determined by measuring the 

output light intensity of the laser with a commercially available photodiode (Optek 

OPF480). The photodiode has an active area diameter of 0.25 mm, a peak response 

wavelength of 860 nm, and a typical flux responsivity of 0.55 A/W. A custom Lab VIEW 

(National Instruments) program modulated the laser with a square pulse (pulse width of 

10 ms) ranging from 0 V (full power) to 5 V (off), in 5 mV increments. With the laser 

focused to 113 mm, the voltage generated by the photodiode current across a resistance 

of R = 3.8 Q was measured as shown in Figure 12. The laser control Lab VIEW program 

averaged the peak voltage generated by each pulse of a 100 pulse train and recorded this 

average in response to the input voltage. 

^ d 

D=113mm 

ptek OPF480 

3.8 Q 

i-v0-> 

Figure 12 Diagram of laser power measurement setup. 
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The current / generated by the photodiode was calculated from the voltage V0 

across the resistor R using Ohm's Law as shown in Equation 3.1, 

V 
1 = — . Equation 3.1 

The power P of the laser was then calculated via Equation 3.2 using the active 

area radius and the flux responsivity Fr, 

P = —. Equation 3.2 
Frr n 

A third order polynomial power curve was fitted to the data using the least 

squares method of regression analysis. 

3.5 In Vivo Laser Power Threshold 

3.5.1 Construction of Implant Device 

A device, shown in Figure 13, was constructed to determine the implantation 

depth of the microstimulator during the in vivo experiments. The selected microstimulator 

was secured to a 4.0 mm x 8.0 mm x 1.0 mm piece of plastic shim stock (Precision 

Brand) using a two component silicon elastomer mixture (Med-4211, Silicone 

Technology/Nusil Technology). Two 4.0 mm x 1.0 mm x 0.5 mm pieces of plastic shim 

stock were glued with a 1 mm gap using instant superglue to a second 4.0 mm x 6.0 mm 

x 1.0 mm piece of plastic shim stock. The total thickness of the two 0.5 mm shim stock 

pieces was then measured using an electronic digital caliper (CEN-TECH) with a 

resolution of 0.01 mm. After data were collected at each depth, a 4.0 mm x 1.0 mm x 1.0 

mm was glued to each of the 0.5 mm shim stock spacers for four depths of 0.5 mm, 1.5 

mm, 2.5 mm, and 3.5 mm. The spacer thickness was checked using the digital calipers 
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after each new spacer was added. A new holding device was constructed for each 

experiment and microstimulator tested. 

I 
I beam 

plastic T 

nerve 
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Figure 13 Device used to determine the implantation depth. 

To determine the light loss caused by the 1.0 mm thick plastic, the light 

transmission through four pieces of plastic was tested. The block diagram of the system 

used to measure light transmission, a broadband (380 - 1700 nm) tungsten light source 

(FO-6000, World Precision Instruments), miniature fiber optic spectrometer (SD2000, 

World Precision Instruments), a 50 micron optical fiber, and a 100 micron optical fiber, is 

shown in Figure 14. 
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Figure 14 Block diagram of light loss experiments. 
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The data were collected using Ocean Optics OOIBase32 software on a Dell 

Inspiron 5100 with a Pentium 4 2.4 GHz processor and 768 MB of RAM. Initially, two 

reference spectra were collected, one with the light source on and one with the light 

source off, with no sample between the fibers. Then, the plastic was inserted into the 

sample window, and the change in light transmission at X = 830 nm was recorded. This 

measurement was repeated for a total of four samples of the plastic. The recordings were 

then averaged together to find the percent of light transmission through the plastic. These 

measurements were repeated after each experiment with the specific holding device used 

in the experiment, after it had been cleaned with alcohol, rinsed with distilled water and 

allowed to air dry. 

3.5.2 Surgical Procedure 

All experiments in this study were conducted in accordance with the Institutional 

Animal Care and Use Committee (IACUC) of Louisiana Tech University. Sprague-

Dawley rats weighing 250 g -400 g were given either an initial dose of ketamine and 

xylazine in combination or a dose of Nembutal. Maintenance doses were given 

approximately 30 minutes apart, based on careful monitoring of the animal's condition. 

The throat and hind legs were then shaved, and the animal placed on a heated surgical 

table at 39 °C to maintain body temperature. A tracheotomy was performed on the 

animal, and respiratory support was given with a small animal respirator. CO2 output was 

monitored throughout the procedure. The sciatic nerve in the left leg was exposed, 

removed from the animal, and placed in a saline bath in an airtight specimen jar. The 

wound was then stapled closed. The sciatic nerve in the right leg was exposed, and a 

Grass stimulator was used to find the site of the minimum stimulation threshold in uA. 
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The microstimulator was then placed under the nerve, and a small incision was made on 

the underside of the nerve. The top piece of the holding device was placed over the 

microstimulator and clamped into position with a nerve thickness of 0.5 mm. The laser 

was centered above the implanted diode, and wire EMG electrodes were implanted into 

the lower leg muscles that were stimulated by the photodiode. A custom Lab VIEW 

program was used to control the laser power and pulse width, and acquire the EMG 

response from the leg muscles. The threshold laser power needed to achieve stimulation 

for pulse widths of 10 us to 100 us was determined for a depth of 0.5 mm. The clamp was 

then released, the holding device expanded to a thickness of 1.5 mm, and sciatic nerve 

tissue from the other leg placed on top of the exposed nerve until it reached a thickness of 

1.5 mm. The procedure outlined above was then repeated. This process was repeated for 

depths of 2.5 mm and 3.5 mm. Data were collected from six animals for two 

microstimulator types, 18 and 19. Animals were humanely euthanized with KC1 

injections while under anesthesia after the experiment. 

3.5.3 Modeling of In Vivo Data 

The power threshold for stimulation data were entered into SAS software for 

statistical analysis. The power output was analyzed with respect to pulse width, 

implantation depth, and microstimulator type. To analyze the effect of diode type on the 

data, which is a categorical variable instead of a quantitative variable, an indicator 

variable was introduced. Indicator variables are assigned a numerical value such as zero 

or one to be analyzed with the data. Diode type 18 was assigned a value of zero, and 

diode type 19 was assigned a value of one. The data were nonlinear, so a multilinear 

second-order polynomial regression fitting a generalized Equation 3.3 was fit to the data. 
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y = A, + A*, + J32x2 + A3X3 + A,*,2 + A2x2
2 + A3X3 + A2*i*2 + A3*i*3 + A 3x 2x 3 + * 

Equation 3.3 

The polynomial model was a poor fit to the data, so the model was considered a 

candidate for linear transformation. Because the plot of the Pulse Width (PW) versus the 

laser power was similar to the recognized linearizable functions in Figure 15, a 

logarithmic transformation was performed on those two variables. The scatter plots of the 

independent variables implant depth and diode type versus the laser power are linear, so 

no transform was performed on those two variables. 

(A,,x>o.ft<o) 

Figure 15 Linearizable functions used to select a transform [51]. 

A second-order polynomial regression model was performed using the two 

transformed variables and the two non-transformed variables. The transform of the data 

are shown in Equation 3.4, and the general equation of the polynomial model is shown in 

Equation 3.5. To check the adequacy of the model fit, an analysis of variance F test was 

run on the full model, and t-tests were run on the individual parameters of the model. 

y' - log y, Xj = log xx Equation 3.4 
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f 

y' = Po+ $*1 + $ * 2 + $*3 + P\\X? + $2*2 + ^33*3 + $2*1*2 + $3*1*3 + $3*2*3 + £ 

Equation 3.5 

3.6 In Vitro Testing of NIR Light 

NIR light (k = 830 nm) was transmitted through neural tissue to determine the 

minimum separation to elicit individual activation between implanted microstimulators. 

Because of light scattering in the tissue, the diameter of light in the tissue will spread as 

light travels through the tissue. The light propagation experiments studied the amount of 

light transmitted in a linear line from the light source to the receiver and in 0.05 mm 

increments from the center of the beam. This data combined with the laser thresholds 

from the in vivo experiments established the minimum distance between two implants to 

avoid stimulating both with one beam. 

3.6.1 Experimental Setup 

Figure 16 shows the overall experimental setup used to test the spatial 

propagation of NIR light with X = 830 nm. A broadband (380 - 1700 nm) tungsten light 

source (FO-6000, World Precision Instruments) was connected to a 50 micron optical 

fiber and collimator and attached to a three dimensional micromanipulator. The 

micromanipulator was secured to a 4' x 2' optical breadboard. The light output of the 

collimator was set to a height of 113 mm above the receiving fiber to match laser height 

of the in vivo experiments. The spectrum data were collected with a SD2000 spectrometer 

(World Precision Instruments) through a 100 micron optical fiber. A Dell Inspiron 5100 

with a 2.4 GHz processor and 768 MB of RAM running OOIBase32 was used to record 

the spectrum. The optical fiber was inserted and sealed into a small Petri dish, as shown 

in Figure 17. Because the tip of the fiber was 2 mm above the base of the Petri dish, a 1 
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mm thick piece of plastic was secured around the base of the optical fiber. A second 1 

mm piece of plastic was secured over the previous piece, making the plastic level with 

the top of the receiving fiber. This base created a level surface even with the receiving 

fiber for the sample to be placed on. The Petri dish was used to control the depth of the 

saline used in the control experiments. The Petri dish was secured 5.0 cm above the 

surface of the optical breadboard. 

FO-6000 
MR light source 

Computer 

50 um fiber 

SD-2000 
Spectrometer X 

Collimator 

• Light beam 

Slit 

Petri dish 
(Sample location) 

100 um 
receiving fiber 

Figure 16 General setup used to measure the spatial resolution of NIR light through grey 
matter. 

T 
plastic 

Petri dish 

-fiber 

Figure 17 The setup of the 100 um receiving fiber and tissue sample. 

A 25.4 um slit was placed between the output and receiving optical fibers to 

narrow the input light from 1 mm in diameter to 25.4 um. The slit was constructed from 
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25.4 urn thick metal shim stock that was painted black to prevent reflection from the 

metal. A diagram of the slit is shown in Figure 18. The slit was centered in the light beam 

between the source and receiving fibers. The slit was placed 3 mm above the receiving 

fiber on a wooden platform held above the receiving fiber. 

Figure 18 Slit used in light propagation experiments. 

3.6.2 Construction of Holding Device 

For the light propagation experiments, holding devices designed to control sample 

thickness were constructed following the methods outlined in section 3.4.1 of this work. 

Six total thicknesses were constructed and used in the data collection: 0.25 mm, 0.5 mm, 

0.75mm, 1.0 mm, 1.25 mm, and 1.50 mm. The devices were used to determine the 

thickness of the brain tissue samples and the depth of the saline control samples. For the 

control samples, the Petri dish holding the receiving fiber was filled with saline to the top 

of the holding device. No saline came over the top of the holding device. A clamp was 

used to hold the device in place. For the tissue samples, the tissue was inserted into the 

holding device and clamped into place. Saline was then poured into the Petri dish level 

with the tissue sample to keep the tissue hydrated. 
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3.6.3 Preparation of Brain Tissue 

The brain tissue from four Sprague-Dawley rats was used in these experiments. 

Each animal was first anesthetized with a Xylazine and Ketamine combination, and the 

scalp was shaved. The animal was then humanely euthanized with an injection of KCL. A 

Dremel saw blade was used to remove the top of the skull. After the skull was removed, 

the connective tissue around the brain was gently removed using a toothpick. The brain 

was removed from the skull cavity and placed in an airtight specimen jar, then 

immediately placed at 28°F controlled temperature. 

To prepare the tissue for data collection, the brain tissue was removed from the 

freezer, and a slice of the appropriate thickness was cut from the upper layer of the left 

cerebral hemisphere as shown in Figure 19. The tissue sample was then allowed to thaw 

at room temperature (25°C) for one hour, following the method outlined by Blazek and 

Eggert [20]. After the thaw time, the sample was placed in the holding device and 

clamped into place. A saline bath was then added to the Petri dish to keep the sample 

hydrated. A fresh sample was used each time data were collected. Tissue sample 

thicknesses of 0.25 mm, 0.5 mm, 0.75 mm, 1.0 mm, 1.25 mm, and 1.50 mm were used in 

the data collection. Samples thicker than 1.50 mm were not used because the broadband 

light source was not strong enough to penetrate the thicker tissue. 

Tissue sample 

I ICLl 

Figure 19 Location of brain tissue sample. 
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3.6.4 Data Collection 

Once the sample was in place, the light output was centered over the receiving 

fiber. The FO-6000 was allowed 15 minutes of warm-up time to allow the light output to 

stabilize before readings were taken. The light intensity at X = 830 nm into the receiving 

fiber was measured using the OOIBase32 software by Ocean Optics. Light intensity was 

measured on a scale of 0 to 4000 intensity counts (IC). The integration time was 

increased until the peak intensity was approximately 3000 IC. Integration times of 300 

ms to 900 ms were used for the saline control samples. Integration times of 1.5 s to 15 s 

were used for the brain tissue samples. For all samples, three data sets were taken and 

averaged by the OOIBase32 software before recording. A dark reference was taken with 

the broadband light source shuttered, and then a reference was taken with the broadband 

light source shining into the receiving fiber. The source fiber was kept still in the z and y 

direction, but was moved in the ±x direction in 0.05 mm increments from the peak 

intensity, as shown in Figure 20. The height, z, between the receiving fiber and the 

sample was a constant 113 mm. The distance from the center was randomly selected until 

the intensity was less than 20% of the peak intensity. 

micromanipulator 

z= 113 mm 

SD-2000 
Spectrometer 

J ^ 
^sample 

receiving fiber 

Figure 20 The movement of the light source in relation to the tissue sample and receiving 
fiber. 



CHAPTER 4 

RESULTS 

4.1 Volume Conductor Response of Photodiodes 

Figure 21 shows the geometry of diode types 19 and 22 of the photodiodes 

designed for this work. The two diode types have identical geometries, but diode type 22 

includes a 20 kQ leakage resistor. The 22 diode types consist of 11 distinct geometric 

pairs, one with a leakage resistor and one without. All of the diodes are 500 x 300 urn, 

but the size of the contacts, active areas, and separation of contacts differs. The specific 

geometry of each diode type can be seen in Table 1. 

Figure 21 The geometric layout of diode types 19 and 22. 

40 
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4.1.1 Iridium Oxide 

The voltage generated on the surface of the sputtered IrOx cathode of diode type 

22 upon illumination by the NIR source is shown in Figure 22. Diode type 22, the largest 

diode geometry, is shown because it generated the largest response in the volume 

conductor. On the surface of the contact, the diode generates -400 mV initially and 

slowly charges to -448 mV during the remainder of the pulse. The voltage discharges 

quickly when the laser is turned off. The laser power is strong enough to saturate the 

diode. The surface response of the Pt and TiN diodes is similar to the IrOx response. 

However, only a fraction of the surface voltage is transferred into the volume conductor 

through the electrode-electrolyte interface, where the difference in the contact materials 

can be readily seen. Figure 23 shows the.voltage generated in the volume conductor 10 

um above the surface of the contact. The surface voltage of -448 mV quickly drops to 

-64 mV a short distance from the contact. The initial peak followed by a quick decay 

indicates a largely capacitive component to the charge transfer. The very slight elevation 

of the voltage above the baseline indicates an insignificant faradic component to the 

voltage. The diode begins to discharge only 0.05 ms after the laser is turned on and 0.15 

ms before the laser is turned off. The time constant for the diode is 4 us, which indicates 

a very quick discharge of the voltage, limiting the charge delivered to the conductor. The 

diode delivers a total charge of 0.0879 uC in a 200 us pulse with a charge injection rate 

of 0.3474 mC/cm2. 
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Figure 22 The voltage generated on the surface of the IrOx cathode of diode type 22 in 
the volume conductor. 
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Figure 23 The voltage generated in the volume conductor just above the surface of the 
IrOx cathode of diode type 22 during the first 200 us of the laser pulse. 

4.1.2 Platinum 

The response on the surface of the Pt contact is similar to the response for IrOx 

surface on the same diode. However, the amount of charge transferred across the 

electrode-electrolyte interface is much larger with the Pt black diode. Figure 24 shows the 

voltage generated in the volume conductor 10 urn above the surface of the cathode. The 

initial peak for the Pt diode is -210 mV, 3.2 times larger than the peak for the IrOx. The 

large peak followed by the slower decay, with a time constant of 41 us, shows a 

predominantly capacitive charge transfer with a small faradic component. Due to the 

large peak and slower decay, the Pt coating is able to deliver 0.270 u.C of charge during a 

200 us pulse. The charge density injected by the diode was 0.939 mC/cm , well over the 

limits for reversible faradic transfer. After one hour of constant pulsing at 10 Hz with a 
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pulse width of 200 us, the peak voltage fell to -48 mV and the injected charge density to 

0.227 mC/cm2. Soft mechanical robbing with a q-tip removed the Pt black coating from 

the contact. This indicates that the Pt black would also be easily removed on implantation 

into a nerve. Bom the Au and TiN surface under the Pt were equally susceptible to loss of 

Pt due to mechanical rubbing. 
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Figure 24 The voltage generated in the volume conductor just above the surface of the Pt 
cathode of diode type 22 during the first 200 us of the laser pulse. 

4.1.3 Titanium Nitride 

The voltage generated at the surface of the TiN sputtered contact of diode type 1 

is shown in Figure 25. Because the diodes are saturated, the voltage on the surface of the 

cathode contact is very similar for all diode types despite differences in contact area. 
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Figure 25 The voltage generated on the surface of the TiN cathode of diode type 1 in the 
volume conductor. 

Figure 26 shows the voltage generated in the volume conductor 10 um above the 

cathode of the TiN sputtered diode type 1. Despite having a contact area of only 1200 

um , compared to the 28750 um contact area shown in Figure 27, the TiN sputtered 

diode has a large peak voltage of-91 mV and slower decay with a time constant of 70 us. 

The response is mainly capacitive, but the -10 mV level below the baseline at the end of 

the pulse shows a small faradic component. The total charge injected into the volume 

during the 200 us pulse is 0.079 p,C. 
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Figure 26 The voltage generated in the volume conductor just above the surface of the 
TIN cathode of diode type 1 during the first 200 us of the laser pulse. 

The voltage generated in the volume conductor 10 um above the surface of the 

TiN sputtered contact of diode type 15 is shown in Figure 27. Diode type 15 has a contact 

area of 12000 um2, 10 times the size of diode 1. The peak voltage of -241mV is 

approximately four times higher than the peak voltage of the smaller TiN sputtered diode 

type and displays a larger faradic component with a voltage elevated -20 mV above the 

baseline at the end of the pulse. The diode delivers 0.1344 uC of charge during the 200 us 

pulse, a charge density of 1.12 mC/cm2. 
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Figure 27 The voltage generated in the volume conductor just above the surface of the 
TiN cathode of diode type 15 during the first 200 jxs of the laser pulse. 

Figure 28 shows the voltage generated 10 um above the TiN sputtered contact of 

diode type 18. Diode 18 has the same area as the diode 15 from Figure 27, but has an 

active area 4 times as large. The peak voltage for this diode is -93 mV, lower in absolute 

value than was seen on the previous TiN sputtered diodes. The decay rate is also more 

rapid for this diode. The total charge delivered for a 200 us pulse is 0.0647 uC, a charge 

density of 0.54 mC/cm 
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Figure 28 The voltage generated in the volume conductor just above the surface of the 
TiN cathode of diode type 18 during the first 200 us of the laser pulse. 

The voltage generated 10 um above the surface of the TiN sputtered contact of 

diode type 19 is shown in Figure 29. Diode 19 has the same contact area and active area 

as diode 22, but does not have leakage resistor. This diode shows both a substantial 

capacitive component with the large peak of -233 mV and time constant of 216 us and a 

significant faradic component with the elevated baseline of 86.4 mV at the end of the 

pulse. The total charge delivered by this diode was 0.4115 uC in a 200 us pulse, a charge 

density of 1.43 mC/cm 
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Figure 29 The voltage generated in the volume conductor just above the surface of the 
TiN cathode of diode type 19 during the first 200 us of the laser pulse. 

Because diode types 15, 18, and 19 delivered the most charge in the volume 

conductor, these diode types were selected for in vivo implantation. Other large diode 

types did not generate the voltage expected based on the contact area and separation. The 

low voltage output is suspected to be due to problems with the lift-off process of the 

diodes. TiN charge injection is dependent on the thickness of layer, therefore a second 

wafer was coated with TiN at a thickness of 900 nm. The lift-off process for the thicker 

TiN layer was a failure and none of these diodes were tested. 

4.2 EMG Response to Microphotodiodes 

Figure 30 shows the single EMG response of a rat calf muscle in response to a 

pulse generated by a TiN coated photodiode type 19 in response to a computer generated 
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laser pulse. Figure 30 A shows the computer generated pulse sent to the laser, and part B 

shows the EMG response of the rat calf muscle a few ms later. A visual movement of the 

calf muscle and the rat's foot can be seen in time with the laser pulsing. Figure 30 proves 

that a microphotodiode can generated enough charge to produce a response in the rat 

PNS. 
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Figure 30 The EMG response of the calf muscle of a rat in response to a single pulse 
laser stimulation of a photodiode implanted into the sciatic nerve. 

Figure 31 shows the EMG response of the photodiode being pulsed for 5 ms 

intervals with a frequency of 10 Hz. The square wave control signal to the laser is shown 

in Part A, and the EMG response following each pulse. The rat's foot moved up and 

down at a frequency of 10 Hz in response to the laser. The photodiode is capable of 

charging and discharging fast enough to keep up with the 10 Hz frequency. 
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Figure 31 The EMG response of the calf muscle of a rat in response to laser stimulation 
of a photodiode implanted into the sciatic nerve, repeated with a frequency of 
10 Hz. 

Figure 32 shows the EMG response of the rat calf muscle in response to the laser 

pulsing at 50 Hz. At this frequency, a strong EMG response is observed for the first two 

pulses and then tetanus of the muscle occurs. Visually, a steady contraction of the calf 

muscle is observed with the foot held in a raised position. The tetanus and lack of EMG is 

not due to the diode but because of the sustained contraction of the muscle fibers at this 

frequency. 
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Figure 32 The EMG response of the calf muscle of a rat in response to laser stimulation 
of a photodiode implanted into the sciatic nerve, repeated with a frequency of 
50 Hz. 

4.3 Laser Power Curves 

The power output curve of the Lasiris laser (X = 830 nm) in response to a square 

wave input was determined by measuring the voltage output of a Optek OPF480 

photodiode in response to the laser. The power generated by the laser was calculated 

from the voltage response, shown in Figure 33, across a 3.8 Q resistor using Equations 

3.1 and 3.2. Figure 34 shows the resulting power curve and the third order polynomial fit 

to the data. The fitted data has an R2 value of 0.9995, indicating a good fit of the data. 

The fitted equation is shown in Equation 4.1. The laser specifications indicate that a 0 V 

input is full power and a 5 V input is off. The experimental data shows full power output 

is level with input voltages of 0 V to 0.5 V, then power level slowly falls. When the input 

voltage is increased to 4 V and above, the power output is approximately zero. 

CD 



53 

6 

5 

£ 

I4 
3 

2 

t: 
5 

0 

- / 
laser off 

-

-
i 

D 2 

> 

1 1 
4 6 8 

time (ms) 

*S laser on 

i 

10 
._ J_ _ . . -

12 1 

A 

B 

4 

Figure 33 Part A shows the square wave input to the laser. Part B show the voltage 
generated across a 3.8 Q resistor by the Optek OPF480. 
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Figure 34 Power curve fit of the Lasiris laser. 

y = 45.527 - 4.079 lx - 3.4886x2 + 0.4208x3 Equation 4.1 

4.4 In Vivo Laser Power Threshold 

Figure 35 shows the minimum-power threshold for each pulse width required to 

stimulate the sciatic nerve with diode type 18, with four different thicknesses of the 

neural tissue. Figure 36 shows the same information for diode type 19. For all 

implantation depths, the power needed to cause stimulation remains stable across longer 

pulse widths but then experiences a sharp increase once the pulse width decreases beyond 

a certain point. The power threshold at all pulse widths increases as implantation depth 

increases for both diode types. The stability of the power threshold for longer pulse 

widths implies that the energy needed for stimulation is delivered in the early portion of 

the pulse, and the longer pulse widths are not needed. 
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Figure 35 Laser power stimulation thresholds for diode type 18 for four thicknesses of 
neural tissue. 
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Figure 36 Laser power stimulation thresholds for diode type 19 for four thicknesses of 
neural tissue. 

Table 2 shows the analysis of variance of a curve fit for the stimulation threshold 

data for both diode types. Table 3 shows the testing of the parameter estimates for the 

model. The adjusted R2 value for the model is 97.9%, implying that the model can 
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explain 97.9% of the variability in the data. The predicted R2 value of 97.7% indicates 

that the model will accurately predict new data. The t tests for the parameter estimates 

show that all six parameters have p values less than 0.0001, indicating that they are all 

important to the model fit. This statistical test allows us to accept the hypothesis that the 

diode type has a significant effect on the stimulation threshold at a certain pulse width. 

Table 2 ANOVA for the Stimulation Threshold Data Fit. 

Analysis of Variance 

Source Degrees of Sum of Mean F value P r > F 
Freedom Squares Square 

Regression 6 22.21 3.70 1088.31 0.000 
Residual Error 137 0.47 0.0034 

Total 143 22.67 

R2 (adjusted) = 97.9% R* (predicted) = 97.7% 

Table 3 Parameter Testing for the Stimulation Threshold Data Fit. 

Predictor 

Constant 
log(PW) 

Depth 
log(PW)2 

DepthxDiode 
Depth2 

log (PW)xDepth 

Parameter 
Estimate 

2.45 
-3.02 
0.973 
0.786 
0.031 
-0.064 
-0.244 

Standard 
Error 
0.152 
0.181 
0.039 
0.055 
0.0044 
0.005 
0.0201 

t value 

16.12 
-16.71 
25.16 
14.33 
7.02 

-12.82 
-12.13 

Pr>[t] 

0.00001 
0.00001 
0.00001 
0.00001 
0.00001 
0.00001 
0.00001 

Equation 4.2 shows the fitted equation for the model. Indicator variable X3 was 

used to quantify diode type, using a zero for diode type 18 and a one for diode type 19. 

The use of the indicator variable creates two equations: without the interaction term 

between implant depth and diode type for diode 18 and with the interaction term for 

diode 19. Figure 37 compares the minimum power predicted by Equation 4.2 for diode 
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type 19 at an implant depth of 0.5 mm to the experimental data. Although a good 

predictor of the power threshold for stimulation, the model overestimates the power 

needed for PW <35 us. 

log y = 2.45 -3.02 log x, + 0.974x2 +0.786(logJCj)2 +0.031x2x3 

• 0.064JC2
2 - 0.244(log Xj )x2 , 

Equation 4.2 

where 

y = laser power, 

xi = PW, 

X2 = implant depth, and 

X3 = diode type. 
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Figure 37 The power needed for stimulation for diode 19 at 0.5 mm vs. the power 
predicted by the model. 

Figure 38 compares the minimum pulse width for stimulation at each implantation 

depth between the two diode types. Diode 18, which has a smaller contact area than diode 
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19, requires a longer pulse width for stimulation than diode 19 at the minimum and 

maximum implantation depths. Because the difference in pulse width is only 5 us and 

because the same difference is not observed for all pulse widths, these data do not imply 

a significant difference in the diode geometries. 
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Figure 38 Minimum pulse width for stimulation at each depth. 

Figure 39 shows the optimum pulse width for stimulation at each implantation 

depth for both diode geometries. The optimum pulse width was defined as the pulse 

width with minimum energy and power thresholds. It's value determined by plotting the 

power threshold vs. the energy threshold at each pulse width. The optimum pulse width 

increases as implantation depth increases for both diode geometries. The similarity of the 

plots for both diodes implies that there is little difference between the two geometries. 
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Figure 39 Optimum pulse width for stimulation at each depth. 

Figure 40 compares the power-stimulation threshold for each diode geometry at a 

pulse width of 200 (is. The threshold is the same for the first two depths, but diode 18 

requires more power than diode 19 at the two deeper implantations. This is evidence that 

diode 18 requires more power to transfer the same amount of energy into the tissue as 

diode 19. This result is expected because of the smaller contact size of diode 18 as 

compared to diode 19. 
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Figure 40 Power threshold at PW = 200 us. 

4.5 NIR Light Propagation 

Figure 41 shows the propagation of NIR light through six depths of saline as the 

source light is moved in 0.5 mm increments horizontally from the receiving light fiber. 

Figure 42 shows the propagation of NIR light through six depths of brain tissue as the 

source light is moved in 0.5 mm increments horizontally from the receiving light fiber. 

The amount of light transmitted through the sample as the light is moved away from the 

receiving fiber is much higher for the tissue sample than the saline sample, indicating an 

increase in light scattering. The propagation through the tissue changes more as depth 

increases than the propagation through saline. The transmission profile through the brain 

tissue is much less symmetric than that of the saline. This is not surprising as saline is 

homogeneous, but the heterogeneous structure of brain tissue results in changing optical 

properties for different areas of the brain. 
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Figure 42 NIR light propagation horizontally through the brain tissue. 

Figures 43 and 44 show the light signal at depths of 0.5 mm and 1.25 mm, 

respectively, as a function of the source position for both saline and tissue. These figures 

confirm the increased scattering of the light through the tissue as compared to the saline 

at a sample thickness of 0.5 and 1.25 mm. At a depth of 0.5 mm, 70% of the light is 

transmitted through the saline at a diameter of 0.1 mm from the source fiber and through 
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the tissue at a diameter of 0.27 mm from the source fiber. For the sample thickness of 

1.25 mm, 70% of the light is transmitted through the saline at a diameter of 0.2 mm from 

the source fiber and through the tissue at a diameter of 0.48 mm from the source fiber. 
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Figure 43 NIR light propagation at 0.5 mm thickness. 
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Figure 44 NIR light propagation at 1.25 mm thickness. 



63 

Table 4 shows the analysis of variance for a second order polynomial model of 

the three experimental parameters: sample thickness, distance from center, and sample 

type. Table 5 shows the testing of the significant terms in the model: the horizontal 

distance from the receiving fiber, the square of the sample type, the interaction of the 

distance and the sample thickness, and the interaction of the sample thickness and type. 

The model indicates a significant difference on the effect of light transmission of saline 

versus brain tissue. 

Table 4 ANOVA of 2nd-order Model Valid for d<0. 

Analysis of Variance 

Source Degrees of Sum of Mean F value P r > F 
Freedom Squares Square 

Regression 4 78560 19640 149.0 0.000 
Residual Error 89 11720 132.0 
Total 93 90280 

R-Square(adj) = 84.6% 

Table 5 Parameter Test of Piecewise 2nd-order Model Valid for d<0. 

Predictor 

Constant 
Distance 

(Sample Type)2 

Distance*Thickness 
Thickness* Sample Type 

Parameter 
Estimate 

90.3 
280 

-1.71 
-65.6 
17.7 

Standard Error 

2.24 
17.9 

0.249 
13.4 
2.42 

t value 

40.4 
15.6 
-6.88 
-4.91 
7.32 

Pr>[t] 

0.000 
0.000 
0.000 
0.000 
0.000 

Equations 4.3 and 4.4 show the fitted equations for a piecewise model of spatial 

light propagation (k = 830 nm) through brain tissue at various thicknesses. Both models 

are second order polynomials based on horizontal distance from the receiving fiber, tissue 

thickness, and the interaction between the two variables. The analysis of variance for the 
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spatial light propagation model with xi > 0 is shown in Table 6. Table 7 shows the 

parameter estimates for the same model. The important terms for this model were the first 

order distance and thickness terms and the second order thickness term. 

y = 62.7 - 257*1 + 95-°*2 - 4 1 %x\» *i * ° Equation 4.3 

y = 70.5 + 352*! + 98.9x2 - 52.2*2 -138xi*2, x, < 0 Equation 4.4 

Table 6 ANOVA for the Spatial Light Propagation Data for Xi _0. 

Analysis of Variance 

Source Degrees of Sum of Mean F value Pr>F 
Freedom Squares Square 

Regression 3 47566 15855 131.8 0.000 
Residual Error 44 5293 120 
Total 47 52859 

R-Square(adj) = 89.3% 

Table 7 Parameter Testing for the Spatial Light Propagation Data Model Fit for Xi >0. 

Predictor 

Constant 
Distance 

Thickness 
Thickness2 

Parameter 
Estimate 

62.7 
-257 
95.0 
-41.8 

Standard 
Error 
7.21 
13.6 
18.0 
10.1 

t value 

8.70 
-18.9 
5.29 
-4.16 

Pr>[t] 

0.000 
0.000 
0.000 
0.000 

Table 8 shows the analysis of variance for the spatial light propagation model 

with xi < 0. Table 9 shows the parameter estimates for the model. The negative model 

has the same significant terms as the positive piecewise model but includes an interaction 

term between the distance and sample thickness terms. The interaction term for the 

positive model was at the borderline for being significant with the p-value = 0.055. The 
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term was left out of the positive model because the ability of the model to predict 

transmission for new data was 4.6% higher without the interaction term. 

Table 8 ANOVA for the Spatial Light Propagation Data for xi < 0. 

Analysis of Variance 

Source Degrees of Sum of Mean F value Pr>F 
Freedom Squares Square 

Regression 4 44445 11111 138.81 0.000 
Residual Error 46 3682 80 
Total 50 48127 

R-Square(adj) = 91.7% 

Table 9 Parameter Testing for the Spatial Light Propagation Data Model Fit for xi < 0. 

Predictor 

Constant 
Distance 

Thickness 
Thickness2 

Distance*Thickness 

Parameter 
Estimate 

70.45 
352.23 
98.94 
-52.16 

-137.97 

Standard 
Error 
6.74 

26.84 
15.62 
8.91 

21.38 

t value 

10.45 
13.12 
6.33 
-5.85 
-6.45 

Pr>[t] 

0.000 
0.000 
0.000 
0.000 
0.000 

Figure 45 shows the model's prediction of the percent of light transmitted 

through brain tissue at various thicknesses as the source fiber is moved incrementally 

from the receiving fiber. As in the experimental data, the effect of scattering increases 

with the sample thickness. Figure 46 compares the experimental data to the model 

prediction for a sample thickness of 0.5 mm. For thicknesses greater than 0.5 mm, the 

model tends to overestimate the amount of transmitted light when the source fiber is 

centered with the receiving fiber. The quantity of transmitted light at the center of each 

sample was normalized to 100%, but the model was unable to accommodate different 

sample thicknesses having the same transmission intensity. It may be possible to correct 
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this by including an intensity term in the model or predicting the relative intensity of the 

transmitted light rather than the percent of transmitted light. 
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Figure 45 The predicted transmission at X — 830 run through brain tissue for the spatial 
propagation model. 
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Figure 46 Comparison of the experimental data to the predicted transmission for the 
spatial propagation model at X = 830 nm at a tissue thickness of 0.5 mm. 



CHAPTER 5 

DISCUSSION 

5.1 Volume Conductor Response of Photodiodes 

The voltage generated on the surface of the photodiode contact is the same for all 

diode geometries and contact materials. This is expected due to the shared interior design 

of all diode geometries. The voltage recording on the contact surface does not change as 

the recording electrode is moved across the surface of the contact. For the recordings 

made in the volume conductor, the positioning of the recording electrode becomes very 

important due to the uneven current density of the contacts. The current density is lowest 

at the center of the contact and rises sharply near the edge of the contacts. The voltage 

measurements studied in this work were taken at the center of the contact, but there may 

be some error in the measurements due to human error in the electrode positioning from 

diode to diode. This error comes from the difficulty of securing each diode into the 

volume conductor setup and centering the recording electrode over the cathode. 

Figures 23-29 demonstrate that the amount of charge transferred into the volume 

conductor is dependent on the contact material. For IrOx, the charge injection rate was 

0.3474 mC/cm2, which is much lower than the 3 mC/cm rate for activated IrOx reported 

in the literature [39]. The rate we saw is similar to the limits of up to 0.5 mC/cm2 of non-

activated sputtered IrOx [43]. The low rate of charge injection and the primarily 

capacirive charge transfer indicate a flawed activation process for the sputtered IrOx. The 
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response of the IrOx photodiode in the Peachey and Chow study shows a much more 

faradic response and behaves like activated IrOx [25]. The PW in this study is 100 ms 

instead of the 200 us used here. However, the length of the pulse should not affect the 

voltage elevation at the end of the post. The deposition method used by Peachey and 

Chow is not described, but an alternative deposition of the IrOx may improve the 

response of these photodiodes. 

The activation process consisted of using cyclic voltammetry to build up a 

multilayer film of IrOx. An electrode connected the cathode contact to the three electrode 

configuration for the cyclic voltammetry, and a film appeared to form on the cathode 

contact but not on the anode contact The IrOx film on the cathode had a hole where the 

electrode touched the contact. If the setup was reversed to run current through the anode, 

the anode acquired a film but the film on the cathode contact was reduced. Because the 

injected charge density was less than the 0.5 mC/cm2 needed for stimulation [52-55], the 

IrOx coated diodes were not used in in vivo testing. 

The charge injection rate for the platinized photodiodes was 0.939 mC/cm2, 2.3 

times the 400 uC/cm2 reported limits for safe stimulation with Pt [36]. During testing, 

evidence of gassing was observed above the cathode in the form of small bubbles. It is 

possible to lower this charge injection rate by decreasing the platinization time to limit 

the amount of Pt black deposited on the contacts. However, the extreme sensitivity of the 

Pt black to mechanical friction makes implantation of these photodiodes difficult. Due to 

the inevitable threat of mechanical damage and of the rapid response decay with pulsing, 

the Pt black diodes were not used for the in vivo experiments. 
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After investigating IrOx and Pt, three TiN coated photodiode types were chosen 

for the in vivo experiments: diodes 15, 18, and 19. The charge injection rates for these 

photodiodes were 1.12 mC/cm2, 0.54 mC/cm2, and 1.43 mC/cm2. The wide range of 

charge densities is possibly due to the partially successful lift-off process. The lift-off 

process works best if the photoresist layer is substantially thicker that the metal layer 

deposited over the photoresist [56]. For very thick coatings, it is possible for the 

unwanted metal to form too strong a bond to the desired metal pattern. Even though the 

photoresist is dissolved, a layer of metal may remain in undesirable areas. A higher ratio 

of photoresist thickness to metal thickness may allow more leverage during the lift-off 

process, allowing a more complete removal of unwanted metal. The 1 um thickness of 

the photoresist was less than twice the thickness of the 635 nm TiN layer. This led to an 

uneven lift-off across the photodiode wafer, with diodes in the center receiving little to no 

lift-off. Multiple diodes of the same geometry taken from one corner of the wafer have 

comparable waveforms and peak voltages. One method to correct the lift-off problem for 

future diodes is to increase the thickness of the photoresist layer. Current techniques 

allow a photoresist thickness of up to 2.5 um, and researchers are exploring the use of 

special photoresist materials allowing thicknesses of over 60 um [57]. 

It may also be possible to use a thinner layer of TiN by roughing the surface of 

the Au contact before TiN deposition to increase the eventual real surface area of the 

contact. The TiN coated microphotodiodes designed by Schlosshauer et al. have a similar 

response to the ones tested in this study [26]. The thickness of the TiN layer used in the 

microphotodiode arrays is a much thinner than the 635 nm layer, which prevented the 
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lift-off problems. It may be possible to significantly decrease the thickness of the TiN 

coating and maintain the charge generation needed for stimulation. 

The voltage fields generated iri the volume conductor above the cathode of a Pt 

black coated photodiode are shown in Figure 47. The voltage measurements are shown at 

z =0, 20, and 40 um, with 0 jam defined as just above the surface of the contact. The 

signal amplitude decreases with increasing distance from the surface. The voltage 

generated in the volume conductor drops to 70% at 20 um and to 50% at 40 um. This 

rapid decrease of voltage indicates that the diodes will only stimulate the neurons a short 

distance from the photodiode. 
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Figure 47 Volume conductor voltage measurements at z = 0, 20, and 40 um above the 
cathode of a Pt photodiode. 

In Figure 48 a train of four pulses is applied to the Pt coated photodiode and the 

voltage potentials are recorded both directly from the cathode by touching with the tip of 

the recordings electrode and immediately above the surface. The waveform between the 

pulses indicates an incomplete discharging of the interface. In the recordings just above 

the surface, the peak of the first pulse is similar to what was observed in the single pulse 

stimulation. However, the voltage peak decreases with each successive pulse. In the case 

of a high frequency pulse train, the interface cannot discharge sufficiently between the 
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pulses, and the amplitude injected into the volume decays continuously with each 

additional pulse. The time constant of 17.3 ms places a conservative limit of ~ 57 Hz as 

the maximum frequency of stimulation. This frequency cap would allow for peripheral 

nerve stimulation and DBS at the 25-50 Hz frequencies needed in the periventricular gray 

matter and the primary motor cortex [5, 58]. However, stimulation in the subthalamic 

nucleus and the thalamic ventrointermediate nucleus require frequencies of 100-180 Hz, 

which would be out of the stimulation frequency range determined in our experiments 

with the diodes [59-61]. A potential solution to this problem is to incorporate a parallel 

resistance into the device that reduces the time constant, although this would also shunt 

some of the stimulation current. 
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Figure 48 Pulse train measurements of a Pt diode with the recording electrode A) 
touching the contact and B) just above the surface of the contact at z = 0 um. 

5.2 EMG Response to Microphotodiodes 

The EMG response to the frequency stimulation of the implanted photodiodes 

follows the normal pattern of frequency summation with individual contractions at low 
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frequencies and tetanization occurring at frequencies above 40 Hz [62]. The orientation 

of the photodiode with respect to the nerve fiber is essential to the success of stimulation. 

The diode must lie parallel to the nerve fiber to stimulate the nerve which increases the 

difficulty of implantation. This problem arises in implantation in the spinal cord, but the 

effect on diodes implanted in the brain is not as clear. The need for very specific implant 

position may require a change in the implantation method envisioned for the CNS. The 

proposed implantation method for the CNS used a needle to inject the diode at the desired 

location, but the final orientation of the diode is challenging to control. A potential 

solution to this problem is to move the anode to cover the underside of the device, as in 

the microphotodiode arrays designed by Schlosshauer et al. [26]. This move would 

increase the number of nerve fibers touched by the anode, and stimulation would less 

dependent on the positioning of the diode. The size of the AA and cathode could also be 

increased even as the overall length of the device is decreased. 

Peripheral implants present the difficulty of maintaining the diode position during 

muscle movement caused by stimulation. The shifting during stimulation causes 

increases in laser threshold power and minimum pulse widths. Although muscle 

movement is not an issue with implants into the brain, micromotion may cause similar 

problems. A potential solution is to use a laser beam diameter larger than the active area 

to compensate for shifts in the implant position with respect to the skull. 

5.3 In Vivo Laser Power Threshold 

Diode type 15 (AA = 10,000 um2, CA = 12,000 urn2) had a much higher charge 

density than diode type 18 (AA = 40,000 um2, CA = 12,000 um2) but was not successful 

in achieving nerve stimulation. Diode type 18 had an active area 4 times larger than diode 
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15, which implies that the amount of light able to be transferred through the tissue into 

the diode is more significant than the charge density of the contacts. Diode type 19 (AA = 

40,000 (xm2, CA = 28,750 (Am2) and diode type 18 had the same size active area, but 

diode type 19 had a larger contact area and higher charge density. While diode type 18 

and diode type 19 had different charge densities, differences in stimulation thresholds 

were insignificant for longer pulse widths and for shallow implantation depths. However, 

for deeper depth stimulations or for shorter pulse width stimulations, differences in the 

charge density became more important. Diode type 18 required more laser power for 

pulse widths less than 50 us which became more pronounced as implant depth increased. 

The model developed in Equation 4.2 shows that the indicator variable of diode type only 

contributes to the model as it interacts with the depth variable. This interaction implies 

that the diode type becomes more significant as the implant depth increases. Figure 40 

confirms the higher stimulation threshold needed for diode 18 at implant depths greater 

than 2.5 mm. 

The method used to measure the thickness of a tested nerve fiber flattened the 

fiber to fit a specific thickness. Although care was taken to allow adequate space for 

lateral deformation of the nerve fibers, the density of the fibers within the nerve may have 

been increased. Increased density could lead to decreased transmission due to higher 

scattering. If this is the case, a photodiode implanted into a free nerve may have a deeper 

maximum implant depth than the diodes tested in this work. 

While these experiments revealed that diode type becomes more important with 

increasing implantation depth, the experiments did not answer the question of whether 

the power threshold differences between diodes 18 and 19 were due to the size of the 
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contact area or the difference in charge density. Future in vivo experiments need to 

include diodes 18 and 19 with similar charge densities to discover if the charge density or 

the different contact area size is the factor affecting the power threshold. If the 

stimulation threshold is different for each type of diode while the charge densities of 

diode types 18 and 19 are the same, then the factor will be the size of contact area. 

Figure 35 and 36 show that the power stimulation thresholds of both diodes are 

steady for pulse widths greater than 50 us with implantation depth less than 2.5 mm. This 

indicates that the charge generated in the first 50 us of the pulse is largely responsible for 

the nerve stimulation. The charge in this portion of the pulse comes significantly from the 

capacitive peak which can be improved with the methods discussed in section 5.1. The 

reliance on capacitive transfer is encouraging for the success of TiN as the contact 

material for me microphotodiodes. Figure 39 shows the optimum pulse widths for 2.5 

mm and 3.5 mm implantation depths are 40 us and 60 us. At the minimum pulse width 

for a depth of 3.5 mm, the energy required for stimulation is 0.53 mJ/cm2, which is 30 

times lower than the maximum permissible exposure (MPE) of 16 mJ/cm for X - 830 

nm with total exposure of 3 x 104 s1 [63], Although both the minimum and optimum 

pulse widths indicate that the diodes could be used to stimulate deeper implants, this was 

not possible in these in vivo experiments. 

The successful stimulation with diode 18, with a small contact area, was 

encouraging for the possibility of minimizing the photodiode size. Adjusting the low 

charge density of 0.54 mC/cm to ~1 mC/cm (as discussed in section 5.1) may improve 

the diode's performance without increasing the overall size. While adjusting the charge 
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density of the diode may improve performance, the size of the AA was of vital 

importance in stimulating the nerve tissue and may be the limiting factor in determining 

the minimum size of the microphotodiodes. In contrast, for the Peachey and Chow 

microphotodiode array, the size of the AA is 8x8 um2, the same as that of the contact area 

[25]. This AA is much smaller than the ones discussed in this work, but is able to 

generate more than sufficient current for stimulation. However, the array is implanted 

into the retina, which is designed to allow light to pass. Because of its location, the light 

attenuation is much lower for the arrays than for the single photodiode. In addition, the 

anode is 2 mm in diameter, much larger than the contact size for the floating 

microstimulators discussed here. The large size decreases the overall resistance which 

increases the current generated by the device. 

5.4 NIR Light Propagation 

The NIR light spatial propagation experiments were used to determine the minimum 

separation needed for individual stimulation in implanted photodiodes. Due to equipment 

limitations, the maximum tissue thickness investigated was 1.5 mm, 2 mm less than the 

thickness used in the in vivo experiments. Because the 50 mW laser used for the in vivo 

experiments saturated the SD2000 spectrometer even when filtered to reduce the 

intensity, the FO-6000 tungsten light source which was only capable of penetrating 1.5 

mm of brain tissue was used in the propagation experiments. Future experiments should 

employ a light source capable of penetrating 5 mm without saturating the spectrometer. 

However, these initial experiments show that as penetration depth increases so does the 

beam diameter; this increase in beam diameter is due to light scattering. 
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At a penetration depth of 0.5 mm, 95% of the light intensity is transmitted through 

the tissue when measured at a 50 um radius from the center of the beam (Figure 43). The 

percent of transmitted light gradually decreased outside of this radius. At the 1.0 mm 

penetration depth, a wide plateau of over 95% intensity developed, followed by a much 

more rapid loss of intensity outside of the 150 um radius as measured from the center of 

the beam. As the tissue thickness increased, the area covered by the penetrating light 

increased. Given the 200 um by 200 um AA required for stimulation (as mentioned in 

Section 5.3), a full intensity beam with 300 um diameter centered over one diode is 

unlikely to stimulate a second diode. 

The model developed in Equations 4.3 and 4.4 and shown in Figure 45 did not 

accurately reflect the plateau of 95% light transmission observed at tissue thickness of at 

least 1.0 mm, and instead, the model overestimates the percent of light transmitted in this 

region around the receiving fiber. However, the model predicted the rapid decrease of 

transmitted light outside of the plateau region for these tissue thicknesses. For an 

implantation depth of 1.5 mm, the model predicted a minimum separation distance 

(defined as the distance between the center of one diode active area to the center of the 

other diode active area) to be 428 um when the two implants are stimulated at the 

optimum PW. Two 500 um long diodes could be implanted lengthwise end to end and 

still be stimulated with separate beams, but the 300 um width diodes implanted 

widthwise would need to be 128 um apart to be stimulated by separate beams. 



CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

The best contact material for use on the photodiodes studied in this work was TiN 

due to its mechanical stability and lasting charge density sufficient to achieve stimulation. 

The use of alternate microfabrication techniques for deposition of the TiN should 

equalize the charge density across diode types. Due to the conflicting reports of the safety 

of TiN, a study of the long term biocompatibility of the photodiodes is needed. The 

recession of the contacts into the photodiode may improve the uniformity of charge 

density and reduce the chance of cell necrosis from spikes of charge density near the edge 

of the contact. Activation methods for IrOx are unsuccessful for the photodiode, 

preventing IrOx from being a valid choice for contact material. The mechanical 

instability and rapid loss of charge density prevent Pt black from being a successful 

contact material. 

The change in the waveform, from z = 0umtoz=10 urn* shows that only a part 

of the voltage generated by the diode is transferred into the medium surrounding the 

diode. The capacitive component of the interface is responsible for the majority of the 

charge transfer into the tissue. The rapid decay of the voltage as the electrode is moved 

away from the contact indicates that stimulation will only occur in tissue near the surface 

of the diode. The inability of the diode to rapidly discharge at higher frequencies limits 
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the usefulness of the photodiodes in DBS. Future experiments are needed to study the 

effect of a parallel resistance between the contacts to decrease the time needed for 

discharge. 

An EMG response occurring as a result of laser stimulation of a microphotodiode 

implanted in the rat sciatic nerve is shown. To our knowledge, this is the first report, 

outside of the optic system, demonstrating direct evidence that neural stimulation using 

optically powered photodiodes is feasible. The orientation of the diode with respect to the 

nerve is vital to achieve stimulation. The success of stimulation in the PNS is 

encouraging for the chances of success in the CNS. The resistivity of the gray matter in 

the brain and the resistivity of the peripheral nerves are very similar, but the higher 

resistivity of the spinal cord requires higher current thresholds and may impede 

stimulation. 

The energy required for stimulation increases as implantation depth increases. 

The energy required at the maximum tissue thickness is 30 times less than the maximum 

permissible exposure, indicating the possibility of deeper implantations without 

exceeding the safety threshold for NIR laser stimulation. The trend indicates that the 

energy required for stimulation occurs in the early part of the pulse and excess energy is 

transferred in longer pulses. This suggests that the capacitive component of the diode is 

responsible for stimulation. The size of the AA is the significant factor in determining the 

success of stimulation. Contact area size may be reduced to reduce device size as long as 

the charge density is maintained. Future work is needed to minimize the size of the 

device and determine the maximum implantation depth for stimulation. 
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The beam diameter of the NIR light increases due to scattering as it travels 

through the tissue. Despite the large increase in beam diameter, the stimulation of a 

neighboring diode is doubtful due to the apparent need for the entire AA to be exposed to 

the laser to convert enough energy to achieve stimulation. Future work is needed to 

determine the scattering effect of a tissue thickness of 5.0 mm. 

The successful PNS stimulation at a 3.5 mm implantation depth at 30 times less 

than the maximum permissible exposure is an encouraging sign for the success of deeper 

implants. The similarity of the specific resistivity of the PNS and the grey matter of the 

CNS points to successful stimulation in the CNS. Because the devices are sensitive to 

small changes in device position caused by muscle movement, the future use of these 

devices is likely to be in the CNS. If CNS stimulation can be achieved at a depth of at 

least 5.0 mm, the microphotodiodes could be used in DBS of the primary motor cortex. 

Determining the minimum separation distance for single diode stimulation is crucial to 

discovering the number of devices that can be implanted. 
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Maximum Permissible Exposure (MPE) Calculation for Skin Exposure [63]: 

The following calculations are to show that the laser used in this model is under 
acceptable limits for the published safety standards for skin exposure in the NIR region. 

For an exposure time of 50 us in the wavelength region 700 to 1050 nm, Equation A.l 
shows the formula used to calculate the MPE for values for skin is: 

1.1x10 
4+0.002( - A T 7 5 0 ) -109 xt4 

Equation A.l 

Because this model uses a repetitively pulsed laser instead of a continuous beam, two 
further criteria must be taken into account. The criterion that gives the most restrictive 
MPE is chosen. The criteria are: 

Criterion 1 
The exposure of any single pulse within a pulse train shall not exceed the MPE for a 
single pulse multiplied by a correction factor, N"1/4, where N is the number of pulses in 
the exposure. 

Criterion 2 

The average exposure of a pulse train with duration x shall not exceed the MPE for a 
single pulse of duration tpuiSe-

Table 10 Symbols and Values used in NIR Safety Limit Calculation. 

Quantity 
laser pulse duration 
number of pulses 

total exposure duration 
Wavelength 

Symbol 
tpulse 

N 
T 
A 

Value 
50 us 
100 

0.005 s 
850 nm 

Criterion 1, using t = tpUise: 

Llxl04+0.002(850-700) x 0 i 0 0 0 0 5 0 . 2 5 ^ ^ " J = 533^3 J 

m 
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Criterion 2, using t = T: 

1 . 1 X 1 0 4 + 0 0 0 2 ( 8 5 0 - 7 0 0 ) xO.0050 2 5 -s-100 = 5 8 . 3 6 ^ 
m 

Because criterion 2 is more restrictive, the MPE for this model at is 58.36 J/m . 
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