


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 

77 



78 

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. 



APPENDIX A 

CALCULATIONS FOR NIR SAFETY LIMITS 
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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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