
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Design of a High Density Optoelectronic Retinal Neural Interface

Permalink
https://escholarship.org/uc/item/33x0c07k

Author
Damle, Samir Sudhir

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/33x0c07k
https://escholarship.org
http://www.cdlib.org/


 

 

 
 
 
 
 
 
 

UNIVERSITY OF CALIFORNIA SAN DIEGO 
 

Design of a High Density Optoelectronic Retinal Neural Interface 
 

A dissertation submitted in partial satisfaction of the  
requirements for the degree Doctor of Philosophy 

 
 

in  
 
 

Bioengineering 
 
 

by 
 
 

Samir S. Damle 
 
 

 
 
 

Committee in charge: 
 
 Professor Gert Cauwenberghs, Chair 
 Professor Todd Coleman, Co-Chair 

Professor Yu-Hwa Lo, Co-Chair 
 Professor William Freeman 

Professor Marcos Intaglietta 
Professor Nicholas Oesch 

 Professor Michael Sailor 
  
 

 
 
 

2020 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright  

Samir S. Damle, 2020 

All rights reserved. 

 

 



 

 iii 
 

SIGNATURE PAGE 

 

The dissertation of Samir S. Damle is approved, and it is acceptable in quality and form 
for publication on microfilm and electronically:  

 

 

 

 

 

 

 

 

 

 

Co-Chair 

 

Co-Chair 

 

Chair 

 

 
 

  



 

 iv 
 

TABLE OF CONTENTS 

SIGNATURE PAGE .............................................................................................................................. iii 

TABLE OF CONTENTS ......................................................................................................................... iv 

LIST OF TABLES & FIGURES ................................................................................................................ vi 

ACKNOWLEDGEMENTS .................................................................................................................... vii 

VITA .................................................................................................................................................. x 

ABSTRACT OF THE DISSERTATION ...................................................................................................... xi 

CHAPTER 1: HIGH VISUAL ACUITY RETINAL PROSTHESIS: UNDERSTANDING LIMITATIONS AND 
ADVANCEMENTS TOWARDS FUNCTIONAL PROSTHETIC VISION ...........................................................1 

1.1 TYPES OF RETINAL PROSTHESIS .........................................................................................................1 
1.2 SURGICAL CONSIDERATIONS .............................................................................................................2 
1.3 ENGINEERING DESIGN CONSIDERATIONS .............................................................................................5 
1.4 VISUAL ACUITY RESULTS .................................................................................................................7 
1.5 RETINAL PROSTHESIS MOVING FORWARD ...........................................................................................9 
1.6 DISSERTATION OVERVIEW ............................................................................................................. 12 

CHAPTER 2: ELECTROPHYSIOLOGICAL AND ELECTROCHEMICAL CHARACTERIZATION OF SPUTTERED 
IRIDIUM OXIDE ELECTRODES FOR HIGH DENSITY SUBRETINAL STIMULATION .................................... 14 

2.1 INTRODUCTION: .......................................................................................................................... 15 
2.2 METHODS ................................................................................................................................. 17 
2.2.1 MICROELECTRODE FABRICATION ............................................................................................................. 17 
2.2.2 ELECTROCHEMICAL CHARACTERIZATION................................................................................................... 18 
2.2.3 RETINA EXPLANT AND LOOSE PATCH ELECTRICAL RECORDING ....................................................................... 19 
2.2.4 SIMULATION OF ELECTRIC FIELD .............................................................................................................. 20 
2.3 RESULTS: ................................................................................................................................... 21 
2.3.1 ELECTROCHEMISTRY ............................................................................................................................. 21 
2.3.2 STIMULATION EVOKED GANGLION CELL RESPONSES. ................................................................................... 23 
2.3.3 MAXIMIZING RETINAL RESPONSE WITHIN CHARGE INJECTION LIMITS ........................................................... 24 
2.3.4 INFLUENCE OF ELECTRODE DIAMETER ON NEURAL RESPONSE ....................................................................... 27 
2.4 DISCUSSION ............................................................................................................................... 35 
2.5 CONCLUSION .............................................................................................................................. 40 

CHAPTER 3: EVALUATING THE EFFECTIVE SENSITIVITY AND SPATIAL RESOLUTION OF AN 
OPTOELECTRONIC NANOWIRE RETINAL PROSTHESIS ........................................................................ 41 



 

 v 
 

3.1 INTRODUCTION ........................................................................................................................... 42 
3.2 METHODS ................................................................................................................................. 47 
3.2.1 NANOWIRE PIXEL FABRICATION.............................................................................................................. 47 
3.2.2 PHOTOCURRENT DYNAMIC RANGE ......................................................................................................... 47 
3.2.3 MEASURED SPATIAL RESOLUTION FOR SINGLE ILLUMINATED PIXEL .............................................................. 48 
3.2.4 MODELING ELECTRIC FIELD.................................................................................................................... 50 
3.2.5 STIMULATION THRESHOLD..................................................................................................................... 51 
3.2.6 SIMULATED SPATIAL RESOLUTION FOR SINGLE ILLUMINATED PIXEL .............................................................. 52 
3.2.7 SIMULATED SPATIAL RESOLUTION FOR PATTERNED ILLUMINATION............................................................... 53 
3.2.8 TISSUE-ELECTRODE SEPARATION ............................................................................................................ 53 
3.3 RESULTS .................................................................................................................................... 55 
3.3.1 STIMULATION THRESHOLD..................................................................................................................... 55 
3.3.2 SINGLE PIXEL SPATIAL RESOLUTION: MEASUREMENT AND SIMULATION ........................................................ 57 
3.3.3 PATTERNED ILLUMINATION SPATIAL RESOLUTION...................................................................................... 59 
3.3.4 TISSUE ELECTRODE SEPARATION ............................................................................................................. 61 
3.4 DISCUSSION ............................................................................................................................... 62 
3.5 CONCLUSION .............................................................................................................................. 67 

CHAPTER 4: VERTICALLY INTEGRATED PHOTO JUNCTION-FIELD-EFFECT TRANSISTOR PIXELS FOR 
RETINAL PROSTHESIS ....................................................................................................................... 69 

4.1 INTRODUCTION ........................................................................................................................... 69 
4.2 DESIGN OF PHOTO-JFET PIXEL ARCHITECTURE FOR RETINAL PROSTHESIS ................................................... 72 
4.2.1 OPERATION PRINCIPLE .......................................................................................................................... 73 
4.2.2 PHOTOCURRENT AMPLIFICATION ............................................................................................................ 74 
4.2.3 NEURAL STIMULATION .......................................................................................................................... 77 
4.3 FABRICATION.............................................................................................................................. 78 
4.3.1 DEVICE FABRICATION ............................................................................................................................ 78 
4.3.2 STIMULATION ELECTRODE FABRICATION .................................................................................................. 79 
4.4 MEASURED OPTOELECTRONIC PERFORMANCE OF PHOTO-JFET PIXELS ..................................................... 79 
4.5 UTILITY OF PHOTO-JFET PIXELS FOR RETINAL PROSTHESIS ..................................................................... 82 
4.6 DISCUSSION ............................................................................................................................... 84 
4.7 CONCLUSIONS ............................................................................................................................ 88 

REFERENCES .................................................................................................................................... 90 

 

 

 
 
 
 



 

 vi 
 

LIST OF TABLES & FIGURES 
 
Table 1: Theoretical and Reported Visual Acuity of Retinal Prosthesis Devices on the Market or 
in Development ............................................................................................................................. 12 
 
Figure 1: Microscope image of microfabricated sputtered iridium oxide electrode array .......... 18 
Figure 2: Electrochemical characterization of Iridium Oxide Electrodes ..................................... 23 
Figure 3: Measured spiking activity of RGC in response to subretinal stimulation ...................... 24 
Figure 4: Average spike response vs stimulating charge for a 30µm electrode ........................... 25 
Figure 5: RGC spike rate for 1ms vs 5ms pulse width stimuli ....................................................... 27 
Figure 6: RGC stimulation with 1ms pulses for 30, 20, and 10µm electrodes.............................. 29 
Figure 7: Average evoked spikes vs stimulating charge using 10-30µm electrodes. ................... 31 
Figure 8: Average evoked spike rate for single pulse vs pulse trains stimuli ............................... 32 
Figure 9: Average RGC spike responses vs. stimulating charge density for IrOx electrodes........ 33 
Figure 10: Simulated electric field penetration depth within CIC limits of IrOx electrodes......... 34 
Figure 11: Nanowire pixels for retinal prosthesis ......................................................................... 45 
Figure 12: Electrochemical characterization and simulated model of a nanowire prosthesis .... 48 
Figure 13: Measurement of spatial resolution for a single nanowire pixel .................................. 50 
Figure 14: Simulated photocurrent density required to achieve stimulation threshold ............. 56 
Figure 15: Measured and simulated single pixel spatial resolution ............................................. 58 
Figure 16: Simulated electrical potential for a line scan across 8 electrodes .............................. 59 
Figure 17: Simulation results of checkerboard patterned illumination ....................................... 60 
Figure 18: Simulated Michaelson contrast for stimulating electrodes at 50µm pitch ................. 61 
Figure 19: Evaluating tissue-electrode separation in animal models ........................................... 62 
Figure 20: Photo-JFET device design and structure ...................................................................... 73 
Figure 21: Theoretical performance characteristics of a vertical silicon Photo-JFET calculated 
using typical device parameters for a range of retinal irradiance ................................................ 77 
Figure 22: I-V Characteristics of Photo-JFET pixels for 13µm diameter pixels under illumination 
with visible (518nm) and NIR (850nm) light. ................................................................................ 81 
Figure 23: Responsivity of a 13µm Photo-JFET Pixel .................................................................... 82 
Figure 24: In Vitro stimulation of RGC with single Photo-JFET pixel ............................................ 84 
Figure 25: Anodal stimulation current per optoelectronic pixel .................................................. 88 
 

 
 
 
 

  



 

 vii 
 

ACKNOWLEDGEMENTS 
 

This is dissertation would not be possible without the help, support, and 

encouragement that I have received from many people during my doctoral studies. First 

and foremost, I would like to acknowledge and thank Professor Yu-Hwa Lo for his 

guidance and mentorship as my primary advisor. Professor Lo has taught and 

challenged me to think critically and become a creative problem solver. He has patiently 

provided me many opportunities to learn, make mistakes, and grow as a researcher. It’s 

been a pleasure to work with him over the last four years and I am sincerely grateful.  

Next, I would like to thank the members of my dissertation committee. I would 

like to thank Professor Gert Cauwenberghs who has provided me with thoughtful and 

valuable feedback on my research. Professor Cauwenberghs has always stepped up to 

lend support with any issues I have had, and I am very grateful to him. I am also 

enormously grateful to Professor William Freeman for his encouragement and 

guidance. Professor Freeman has been a constant source of support and has provided 

me with lab resources, helped make connections, and shared invaluable feedback on 

research and publications. I am also especially grateful to Professor Nicholas Oesch, 

whose efforts as a mentor helped shape and improve the quality of my research work. 

Professor Oesch provided me with funding, taught me electrophysiology, and has been 

very hands on in helping me in the lab and with publications. I cannot express how 

much I appreciate his help. I would also like to acknowledge and thank Professor 

Michael Silver, Professor Marcos Intaglietta, and Professor Todd Coleman for their time, 

interest, and valuable comments about my research.  



 

 viii 
 

I would also like to acknowledge and thank many current and former members of 

the Lo lab, who helped to train me during my years in the lab and who I have relied 

upon for support. In particular I would like to thank Alex Zhang, Dr. Lujiang Yan, Dr. 

Iftikhar Ahmad Niaz, Mohammad Raihan Miah, Yugang Yu. I especially would like to 

thank Jiayun Zhou and Shaurya Arya who worked closely with me on many projects and 

who were invaluable in their support with device design, simulation, fabrication, and 

taking measurements.  

I would like to acknowledge the support and contributions to my doctoral 

research from the leadership team, advisors, and employees at Nanovision Biosciences 

who helped my research possible. I am very grateful to Scott Thorogood for providing 

me with resources and opportunities and his guidance in helping grow professionally. I 

would like to thank Brandon Bosse for his advice, help with my research, and 

troubleshooting experiments. I am very grateful to Dr. Yi Jing who taught me everything 

I know about microfabrication. I sincerely appreciate his help as a mentor and a friend. I 

particularly would like to thank Dr. Yu-Hsin Liu who worked very closely with me on 

many of my projects and provided invaluable support, guidance, and advice.  

I would also like to acknowledge many other members of the UC San Diego 

community who have worked with me and helped me over the years. I would like to 

thank Dr. Lingyun Cheng, Dr. Dirk Uwe-Bartsch, Abraham Akinin, Dr. Sohmyung Ha, 

and Kristyn Huffman for their help and support with my research efforts. Also, my 

research would not have been possible without the staff at the UCSD Nano3 facility who 

were instrumental in teaching and helping me during the many hours I spent in the 

cleanroom.   I would also like to acknowledge and give special thanks to the faculty, 



 

 ix 
 

administrators, and students within the Department of Bioengineering at UC San Diego 

for educating and providing me with opportunities to learn and grow.  

Last, but not least, I must acknowledge my fiancé Kayva Crawford for her 

understanding, support, and love during my years of studying and research. And finally, 

I would like to thank my parents, Lata and Sudhir Damle, and my brother Nikhil Damle 

for their love, encouragement, and for inspiring me to pursue my graduate studies.  

The material in this dissertation is based on the following materials that were 

either co-authored, have been published or are being prepared for publication: 

Chapter 1, in part, has been published in Retina 2017, “High Visual Acuity 

Retinal Prosthesis: Understanding Limitations and Advancements Towards Functional 

Prosthetic Vision”. Damle, Samir; Lo, Yu-Hwa; and Freeman, William R. The 

dissertation author was the primary investigator and author of this paper.  

Chapter 2, in part is currently being prepared for submission for publication of the 

material. Damle, Samir; Carleton, Maya; Kapogianis, Theodoros; Cavichini-Cordeiro, 

Melina; Lo, Yu-Hwa; Freeman, William R; and Oesch, Nicholas W. The 

dissertation/thesis author was the primary investigator and author of this material 

Chapter 3 is coauthored with Liu, Yu-Hsin; Jing, Yi; Oesch; Nicholas W.; 

Borooah, Shyamanga; Freeman, William R; and Lo, Yu-Hwa. The dissertation author 

was the primary investigator and author of this chapter. 

Chapter 4, in part, has been published in Biomedical Optics Express 2020, 

“Vertically Integrated Photo junction-field-effect transistor pixels for retinal prosthesis”. 

Damle, Samir; Liu, Yu-Hsin; Arya, Shaurya; Oesch, Nicholas W; and Lo, Yu-Hwa. The 

dissertation author was the primary investigator and author of this paper.  



 

 x 
 

VITA 
 
 
 
2012   Bachelor of Science, University of California San Diego 
 
2015   Master of Science, University of California San Diego 
 
2020   Doctor of Philosophy, University of California San Diego 
 
 
 

PUBLICATIONS 
 

"Towards high-resolution retinal prostheses with direct optical addressing and inductive 
telemetry”. S. Ha, M. L. Khraiche, A. Akinin, Y. Jing, S. Damle, Y. Kuang, S. Bauchner, 
Y.-H. Lo, W. R. Freeman, G. A. Silva, and G. Cauwenberghs.  Journal of Neural 
Engineering 13(5), 056008 (2016). 

 
"High Visual Acuity Retinal Prosthesis: Understanding Limitations and Advancements 
Toward Functional Prosthetic Vision". S. Damle, Y. H. Lo, and W. R. Freeman. Retina 
37(8), 1423–1427 (2017). 

 
"In vivo photovoltaic performance of a silicon nanowire photodiode–based retinal 
prosthesis" B. Bosse, S. Damle, A. Akinin, Y. Jing, D. U. Bartsch, L. Cheng, N. Oesch, 
Y. H. Lo, G. Cauwenberghs, and W. R. Freeman. Investigative Ophthalmology & Visual 
Science  Vol.59, 5885-5892. (2018). 

 
“Vertically Integrated Photo junction-field-effect transistor pixels for retinal prosthesis” 
Samir Damle, Yu-Hsin Liu, Shaurya Arya, Nicholas Oesch, Yu-Hwa Lo. Biomedical 
Optics Express. Vol.11 Issue 1 pp. 55-67 (2020) 

 
 

FIELDS OF STUDY 
 

Major Field: Engineering 
  

Studies in Bioengineering and Electrical Engineering



 

 xi 
 

ABSTRACT OF THE DISSERTATION 
 
 

Design of a High Density Optoelectronic Retinal Neural Interface 
 
 

By 
 
 

Samir S. Damle 
 

Doctor of Philosophy in Bioengineering 
 

University of California San Diego, 2020 
 

Professor Gert Cauwenberghs, Chair 
Professor Todd Coleman, Co-Chair 

Professor Yu-Hwa Lo, Co-Chair 
 

 
Degenerative retinal diseases such as Age-Related Macular Degeneration 

(AMD) are among the leading causes of irreversible blindness today for which there are 

no effective treatments to recover lost vision. Retinal prostheses have been developed 

to replace the lost photo-sensing with implanted optoelectronic pixels that transduce 

light into electrical current to stimulate patterns of retinal activity. A fundamental goal of 

retinal prosthesis design is the realization of a densely packed stimulating array that can 

restore high visual acuity. However, the efficacy of optoelectronic subretinal stimulation 

for high visual acuity retinal prosthesis is not as well understood, particularly because 

passive photodiodes used in clinical implants today lack sufficient photoresponsivity (< 1 
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A/W) to produce sufficient photocurrent to stimulate retinal neurons at size scales 

suitable for high density retinal interfaces. Here, we evaluated an optoelectronic 

approach to retinal prosthesis that offers a unique solution to the problem of minimizing 

the photosensor, current source, and stimulating electrode size for high density retinal 

interfaces. First, we characterized the feasibility of retinal stimulation with a fully 

implantable nanowire based subretinal prosthesis on the basis of electrically evoked 

potentials measured in the visual cortex of an in vivo rabbit model. We then established 

criteria for stimulation at a single pixel level using an ex vivo model of photoreceptor cell 

degeneration. We determined stimulation thresholds and dynamic range of current 

required to evoke spiking responses in retinal ganglion cells within the charge injection 

limits of 10-30µm iridium oxide electrodes. We showed that the minimum size for 

effective stimulation approaches 20µm diameter. Next, to meet these established 

current requirements we developed a novel optoelectronic pixel architecture consisting 

of a vertically integrated photo junction-field-effect transistor (Photo-JFET) and neural 

stimulating electrode. We demonstrated that optically addressed Photo-JFET pixels can 

utilize phototransistive gain (>100 A/W) to produce a broad range of neural stimulation 

current. At 13µm pixel size, a single Photo-JFET pixel can effectively stimulate retinal 

neurons ex vivo. The compact nature of the Photo-JFET pixel can enable high 

resolution retinal prostheses with the smallest reported optoelectronic pixel size to help 

restore high visual acuity in patients with degenerative retinal disease.
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CHAPTER 1: HIGH VISUAL ACUITY RETINAL 
PROSTHESIS: UNDERSTANDING LIMITATIONS AND 
ADVANCEMENTS TOWARDS FUNCTIONAL 
PROSTHETIC VISION 
 

 

Abstract: Retinal prostheses have been in development for the past 20 years. 

These devices interface with retinal tissue to restore vision for patients suffering from 

degenerative retinal diseases such as Retinitis Pigmentosa (RP) or Age-Related 

Macular Degeneration (AMD). Of the first-generation devices, the Argus II from Second 

Sight Medical Products has become the first retinal prosthesis to receive FDA approval 

(2014) and CE mark (2011) to treat RP.  As an initial attempt at a functioning retinal 

prosthesis the Argus II is appropriately hailed as a breakthrough, however it is approved 

only for severe advanced Retinitis Pigmentosa with NLP or Bare LP vision1 and the 

actual vision restoration it accomplishes is subject to debate. While the early results 

from first generation prostheses are encouraging, the restored visual acuity results are 

still well below the 20/200 threshold and average below 20/1000.  In order to 

understand the low visual function results from current prosthesis and evaluate the 

possible improvements in outcomes offered by next generation implants, it is necessary 

to examine the underlying scientific considerations that constrain their design. 

1.1 Types of Retinal Prosthesis  

In theory, the concept of a retinal prosthesis is quite simple. An image sensor 

interfaces with an electrode array to drive stimulation of retinal neural cells. Visual acuity 

improves as the number of electrodes present on the device increases. However, in 
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practice there are many complex physiological and engineering hurdles to overcome. 

These restrictions explain the imperfect visual acuity of early prostheses and drive the 

innovative design solutions found in next generation devices. To evaluate the efficacy of 

an implant and its potential to improve the quality of life of a patient with advanced 

retinal disease, it is helpful to understand how retinal prostheses function. 

There are many types of retinal prostheses, each with its own unique approach 

to interface with the retina.  The simplest way to categorize a device is by the site of 

implantation.  There are three possible placement locations for a retinal prosthesis: 

epiretinal, subretinal, and suprachoroidal. There are distinct challenges specific to each 

implant site, resulting in specific design considerations for prosthetic function. 

1.2 Surgical Considerations 

It is useful to review the different surgical approaches to each implantation site 

and understand their advantages and disadvantages.  The Argus II is an example of 

typical epiretinal prosthesis.  Briefly, the surgical procedure for an epiretinal device 

begins with placing the extraocular components (circuits and telemetry system) under 

the rectus muscles and anchoring to the sclera. The intraocular components are then 

inserted through a sclerotomy and an electrode array is placed over the macula.  A 

surgical tack is then inserted through the array into the retina to hold the device down. 

The electrodes in the array lay atop the retinal ganglion cells (RGC) layer [1].  An 

advantage to the epiretinal approach is that the surgical procedure is relatively 

straightforward. One must recognize however that the epiretinal location bypasses the 

remaining functional retinal elements and stimulates the retinal nerve fiber layer as well 

as the ganglion cells. Other disadvantages of epiretinal devices include the fact that the 
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electrode array must be engineered to conform to the curved surface of the eye. While 

most devices utilize ultrathin flexible polymers for this purpose, a surgical tack is 

required to physically anchor the device to the tissue. Tacking the electrodes to the 

surface is also necessary for the current produced by the electrodes to be sufficiently 

localized to ensure stimulation efficacy and signal fidelity.  Any gap between the 

electrodes results in higher electrical current requirements for neural stimulation. A 

further drawback of epiretinal prosthesis is the problem of phosphene streaking. 

Electrodes on the RGC surface tend to stimulate soma and axon bundles 

indiscriminately. This leads to streaking of a perceived phosphene and is especially 

problematic for an array placed near the macula close to densely packed axons in the 

nerve fiber layer [2]. In addition to the Argus II, another notable epiretinal prosthesis is 

the Pixium IRIS V2 (France) presently in clinical trials in Europe. 

The most well-known subretinal prostheses is the Alpha IMS device from the 

German company Retina Implants AG. The Alpha IMS from Retina Implants AG in 

Germany is the second retinal prosthesis device to receive the CE Mark approval 

(2013) but is not currently approved by the US FDA. The Alpha IMS requires subretinal 

implantation via vitrectomy.  This includes trans scleral placement after the retina and 

choroid are elevated with healon via an external approach. The device is fed through a 

scleral flap and guided into the subretinal space. Once the implant is positioned, the 

retina is reattached with silicone oil endotamponade. The device thus sits in the 

subretinal space facing the photoreceptor cell layer, targeting bipolar and inner neural 

cells for stimulation [3]. Other notable subretinal devices include an implant in preclinical 

development by Bionic Eye Technologies (Boston Retina implant team) and a device in 
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development by Iridium Medical Technology in Taiwan. There are many advantages to 

the subretinal site; the implant is held in place by the retina above it. By directly 

stimulating the remaining bipolar cells in eyes with outer retinal disease, subretinal 

implants can take advantage of the intricate signal transduction pathways within the 

retina.  Subretinal stimulation can thus avoid axonal activation and is projected to allow 

for more natural perception of vision.  The surgical procedure does involve detaching 

the retina to insert the device however, and this may be regarded as higher risk, 

however tacks are not needed.  In addition, the presence of the implant between the 

RPE and photoreceptor cell layer may block transport of nutrients into the photoreceptor 

and outer plexiform layers. The lack of local perfusion, in addition to remodeling 

associated with degenerative retinal disease, may obstruct the function of the device 

and raise stimulation thresholds for activation of bipolar cells. There may however be 

ways to engineer subretinal devices that permit diffusion of nutrients and metabolic 

wastes. 

Suprachoroidal prostheses, pioneered by Bionic Vision Australia, may require a 

safer and less invasive surgery in theory.   This implantation does not involve direct 

retinal manipulation but does require detachment of the choroid, which is done by 

making a full thickness sclerotomy through which the implant is placed in the 

suprachoroidal space in a region under the macula.  This requires fairly extensive ocular 

manipulation and detachment and reattachment of the rectus muscle over this location. 

There are advantages to implanting a device in the suprachoroidal space. The surgical 

procedure does not involve retinal manipulation. Also, because it is inserted through a 

scleral incision posteriorly the implant itself can be larger and thicker, and implants may 
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be better tolerated in the suprachoroidal space. In this regard, suprachoroidal implants 

can be more robust and easier to handle versus the more delicate implants designed for 

more direct retinal interface.  The disadvantages of the suprachoroidal location result 

from the greater separation between the device and the retina involving the need for 

more electrical current, requiring larger electrodes for safe charge storage. The large 

electrodes implies larger effective pixel size and greater susceptibility to electrochemical 

cross talk. These factors, as well as the greater distance from device to retinal neurons, 

limit the maximal achievable visual acuity of any suprachoroidal prosthesis.  

1.3 Engineering Design Considerations  

There are important universal physiological and engineering constraints to a well-

functioning retinal prosthesis.  The retina is a thin multilayered tissue that varies from 

100 to 250 microns in thickness.  It is composed of ten classical layers, the outermost 

being the photoreceptors, which are degenerated in most outer retinal disease such as 

AMD and inherited retinal degenerations.  There are 10 layers of cell and synapse types 

the inner of which is the nerve fiber layer which connects the ganglion cell layer to the 

brain. Any intraocular part of a device must be appropriately sized and contoured to 

minimize disruption of the retinal layers. Implants are thus constrained to dimensions on 

the scale of millimeters area and microns thickness. All materials in direct contact with 

tissue must be biocompatible and all materials that are necessary for function but 

potentially unstable or toxic in a biologic environment must be well sealed [4]. 

Addressing these physiological considerations in such a small scale presents a 

tremendous design challenge. 
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From an engineering perspective, every implant has the same basic elements: 

an image sensor, a stimulation encoder, and an electrode array in contact with or near 

the retina. Each implant must also have a power supply and power delivery mechanism. 

Finally, every electrical component must be housed within a biocompatible and 

electrically insulating package.  Every implant design has a unique combination of these 

elements, resulting in specific functional differences. 

The image sensor can be either an external camera (which is used by all devices 

in clinical use in the US and internationally including Argus II and the Bionic Vision 

Australia suprachoroidal device) or an intraocular CMOS (Complementary Metal Oxide 

Semiconductor) style array (as in the Alpha IMS) [5–7]. Intraocular image sensors take 

advantage of the natural optics of the eye and have the potential to confer a more 

natural perception of vision. However, their scalability is limited since they require 

amplification circuitry to be sensitive to the low levels of retinal irradiance across varying 

light conditions. Extraocular cameras have no limit on size or sensor type but require 

extensive cabling into the eye to individually address electrodes. Also, patients must 

wear the camera housed on glasses and utilize head scanning to move their gaze. 

The electrode array used to stimulate the retina is generally embedded within a 

highly flexible and thin polymer array. To achieve high acuity vision (many pixels), 

electrodes must be microns in diameter and densely packed. This requirement presents 

a difficult packaging challenge for designs that require electrical leads to individually 

address each electrode5. Additionally, the effective electrode size is not determined by 

it’s physical dimensions but by the spread of electrochemical signal in the physiological 

ionic medium.  The more densely packed and the further the electrodes are from the 
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stimulation target the more likely they are to crosstalk10, where the signals from 

adjacent electrodes overlap. This phenomenon reduces effective pixel density and may 

explain why the reported visual acuity results of the Alpha IMS are only marginally 

better than the Argus II, despite having 25 times as many electrodes. 

A signal encoder interprets the input from the image sensor and generates an 

output at the electrodes. For devices with external cameras this is accomplished by an 

extraocular integrated circuit. For intraocular CMOS sensors, the encoding is done on 

chip (an integrated circuit built into the implant head). Both the Argus II and the Alpha 

IMS have external controls that interface with the signal encoder to adjust contrast [6,7]. 

The signal encoder can program brightness by controlling the stimulation amplitude, 

with a power law relationship between brightness and applied stimulation current.   

Patients implanted with the Argus II have reported as many as 10 brightness levels2. 

The Alpha IMS trials included a gray level test asking the patient to indicate which side 

of a screen was brighter. Combinations of gray levels with varying relative contrast were 

screened against a single intermediate level. 52% of patients were able to detect 

between 1-6 gray levels [6]. However, increasing the signal amplitude has also been 

shown to increase phosphene size and thereby reduce acuity. To address this concern 

Second Sight has investigated varying the stimulation rate to encode brightness instead 

[8]. 

1.4 Visual Acuity Results 

The vision restoration efficacy of the ARGUS II has generally been evaluated in 

terms of functional acuity of perceived phosphenes. With 60 electrodes tacked onto the 

retinal surface at a 575µm pitch between electrodes, the Argus II has a theoretical 



 

 8 

resolution of only 20/4800 [5].  In general, vision improvement is poor. In the initial 

clinical study of 30 Argus II patients, visual acuity could be measured in less than 25% 

of patients, with the best measurable acuity of 20/1260. The discrepancy between the 

marginal clinical improvement in vision in patients and the potential acuity based on 

resolution of the device may be the result of head scanning maneuvers used by patients 

while performing these tests [5]. Visual acuity worsens with time as a recently published 

5-year follow-up study found less than half of patients achieved 2.9 logMAR or better 

(which is the equivalent of 20/15886 Snellen acuity) [9]. Other early generation devices 

have reported similarly low visual acuity performance. The Alpha IMS houses 1500 

stimulating electrodes. At 70µm pitch the Alpha IMS has a theoretical best acuity of 

20/600 [5]. In it’s first trial, acuity could be measured in 2 out of 3 patients with results of 

20/2400 and 20/6000. In a second trial of the Alpha IMS, acuity could be measured in 

only 2 out of 9 patients with reported visual acuity of 20/540 and 20/1920 [5,6]. 

Other measures of prosthetic function used in Argus II and Alpha IMS trials 

included vision related activities. On/off device performance tests included computer 

screen based tests such as perception and localization of high contrast square objects 

and motion detection of bright moving objects. At five years after implantation, 50% and 

80% of Argus II patients reported significantly better motion detection and square 

localization respectively with the device on1. Similarly, over a 9-month period following 

implant 80% and 60% of Alpha IMS patients reported significantly better square 

localization and motion detection respectively with the device on [6]. Additional “real 

world” measures indicated significantly higher mean percent success for finding a door 
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and following a line (Argus II) or identifying shapes on a table (Alpha IMS) with implants 

turned on versus off [6,9]. 

The 33-electrode suprachoroidal implant from Bionic Vision Australia has a 

theoretical best acuity of 20/4242 (1mm electrode spacing). The visual acuity 

drawbacks mentioned previously are reflected by the results of visual efficacy testing of 

the BVA implant in its first clinical trial. While 3 out of 3 patients achieved significantly 

better perception and localization of bright objects with the device on, acuity testing 

could only be performed in a single patient with results ranging between 20/4451 to 

20/21059 over 19 sessions [7]. A mean postoperative visual acuity of 20/8397 for this 

device is low in comparison to the field [7].  This may be expected as the electrodes are 

quite far from the retina and the electric field they produce is likely much wider than the 

electrode pitch, which will severely limit resolution. 

Despite the low visual acuity achieved with the Argus II and other early devices, 

these prostheses may aid some patients in performing day-to day tasks that require 

only low levels of acuity. The fact that some vision function is possible with early retinal 

prostheses suggests that further improvements in clinical outcomes may be forthcoming 

as various technical problems are solved. 

1.5 Retinal Prosthesis Moving Forward 

The early results from first generation prostheses have helped to identify general 

engineering challenges and implantation site-specific limitations as described above.  

Next generation prostheses have emerged with specific design solutions to address 

these obstacles such as improved scalability, low power consumption, and minimally 

invasive design.  A novel subretinal device, PRIMA, is under development at Pixium 
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Vision in France. The PRIMA makes use of the same silicon photodiodes found in 

CMOS imagers but without on chip amplification circuitry. Instead, the PRIMA device is 

fully wireless and utilizes a pair of external goggles to irradiate silicon chips with 

thousands of photodiodes implanted in the subretinal space. Similar to a solar cell, the 

photodiodes are not wired to an electrical supply but instead require high intensity 

pulsed infrared light to power each pixel. The goggles house an external camera to 

record and project an image onto the implant using infrared laser light. Scalable to high 

electrode densities, the PRIMA also features local electrode arrays as return electrodes 

to minimize electrochemical cross talk. As a wireless implant the Prima is less invasive 

than implants requiring extraocular components. However, the tradeoff is the 

requirement for high intensity infrared light. The operational range of the stimulation 

current is limited by safety considerations for the infrared retinal irradiance within 

maximum permissible energy limits to power the device [10]. 

Another next generation preclinical stage device is the ultrahigh photosensitivity 

nanowire device under development at Nanovision Biosciences. Originally developed at 

UC San Diego, the nanowire prosthesis is a subretinal implant that operates in 

photoconductive mode. With only two electrical leads the nanoengineered electrodes 

are smaller and can be packed more densely than even native photoreceptor cells. The 

design is highly scalable and sensitive to much lower levels of retinal irradiance than a 

photovoltaic sensor. The sensitivity of the nanowires across a range of irradiances allow 

for a broad range of tunable function, adjustable to a range of disease conditions for 

each individual patients and may not require external cameras [11].  The calculated 

visual acuity of the first iteration of the nanowire device is 20/417. While this visual 
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acuity is in the same range of other subretinal implants utilizing conventional 

microtechnologies, nanotechnology may offer advantages in device-cell interaction.  

Further development of all retinal prostheses will be needed to improve visual acuity to 

be above the threshold of legal blindness. The nanoscale nature of the photosensing 

element and electrode may allow for scaling to higher prosthetic acuity in subsequent 

designs. 

The early results of first generation prosthesis reveal tradeoffs between efficacy 

and safety. The more intricate and complex the design the less likely it is to be tolerated 

well. The Alpha IMS is most intricate intraocular design but has an expected lifetime of 

only 1-2 years. Retina Implants AG have released a second-generation device, the 

Alpha AMS, with an improved expected lifetime but similar acuity results. While the 

Argus II may have very limited conferrable acuity, it is remarkably safe with an expected 

lifetime of 10 years or more [4]. 

The field of retinal prosthesis is no longer in its infancy. Early devices have 

passed through clinical trials and have entered the market. However, there is clearly still 

a need for further improvements in function and efficacy. Visual acuity results must be 

improved before retinal prosthesis can meet the very ambitious goal of “curing 

blindness”.  For patients suffering from nearly total blindness from diseases such as 

advanced Retinitis Pigmentosa, a prosthesis that restores even very minimal 

measurable visual acuity may provide meaningful benefits. However, the cost of retinal 

prosthesis may stand as a barrier to implementation if implants are only suitable for 

patients with bare light perception. The ARGUS II has been implanted in over a hundred 

patients at a cost of $150,000 per implant. For indications to expand and include more 
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common diseases such as macular degeneration criteria for benefit must include high 

visual acuity without compromising residual vision. As better prosthesis become 

available the costs should fall and become accessible to more patients. 

Table 1: Theoretical and Reported Visual Acuity of Retinal Prosthesis Devices on the 
Market or in Development 

 

The Argus II, the first commercial retinal prosthesis device, has set the 

benchmark for prosthetic visual acuity at 20/1260. Groups across the U.S., Europe, 

Asia, and Australia are working towards higher acuity implants. As listed in Table 1, 

there is a broad range of theoretical and reported acuity for each device.  Next 

generation devices must expand upon the current state of the art and achieve prosthetic 

acuity at levels better than 20/200 to address patients with macular degeneration. While 

the challenges are daunting, the outlook for the field is quite promising. The retinal 

prosthesis devices under development today are well poised to provide significant and 

meaningful benefit to blind patients in the years to come. 

1.6 Dissertation Overview 

A high visual acuity retinal optoelectronic prosthesis requires small and highly 

photosensitive pixels with minimal stimulating electrode size. In Chapter 2, the 

stimulation performance of sputtered iridium oxide is evaluated for 10 to 30µm diameter 

electrodes. The range of responses stimulated in an ex vivo model of retinal 



 

 13 

degeneration within the measured charge injection limits of each electrode size are 

described for single pulse and pulse train stimuli. The minimum charge needed for 

stimulation for high density stimulation is identified as is a strategy for maximizing 

evoked responses.  In Chapter 3, the spatial resolution and stimulation threshold for an 

optoelectronic silicon nanowire pixel are modeled with respect to physiological relevant 

conditions for tissue conductivity and electrode-tissue spacing. The simulations are 

compared against electrochemical measurements of spatial resolution for a single 

nanowire pixel.  Finally, in Chapter 4 the design of a very high-density optoelectronic 

structure, known as the Photo-JFET pixel, is introduced. The mechanisms of 

photosensing, amplification, and neural stimulation are described and validated with a 

proof of principle experiment demonstrating successful retinal stimulation ex vivo with a 

single pixel.  

Portions of this chapter have been published in Retina 2017, by Samir Damle, 

Yu-Hwa Lo, and William R. Freeman. The dissertation author was the primary 

investigator and author of this paper.  
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CHAPTER 2: ELECTROPHYSIOLOGICAL AND 
ELECTROCHEMICAL CHARACTERIZATION OF 
SPUTTERED IRIDIUM OXIDE ELECTRODES FOR HIGH 
DENSITY SUBRETINAL STIMULATION   
 

Abstract: Vision loss from diseases of the outer retina such as Age-Related 

Macular Degeneration (AMD) are among the leading causes of irreversible blindness in 

the world today. The goal of retinal prosthetics is to replace the photo-sensing function 

of photoreceptors lost in these diseases with optoelectronic hardware to electrically 

stimulate patterns of retinal activity corresponding to vision. To enable high resolution 

retinal prosthetics, the scale of stimulating electrodes must be significantly decreased 

from current designs; however, the efficacy of subretinal stimulation at electrode scales 

suitable for high visual acuity retinal prosthesis are not as well understood, particularly 

within the safe charge injection limits of electrode materials. Here, we measure retinal 

ganglion cell responses in a mouse model of blindness to evaluate stimulation efficacy 

of 10, 20, and 30µm diameter iridium oxide electrodes within the charge injection limits. 

As expected, stimulation efficacy depends strongly upon the injected current magnitude. 

Interestingly, for the same stimulating charge, shorter pulse durations with greater 

current magnitude elicited stronger responses. Stimulation thresholds were lower for 

smaller electrodes, but larger electrodes could elicit a greater dynamic range of spikes 

within charge injection limits and recruited more ganglion cells within charge injection 

limits. These findings suggest a practical limit for minimal planar electrode size for 

effective subretinal stimulation and strategies for maximizing stimulation thresholds and 

dynamic range.  
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2.1 Introduction: 

Globally, the number of patients with sight-threatening retinal diseases is 

increasing [12,13]. Dystrophic or degenerative retinal diseases result in the progressive 

loss of photoreceptors, causing vision loss [14–16]. Currently there are limited options 

to slow progression, and no options to recover lost vision. Retinal prostheses consisting 

of microelectrode arrays have been implanted in blind patients to attempt to restore 

visual function in areas of the retina where photoreceptor atrophy. Early retinal 

prostheses have demonstrated promising measured prosthetic visual acuity results 

between 20/500 -20/1520 in clinical trials [17,18] . To improve upon the visual benefits 

provided by retinal prostheses, research efforts have focused on developing implants 

with more densely packed microelectrodes to support higher prosthetic visual acuity 

[11,19,20].  

While different retinal implant technologies have been developed to translate an 

image into a spatial pattern of electrical stimulation, all deliver electric charge through 

electrodes to stimulate action potentials in retinal ganglion cells (RGC), the output 

neurons of the retina. Electrical stimulation of neural tissue occurs when injected 

stimulating current creates an electric field in the extracellular space that encompasses 

all or part of the neuron. The electric field causes a redistribution of charges along the 

cell surface altering transmembrane voltage, leading to the activation of voltage-gated 

ion channels that trigger an action potential or synaptic release.  RGCs can be directly 

depolarized by electrical stimulation or indirectly when neurons upstream, such as 

retinal bipolar cells are depolarization. The ultimate goal of retinal prosthetics is to 

create patterns of action potentials in the RGC layer that encode the spatiotemporal 
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properties of visual scenes, which are then relayed to the downstream visual system 

[10,21]. 

The limit of prosthetic spatial resolution is determined by the size and spacing of 

stimulating electrode in implanted arrays [22,23]. Therefore, there is significant pressure 

to decrease electrode size; however, there is a  tradeoff between electrode size and the 

amount of charge that can be safely injected, termed the charge injection capacity or 

CIC [24]. Beyond this limit irreversible damage to both neural tissue and electrode 

materials occur [25]. Retinal implants currently in clinical testing utilize planar disc 

shaped electrodes of 30-200um diameter sputtered iridium oxide film (SIROF), an 

electrode material with high charge injection capacity [11,26–29].  

Electrical stimulation of retinal cells has been studied extensively with ex vivo 

retinal preparations using a wide variety of electrode materials and geometry[30–36]. 

These studies have provided valuable insight into electrical requirements for stimulation 

for specific electrode configurations. However, there has been little emphasis on 

characterizing the stimulation efficacy of electrodes within the practical limits of safe 

injectable charge.  As a result, there is little consensus of ground truth principals that 

establish a framework for electrode development for high visual acuity subretinal 

prostheses.  

Here, we address these questions by examining retinal stimulation elicited by 

microelectrodes of 10, 20, and 30µm diameter. We first established the CIC limits of 

SIROF electrodes at these sizes. We then varied current magnitude and pulse width 

within the CIC limits to maximize the range of RGC responses and characterized the 

stimulation threshold and dynamic range of RGC spiking at each electrode diameter. 
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We found that smaller electrodes have lower absolute charge thresholds but recruited 

fewer RGS and have a reduced dynamic range compared to larger electrodes.  

Importantly, these results indicate high visual acuity retinal implants are constrained by 

the electrochemical limits of microelectrodes, with a minimum planar electrode size 

between 10 – 20 µm diameter for effective and reliable stimulation. Electric field 

modeling demonstrates a fundamental principal that the efficacy of a stimulation pulse is 

directly related to the magnitude of the delivered current. This work establishes a 

framework to compare between or develop new microelectrodes for high visual acuity 

prosthesis within realistic limits.  

2.2 Methods 

2.2.1 Microelectrode fabrication 

Iridium oxide electrodes were patterned by photolithography. Transparent 

conductive traces of indium tin oxide (ITO) were deposited on borosilicate glass by RF 

magnetron sputtering and were insulated by a 200nm layer of SiNx deposited by 

plasma enhanced chemical vapor deposition (PECVD). Iridium oxide electrodes of 10, 

20, and 30 µm diameter stimulating electrodes and 400 µm return electrodes were 

formed by reactive DC sputtering of iridium metal in an argon (90%) and oxygen (10%) 

gas mixture at a thickness of 600nm. Finally, a 1.5um insulating layer of parylene-C was 

deposited over the electrode array (PDS 2010 Coater) and iridium oxide electrodes 

were exposed by oxygen plasma reactive ion etching (RIE) etching (Oxford Plasmalab 

80) (Figure 1) 
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Figure 1: Microscope image of microfabricated sputtered iridium oxide electrode array 
10µm (top), 20µm (bottom left), and 30µm (bottom right) diameter electrodes 

2.2.2 Electrochemical Characterization 

Electrochemical characterization was performed using a three-electrode 

configuration consisting of the iridium oxide electrode as the working electrode, an 

Ag/AgCl electrode as the reference, and a platinum wire as the counter electrode 

(Gamry Interface 1000E). Cyclic voltammetry measurements were performed to 

determine the charge storage capacity of the electrodes. The electrode potential was 

swept cyclically between a voltage potential range of −0.6 to 0.8 V, relative to the 

reference electrode at constant scan rate of 200 mV/s at 10 mV increments while 

measuring the flow of current from the working electrode to the counter electrode. The 

charge storage capacity was calculated using the time integral of the cathodic and 

anodic currents up to the potential limits of the water window; within which the 

electrochemical reactions occurring at the electrode-electrolyte interface are reversible. 

The charge injection capacity of the electrode, defined as the maximum amount 

of charge that can be delivered without polarizing the electrode potential beyond the 

water window, was determined by measuring the transient voltage change between the 
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working and reference electrode in response to a square biphasic anodic first current 

pulse injected between the working and counter electrode. The electrode polarization at 

the anodal and cathodal phase were measured 10µS after the end of each respective 

phase of the stimulation pulse. All measurements were made in 126 mM NaCl. 

2.2.3 Retina explant and loose patch electrical recording 

All experimental methods and animal care procedures were conducted in 

accordance with NIH guidelines and were approved by the University of California, San 

Diego Institutional Animal Care and Use Committee.  Adult rd10 mice (>P60) with 

photoreceptor cell degeneration were anesthetized with isoflurane and euthanized by 

decapitation and their retinas were isolated and maintained in Ames medium 

oxygenated and equilibrated with 95% O2, 5% CO2. Retina pieces, 2 mm x 2mm, were 

transferred to a custom recording chamber designed to use the fabricated stimulating 

electrode array as the chamber bottom. The chamber was placed under an upright 

microscope and perfused with Ames solution (4 ml/min) at 35oC. Retina was placed 

over stimulating electrodes on the bottom of the recording chamber, ganglion cell side 

up. Retinal ganglion cells (RGCs) were visualized using IR differential interference 

contrast video microscopy. Recording electrodes were pulled from borosilicate capillary 

glass to have a final resistance of 4-5 M and filled with Ames medium. Loose-patch 

recordings were made from ganglion cells and action potentials were recorded in 

voltage-clamp mode using a Multiclamp 700b (Molecular Devices). Signals were filtered 

at 4kHz (4-pole Bessel), digitized at 20 kHz with an ITC-18 (HEKA Electronik) and 

saved to a PC for offline analysis. SIROF electrons were wired to a 32-channel Intan 

RHS2000. Charge-balanced, anodic first, square biphasic current pulses were 
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generated on the Intan RHS2000, which was triggered by our acquisition software, and 

delivered to an individual stimulating electrode nearest to the cell of interest. Individual 

stimulus pulses or pulse trains were delivered every 10 seconds and repeated five 

times. Individual cell responses were calculated from the average of the five repeats.   

2.2.4 Simulation of electric field 

Simulations of electric field were performed using a 3D finite element model of 

the electrode array and retina for static current flow inside of a volume conductor using 

COMSOL Multiphysics 5.2b (COMSOL AB, Sweden). A model of a single stimulating 

electrode was constructed for 10, 20, and 30µm diameters. The electrode was centered 

inside of a passive domain consisting of a homogenously conductive (0.2 S/m) sphere 

of 18mm diameter [37]. A single large return electrode of 200µm diameter was 

positioned at a distance of 7.5mm from the center of the electrode array. 

The magnitude of the electric field (E) at a particular electrode-cell separation 

distance is a function of the current density produced at an electrode (𝐽) and the tissue 

conductivity (𝜎, assumed to be constant). The voltage potential distribution inside of the 

passive domain was modeled according to the Poisson equation and continuity 

equation [23]: 

∇  ∙ 𝐽 = ∇ ∙ (−𝜎 ∇V) =  0 

The electric field was determined from the voltage distribution in COMSOL by 

calculating the gradient of the voltage distribution: 

𝐸 =  −∇V 

The distribution of the electric field from the stimulating electrode into the 3-D 

volume was calculated for a fixed current density set at the surface of each electrode. 
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This model allowed for a simplified electrostatic approach to understand the effect of 

stimulating current magnitude within safe CIC limits of each electrode diameter in terms 

of the magnitude and spatial distribution of the electric field available to induce 

stimulation of retinal neurons.  

2.3 Results: 

2.3.1 Electrochemistry 

To examine how electrical stimulation of the retina is influenced by the electrode 

diameter we fabricated sputtered iridium oxide film (SIROF) electrodes at 10, 20 and 30 

µm diameters. SIROF is widely considered to be the state-of-the-art electrode material 

for neural prosthetics [25]. These diameters were chose because they correspond to the 

size of electrodes that can be packed with an electrode pitch less than 50µm, the 

necessary density for a retinal prosthetic array to reach the spatial acuity equivalent of 

legal blindness [22]. Our goal was to explore the range of neural responses that can be 

realistically stimulated within the electrochemical limits for electrodes of this scale. We 

proceeded to characterize the electrochemical properties relevant for neural stimulation 

including charge storage capacity and charge injection capacity.   

We first characterized the charge storage capacity (CSC) of the electrodes at 

each diameter to ensure their performance was consistent with those typically used in 

retinal prostheses. CSC provides information about the total amount of electroactive 

material on the electrode at near-equilibrium conditions.  The magnitude of charge that 

each electrode can deliver scales with the electrode surface area as expected (Figure 

2A). The measured anodal and cathodal charge storage capacities of all electrode 
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diameters were identical at 12mC/cm2 and 17mC/cm2 respectively. These results fall 

within the range of previously reported studies of iridium oxide electrodes [28].  

Although it has become common practice to characterize electrodes by their 

CSC, it does not accurately reflect the amount of charge that can be safely delivered 

per phase, called the charge-injection-capacity (CIC), during realistic neural stimulation 

conditions [25]. This property imposes a limit on the maximum amount of charge that 

can be used for stimulation without driving the electrode polarization to a level at which 

irreversible reactions occur that could damage the electrode or retinal tissue. The 

electrode polarization limit is known as the water window and occurs at -0.6V for 

cathodal stimulation and 0.8V for anodal stimulation (for SIROF). The measured charge 

injection limit of sputtered iridium oxide electrodes was 3.3  0.2 mC/cm2, also within the 

range of previously reported studies of SIROF [25,28,38].  The total safe injectable 

charge per stimulation pulse scales with area, equaling 2.5nC, 10nC, and 25nC for 

10µm, 20µm, and 30µm electrodes respectively (Figure 2B).  
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Figure 2: Electrochemical characterization of Iridium Oxide Electrodes 
10µm (blue), 20µm (red), and 30µm (orange) sputtered iridium oxide electrodes. (A) 
Cyclic Voltammetry scan used to calculate the electrochemical charge storage 
capacity of the electrodes. As expected, charge storage capacity scales with 
electrode area. (B) Voltage transients in response to biphasic current pulse used to 
calculate the safe charge injection capacity of electrodes within the polarization 
limits of the water window of iridium oxide. The initial rapid change in potential 
represents the voltage drop across the electrolyte solution followed by the gradual 
change in potential representing the polarization of the electrode.  

2.3.2 Stimulation evoked ganglion cell responses. 

To examine how the retina responds to stimulation by these electrodes we 

mounted the electrode arrays on the bottom of our standard electrophysiological 

recording chamber. We used loose-patch recordings to measure ganglion cell spiking 

from whole mount RD1 or RD10 retina (ages 60-140d). We placed the inner retina in 

contact with our electrode arrays on the bottom of the chamber.  We delivered anodic 

first biphasic charged balanced constant current pulses with 1ms or 5ms duration per 

phase and varied the magnitude of the stimulating current up to the CIC limit of the 

electrode.  Anodic first pulses have previously been shown to have lower charge 
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thresholds for subretinal stimulation [39]. Electrical stimulation elicited bursts of action 

potentials following charge delivery (Figure. 3)  

 

Figure 3: Measured spiking activity of RGC in response to subretinal stimulation 
Example spiking responses of RGC in response to subretinal electrical stimulation 
with SIROF electrodes measured by loose patch clamp. Top row: Stimulation with 
a 30µm electrode at 1ms (left) or 5ms (right) pulse width. Bottom row: Stimulation 
with 1ms pulse width for a 20µm electrode (left) and a stimulation with a 10µm 
electrode (right) 

2.3.3 Maximizing Retinal Response Within Charge Injection Limits 

Retinal stimulation is often described in terms of total charge delivered by a 

stimulation pulse. By definition, charge is the product of the magnitude of stimulating 

current and the duration of the stimulus pulse. Given the limits on safe injectable charge 

imposed by the electrochemical properties of the electrode, it is important to optimize 
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the impact of current magnitude and pulse width towards the efficacy of stimulation. To 

examine how responses to the same amount of charge differ with different combinations 

of current and time we used a 30µm diameter electrode to deliver an equivalent level of 

charge for a combination of stimulus current and duration (Figure 4). 

As expected, the responses of RGCs increase with increasing charge for both 

pulse widths (Anova, P< 0.001). The average spike response was greater at each fixed 

stimulating charge level for a 1ms pulse versus a 5ms pulse, with nearly twice as many 

total spikes at the maximum stimulating charge of 25nC (T-test, P < 0.05 for all charge 

levels > 5nC). Overall, for the entire range of safe injectable charge, the shorter 1ms 

pulse width elicited a greater number of spikes than the longer 5ms pulse width (Anova, 

P< 0.001).  

 

Figure 4: Average spike response vs stimulating charge for a 30µm electrode 
Average response of RGC to stimulation with a 30µm using 1ms or 5ms pulse 
widths plotted in terms of spikes vs stimulating charge within 25nC charge injection 
limits.  (A) Range of spiking responses for stimuli with a 1ms pulse width (B) Range 
of spiking responses for stimuli with a 5ms pulse width. For both pulse widths, 
average spikes increase with increasing charge. At the same charge level, shorter 
pulse widths elicit more spikes. 



 

 26 

To understand the differences in spiking behavior between stimulation pulse 

widths at equivalent charge, we examined the latency of evoked spikes up to 500ms 

post stimulation. Overall, we noticed that the number of longer latency spikes (>100 ms) 

increased with increasing stimulating charge for both pulse widths, though this effect 

appears to diminish at 25nC (Figure 5a). At every charge level, there is a greater 

magnitude of short latency spikes (< 100ms) and long latency spikes (< 100ms) for the 

shorter 1ms pulse duration. This behavior can be observed more clearly in direct 

comparisons of stimulation with both pulse durations in the same cell. In general, the 

pattern of evoked short and long latency spikes for both pulse widths appear very 

similar in the same cell, it is only the magnitude of spikes that increases when 

stimulating with short pulse widths of greater current magnitude. It is worth noting that 

there is significant variation in spiking behavior across the entire population of observed 

cells (Figure 5b).  
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Figure 5: RGC spike rate for 1ms vs 5ms pulse width stimuli 
Heat map of normalized spike rates evoked by stimulation using 1ms and 5ms pulse 
width using a 30µm iridium oxide electrode for 50ms pre stimulation to 500ms post 
stimulation.  (A) Comparison of spike rate magnitude and latency at equivalent 
charge level between 1ms and 5ms stimuli for one cell. The magnitude of short 
latency spikes (< 100ms) increases with increasing charge and the magnitude and 
occurrence of long latency spikes (>100ms) increases with increasing charge level 
up to 20nC for both pulse widths.  At equivalent charge levels, short pulse widths 
appear to have more short and long latency spikes. (B) Comparison of spike 
magnitude and latency for 46 retinal ganglion cells stimulated with 20nC of charge 
using either 1ms (left) or 5ms (right) pulse widths.  

2.3.4 Influence of electrode diameter on neural response 

High acuity retinal prostheses require an array with a high density of stimulating 

electrodes, because electrode spacing should be directly correlated with the resolution 
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of restored vision [22,27,40]. Therefore, significant effort has been dedicated to 

decreasing stimulating electrode area and spacing. To examine how electrode diameter 

influences electrical excitation of the retinal circuitry, we compared the effectiveness of 

10, 20, and 30µm diameter SIROF electrodes at achieving retinal stimulation within the 

limits of their respective CIC. Based on our results above showing that dynamic range 

of responses within the CIC is larger for shorter pulses, we chose to use stimuli with a 

1ms pulse width for this comparison. Because repetitive trains of stimulation pulses may 

likely be used to encode temporal properties of vision in retinal prosthetics as opposed 

to single pulses in isolation, we also examined to pulse trains of 20 simulation pulses at 

500Hz [41].  

We were able to evoke spikes with all diameters of electrodes with a single 

stimulation pulse, although the number of cells that reached stimulation, the threshold to 

evoke spikes, and the number of evoked spikes varied with electrode diameter.  For all 

electrode diameters, we found that spike number increased linearly with increasing 

current when averaged across all cells (Figure 6A), although there was significant 

heterogeneity of evoked responses between all cells.  
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Figure 6: RGC stimulation with 1ms pulses for 30, 20, and 10µm electrodes 
A): Response curves for 5 individual RGC within the CIC limits of each respective 
electrode size. The individual responses are heterogeneous but overall indicate a 
general trend of increasing spike responses with increasing charge. B) Stimulation 
thresholds for stimulation at each electrode diameter for single pulses (left) and 
pulses trains (right). Thresholds increase with increasing diameter. At each 
diameter, thresholds are lower for pulse trains vs. single pulses.  

Although we could evoke neural stimulation with the 10µm diameter electrodes 

we recorded responses less frequently than at other diameters. In 53% of the cells 

(n=21/40) we failed to get stimulation from a 10µm diameter stimulating electrode in 

close proximity to the target cell, which responded to a 20 or 30µm diameter electrode 

that was equidistant or farther away than the 10µm diameter electrode. Therefore, 
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although all electrode diameters were able to evoke RGC stimulation, 10µm diameter 

electrode appear to be less effective at recruiting RGC responses in general.  

To determine the efficiency of retinal stimulation with different diameter 

electrodes we measured the charge threshold, defined as the current level needed to 

evoke at least one spike on average. The threshold charge was 0.95nC, 2.3nC, and 

4.2nC for 10µm (n = 19), 20µm (n =61), and 30µm (n =108) diameter electrodes 

respectively using single stimulus pulses. The charge threshold for stimulation of retinal 

ganglion cells increases with increasing electrode diameter, indicating that smaller 

electrodes are more efficient on a per charge basis, with the important caveat, that 

stimulation was far less reliable for 10µm diameter electrodes (see above). 

Unsurprisingly, for all electrode sizes, pulse train stimuli had lower charge thresholds 

than single pulses (unpaired T-test: P< .05). For pulse trains the charge thresholds were 

0.61nC, 1.9nC, and 2.7nC for 10µm (n = 26), 20µm (n = 70) , and 30µm (n= 62) 

diameter respectively (Figure 6B). 

Another crucial property of neural stimulation is the dynamic range of responses 

that can be evoked by stimulation; however, this property has received fall less 

attention. Given that the electrode size limits the upper bound of charge that can be 

delivered, it is possible that the dynamic range would be dependent on electrode 

diameter, depending on when saturation of responses occurs. Consistent with this 

hypothesis, we found maximal spiking was limited by the upper bound of the CIC. 

Consequently, the dynamic range of RGC responses to subretinal stimulation 

decreases as electrode diameter and CIC decrease for both single pulses and pulse 

trains. For equivalent stimulating charge smaller electrodes are more effective at 



 

 31 

stimulating a greater evoked spiking response. At 5nC and 10nC stimulating charge for 

a single stimulus pulse, 20µm diameter electrodes evoke 3.1x (T-test, P < 0.01) and 

2.4x (T-test, P < 0.01) more spikes than a 30µm diameter electrode respectively (Figure 

7). 

 

Figure 7: Average evoked spikes vs stimulating charge using 10-30µm electrodes. 
Top Row: Stimulation with a single 1ms pulse. At equivalent charge, 10 and 20µm 
electrodes evoke more spikes than 30µm diameter. However, larger electrodes can 
evoke more total spikes within the CIC limits, clearly indicating that the dynamic 
range of stimulated responses scale with electrode size. Bottom Row: Stimulation 
with a train of twenty 1ms pulses. The total number of spikes elicited by pulse trains 
is greater than single pulses expanding the dynamic range of evoked responses 
within CIC limits.  

For all diameters pulse trains evoked a greater dynamic range of retinal 

stimulation relative to single stimulus pulse for all electrode sizes (Figure 7). The spike 

rate for pulse trains is greater for short latencies (<100ms) at all electrode sizes and at 

long latencies (> 100ms) up to 500ms following the stimulus for 20 and 30µm electrodes 

(Figure 8).  
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Figure 8: Average evoked spike rate for single pulse vs pulse trains stimuli 
Average evoked spike rate for 500ms following stimulation using 10µm (left) at 
1.5nC stimulating charge per pulse, 20µm (middle) at 10nC charge per pulse, and 
30µm electrodes (right) at 20nC charge per pulse. Stimulation with a single 1ms 
pulse is shown in blue and a pulse train shown in orange. 

The goal of electrical stimulation is to induce sufficient electric field across the 

cell to depolarize the cell to threshold. The magnitude of the electric field is proportional 

to the stimulating charge density and will decay with increasing distance from the 

electrode surface; however, when comparing previous studies with varying electrode 

sizes there is little agreement on the required charge density for effective stimulation 

[30,32,33,42,43]. To understand the effect of electrode size on stimulation efficacy 

within the limits of safe charge injection, we plotted spiking response against charge 

density for the different electrode diameters.  At equivalent charge density, the spiking 

response measured for RGCs differs strongly between electrode diameters. Larger 

diameter electrodes are more effective at eliciting spikes for both single pulses and 

pulse trains, even when the charge density is equal (Figure 9A, B). 
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Figure 9: Average RGC spike responses vs. stimulating charge density for IrOx electrodes 
10µm (blue), 20µm (red), and 30µm (orange) electrodes for single pulses (left) and 
pulse trains (right). At equivalent charge density larger electrodes are more 
effective at evoking spiking responses.  

Past work has suggested that equivalent charge density stimuli should be 

similarly effective at evoking neural stimulation, contrary to our results above. Given that 

electric field strength is non-uniform and decays with distance from the electrode, the 

location of a neuron within the electric field is an important consideration in determining 

the efficacy of stimulation. We hypothesized that differences in the size of the electric 

field evoked by different size electrodes may account for differences in stimulation 

efficiency with electrode size, even when charge density is constant.  

To test this idea, we modeled the electric field using a 3D finite element model for 

each electrode diameter. For a fixed current density corresponding to the maximum 

injectable charge at each electrode diameter in a 1ms pulse width and assuming 1000 

V/m as a minimum electric field to induce stimulation [40]. Visualizing the magnitude 

and spread of the electric field in the y and z dimensions reveals that the spread of the 

stimulating electric field depends strongly on electrode size (Figure 10A). Within the 

limits of the electrode CIC, the effective stimulation depth of a 10µm diameter electrode 

for a 1ms pulse width and 2.5µA stimulation current is limited to only a ~20µm radius 
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from the surface of the electrode. The modeled stimulation depth of 20 and 30µm 

electrodes extends much further to a 35µm and 55µm radius respectively. The very 

short depth of effective stimulation may account for the poor reliability of retinal 

stimulation with 10µm electrodes versus 20µm and 30µm electrodes (100%). This 

supports our hypothesis that the difference in the stimulation efficacy on the basis of 

electrode size can be attributed to the penetration depth or spread of the electric field 

(Fig 10B). The electric field shape provides a framework for understanding differences 

in stimulation efficiency between different electrodes sizes when current density is held 

constant.  Importantly, the penetration depth of electric field within the extent of safe 

injectable charge limits suggests a significant limitation on electrode scaling for 

subretinal prostheses (Fig 10B).   

 

Figure 10: Simulated electric field penetration depth within CIC limits of IrOx electrodes  
(A) Cross section (Y-Z plane) heatmap visualization of the electric field induced by 
the injection of current from a 10, 20, and 30µm (left to right) electrode at charge 
injection limits for a 1ms pulse in a 3-D finite element model of retinal tissue. The 
penetration depth and magnitude of electric field are directly related to the size of 
the electrode and injected current (B) Calculation of the stimulation current needed 
to induce a 1000 V/m electric field at a z-height above the stimulating electrode. The 
required current curves for each diameter terminate at the respective maximum 
current for a 1ms pulse at the charge injection limit. 
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2.4 Discussion 

Development of high-acuity retinal prosthetics may potentially enable treatment 

of common forms of blindness caused by retinal degeneration. Advances in 

microfabrication and the development of high charge injection capacity electrode 

materials have enabled the development of high-resolution (> 20/400 acuity) retinal 

prosthetics; however, there remains a poor understanding of the constraints placed on 

neural stimulation by electrodes of this scale. Here we characterized the specific charge 

injection capacity limits of 10, 20, and 30µm diameter sputtered iridium oxide (SIROF) 

electrodes and identified key aspects of neural stimulation that are constrained by these 

electrochemical limitations.  

Electrical stimulation of retina has been studied over many decades. Much of the 

fundamental electrophysiological characterization of retinal response to intracellular or 

extracellular stimulation has been done using a glass stimulating electrode embedded 

within the retina. While this can create highly focal electric fields, the experimental 

parameter space is not bounded by practical limits on current, charge, cell proximity, or 

electrode material. Several studies have also characterized the effectiveness of retinal 

stimulation with planar electrode arrays, but these have generally used much larger 

electrodes (50-200µm diameter) of platinum or titanium nitride, which have poor charge 

injection capacity relative to iridium oxide. While some groups have evaluated electrode 

sizes of 30µm or smaller, few have evaluated stimulation with single electrodes. In 

general, charge injection limits have rarely been considered beyond a brief mention of 

the reported charge storage capacity for the electrode material. Furthermore, many of 

these studies characterized stimulation efficacy in healthy retinae with an intact 
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photoreceptor cell layer, which significantly affects stimulation thresholds [30,36,39,44]. 

To the best of our knowledge, this is the first report of stimulation thresholds and the 

dynamic range of stimulated responses with electrodes for high acuity subretinal 

prosthesis in terms of the specific charge injection limits of iridium oxide.  

Working within the CIC limits of SIROF electrodes of different sizes, we 

evaluated the effectiveness of stimulation at each electrode size in terms of stimulation 

thresholds and the dynamic range of stimulation. Importantly, we found that stimulation 

thresholds occur at 38% (10µm), 23% (20µm), and 18% (30µm) of the maximum 

available charge within the CIC. Of those cells that were responsive to stimulation with a 

30µm electrode, less than 50% could be stimulated with a 10µm electrode that was 

closer in proximity to the cell. This suggests a practical lower bound for stimulating 

electrode diameters. Although the thresholds were within the CIC for all diameters, 

maximal responses were limited by the CIC of the electrode rather than the physiology 

of the circuit. Consequently, the dynamic range of responses was strongly influenced by 

electrode size, which was not previously appreciated by studies focusing on stimulation 

thresholds.   

In addition to demonstrating the limitations of small scale subretinal prosthetic 

electrodes, this work also revealed how current magnitude and total charge relate to 

stimulation efficiency and dynamic range of responses.  We found that the absolute 

current magnitude of the delivered charge has a significant influence on retinal 

stimulation efficacy both in terms of electrode stimulation depth and the dynamic range 

of evoked responses. Past work has often focused on total charge delivered or charge 

density; however, this work demonstrates that neither of these properties can fully 
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account for the efficacy of stimulation. In the case of total charge delivered at a fixed 

electrode size, we find that shorter duration, higher current magnitude stimulation 

parameters evoke more spikes than longer pulses of a lower current magnitude, this is 

particularly true for longer latency spikes. Studies of subretinal stimulation have 

identified that short latency responses (< 5-10ms) are characteristic of direct stimulation 

of RGC and that longer latency responses ( > 10ms) can be attributed to network 

mediated (indirect) stimulation, although we have not attempted to assign any functional 

designation to the different spike latencies here [36,45–47]. Notably, some previous 

studies have proposed that longer pulse widths yield greater selectivity for indirect 

stimulation [39,46]. Our results indicate that this must hold true only at a fixed current 

level where a longer pulse duration results in more delivered charge. In contrast, our 

experiments suggest that greater current is more effective at evoking both short and 

long latency spikes, for a fixed amount of charge, similar to a previous study with a 

significantly larger electrode size [41].  Overall this suggests that, within the limits of the 

CIC for a microelectrode, shorter pulses with proportionally greater current magnitude 

are more effective at evoking spikes.  

These findings reveal important implications for the design of high acuity retinal 

prostheses. Charge density is often discussed as being the relevant parameter for 

comparing neural stimulation across different electrode scales. Here we find using 

electrophysiological measurements and simulations of stimulating electric field that 

larger electrodes with a capacity to deliver greater current are more effective at evoking 

RGC responses than smaller electrodes, even at the same current density. This 

indicates that when designing hardware to deliver current, it is important to consider the 
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maximum range of spikes that can be evoked based on the limits of the current source. 

For retinal implants that can only source a limited or fixed current output at each 

electrode, longer pulse widths may be required to reach stimulation threshold and evoke 

greater spiking responses, up to CIC limits of the electrode. For implants that can 

supply a wider current range, a short pulse width and current injection near the limit of 

the CIC may achieve the broadest range of stimulation responses. Given, that 10 µm 

diameter failed to evoke responses in a majority of ganglion cells that responded to 

larger diameter electrodes at greater distances, there may be a practical limit for 

miniaturizing the scale of planar iridium oxide electrodes used for effective retinal 

stimulation. Consequently, this limitation on minimum electrode size also limits the 

possible spatial resolution of an implanted electrode array. Our results suggest a best 

achievable geometric spatial resolution on the order of ~20/250 for a 3:1 pitch to 

diameter ratio for planar iridium oxide electrodes. 

The limited dynamic range of RGC responses within the safe injectable charge 

limits at all diameters indicates a need for better electrode materials at small electrodes 

scales. In general, the number of evoked spikes increases linearly with increasing 

current and does not saturate within the limits of CIC for all electrode sizes. Alternative 

electrode materials such as conductive polymers including PEDOT (poly 3,4-

ethylenedioxythiophene) or nanostructured platinum or iridium may enable higher 

charge injection and improve the efficacy of stimulation at 10µm electrode size or 

smaller [24,48]. Additionally, high acuity retinal prostheses may require 3-D electrodes 

that penetrate through the retina to reduce electrode-tissue separation and thereby 

improve the effectiveness of stimulation at small electrode scales [49,50].  
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There are several caveats to consider with regards to this experimental approach 

and scope of our results. The stimulus pulse duration did not extend past 5ms due to 

hardware restrictions of the current source.  Longer pulse durations extending up to 

50ms and proportionally lower current may yield further insights into the strength-

duration characteristics of retinal stimulation within CIC limits. Also, the stimuli tested 

here consist of single pulses or 20x pulse trains at 500Hz. While using pulse trains may 

be an effective strategy to reduce stimulation threshold and increase the dynamic range 

of spikes, the responses began to saturate at the maximum charge injection limit, 

suggesting a diminishing impact of repetitive stimulation. Further characterization using 

subretinal stimuli at varying frequency and duty cycle may yield greater insight into the 

possible range evoked responses that can encode functional visual information within 

CIC limits. Throughout this work we have averaged across a heterogeneous population 

of ganglion cell types. Indeed, our data showed a diversity of the range and latency of 

spiking responses, a relatively broad distribution of current thresholds, and different 

current/spiking functions.  We feel justified in using the mean response because a 

general goal of retinal prosthetic stimulation is to recruit activity in the largest population 

of ganglion cells. Currently there is insufficient data to suggest the possibility of 

selective targeting of any particular population of ganglion cells. For an actual 

prosthesis, the retina receives concurrent stimulation from an array of electrodes 

resulting in a complex pattern of evoked responses. Though we have characterized 

responses only from a single cell using a single stimulating electrode, this a necessary 

foundational step to determining the minimum size at which each electrode is 

independently effective within a dense array. 
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Ultimately, the relationship between injected charge and neural stimulation 

results from complex interactions that depend on the shape and magnitude of the 

electric field, the geometry of neural processes traversing the electric field, and the 

complement of voltage-gated ion channels in the target neurons. Consequently, a 

universally scalable relationship between the magnitude of charge delivered through 

stimulating electrodes and the resulting effectiveness of retinal stimulation is probably 

impractical. Retinal stimulation must be evaluated for the specific geometry and CIC 

limits of a chosen electrode. This approach of characterizing evoked responses within 

quantified CIC limits can help establish a framework to compare between or develop 

new microelectrodes for high visual acuity subretinal prosthesis. 

2.5 Conclusion 

Restoring vision with high visual acuity necessitates the smallest practical 

electrode size that can effectively stimulate retinal neurons. Effective stimulation 

requires maximizing the injected current magnitude within the limit of the electrode 

charge injection capacity. Stimulation thresholds are lower for smaller electrodes, but 

larger electrodes elicit a greater dynamic range of spikes within charge injection limits. 

These findings suggest a practical limit for minimal planar electrode size for effective 

subretinal stimulation nearing 10-20µm in diameter, limiting the best achievable 

prosthetic spatial resolution to between 20/120-20/200. 

The material in Chapter 2, in part, is currently being prepared for submission for 

publication of the material. Samir Damle; Maya Carleton, Theodoros Kapogianis, Melina 

Cavichini-Cordeiro, Yu-Hwa Lo, William R. Freeman, Nicholas W. Oesch. The 

dissertation author was the primary investigator and author of this material.   
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CHAPTER 3: EVALUATING THE EFFECTIVE 
SENSITIVITY AND SPATIAL RESOLUTION OF AN 
OPTOELECTRONIC NANOWIRE RETINAL 
PROSTHESIS  
 
 

Abstract: A fundamental design goal for a successful retinal prosthesis is to 

restore visual ability in patients with retinal degeneration. Achieving this aim requires 

that each electrode in a densely packed array must produce electrical current to 

generate sufficient electric field to selectively stimulate a focal region of retinal neurons, 

without activating neighboring cells. However, the design of a high acuity prosthesis is 

constrained by two factors: limited stimulation depth due to the decay of the electric field 

intensity with increasing distance from the electrode, and limited spatial resolution 

caused by electric crosstalk from adjacent electrodes in an array.  In this study we 

evaluate the device requirements for a high-density optoelectronic nanowire electrode 

array to achieve effective stimulation with spatial resolution. We used electrochemical 

measurements and computational methods to characterize the stimulation depth and 

spatial resolution of an array of high sensitivity nanowire p/n junction detectors with 252 

electrodes of 10µm diameter with 50µm pitch sharing a common return electrode. We 

used histological analysis of a P23H rat model of retinal degeneration and OCT analysis 

of an implanted nanowire prosthesis in a Dutch-Belted pigmented rabbit to measure the 

possible range of tissue-electrode separation. From these results we determined the 

specific optoelectronic parameters required to optimize device performance. Our 

stimulation results demonstrate that a subretinal nanowire pixel electrode can produce 

sufficient photocurrent to reach focal stimulation threshold. At distances relevant to 
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subretinal stimulation, simultaneous checkerboard illumination of nanowire electrodes 

achieves up to 80% contrast in electric field between pixels using a distant return 

electrode. However, both stimulation depth and spatial resolution decrease significantly 

with increasing electrode-cell separation. Stimulation depth is the more sensitive 

parameter as the photocurrent required to reach stimulation threshold increases more 

rapidly than spatial resolution degrades with increasing separation. We conclude that 

subretinal nanowire electrodes with high optoelectronic sensitivity and an artificial visual 

acuity of 20/417 can produce sufficient photocurrent to reach accepted neural 

stimulation thresholds with effective contrast for tissue-electrode separation relevant to 

patients with severe retinal degeneration.  

3.1 Introduction  

Globally, the number of patients with sight-threatening retinal diseases continues 

to increase [13,51]. The end-stage of dystrophic or degenerative retinal diseases result 

in a progressive loss of photoreceptors in the neural retina which subsequently results 

in visual loss.  Although there are several reports investigating the role of cell 

replacement strategies in end stage retinal disease, significant challenges remain [52]. 

Consequently, research has been focused on other strategies to restore functional 

vision in these patients.    

One potential approach is the use of a retinal prosthesis. A number of different 

designs are in development and have already been trialed [4,7,9,17]. In general, there 

are three types of retinal prostheses categorized by implant site: epiretinal, 

suprachoroidal, and subretinal [4,10,53]. Epiretinal prostheses, are implanted on top of 

the retina on the retinal ganglion cell layer. These prostheses are designed to bypass 
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the inner nuclear layer and directly stimulate the retinal ganglion cells (RGCs), the 

output neurons of the retina. The drawback to this approach is that the electrodes often 

stimulate both the RGC soma and the axon fibers, which causes visual percepts 

(phosphenes) to appear distorted and may contribute to the poor spatial resolution 

reported clinically [54]. Suprachoroidal prostheses are implanted external to the retinal-

pigment epithelium and choroid. A substantial distance on the order of 200µm is 

maintained between such devices and retinal neural tissue, requiring large electrodes to 

achieve stimulation resulting in limited spatial resolution. The reported clinical visual 

acuity results for suprachoroidal prostheses approximate 20/8397 [7]. Subretinal 

prostheses are implanted between the retinal pigmented epithelium and the neural 

retina.  The aim of this approach is to stimulate the retinal neurons immediately 

downstream of the degenerated photoreceptors, thereby utilizing the native visual 

processing circuitry of the retina. Subretinal prostheses have the best reported clinical 

visual acuity, with results that approximate 20/546, due perhaps to the close proximity 

between the electrodes and the neural retina [17].  

Thus far only one device has received FDA approval.  The device, an epiretinal 

prosthesis received approval in 2014 and enabled a best measured visual acuity of 

20/1260 in patients with late stage retinitis pigmentosa. Although the device appeared to 

improve vision it was not able to restore functional visual acuity.  After 5 years less than 

half of all patients achieved 20/15886 or better [4,9].  Clearly significant improvement in 

prosthetic design is needed to restore functional visual acuity.  

With promising results showing high quantum efficiency for semiconductor 

nanowire photodetectors and photovoltaics, an optoelectronic nanowire subretinal 
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prosthesis has been recently developed to restore functional vision [11,53]. Each 

nanowire, 1µm in diameter and 10µm in height (Figure 11A), acts as a photodiode with 

a n-type core and p-type shell (Figure 11B). The nanowire prosthesis contains an 

electrode array of 1512 pixels, with each pixel comprising a group of 86 individual 

nanowires sharing a common electrode to conduct photocurrent for neural stimulation.  

The pixels are spaced at 50µm pitch, allowing for a maximum artificial visual acuity of 

20/417 [40,53]. An external power supply is connected to a single distant return 

electrode and to the nanowire array to provide voltage bias across the photodiodes and 

to obtain charge balance with biphasic pulsing. Voltage biasing improves optoelectronic 

nanowire gain but also causes each pixel to output dark current (reverse bias leakage 

current) [11]. Infrared light is required to irradiate the implant, as the photocurrent 

produced by retinal irradiance across natural lighting conditions is orders of magnitude 

too low to achieve neural stimulation. A visual scene is encoded in patterned infrared 

illumination and projected onto the device implanted in the subretinal space, similar to 

other optoelectronic prostheses with bulk semiconductor detectors[55,56]. Each 

individual pixel acts as a photodiode and produces photocurrent proportional to the 

intensity of local light illumination.  
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Figure 11: Nanowire pixels for retinal prosthesis 
 (A) Scanning electron microscopy (SEM) image of vertical silicon nanowire 
photodiodes. Each nanowire is 10µm tall and 1µm in diameter. (B) Equivalent circuit 
model schematic of nanowire photodiode array and cross sectional view of 
nanowire core-shell p-n junction. (C) SEM image of a single nanowire pixel 
electrode (40µm diameter) consisting of 86 nanowires coated with parylene and 
grouped under a single iridium oxide electrode (10µm diameter) located in the 
center of the pixel. (D) Test structure used to make dry I-V measurements from 
single nanowire electrodes  

A successful retinal prosthesis will stimulate the retina with high spatial resolution 

[10,23,53,57]. Each electrode must be capable of outputting sufficient current to 

generate an electric field to polarize retinal neurons above stimulation threshold 

[22,40,58]. The stimulation depth of an electrode is the maximum cell-electrode 

separation over which the magnitude of electric field is sufficient for stimulation.  As the 

distance to the neuro-retinal tissue increases, more current is required to be produced 

at the electrode to achieve the required electric field to reach stimulation threshold. Both 

stimulation depth and spatial resolution are functions of electrode size, density, return 

electrode configuration, and separation distance between the target cell layer and 

stimulating electrode. 
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The effective spatial resolution and contrast for an implanted electrode array are 

inherently limited by electrochemical crosstalk. Contrast is the relative difference in the 

magnitude of electric field in areas that are stimulated and non-stimulated [40]. The 

phenomenon of crosstalk arises from overlapping signals from adjacent electrodes in a 

dense array due to the spread of current density in an ionic environment. In order to 

prevent the loss of visual acuity and contrast caused by the averaging of individual 

stimuli, effective prosthesis design must account for and minimize the effects of 

crosstalk [23,40,57].  

In this work we performed electrochemical testing and then applied 

computational modeling to determine the theoretical stimulation depth and dynamic 

range of stimulation for nanowire electrode pixels. We also measured the effect of 

crosstalk on the spatial resolution of a high density nanowire prosthesis under single 

pixel illumination. These measured results were used to validate computationally 

modeled prosthetic spatial resolution for single and patterned illumination conditions. 

Finally, measured and simulated results were compared against histological 

measurements in a degenerative retinal disease animal model and Optical Coherence 

Tomography measurements of tissue-electrode separation in a subretinally implanted 

nanowire prosthesis. Using these methods we have characterized the effective 

stimulation depth and spatial resolution performance of a subretinal nanowire 

prosthesis.  
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3.2 Methods 

3.2.1 Nanowire Pixel Fabrication 

A single pixel consists of a group of 86 nanowires connected to a 10µm diameter 

iridium oxide electrode (Figure 11D). A photodiode under reverse bias produces dark 

(leakage) current and under illumination will produce photocurrent according to its 

characteristic responsivity, amps of current per watt of light power (A/W). To determine 

the performance of a nanowire prosthesis we characterized the operational range of 

current output per pixel (A). Current-Voltage measurements (I-V) were made under dry 

conditions to confirm the high sensitivity of single grouped-nanowire pixel using a test 

device (Fig 1D). At 4.5µW/mm2 illumination (488nm laser) the average responsivity of a 

single pixel under reverse bias (1.5V) is 1.6 A/W, consistent with previously reported 

values [11].  A 488nm wavelength was chosen to enable focusing to a single pixel with 

conventional imaging systems. The quantum efficiency of silicon nanowires at 488nm is 

similar to that at 850nm. 

3.2.2 Photocurrent Dynamic Range  

To determine the dynamic range of a nanowire pixel in physiologically relevant 

conditions we measured the photocurrent produced by each pixel under full field 

illumination with infrared light (850nm) at irradiances ranging from 0 to 3.3mW/mm2 

using electrochemical techniques. Measurements were performed using a potentiostat 

(Interface 1000, Gamry Instruments) in a 3-electrode cell configuration in saline 

environment (0.1x phosphate buffered saline, pH = 7.4, conductivity = 1.2 S/m). A 

pulsed voltage bias was set between the iridium oxide stimulation electrodes on the 

device and a reference electrode (Ag/AgCl). Current was measured between the 



 

 48 

stimulation electrodes and the platinum wire counter electrode (Figure 12A,B). The 

current was averaged over the duration of the pulse (5ms) and then averaged for 8 

consecutive pulses.  The average output per pixel was found by dividing the total 

current by 1512, the number of electrodes in the device.  

 

Figure 12: Electrochemical characterization and simulated model of a nanowire prosthesis 
(A) Nanowire electrode array mounted on a flexible polyimide substrate. (B) 
Schematic representation of 3-electrode cell used to measure photocurrent current 
from the nanowire device at varying infrared irradiance. (C) Measured photocurrent 
density output per pixel versus infrared irradiance ranging from 0 to 3.3mW/mm2.  
At 1.5V reverse bias, the device shows a dark current density of 640 µA/mm2.  The 
photocurrent saturates when the IR irradiance reaches around 1 mW/mm2. (D) 
COMSOL finite element of 252 electrode array and distant return electrode 
encompassed within a spherical tissue model.   

3.2.3 Measured Spatial Resolution for Single Illuminated Pixel 

Scanning electrochemical microscopy techniques were used to characterize the 

spatial distribution of electric potential produced by nanowire pixels with iridium oxide 
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(IrOx) electrodes in phosphate buffered saline at 0.1x concentration (conductivity = 1.2 

S/m).  A platinum wire was inserted in solution to serve as a common distant return 

electrode.  A tungsten microelectrode (1µm diameter) was scanned in x-y planes, 

positioned at the edge of the pixel electrode with a micromanipulator (Scientifica) at 

10µm above the electrode array (Fig 13A). Continuous laser light (850nm) was focused 

to a single pixel and pulsed voltage bias,1.5V anodic for 10ms and 0.5V cathodic for 

5ms, was applied to the nanowire electrodes (Figure 13B). Measurements were made 

above the illuminated pixel and up to 4 dark electrodes away in a line. Electric potential 

was measured at the tungsten electrode relative to a distant reference electrode 

(Ag/AgCl) inserted in the solution (Figure 13C). Measurements were averaged over the 

duration of the anodic pulse for 9 consecutive pulses. The potential of each electrode 

was measured in the dark and for the case where a single pixel was illuminated. The 

light induced change in potential was determined by subtracting the dark potentials from 

the measured potentials with the laser illuminating a single pixel for each electrode.  

 



 

 50 

 

Figure 13: Measurement of spatial resolution for a single nanowire pixel 
(A) Nanowire electrode array in 0.1x phosphate buffered saline with 1µm tip 
scanning tungsten electrode (B) Single nanowire pixel irradiated with 40µm 
diameter laser light (488nm). (C) Schematic diagram of scanning electrochemical 
measurement used to profile spatial distribution of electrical potential in solution 
above an illuminated nanowire pixel and adjacent dark electrodes. 

3.2.4 Modeling Electric Field  

Simulations of electric field were performed using a 3D finite element model of 

the electrode array and retina for static current flow inside of a volume conductor using 

COMSOL Multiphysics 5.2b (COMSOL AB, Sweden). A model of a 252-electrode array 

was constructed with 10µm diameter electrodes spaced at 50µm pitch.  The electrode 

array was centered inside of a passive domain consisting of a homogenously 

conductive (0.2 S/m) sphere of 18mm diameter (Figure 12D). A single large return 

electrode of 200µm diameter was positioned at a distance of 7.5mm from the center of 

the electrode array, in a configuration comparable to what would be used in the clinical 

version of a nanowire  subretinal implant.   
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The magnitude of the electric field (E) at a particular electrode-cell separation 

distance is a function of the current density produced at each pixel (𝐽) and the tissue 

conductivity (𝜎, 𝑎𝑠𝑠𝑢𝑚𝑒𝑑 𝑡𝑜 𝑏𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡). The voltage potential distribution inside of the 

passive domain was modeled according to the Poisson equation and continuity 

equation [23]: 

∇  ∙ 𝐽 = ∇ ∙ (−𝜎 ∇V) =  0 

The electric field was determined from the voltage distribution in COMSOL by 

calculating the gradient of the voltage distribution: 

𝐸 =  −∇V 

An alternating checkerboard pattern was created by setting every other pixel to 

produce maximum photocurrent and the non-illuminated electrodes were set to output 

only dark current. The current density at the illuminated electrode was set to the 

electrochemically measured photocurrent density per pixel under 3.3mW/mm2 near IR 

illumination (4456µA/mm2) with a 1.5V bias across the photodiode. The current density 

at the dark electrodes was set as the dark current density measured per pixel under no 

illumination and 1.5V bias (636µA/mm2) (Figure 12C).  

3.2.5 Stimulation Threshold  

The electric field produced by an illuminated pixel was analyzed as a function of 

the axial distance in the z direction from the x-y plane of the electrode array and dark 

current density at adjacent dark electrodes. The results of this simulation were used to 

determine the required photocurrent density needed to achieve an electric field of 1000 

V/m, a reasonable estimate of threshold for neural stimulation[22,40,58]. The required 
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photocurrent density to achieve 1000 V/m at an axial distance (z) was calculated using 

the following ratio: 

 

𝑃ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑖𝑠𝑡𝑦 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑(𝑧) =
4456 µ𝐴/𝑚𝑚2

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐹𝑖𝑒𝑙𝑑(𝑧) 
∗ 1000 𝑉/𝑚   

 

The electric field was simulated at axial distances up to 200µm away from the 

electrode array and for dark current between 0 and 1000µA/mm2.  

3.2.6 Simulated Spatial Resolution for Single Illuminated Pixel 

 
The same finite element model of a single illuminated pixel was used to simulate 

the spatial distribution of electrical potential above the electrodes. The conductivity of 

the spherical tissue model was adjusted to 1.2 S/m to mimic the saline environment 

used for measurement. The current density at the illuminated electrode and the dark 

electrodes was set to the max photocurrent density and dark current density measured 

by the previously described electrochemical techniques for the nanowire array under 

max infrared illumination and 1.5V bias.  The electrical potential was simulated at the 

illuminated pixel and up to 4 dark electrodes away in a line at axial distances between 

1-40µm. 

 Measured results are compared against simulations on the basis of the 

magnitude of the potential at 10µm axial distance from the electrodes and the relative 

change in the potential in response to illumination of a single pixel with laser light. All 

results were normalized to the potential of the illuminated electrode.  
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3.2.7 Simulated Spatial Resolution for Patterned Illumination 

 

The spatial distribution of electric fields in x-y planes at varying axial distance 

from the array for patterned stimulation was simulated using the established COMSOL 

model. The effective spatial resolution for a checkerboard pattern of illumination was 

evaluated in terms of the resulting contrast between illuminated and dark electrodes. 

The Michelson contrast parameter was calculated for each condition for axial distances 

from the electrode array up to 40µm using the following equation [40]: 

𝑀𝑖𝑐ℎ𝑒𝑙𝑠𝑜𝑛 𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 =
|𝐸𝑧 𝑚𝑎𝑥| − |𝐸𝑧 𝑚𝑖𝑛|

|𝐸𝑧 𝑚𝑎𝑥| + |𝐸𝑧 𝑚𝑖𝑛|
 

3.2.8 Tissue-Electrode Separation 

 
To determine the appropriate distance, range from the electrode to evaluate 

sensitivity and spatial resolution, we analyzed histological sections of homozygous 

P23H rhodopsin-line-1 transgenic rat retinas provided by Dr. Matthew LaVail (University 

of California at San Francisco School of Medicine). These studies were conducted in 

accordance with the Association for Research in Vision and Opthalmology (ARVO) 

Statement for the Use of Animals in Ophthalmic and Vision Research and were 

approved by the Committee on the Use and Care of Animals of the University of 

California San Diego (#S40117R). P23H rats were housed in UC San Diego vivarium 

facilities and maintained by UCSD Animal care program under a cycle of 12h of light 

and 12h of darkness with access to approved feed and water ad libitum[59]. P23H rats 

are a well characterized animal model of retinitis pigmentosa. In this model, the 
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photoreceptor and outer plexiform layer of the retina thins progressively[60]. By 6 

months of age the INL nuclei are the predominant cell type opposing the RPE [61]. 

Three P23H rats were given carbon dioxide inhalation for euthanasia.  Their eyes were 

immediately enucleated under a microscope and fixed in 4% paraformaldehyde solution 

(pH 7.0) for at least 24 hours at 4°C. The eyes were embedded in paraffin and cut into 

6-10-μm thick sections. The excised tissue was stained using hematoxylin and eosin 

(HE) and was imaged under a light microscope.  

 To directly examine prosthetic electrode – INL separation we performed 

OCT imaging following subretinal implantation of the nanowire prosthesis in a rabbit eye 

(Figure 19B,C). The assembled nanowire prosthesis was implanted in a Dutch-Belted 

pigmented rabbit. All experimental methods and animal care procedures adhered to the 

ARVO Statement for the Use of Animals in Ophthalmic and Visual Research and were 

approved by the UCSD Institutional Animal Care and Use Committee (#S00112). 

Rabbits were individually housed with social contact under 12h light and 12h dark 

cycles in UCSD vivarium and managed by UCSD ACP. Rabbits were fed nutritionally 

complete pelleted food per weight daily with access to water ad libitum[59]. Implantation 

of the device was performed using a trans-scleral (i.e. ab externo) approach followed by 

a 25 gauge three-port trans pars plana vitrectomy. Once the nanowires reached the 

visual streak, the tail of the implant was anchored at the scleral incision by 7-0 nylon 

suture. For the internal procedure, under the direct view of surgical microscope (Zeiss, 

Germany), vitrectomy was performed before air-fluid exchange and final tamponade 

with silicon oil. The following day after implantation, optical coherence tomography 

(OCT) and fundus photos were taken to verify that the overlying retina directly apposed 
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to the underlying nanowires electrodes. OCT imaging was performed using a Confocal 

Scanning Laser Ophthalmoscope (5µm lateral resolution) and Optical Coherence 

Tomograph (7.5µm axial resolution) combination instrument (Spectralis, Heidelberg 

Engineering, Heidelberg, Germany). Rabbits were anesthetized and the cornea was 

irrigated to maintain clear media. Imaging was performed with the instrument using the 

standard 30 and 55 degree lenses.  

3.3 Results 

3.3.1 Stimulation Threshold 

 
The average responsivity of a single grouped-nanowire pixel was 1.65 A/W with 

reverse bias (0.5V) from dry I-V measurements, consistent with previous measurements 

of a large array of nanowires. The results of electrochemical measurements of current 

density produced per pixel in physiological saline under pulsed electrochemical bias and 

illumination are plotted in Figure 12C. The dark current produced by non-illuminated 

electrodes at 1.5V was 640 µA/mm2. At 200µW/mm2, the current density at an 

illuminated electrode is 3x that of a dark electrode. At 1mW/mm2 irradiance, this on/off 

ratio improves to 6x.  The relationship between photocurrent and illumination saturates 

at irradiance of 1mW/mm2 and higher, with only a 0.17x increase in photocurrent 

density for a 3x additional increase in irradiance.   

Employing the COMSOL model (Figure 12D), the required photocurrent density 

to reach stimulation threshold (1000 V/m) was simulated as a function of the axial 

distance from the illuminated electrode and the magnitude of dark current produced by 

adjacent dark electrodes. As expected, the required photocurrent density to achieve 
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threshold increases with increasing distance from the illuminated electrode (Figure 

14A,B). 

 

Figure 14: Simulated photocurrent density required to achieve stimulation threshold 
(A) At axial distance from the array from 10 to 200µm (B) a close up view for axial 
distance from 1 to 13µm. Each contour line represents the required photocurrent 
density (µA/mm2) to reach the neural stimulation threshold field of 1000V/m for a 
combination of axial distance and dark current. (C) Photocurrent current density 
required to reach stimulation threshold field of 1000 V/m for a nanowire array 
operated under 1.5V bias, indicating that the nanowire pixels can output sufficient 
photocurrent density at the illuminated electrode to reach stimulation threshold up 
to 12µm away from the electrode surface 

The effect of dark current changes dramatically as the distance between the 

electrode and target neuron increases. At distances relevant to subretinal stimulation, 

the contribution of dark current from adjacent dark electrodes towards the magnitude of 

A B

C
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the electric field at the illuminated is minimal (Figure 14B). However, at very large 

distances from the array (>40µm), such as for a suprachoroidal prosthesis, less 

photocurrent density is required at the on pixel to reach threshold as dark current 

increases as indicated by upward sloping contour lines (Figure 14A).  

Under 1.5V bias, the dark current density is lower than the required current 

density for stimulation at axial distances greater than 3µm (Figure 14C).  At an axial 

distance of 5µm, a minimum estimate for tissue-electrode separation for a subretinal 

implant, a photocurrent density of 1400 µA/mm2 is required, which can be achieved with 

an IR illumination of around 200 µW/mm2 due to the high responsivity of the device 

(Figure 12C). Nanowire pixels can output sufficient photocurrent density at the 

illuminated electrode to reach stimulation threshold up to 12µm away from the electrode 

surface (Figure 14C).   

3.3.2 Single Pixel Spatial Resolution: Measurement and Simulation 

 
At 10µm height above the electrode array, the measured electrical potentials 

(Figure 15A,C) compare favorably with the trend predicted by the simulated results 

(Figure 15B,D). The potential at the illuminated electrode was measured to be 

significantly different than the potential at the adjacent dark electrode (P<.0001, 

unpaired two tailed T-test).  The total electrical potential was measured to be 8.7% 

greater than the nearest adjacent dark electrode, compared with the simulated result of 

a 6.5% difference. The light induced change in potential (Figure 15C,D) demonstrates 

that the change in potential above the baseline dark potential due to the illumination of a 

single nanowire pixel is effectively localized to that illuminated electrode.  The total 
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change in potential at the adjacent dark electrode is only 7% that of the illuminated, and 

falls to 0.6% by 3 electrodes away (Figure 15C).  

 

 

Figure 15: Measured and simulated single pixel spatial resolution  
(A) Measured electrical potential normalized for each electrode (B) Simulated 
electrical potential or each electrode normalized. (C) Measured light induced 
change in potential (D) Simulated light induced change in potential 

The difference in peak electrical potential is only pronounced within 5µm of the 

array (Figure 16). By 10µm axial distance, the simulated electrical potentials revealed 

only a 6.5% between the illuminated electrode and the adjacent electrode, and a 7.7% 

difference relative to the average potential of all dark electrodes (Figure 15b). By 30µm 

distance from the array, the potential is nearly flat across the array with no significant 

difference between the on and off pixels. However, the change in electrical potential 

with increasing distance from the electrode is most dramatic at the illuminated electrode 

versus the adjacent dark electrodes (Figure 16), confirming that change in electric field 

(gradient of the potential) is localized at the illuminated electrode.  
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Figure 16: Simulated electrical potential for a line scan across 8 electrodes 
The electrode positioned at 200µm is set to output max photocurrent (4456 
µW/mm2) while all other electrodes produce only dark current (640µA/mm2). 

3.3.3 Patterned Illumination Spatial Resolution 

Figure 17(A-C) presents a visual overview of the relative contrast and stimulation 

intensity for the simulated case of 1.5V bias (640µW/mm2 dark current) and maximum 

photocurrent (4456µW/mm2). Within 5µm of the array, the contrast between an 

illuminated pixel and the adjacent dark electrode located a lateral distance of 50µm 

away is 80%. At 5µm axial distance from the electrode array, the electric field above 

“on” electrodes receiving maximum illumination remains concentrated to the area 

directly above the electrode with minimal lateral spreading (Figure 17A).  Within 10µm 

of the electrodes, the contrast level is still at 70% (Figure 17B). However, as expected 

for monopolar electrodes sharing a common distant return electrode, contrast degrades 

with increasing axial distance from the retina [8,15]. At a distance of 30µm, the contrast 

falls to only 25% and there is significant lateral spread of the electric field (Figure 17C). 
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Under the expected operating condition of 1.5V bias (dark current = 640µA/mm2), the 

maximum achievable contrast is 80% within 5µm of the array and falls to 10% at 40µm 

away from the array. The contrast at 12µm, the maximum tissue-electrode separation at 

which photocurrent density will reach stimulation threshold, the contrast is still better 

than 70% (Figure 17D). 

 

Figure 17: Simulation results of checkerboard patterned illumination 
(A-C) Spatial distribution of z-component of electric field in xy planes and located 
at 5, 10, & 30µm in z (axial distance from array) respectively. (D) The Michelson 
contrast parameter at axial distances from the array from 3-40µm for the case of 
checkerboard patterned illumination. 

The contrast achieved for the case of a checkerboard illumination pixel is 

displayed as a function of axial distance from the array and dark current (Figure 18). 

Each contour line represents a level of Michelson contrast within the parameter space.  

It is observed that contrast degrades with increasing axial distance from the array. 

However, the dominant factor in determining contrast is the dark current output by “off” 
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pixels in the array, especially at dark current greater than 650µA/mm2. At zero dark 

current, contrast can be preserved to 80% up to 15µm from the array (middle left of 

graph). As dark current increases to 1000µA/mm2, the maximum achievable contrast 

degrades rapidly below 10%.  

 

Figure 18: Simulated Michaelson contrast for stimulating electrodes at 50µm pitch 
Michaelson contrast parameter simulated to 50µm axial distance from the array and 
0 to 1000 µA/mm2 dark current under maximum illumination (4456µW/mm2).  
Michaelson contrast decreases for further stimulation targets, and for higher values 
of dark current. 

3.3.4 Tissue Electrode Separation 

The separation between the INL and the RPE was measured to be 5-10µm 

(Figure 19A). This suggests that the separation between the subretinally implanted 

electrode and the nearest INL neurons will be of a similar order. From the results of the 

OCT imaging in a rabbit model we cannot resolve any separation between the 

electrodes and implant consistent with an INL –electrode separation of 5-10 µm. 
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Together these results suggest that the stimulation electrodes can be placed almost 

directly adjacent to the target INL neuron cell bodies.  

 

Figure 19: Evaluating tissue-electrode separation in animal models 
(A) P23H rat model of retinal degeneration at 6 months (B) Enface OCT of nanowire 
device implanted in the subretinal space of a rabbit model (C) cross section OCT 
along the green dotted line of the enface image showing the electrode nanowire 
implant in direct contact with neuro-retinal cells 

3.4 Discussion 

In the present study, the performance of a nanowire retinal prosthesis was 

evaluated in terms of stimulation depth and spatial resolution. To evaluate these 

parameters, electrochemical measurements were performed to characterize the 

dynamic range and the spatial distribution of photocurrent and dark current produced by 

nanowire pixels. Computational modeling was then applied, using the measured device 

performance, to simulate the spatial distribution of the electric fields produced by a 

nanowire pixel array to characterize the stimulation depth of an electrode and the effect 

of electric crosstalk on spatial resolution.  
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 The stimulation performance of the nanowire prosthesis is determined by 

both the dynamic range of photocurrent as well as the penetration depth of the electric 

field that produced at each electrode. Computational modeling provides a framework for 

understanding the required photocurrent density to achieve an electric field of sufficient 

magnitude across neuro-retinal cells to reach stimulation threshold (1000 V/m). The 

electrochemical measurement of nanowire pixels illuminated with infrared light 

demonstrates that each nanowire pixel can produce a range of photocurrent 

proportional to the illuminating light power. The photocurrent density at each electrode 

varies linearly with light intensity up to 500µW/mm2 irradiance. The current density 

saturates at higher irradiances (> 2mW/mm2), due to the electrochemical limits of the 

iridium oxide electrode (Figure 13C). Based on our measured photocurrent density and 

simulation results, the nanowire electrodes reach a theoretical neural stimulation 

threshold of 1000 V/m, within 12µm of the array (Figure 15B). In practice, the efficacy of 

retinal stimulation is not simply a matter of producing sufficient current density to 

achieve threshold but is also a factor of time dependent characteristics such as pulse 

duration and stimulation frequency. Here we focus on time-independent analysis of the 

magnitude and spatial distribution of electric fields to simplify the analysis of penetration 

depth and spatial resolution without affecting the key results, as confirmed by other 

published studies [23,40]. 

 Restoring visual acuity with high spatial resolution necessitates focused 

stimulation from independent electrodes. Electrochemical crosstalk imposes a severe 

limitation on the effective spatial resolution and contrast of an electrode array. The 

results of the scanning electrochemical microscopy for single electrode illumination 
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demonstrates that the measured potential at the illuminated electrode is significantly 

higher than the potential measured at the adjacent “off” electrodes (Figure 17A). 

Accounting for the baseline dark current at each electrode, it is clear that the light 

induced change in potential is localized to the illuminated electrode (Figure 17C).  The 

computer modeling electrode array in COMSOL for the case of a single illuminated pixel 

yielded similar results to the actual measured potentials. Similarly, there is a significant 

difference in the simulated potential between the illuminated electrode and next 

adjacent dark electrodes at 10µm axial distance from the array, and the light induced 

change in simulated potential is localized to the illuminated electrode (Figure 17B,D). 

The close agreement between the simulated and measured potentials reinforces the 

utility of the analysis derived computer model to model the performance of the electrode 

array.  

The validated computer modeling was then used to evaluate the spatial 

resolution of a nanowire array for the more practical case of patterned illumination. A 

checkerboard pattern was utilized to evaluate spatial resolution in terms of contrast in 

electric field magnitude between alternating “on” and “off” pixels. The “on/off “contrast is 

maximal within about 5µm from the array at level of nearly 80% With increasing axial 

distance the contrast degrades as crosstalk becomes more prominent. At 20µm axial 

distance the contrast falls below 50% and by 40µm axial distance the contrast degrades 

to below 10% (Figure 18D).  

The axial distance of separation between the electrode and the cells is the most 

critical consideration for prosthesis design in terms of stimulation efficacy and spatial 

resolution [22,23,40,57]. Using our model of retinitis pigmentosa (Figure 14B) we expect 
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that for a retina undergoing photoreceptor degeneration, the bipolar cell layer will be 

located within the stimulation sensitivity range of the array in the subretinal space 

[15,57,61–64]. At this distance from the retina, the nanowire electrodes will be able to 

produce sufficient current to reach the 1000 V/m field threshold with a broad dynamic 

range to stimulate retinal bipolar cells and provide a contrast of 80%.  These results 

corroborate well with previous studies our group has published regarding ex-vivo 

stimulation of P23H rat retina using nanowire electrode arrays [11]. At close distances, 

within a few micrometers of the electrode array, the photocurrent density can be 

sufficiently modulated with illuminating infrared to encode a degree of stimulation 

contrast, as theorized with other prosthesis designs.  At axial distances from the array 

greater than 12µm, the effectiveness of individual electrodes may be more limited. At 

large distances from the array, greater current density is required for stimulation, but at 

the cost of lower spatial resolution. The actual distance from the implanted prosthesis to 

the target cell and local conductivity may vary across the array. 

The actual artificial visual acuity that can be restored by a retinal prosthesis is 

difficult to exactly determine. On the basis of physical electrode geometry, the finest 

grating that can be represented on the nanowire electrode array with 50µm pitch is a 

cycle of 100µm. With the assumption that 288µm of retinal surface corresponds to 1o of 

visual angle, then the maximum visual acuity achieved by the nanowire prosthesis is 

0.35o or 20/417 in Snellen acuity. However, in vivo acuity tests by another retinal 

prosthesis group with larger electrode pitch (65µm) and local return electrodes have 

measured visual acuity (20/250) that are better than the acuity predicted (20/542) on the 

basis of electrode geometry [19,53].  Although these results suggest acuity above the 
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Nyquist limit, this effect may be due to the perception of aliasing artifacts by the 

animal.  Regardless, the actual artificial visual acuity achieved by a nanowire prosthesis 

device may be better than 20/417, and will be further investigated with similar in vivo 

experiments.   

Furthermore, the INL-electrode separation in a human patient with age related 

macular degeneration may vary more broadly depending on disease etiology and 

patient to patient variability, and some photoreceptor cell segments may still remain. It is 

still expected that the electrode will also activate these elements. Despite this additional 

complexity in human disease, our results and others indicate in general that a high 

density subretinal electrode array may stimulate the INL with effective spatial resolution 

based on well characterized animal models of retinitis pigmentosa[11,57]. Screening 

methods involving optical coherence tomography (OCT) may be required to select for 

AMD patients with sufficiently advanced geographic atrophy as suitable candidates for 

subretinal prostheses.  

 An ideal optoelectronic prosthesis would have adjustable device gain to 

adapt for varying physiological conditions while producing minimal dark current. The 

photodiode in each pixel must produce sufficient photocurrent to achieve stimulation at 

safe levels of infrared retinal irradiance and within the charge storage capacity of the 

electrode [56]. The maximum permissible irradiance of the cornea and lens to infrared 

light at 850nm is 200µW/mm2 for indefinite exposure and 2.95mW/mm2 for 10ms of 

pulsed exposure at 20Hz repetition [65,66] . The nanowire pixel array can operate under 

either continuous or pulsed infrared light illumination, depending on the photocurrent 

density requirement for neuro-retinal stimulation (Figures 12C, 15B). The dark current 
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produced by a voltage biased optoelectronic pixel is a critical consideration for 

stimulation efficacy and spatial resolution. The passive photodiodes found in other 

optoelectronic prosthesis designs do not produce dark current, but have lower 

optoelectronic gain than nanowire pixels [11,22]. Excess dark current may directly reach 

stimulation threshold leading to stimulation at “off” electrodes, especially if the target cell 

layer is located within close proximity of the array (Figure 16). Crosstalk also increases 

dramatically with increasing dark current produced at “off” electrodes (Figure 19). To 

achieve high spatial resolution, the dark current must be minimized to maximize 

contrast. Dark current can be reduced by decreasing the voltage bias, but this, but this 

will also lower the optoelectronic gain of the nanowire pixel, increasing the optical power 

needed to achieve stimulation. The modeling work presented here helps optimize the 

stimulation strategies given these two interacting parameters.  

3.5 Conclusion 

Retinal prostheses with internal optical transduction such as the nanowire 

electrode arrays we have fabricated have the advantage of achieving light sensing and 

neural stimulation on chip, inside the eye. Each pixel in an optoelectronic prosthesis 

should produce sufficient photocurrent at the electrode to directly stimulate retinal 

neurons with high spatial resolution. Here we have characterized the stimulation depth 

and spatial resolution of a nanowire electrode array and the specific optoelectronic 

parameters to optimize performance. We conclude that a subretinal nanowire prosthesis 

with an artificial visual acuity of 20/417 can produce sufficient photocurrent to stimulate 

retinal neurons with sufficient depth and spatial resolution.  
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CHAPTER 4: VERTICALLY INTEGRATED PHOTO 
JUNCTION-FIELD-EFFECT TRANSISTOR PIXELS FOR 
RETINAL PROSTHESIS  
 

Abstract: Optoelectronic retinal prostheses transduce light into electrical current 

for neural stimulation.  We introduce a novel optoelectronic pixel architecture consisting 

of a vertically integrated photo junction-field-effect transistor (Photo-JFET) and neural 

stimulating electrode. Experimental measurements demonstrate that optically 

addressed Photo-JFET pixels utilize phototransistive gain to produce a broad range of 

neural stimulation current and can effectively stimulate retinal neurons in vitro. The 

compact nature of the Photo-JFET pixel can enable high resolution retinal prostheses 

with a theoretical visual acuity ~20/60 to help restore vision in patients with 

degenerative retinal diseases. 

4.1 Introduction 

Degenerative retinal diseases including Retinitis Pigmentosa (RP) and Age-

Related Macular Degeneration (AMD) are leading causes of blindness worldwide. 

Globally about 1.5 million people are affected by RP and up to 50 million individuals 

suffer from AMD [49,50,67]. Patients with retinal degenerative diseases suffer from the 

selective loss of the photoreceptive cells of the retina, while the remaining retina 

remains intact. Retinal implants transduce visual information into current for neural 

stimulation with the goal of replacing lost photoreceptor function in patients blinded by 

degenerative diseases. These implants, known as retinal prostheses, aim to reestablish 

high acuity central vision with sufficiently large visual field without compromising any 

residual functional areas of the retina [10].  



 

 70 

In general, a retinal prosthesis consists of a pixelated image sensor, a stimulation 

encoder, an array of neural stimulation electrodes, and a power supply. One category of 

retinal implant utilizes a head mounted camera to capture the visual scene that is 

relayed by a wireless inductive link to an implanted microprocessor. The microprocessor 

encodes the visual scene and relays necessary neural stimulation parameters to an 

array of directly wired stimulation electrodes implanted in close proximity to retinal 

neurons [4]. A prominent example of such a retinal implant is the Argus II Retinal 

Prosthesis (Second Sight Medical Technologies) which has received FDA approval 

(2014) and CE Mark (2011) to treat Retinitis Pigmentosa patients with bare or no light 

perception. The best visual acuity result in Argus II patients is on the order of 20/1260 

[9,18]. 

Another category of retinal implant utilizes a directly implanted microphotodiode 

array (MPDA) to convert the spatiotemporal pattern of light impinging on the MPDA into 

electrical currents to stimulate the retina. However, the intensity of light under typical 

natural retinal irradiance (0.001-1uW/mm2) is orders of magnitude too low to be 

efficiently converted into electrical current for neural stimulation (µA) by a single 

photodiode [22,32]. Therefore, one approach of MPDA implants is to utilize a CMOS 

amplifier circuit within each pixel to amplify the primary photocurrent.  An advantage of 

the CMOS approach is that the implant can encode spatiotemporal contrast across any 

typical visual scene without the need for externally worn imaging components [6,68]. 

The Alpha AMS/IMS system is an example of a MPDA CMOS retinal implant that has 

successfully received CE Mark. In clinical trials the Alpha AMS restored a best reported 

visual acuity nearing 20/546 [17,69]. A drawback to the CMOS approach, however, is 
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the complexity of the required hardware that limits the fill factor and requires extensive 

encapsulation materials to electrically insulate the array and achieve biocompatibility 

[70].  

An alternative MPDA retinal prosthetic approach is to use photodiodes and an 

external light source in the NIR wavelength to power and control the current produced 

by the array. Pulsed near infrared light is used to optically address the implanted 

photodiodes with sufficient irradiance to produce photocurrent for neural stimulation. 

This solution can greatly simplify the form factor of the implanted hardware by using 

only photodiodes operated in photovoltaic mode or as actively biased pixels sharing a 

common power line [11,22,29,71]. The prosthetic visual acuity of photodiode-only arrays 

is on the order of 20/200- 20/400 [19]. However, a fundamental limitation of this 

approach is the high intensity of irradiating NIR light, and the relatively large pixel area 

required for a photodiode to produce the necessary photocurrent to achieve neural 

stimulation. Stimulation of retinal neural cells requires electrical current pulses of 0.5-

10ms duration to deliver 1-100nC of charge [42]. Typical silicon photodiodes have a 

light conversion efficacy less than 1 A/W. This approach thus necessitates pixel 

diameters on the order of 40-100µm and 5-25mW/mm2 of pulsed infrared light projected 

onto the eye, a power level close to the maximum permissible exposure of cornea and 

retina [29,55,56]. Therefore, there is inherently a tradeoff between minimizing pixel size 

to increase prosthesis resolution and the range of photocurrent to drive neural 

stimulation.  

To overcome these limitations, we propose a photosensitive junction-field-effect 

transistor (Photo-JFET) that integrates a photodetector, amplifier, and neural electrode 
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stimulator within a single silicon pixel mesa, thus achieving gain without sacrificing fill 

factor. Incorporating a gain mechanism into the body of a photo sensing pixel further 

advances existing retinal prostheses by enabling scaling of pixel size down to 10-20µm 

to achieve improved visual acuity over existing optoelectronic prostheses. In this work 

we report a vertically integrated Photo-JFET pixel that can produce a broad range of 

current (0.1-100µA) for robust retinal neural stimulation with the potential to achieve a 

prosthetic visual acuity of around 20/60 within a safe range of NIR irradiance.  

4.2 Design of Photo-JFET pixel architecture for Retinal Prosthesis 

A vertically integrated Photo-JFET pixel consists of a pair of back-to-back p/n 

diodes in parallel with a sidewall junction-field-effect transistor (Figure 20A). The diodes 

can be configured in either a N-P-N or P-N-P configuration for a n-channel or p-channel 

JFET. A dielectric film is deposited on the sidewall of the silicon mesa to induce a weak 

inversion layer along the vertical edge of the middle layer of the back-to-back diode, 

forming a vertical channel along the mesa sidewall.  Silicon dioxide (SiO2) or aluminum 

oxide (Al2O3) can be used to control the pinch-off voltage of the sidewall JFET. A 

voltage bias applied across the top and bottom diodes can provide drain-source voltage 

(VDS) for the Photo-JFET, and the same voltage also provides reverse and forward 

bias of two back-to-back p/n junctions. The diode orientation can be reversed by 

changing the polarity of the source-drain bias. The Photo-JFET is normally off in the 

dark and can be turned on by incident light. Here the doping profile and thickness of the 

vertical N-P-N (or P-N-P) structure are designed in such a way that the structure does 

not perform as a regular bipolar transistor (i.e. the current gain of the bipolar structure 
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hfe<<1).  Instead, the structure can be modeled as 2 back-to-back P/N diodes, and the 

only transistor function is provided by the sidewall JFET. 

 

 

Figure 20: Photo-JFET device design and structure  
(A) Design of a Photo-JFET pixel from a vertical etched mesa. A dielectric 
passivation layer deposited on the sidewall of the silicon mesa induces a channel 
along the vertical wall of the middle layer of the mesa. The sidewall view illustrates 
the pair of back-to-back p/n diodes and the junction-field-effect transistor (JFET) 
realized as an NPN or PNP stack.  (B) Scanning electron microscope micrograph 
(SEM) of a 13µm Photo-JFET single pixel test structure. The mesa sidewall and 
outer rim are coated in SiO2 layer while electrical contact is made through a center 
opening in the passivation. (C) SEM micrograph of prototype array with 40µm pixels 
paired with 10µm electrodes (light gray) spaced at 45µm pitch, a theoretical 
prosthetic acuity of 20/188 (D) SEM micrograph of prototype array with 13µm pixels 
paired with 10µm electrodes (light gray) spaced at 15µm pitch, a theoretical acuity 
of 20/60. 

4.2.1 Operation principle 

Under illumination the reverse biased p/n diode produces a photocurrent (Iph).  

Both the photocurrent ( 𝐼𝑝ℎ) and the reverse saturation current (𝐼𝑜1
) flow through the 
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forward biased p/n junction, modulating the voltage across this forward-biased diode 

according to the Shockley diode model:  

V
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= hV
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ln 1+
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ph

I
o2

æ

è
ç

ö

ø
÷

   (Eqn.4.1) 

where 𝜂 is the ideality factor, 𝑉𝑇 is the thermal voltage, and 𝐼𝑜 2
 is the reverse 

saturation current for the forward biased p/n junction. Note that in our design,  𝑉𝐺𝑆 in 

Eqn. (1) is not only the voltage drop across the forward-biased p/n junction but also the 

gate-to-source voltage of the JFET. In an ideal design, the threshold voltage required 

(VTHmin) to turn on the normally-off JFET will be greater than the VGS produced by 

dark current (Io1) but low enough such that the channel will turn on at low irradiance 

(Eqn. 2 for a N-channel JFET). The actual threshold voltage of the JFET depends on 

the doping of the middle p-doped region for the N-P-N configuration and the dielectric-

silicon mesa interface.  Importantly for a retinal prosthesis, a Photo-JFET can be 

engineered with high VTH and operated by optical addressing with NIR irradiance to 

control contrast and adjust the range of available photocurrent to the correct range for 

neural stimulation. Figure 21A demonstrates the range of possible VGS calculated for 

lighting conditions spanning a range from retinal irradiance under dim lighting conditions 

to the typical irradiance of supplemental NIR light used in retinal prostheses as 

described above.   

VTH min > hV
T

ln 1+
I
o1

I
o2

æ

è
ç

ö

ø
÷      (Eqn.4.2) 

4.2.2 Photocurrent Amplification 
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With sufficient illumination the VGS will exceed the threshold voltage (VTH) to turn 

on the JFET and modulate the drain current (ID) across the channel. The drain current in 

the saturation region for a normally-off N-channel JFET can be represented by Eqn. 3 

where W is the effective channel width, equal to the circumference of the mesa, L is the 

length of the vertical channel, 𝑎 is the effective channel width controlled by the thickness 

of charge inversion layer at the oxide-silicon mesa sidewall interface. The net output 

current in response to the input light is the sum of the original primary photocurrent 

across the back-to-back p/n junctions (𝐼𝑝ℎ) and the drain current (ID) through the 

sidewall JFET.  

I
D

=
Wµes

2La
V
GS

-V
T H( )

2

    (Eqn.4.3) 

 

Combining Eqns. (1) and (3) and under the condition that the photocurrent is 

much greater than the reverse saturation current Io1, we obtain the drain current of the 

sidewall JFET represented by Eqn. (4) when the JFET is in saturation region. 
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   (Eqn. 4.4) 

 

The total current produced by a Photo-JFET pixel under illumination is the sum of 

the drain current and the primary photocurrent (Eqn. 5). The total current can be several 

orders of magnitude greater than the primary photocurrent produced by the photodiode 
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layer. The dependence of the total current on the threshold voltage of a Photo-JFET 

calculated for a typical device dimension is shown in Figure 21. 

I
T otal

= I
D

+ I
ph

+ I
o1

     (Eqn. 4.5) 

Assuming that the voltage threshold is greater than VGS Dark, the total current 

produced in the dark condition is equivalent to the reverse saturation current, Io1, of the 

reverse biased diode (Eqn. 6). In practice, the actual reverse bias leakage current will 

likely be much higher than the theoretical value and will increase with the reverse bias 

voltage. However, as shown in Figure 21B, the VTH of the Photo-JFET can be carefully 

engineered to achieve a photocurrent to dark current ratio between 10-10,000 

depending upon the required intensity of irradiating light to turn on the JFET channel. 

I
T otal Dar k

= I
o1

     (Eqn. 4.6) 

When the illuminating irradiance generates sufficient VGS to exceed VTH, the 

current versus irradiance curve shifts abruptly from a simple linear current-irradiance 

relationship, as expected for a photodiode, to a regime where the current level rises 

several orders of magnitude with increasing irradiance. The dark current level remains 

flat as long as the VGS in dark is below the ideal minimum threshold VTH. This rapid rise 

in current results from the phototransistive gain achieved by a Photo-JFET pixel, GJFET, 

which can be formulated as the ratio of the total current in Eq. 5 to the current from the 

reverse biased photodiode when illuminated (Eqn. 7).  

G
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=
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    (Eqn. 4.7) 
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When VGS > VTH the gain quickly increases before reaching a peak level after 

which the gain decreases with increasing irradiance due to the channel current 

saturation of the JFET (Figure 21C). Although in the JFET saturation regime the gain 

decreases with increasing irradiance, the total current still increases monotonically with 

the irradiance in a fashion similar to the natural retinal response, thus extending the 

dynamic range of the retinal prosthesis.   

 

Figure 21: Theoretical performance characteristics of a vertical silicon Photo-JFET 
calculated using typical device parameters for a range of retinal irradiance 
(a) Calculated gate to source voltage (VGS) for a range of irradiance conditions 
following Eqn. (1). Marked on the graph are the possible values of the threshold 
voltage to turn on the JFET channel for ideal case of minimum threshold, bright 
indoor retinal irradiance, and 200µW/mm2 supplemented NIR. (b) Calculated total 
current (ITot) using the identified threshold voltages in (a). (c) Calculated gain 
achieved over the irradiance range. For simplicity, we have ignored the 
subthreshold current in (b) and (c), thus underestimating the total current and gain 
in subthreshold regime. 

4.2.3 Neural Stimulation 

The total current produced at the Photo-JFET pixel is delivered to retinal tissue 

through a stimulation electrode in contact with the top of the silicon mesa (Figure 

20C,D). For a N-P-N device, anodic stimulation current will be produced under forward 

bias and cathodic stimulation current under reverse bias. Each individual pixel in a 

retinal prosthesis implant must produce sufficient current to independently stimulate a 
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region of retinal neural cells. The required output current per pixel to reach half-maximal 

effective stimulation with 10-30µm diameter stimulation electrodes is reported to be 

between 1.8-7µA based on in vitro studies [42]. Furthermore, the stimulation threshold 

for individual cells within a single retina may vary due to differences in the morphology 

and phenotype, as well as the actual distance between stimulating electrodes and target 

cells over the entire span of an implanted array. Therefore, the total current produced by 

a Photo-JFET pixel must reach a level of ~10uA for a safe range of NIR irradiance while 

the VTH of the JFET-channel must be sufficiently high such that the dark current will 

never inadvertently result in stimulation. 

4.3 Fabrication 

The Photo-JFET device structure was realized by microfabrication techniques in 

a class 100 cleanroom facility. Single pixel test structures for device characterization 

(Figure 20B) and array prototypes (Figs. 20C,D) were formed by etching silicon mesas 

from an epitaxially grown wafer with doped sequential N-P-N layers on a N+ substrate. 

For in vitro testing, single pixel test structures were interfaced with neural stimulation 

electrodes fabricated on borosilicate glass discs. This transparent electrode substrate 

served as the bottom of the recording chamber to allow visualization of retinal neurons 

with differential interference microscopy for physiological recordings.  

4.3.1 Device Fabrication 

Pixel mesas were fabricated at 13µm and 40µm diameter using a deep reactive 

ion etching and inductively coupled plasma process to a height of 1.5µm, to form the 

back-to-back diode structure. A dielectric layer of SiO2 was deposited by plasma 

enhanced chemical vapor deposition over the entire mesa to create a weak inversion 
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layer along the height of the P-Si layer, thereby forming a vertical FET along the mesa 

sidewall. An opening was etched in the SiO2 dielectric on top of the silicon mesa and an 

ITO layer was deposited over it to form a transparent electrical contact. For single pixel 

test structures, a gold contact pad was deposited on top of the ITO layer off the pixel to 

allow for probing. A common ground contact shared by each pixel was formed by 

depositing a gold layer on the back of the device substrate. Pixels in the array prototype 

were finished with a 10µm diameter iridium oxide electrode on top of the ITO layer in the 

space between adjacent mesas.   

4.3.2 Stimulation Electrode Fabrication 

Briefly, electrodes for in vitro retinal stimulation were fabricated by depositing 

transparent conductive traces of Indium Tin Oxide (ITO) on a borosilicate glass disc. 

Traces were electrically insulated by a layer of SiNx deposited by plasma enhanced 

vapor deposition. A hole was etched through the SiNx layer to expose the ITO-electrode 

contact using reactive ion etching. Iridium oxide electrodes of 30µm diameter were 

deposited over each opening by reactive DC sputtering of an Iridium metal target in an 

Argon (90%) and Oxygen (10%) gas mixture at a thickness of 600nm. Finally, a layer of 

Polyethylenedioxythiophene/ Polysulfostyrene (PEDOT/PSS) was deposited on top of 

the iridium oxide electrode from 0.01 M EDOT in 2.5 g per 100 mL NaPSS (Sigma-

Aldrich) by galvanostatic electrodeposition at a fixed current density of 5mA/cm2 for 10 

seconds in phosphate buffered saline versus an Ag/AgCl electrode. A 400µm diameter 

iridium oxide was also fabricated on the periphery of the glass disc to serve as the 

return electrode.    

4.4 Measured Optoelectronic Performance of Photo-JFET pixels 
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The current-voltage characteristics of Photo-JFET pixels were measured under 

voltage bias and illumination (Figure 22). Visible light (518nm) and NIR (850nm) were 

used to investigate device photoresponse. A uniform laser spot of 60µm diameter was 

projected using a 10x plan infinity corrected long working distance objective (Mitutoyo 

#46-144) onto all devices so that each pixel diameter was evaluated under the same 

irradiance conditions. A source meter (Keysight B2900A) was used to sweep the 

voltage bias from -2V to 2V at 50mV/s and measure the total current across the silicon 

mesa.  

Both photosensitive regions are sensitive to visible (518nm) and NIR (850nm) 

light (Figure 22). The I-V characteristic is slightly asymmetric at equivalent voltage bias 

of opposite polarity. The bias polarity across the silicon mesa dictates which region of 

the NPN stack is reverse biased and thus photosensitive. With positive bias the primary 

photosensor is the top diode, whereas with negative bias it is the bottom diode. The 

asymmetry of the photoresponse with voltage bias polarity can be explained by the 

difference in absorption coefficient of both wavelengths in the top and bottom diodes. 

Overall, the Photo-JFET pixels have better photoresponse at 518nm than 850nm 

wavelength light. This difference in photoresponse can be explained by the difference in 

relative absorption length of the two wavelengths within the 1.5µm height of the silicon 

mesa, which favors the absorption of shorter wavelength light in the photosensing 

region of the Photo-JFET. The 40µm pixel devices possess similar I-V characteristics to 

13µm pixel devices at equivalent incident light power.  

The “turn on” characteristic of the normally-off JFET is dictated by the current 

output from the primary photo sensing diode that is used to modulate the gate-to-source 
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voltage, VGS, as described above. The Photo-JFET is in the saturation regime with its 

current modeled by Eqn. 3 when |VDS| > 1V). At |VDS|=1.5V, the dark current for 13µm 

diameter pixel devices is well below the neural excitation threshold of ~1 µA.     

 

Figure 22: I-V Characteristics of Photo-JFET pixels for 13µm diameter pixels under 
illumination with visible (518nm) and NIR (850nm) light. 

 

Illumination of the Photo-JFET with 518nm or 880nm light causes the JFET 

channel to turn on. With sufficient illuminating irradiance, the total current produced by 

the Photo-JFET pixel is orders of magnitude higher than the primary photocurrent 

produced by a reverse biased photodiode (Figure 22). At low irradiance of <10 uW/mm2, 

the photoresponsivity is less than 1 A/W, equivalent to a simple photodiode. However, 

as the light power increases, the effective responsivity rises to 100 A/W with voltage 

bias (Figure 23). The required irradiance of 850nm light to turn on the JFET channel is 

around 50uW/mm2 for a 13µm pixel and 8uW/mm2 for a 40µm pixel. Both 13 µm and 40 

µm Photo-JFET pixels have similar performance in terms of photoresponsivity. For both 
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devices, we observe that gain reaches the peak value then decreases with increasing 

irradiance, in agreement with the device model.   

 
 

Figure 23: Responsivity of a 13µm Photo-JFET Pixel 
(a) Voltage dependence of responsivity of a 13µm photo-JFET pixel and (b) 
Responsivity of a 13µm diameter pixel vs. NIR irradiance at 2V bias.   

4.5 Utility of Photo-JFET pixels for Retinal Prosthesis 

To investigate how a Photo-JFET pixel can evoke neural stimulation, we devised 

an ex vivo retinal stimulation strategy. All experimental methods and animal care 

procedures were approved by the University of California San Diego Institutional Animal 

Care and Use Committee.  Adult rd10 mice (>P60) with photoreceptor cell degeneration 

were anesthetized with isoflurane and euthanized by decapitation and their retinas were 

isolated and maintained in Ames medium oxygenated and equilibrated with 95% O2, 5% 

CO2. 2 mm x 2mm retina pieces were transferred to a recording chamber with a glass 

bottom with the fabricated stimulating electrodes on an upright microscope and 

perfused with Ames solution (4 ml/min) at 35oC. Retina was placed over stimulating 

electrodes ganglion cell side up. Retinal ganglion cells (RGCs) were visualized using IR 

differential interference contrast video microscopy. Recording electrodes were pulled 
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from borosilicate capillary glass to have a final resistance of 4-5 M and filled with 

Ames medium. Action potentials in RGCs were recorded in the loose patch 

configuration using a Multiclamp 700b (Molecular Devices). Signals were filtered at 

4kHz (4-pole Bessel), digitized at 20 kHz with an ITC-18 (HEKA Electronik) and saved 

to a PC for offline analysis.  

Electrical probes were used to connect the contact pads of the 13µm Photo-JFET 

test structure to a single 30µm stimulation electrode underneath ganglion cells targeted 

for recording and a distant 400µm return electrode on the glass disc. An isolated voltage 

source (Gamry Interface1000E) was used to provide bias across the entire circuit as 

represented in Figure 24A. The pixel mesa was illuminated with a 60µm spot of NIR 

light (850nm) using the method described above at irradiance levels expected to 

achieve sufficient photocurrent to exceed an expected stimulation threshold of ~1µA 

based on measured I-V performance. Bias was applied to the circuit for 5ms at +2V 

(anodal) followed by 5ms at -2V (cathodal) while the pixel was kept dark or illuminated 

(360µW/mm2 or 3.6mW/mm2). RGC action potentials were observed and counted within 

the first 40ms following the onset of the stimulus. Each stimulation condition was 

repeated for 10 consecutive trials separated by 9 seconds and spike counts were 

averaged for each cell. 

Under voltage bias and illumination with NIR light, a single Photo-JFET pixel 

produced sufficient photocurrent to trigger action potentials in RGCs at both irradiance 

conditions. The dark current produced at 2V bias elicits negligible spiking activity, on the 

order of spontaneous firing in RGC. With an average of 5.1 and 6.6 spikes at 

360µW/mm2 and 3.6mW/mm2 respectively, there are significantly more action potentials 
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for both illumination conditions versus the 0.19 spikes observed in dark (p <0.0001, 

paired t-test). While more spikes are observed at 3.6mW/mm2 (p< 0.005, paired t-test) 

the 10x increase in irradiance only corresponds to a 30% increase in elicited action 

potentials. 

 

Figure 24: In Vitro stimulation of RGC with single Photo-JFET pixel 
(a) Diagram of the circuit to connect Photo-JFET pixels on chip to neural stimulation 
electrodes and the instrumentation used to record stimulated action potentials from 
retinal neurons (b) 10x microscope image of Rd10 retina atop of PEDOT/IrOx 
electrode on transparent substrate with a glass micropipette electrode used to 
loose patch RGC to record action potentials (c) Spiking behavior recorded from 
RGC in response to electrical stimulation driven by Photo-JFET pixels 

4.6  Discussion 

In this work we proposed a novel architecture consisting of a vertical photo 

junction-field-effect transistor for optoelectronic retinal implants. The Photo-JFET design 

In Vitro Retinal Stimulation with 13µm Photo-JFET pixel
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combines the functions of light sensing and gain that addresses the critical design goal 

for retinal prosthesis of minimizing pixel size to enable high visual acuity. The design 

was successfully realized by microfabrication of silicon Photo-JFET pixels of 13µm and 

40µm diameter. The device photoresponse was measured under visible and NIR 

irradiance and demonstrating characteristic JFET gain behavior (Figure 22). The 

measured FET photoresponsivity (Figure 23B) corresponded with the calculated 

theoretical gain behavior for representative pixel size (Figure 21C). The optimal 

parameters for voltage biasing and NIR irradiance that produce current in the desired 

range of >1µA for neural stimulation were identified. We then validated the utility of 

Photo-JFET pixels for retinal prosthesis with in vitro experiments whereby an optically 

addressed 13µm pixel successfully stimulated retinal neurons. Therefore, an optically 

addressed photo-JFET approach enables use of the smallest reported pixel size for 

neural stimulation in a retinal prosthesis implant. 

While Photo-JFET pixels are responsive to visible light, the irradiance of visible 

light required (>14µW/mm2) for sufficient retinal stimulation current is well outside the 

range of typical retinal irradiance and the safe exposure limit of 518nm light. Therefore, 

similar to existing technologies, a NIR source can be used to optically address Photo-

JFET array to encode stimulation parameters such as stimulation current and spatial 

contrast [11,22]. The maximum permissible irradiance of 850nm on the cornea and lens 

is 200µW/mm2 for continuous exposure over 8 hours and 5.9mW/mm2 for 5ms of pulsed 

exposure at 20Hz repetition [65,66]. Based on the in vitro proof-of-concept results, a 

13µm pixel can effectively stimulate retinal neural cells within the safety limits of NIR 

exposure at 360µW/mm2. Using reported stimulation thresholds as a guideline, Photo-
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JFET pixels can produce sufficient current for stimulation within a safe range of NIR 

light at 850nm (Figure 24). Alternatively, devices can be optically addressed with less 

NIR irradiance if the pixel size is expanded. Photo-JFET devices produce similar total 

output current at equivalent incident light power since the performance is proportional to 

pixel circumference and primary photocurrent (Eqn. 4). At the cost of prosthetic acuity, 

larger Photo-JFET devices can also produce sufficient current for neural stimulation at 

much lower NIR irradiance than similarly sized MPDA pixels.  

The spatial resolution of a retinal prosthesis is determined by the center-to-center 

electrode spacing in the array. Specifically, for an implantable MPDA, electrode spacing 

depends directly on the photosensing area required per individual pixel to produce 

sufficient current for stimulation. The reported minimum current required to stimulate a 

retinal neuron in vitro with microelectrodes is ~500nA for anodic-first stimulation and 

slightly higher at ~800nA for cathodic-first at 10ms pulse duration [39]. A 13µm Photo-

JFET pixel can utilize phototransistive gain to produce enough current beyond threshold 

for neural stimulation (Figure 25). Whereas, a photodiode only approach requires larger 

pixel of at least 40µm and NIR light nearing maximum permissible exposure (MPE) to 

reach stimulation threshold. On this basis, a Photo-JFET pixel-based prosthesis may 

achieve higher spatial resolution beyond that of existing MPDA technologies. 

It is important to consider that while the best theoretical restorable visual acuity is 

determined by the electrode pitch, electrochemical crosstalk will determine the actual 

spatial resolution of the array. Crosstalk arises from overlapping signals from adjacent 

electrodes due to the spread of current density in an ionic environment. A closer 

apposition of the stimulating electrode to the retinal neural tissue can lower stimulation 
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threshold and help preserve the spatial resolution of a high-density array. Given the 

simplicity of the device structure and fabrication, a Photo-JFET array can be modified to 

mitigate the effect of crosstalk in future iterations. For example, the silicon mesa 

comprising the Photo-JFET pixel can be etched from the epitaxial silicon substrate to 

form a micropillar with a vertical height on the order of 10-50µm.  

In the United States the criteria for legal blindness is visual acuity worse than 

20/200 or a visual field less than 20o. A clinically meaningful retinal prosthesis for AMD 

patients must restore high acuity central vision on the order of 20/100 or better to 

enable reading or large font. Previous studies of MPDA devices have demonstrated 

successful retinal neural stimulation in clinical experiments. However, the measured 

prosthetic visual acuity in human patients was typically quite low, below 20/540 [17,69]. 

The Photo-JFET approach we described allows for the smallest reported pixel size used 

for an optoelectronic retinal prosthesis by vertically integrating a gain mechanism within 

the body of the photosensor. Photo-JFET pixels of 13µm diameter can be arrayed at 

15µm pitch, enabling a prosthetic spatial resolution of ~20/60 which may offer a 

substantial improvement in clinical visual acuity for patients with degenerative retinal 

disease. 
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Figure 25: Anodal stimulation current per optoelectronic pixel 
Comparison of measured current produced by 13µm Photo-JFET pixels versus 
theoretical current of passive photodiode pixels at 13µm and 40µm diameter under 
the same illumination conditions with NIR light (850nm). A responsivity of 0.4 A/W 
is assumed for passive photodiodes [72]. 

4.7 Conclusions 

We developed a novel vertical junction-field-effect transistor architecture that 

achieves photosensing, gain, and neural stimulation in a compact pixel size for high 

visual acuity retinal prosthesis. The design was realized by a vertically integrated back-

to-back diode structure in parallel with a sidewall FET. Photo-JFET pixels were 

successfully fabricated at pixel dimensions approaching cellular scale. A simple bias 

mechanism and optical addressing using NIR light produce a broad range current for 

neural stimulation per pixel. We demonstrated in a proof-of-concept experiment that a 

single Photo-JFET pixel can effectively stimulate retinal neurons in an in vitro model of 
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degenerative retinal disease. The Photo-JFET design allows for smaller pixel sizes with 

improved functionality versus passive microphotodiode arrays. This work demonstrates 

an important development towards high visual acuity retinal prostheses that may help 

restore clinically meaningful vision, better than 20/100 in patients with degenerative 

retinal disease.  

Portions of this chapter have been published in Biomedical Optics Express 2020, 

by Samir Damle, Yu-Hsin Liu, Shaurya Arya, Nicholas Oesch, and Yu-Hwa Lo. The 

dissertation author was the primary investigator and author of this paper.  
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