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ABSTRACT (ENGLISH)

In this thesis, a retinal chip has been designed, analyzed, and fabricated to improve
the power efficiency of the sub-retinal;prostheses. The preliminary in vitro experiment
of the silicon retina chip which:composed .of micro photodiode array has also been
designed and verified. The silicon retina with MPA can successfully trigger the retina
cell and the electrical-response is similar to the light-response in retina cell. The
feasibility of on-chip solar cell supply system which integrated with circuit system in
CMOS technology has been verified.in the work. An ultra-low power clock generator is
also designed and verified in this work. This clock generator can generate a clock signal
with 1.632KHz under 3.6mW/cm’ incident light intensity with only 5.2nW power
consumption. A three times output stimulating current is achieved by taking advantage
of the bio-inspired divisional power supply architecture. The stimulating output
current is approximately 844nA under the illumination of 3.6mW/cm* light intensity and
1.72pA under the illumination of 5.06mW/cm’ light intensity. The retinal chip fabricated
with a standard 0.18um tsmc CMOS process demonstrate good mimic of electrical
behavior of human retina with low-power consumption. Because of its characteristic, the
proposed power management system could be considered as one of the highly integrated

solutions for the sub-retinal implant chips.
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CHAPTER 1 Introduction

1.1 BACKGROUND

Vision is one of the most important sensory organs and thus losing vision can bring one
endless torments. Currently, over 10,000,000 people worldwide are blind because of
photoreceptor loss or other cells loss in the retina [1]. Although medicine and ophthalmology
today is well developed, some of the retinal degenerative diseases cannot be treated yet, such
as retinitis pigmentosa (RP) and advanced age-related macular degeneration (AMD). Retinitis
Pigmentosa has an incidence of 1 in 4000 live births, whereas 200,000 eyes are blinded each
year by age-related macular degeneration. Thus, to restore vision with artificial retinal
prosthesis draws considerable attention [2].On the other hand, the operation underlying early
visual processing has been studied for many years. A large number of well-studied
mathematical algorithms for the early visual processing have been proposed [3]-[21].

The vertebrate retina is a tiny sheet of neural tissue that locates at the back of the
vertebrate eye chamber as shown in Fig. 1.1. It can perform two functions. Firstly, the
photoreceptor is able to transducer the information of the optical image into neural signals.
Secondly, the neural circuitry is able:to abstract certain features of the visual world form the
large number of photoreceptor signals and pass this information on to the brain via the optic
nerve fibers.

All the retinal prostheses are based-on a hypothesis that light perception can be elicited
by electrical stimulations of neuronal tissues such-as bipolar and/or ganglion cells of a retina.
Fortunately the hypothesis has been wverified via animal and human subject [2]. Critical
question relating to the hypothesis include how many stimulations are required, and what are
the electrical stimulus parameters (amplitude, duration, waveform, frequency) needed for each
pixel in order to meet the safety and effectiveness constrains of the prosthesis. Answers to
these questions greatly facilitate the optimal design, fabrication, fixation, and integration of
and electrode array in a retinal prosthesis system and the power requirement of the prosthesis.

Based on the well development of silicon retina circuits and the verified hypothesis that
light perception can be elicited by electrical stimulation of neural tissues, the artificial retinal
prosthesis by implantable circuits can be developed and used to restore the vision of the
blindness. There are two approaches for retinal implants, namely epi-retinal and sub-retinal
implants. In epi-retinal prosthesis, the prosthetic device is attached to the inner retinal surface
so that the electrical signal directly stimulates the inner retina first. On the other hand,
sub-retinal prosthesis places the implant in a space between neurosensory retinal and retinal
pigment epithelium so that the electrical signal stimulates the outer retina first. The main
advantage of the epi-retinal approach is to keep most of the electronics off the retinal space, in
the vitreous cavity which greatly helps in dissipating the heat generated by the electronics.

While the sub-retinal implant has the advantage of placing the electrodes closer to the bipolar
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cells and thus has a potential of reducing the stimulus threshold. Many individual research
teams have now published an extensive body of reports detailing the progress achieved with

both these approaches. (Epi-retinal implants:[22-29];sub-retinal implants:[30-35]).

1.2 REVIEW ON THE RETINAL PROSTHESES

1.2.1 Epi-Retinal Prosthesis

The idea of epi-retinal prosthesis resembles that of the cochlear implant, which converts
sound into electrical impulses to stimulate the auditory nerve in the inner ear. Fig.1.2 shows a
conceptual prosthetic system. The epi-retinal implant acquires images from a camera
positioned outside the eye. These images are preprocessed in a computer and stimulation by
the energy source; they can be received through the epi-retinal implant and understood by the
brain following transmission via the optic nerve. In principle, therefore, the epi-retinal implant
model represents a contact structure for reading preprocessed visual information into the
human optical system. Experience to.date has indicated that fixing such structures to the
retinal surface is a major problem. Neyertheless;. suitable fixation techniques have been
successfully developed in the interim and-this state of affairs has thus been improved. As a
result, the fixation of epi-retinal implants-can now be achieved in a manner that ensures
long-term biocompatibility and has fewrcomplications [36]. Similar results have also been
reported by a team in USA following.implantation of stimulation arrays epi-retinally in four
dogs [37]. Long-term biocompatibility in" these studies was verified using visual evoked
potentials (VEP) or Electroretinography (ERG).

Although long-term biocompatibility was consistently demonstrated initially only for
electrically inactive implants, a functional chronic epi-retinal prosthesis has now been
implanted for the first time by Humayun [38]. In the first 10 weeks after the implantation, the
completely blind test subject was able to see perception light (phosphenes) after stimulation of
an electrode array (4x4 pixels) interfacing with the retina. The subject was thus able to detect
the presence or absence of ambient light or motion, and to recognize simple shapes. The
stimulation energies used were below those expected on basis of acute studies in humans.
This has positive implications for the development and success of epi-retinal implants [39].
Reliable and reproducible responses to retinal electro-stimulation have therefore been
obtained with the epi-retinal implant in studies in humans. Because only small numbers of
electrodes have so far been used, it is planned that their number will be markedly increased
for the next generation of epi-retinal implants in order to offer more complex stimulation
patterns so that the capabilities of these visual prostheses can be assessed [39].

The epi-retinal prosthesis usually possesses a common framework: an external

signal-processing unit for biological sense information (sound, image, etc), a bi-directional

.



telemetry unit, an internal signal processing unit, a stimulus generator/driver, and electrode
array for interfacing to tissue or nerves. Fig. 1.3 shows the typically functional implantable
microsystem [40]. A miniature video camera supplies visual information to an image
processing unit. The processor collects, compresses, and formats the data for the implanted
stimulator. The processor produces a serial data stream and clock which are encoded. The
encoded signal is used to modulate an amplifier that drives the primary coil of the inductively
coupled link. The above components are mounted on glasses to be worn by the patient.
Typically implanted in the eyeball are the secondary coil, power and data recovery
components, stimulus circuits, and the electrode array. The signal produced by the secondary
coil is rectified and filtered to produce a DC supply voltage for the implanted circuits.

One great concern of epi-retinal prosthesis is affixing the chip to the retina and
protecting the chip. The harsh environment inside the eye could cause the chip to disintegrate
or malfunction. Another great challenge is the huge heat generated by the antennal system.

The great heat may damage the normal retinal cells and result in worse vision.

1.2.2 Sub-Retinal Prosthesis

As long ago as 1956, Tassiker:in Australia described in a patent a retinal prosthesis that
consisted of a light-sensitive selentum cell placed behind the retina of a blind patient [41]; this
transiently restored the patient’s ability to perceive light. In the ensuing period, however,
greater successes were reported with cortical-implants.[42], although spatial resolution and the
fading of excitation were still unresolved problems: These techniques have subsequently been
taken to their most sophisticated form by Normann who has developed an intracortical array
comprising 100 individual “needle” electrodes [43].

By the early 1990s the efforts of many research teams finally came to concentrate on the
retina. In particular, more sophisticated developments in the field of microelectronics and the
successful use of the cochlear implant to replace lost auditory function suggested that the
possible development of a functional retinal implant was within reach. After these early
prototypes had been developed and implanted, experimental animal work was performed to
define the electrical stimulation parameters for the retina. In this context the capacity of the
human eye to adapt to large brightness and contrast variances plays a decisive role.

Before thoughts could turn to a corresponding series of experiments in humans, the
appropriate surgical techniques for the reliable insertion and attachment of these implants first
had to be developed. As a rule this work was performed in animal models because these are
apparently suitable for answering the specific questions raised in this context. In addition, it
was of crucial importance first to establish which patients appeared best suited to receive
prosthesis of this type.

Currently, the research conducted by teams in Germany, the USA and Japan into

epi-retinal and sub-retinal implants has reached the stage where clinical trials can now be
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performed with the devices that have been developed.

The fundamental concept of the Sub-retinal approach is that electrical charge generated
by the micro-photodiode array (MPA) in response to a light stimulus may be used to
artificially alter the membrane potential of neurons in the remaining retinal layers in a manner
to produce formed images [44]. The MPA functions in solar cell mode, that is, it operates
without power supply. Fig. 1.4 shows the sub-retinal implant [45]. This approach would
theoretically allow the remaining intact retinal circuits of the inner retina to process this signal
in a near-normal fashion and transmit this signal to the brain. In addition, the sampling
density of a sub-retinal device could be designed to match that of the remaining photoreceptor
or bipolar cell matrix, thereby providing a potentially high-resolution input to the retina.

Although the current sub-retinal implants have less circuit complexity, they suffer from
the problem that the pn junction diode in solar cell mode cannot provide enough photovoltaic
power supply to the retinal chip. Therefore, it is important to improve the efficiency of the pn

junction diode in solar cell mode in sub-retinal implants.

1.3 REVIEW ON POWER SUPPLY,ISSUE IN ARTIFICIAL RETINA PROSTHESES

It is medically infeasible to have permanent wired connections pass through the eyeball
wall because the wire would do-quick damage to.the eyes. Laying the wires and connecting
the nodes entails extensive incisions, a poténtially hazardous surgery. Therefore, the power
issue is a great challenge for implanted tetinal-circuit.

Owing to lower stimulus level,.sub-retinal ‘chip usually consists of photodiode and
electrode array which provides stimulus of low energy [46]. Thus sub-retinal chip requires no
power supply. However, this kind of artificial retinal prosthesis can only replace the
photoreceptor, a cell converting light into electrical signal. If more than the damage of
photoreceptor causes blindness, the typical sub-retinal chip cannot restore the vision.

A common way to provide the implanted retinal circuit power is utilization of RF
telemetry [2], [40]. This kind of implanted device consists of an extraocular and intraocular
unit. The implantable component receiver power and a data signal via a telemetric inductive
link between the two units. The extraocular unit includes a video camera and video processing
board, a telemetry protocol encoder chip, and an RF amplifier and primary coil. The
intraocular unit consists of a secondary coil, a rectifier and regulator, a retinal chip with a
telemetry protocol decoder, a stimulus signal generator, and an electrode array. The major
difficulty for this telemetry technique is tissue heating associated with electromagnetic power
deposition in the tissues and power dissipation in the microchip collectively.

The proposed method to supply power to implanted retinal chip is using solar cells.
When the circuit is designed as low-power circuit, solar cells can provides enough energy to
the implanted circuit. Two advantages of solar cell are described below. Firstly, when there is

no light and therefore human cannot see and the solar cells supply no power to the implanted
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circuit. It clearly reduces some power dissipation and tissue heating. Secondly, solar cell is
compatible with intraocular unit. Therefore, there is no equipments need to carry with the
blind.
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Figure. 1.1 The Human Eye. Reprinted from “Foundations of Physiological Psychology,” by
Neil R. Carlson, 1988, p.134.
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Figure. 1.2 A Conceptual Epi-Retinal Prosthetic System. Reprinted form ““A Neuro-Stimulus
Chip with Telemetry Unit for Retinal Prosthetic Device,”” by Wentai Liu, and etc, 2000.
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1.4 MOTIVATIONS

1.4.1 Solar cell structure.

In modern CMOS imager design, the silicon-based phototransduction has been studied in
several different aspects. We will show the relation between layout structure and
phototransduction efficiency in this section. One of the important sensors for digital imaging is
PN junction photodiode because it is easy to fabricate in CMOS technology, which is
inexpensive and widely available. When the light irradiates a diode’s junction, electron-hole
pairs are generated due to the light illumination. Inside the depletion region, Electrons and
holes generated will be swept into the adjacent N and P regions, respectively, due to the
electric field across the junction. In addition, electrons and holes generated in the adjacent P
and N regions may diffuse into the depletion region and be swept into the other side.
Photogenerated carriers swept into the across junction layer may be detected either as
photocurrent or as photovoltage. The photodiode can be operated in two basic modes:
photoconductive mode and photovoltaic mode. The equivalent circuit for both modes of
operation is shown in Fig. N, where L, represents photocurrent, Dy is a diode, R, is the series
resistance, R; is the load resistance, and; Viis,the reverse bias voltage. If the incident light

power is Py, the photocurrent I, corresponding.to the current source in Fig. 1.5 is
_ qnpph

h
P hao

where 7 is the quantum efficiency if thephotodiode'and @ is the angular frequency of the

incident light. In short-circuit photoconductive.-mode, the voltage across the photodiode is
zero and the external current is I;. The photoconductive mode is also known as photo-sensing
mode which is widely applied in CMOS imager design. In photovoltaic mode, the carriers
swept through the depletion layer build up a potential across the PN junction. The
photovoltaic mode is also known as solar cell power supply mode which is widely used in
on-chip solar power supply system. In this work, we will use these two different modes to
build up a CMOS imager and retina stimulator with on-chip solar power supply system. [48]

There are several different layout methodologies of the CMOS photodiode. The
N+/P-substrate photodiode, which is shown in Fig .1.6, is the most popular layout structure in
APS (active pixel sensor) imager design. But the photodiode structure above can’t be applied
in solar cell power supply system because the p-substrate in CMOS circuit must be connected
to ground. Thus the N+/P-substrate structure can only provide negative voltage level and the
p-substrate can’t be connected as the VDD of the CMOS circuit because the NMOS in the
circuit will operate under high body voltage condition that the V; (threshold voltage) will
increase. In order to provide a positive voltage level to the circuit, the P+/N-well photodiode
structure is proposed as shown in Fig. 1.7. The solar cell with this structure can provide the
positive voltage level as an on-chip power supply.

There are two solar cells connected in series to provide the voltage power supply in the
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beginning of the solar cell power supply design. The retinal chip is powered by on-chip solar
cell which can be measured individually. The measurement environment is shown in Fig. 1.8.
The measurement result is shown in Fig. 1.9. The characteristic I-V curve of the solar cells,
which are connected in series, has a strange curve within OV to 1V voltage-sweep range. In
compassion with ideal curve, the measured curve seems to be a compound of ideal solar cell
I-V curve and ideal solar BJT I-V curve. The top view and cross-section view of the solar cell
supply system is shown in Fig. 1.10. We suppose there is a parasitic BJT in the solar cell
power supply system as shown in Fig. 1.11. Due to the p-substrate is connected to ground; the
junction between n-well and p-substrate is under reverse bias and the junction between p+ and
n-well is foreword bias. Therefore the parasitic BJT is turn on and the I-V curve of the solar
cell supply system is change to the I-V curve of the photo-BJT (parasitic BJT). With this
parasitic structure, we create a new simulation model of the solar cell supply system as shown
in Fig. 1.12. This model is based on experimental results of the solar cell supply system. The
simulation result of the new solar cell supply system is shown in upper box of the Fig. 1.14.
The comparison between the simulation result and the measurement result can verify the
cause of the strange I-V curve of the solar cell supply system.

In addition, if there is only one,solar cell to provide the on-chip power supply, the
problem we face above still has in:the parasitic effect. On the measuring of another testkey
with same p+/n-well diode structure, the connection econdition of p-substrate has tremendous
influence on the efficiency of the solar cell: The testkey with same p+/n-well diode structure
is surrounded by the n-well guard-ring and p=substrate guard-ring. The top view layout of this
testkey is shown in Fig. 1.14. The ‘measurement results of the single solar cell testkey above
are shown in Fig. 1.15. Four different lines represent the different connection of the n-well
and p-substrate individually. NW:O: the n-well is connected to VDD; NW:X: the n-well is
floating. Psub:O: the p-substrate is connected to ground; Psub:X: the p-substrate is floating.
As we can see in this figure, the connection of the n-well has strongly effect on the efficiency
of the solar cell, but has no influence on the Voc of the solar cell, which is very important for
a power supply. In another hand, the connection of the p-substrate has a great influence on
both efficiency and Voc of the solar cell. First, the red dashed line and black solid line have
shown the same characteristic which measured in above solar cell supply system. Therefore
the problem of the p-substrate connection, which happened in solar cells connected in series,
still can be found in this single solar cell testkey. The connection effect of the n-well is not
usually seen but the p-substrate connection problem will happen in any NMOS in normal
CMOS design. As a result, we propose several layout methodologies in next Chapter to

prevent the problem of parasitic BJT.
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Figure 1.7. the solar cell power supply system with two solar cells in series which can provide

sufficient positive voltage supply.
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Figure 1.15. the measurement results. of the Single solar cell test key. Four different lines
represent the different connection of the n-well and p-substrate individually. NW:O: the
n-well is connected to VDD; NW:X: the n-well is floating. Psub:O: the p-substrate is
connected to ground; Psub:X: the p-substrate is floating. As we can see in this figure, the
connection of the n-well has strongly effect on the efficiency of the solar cell, but has no
influence on the Voc of the solar cell, which is very important for a power supply. in another
hand, the connection of the p-substrate has a great influence on both efficiency and Voc of the
solar cell. Therefore the problem of the p-substrate connection, which happened in solar cells

connected in series, still can be found in this single solar cell testkey.
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1.4.2 Power issue

In CMOS solar cell power supply design, the photovoltaic efficiency is limited to the
chip fabrication foundry and the total supplied power is in proportional to the layout area of
the solar cells. Therefore the power supply design of the retinal chip is mainly focus on the

power saving policy.

Persistence of vision is the phenomenon of the eye by which even nanoseconds of
exposure to an image result in milliseconds of reaction (sight) from the retina to the opitic
nerves. This is because persistence of vision depends on chemical transmission of nerve
responses, and this biochemical hysteresis is much slower than the light transmission. A
typical explanation of persistence of vision went something like this: when the human eye is
presented with a rapid succession of slightly different images, there is a brief period during
which each image, after its disappearance, persists upon the retina, allowing that image to
blend smoothly with the next image. [47] Therefore the retinal chip needs not to stimulate the
retinal cell continuously but stimulate the retinal cell with a more discrete method. As we
know that the maximum frame rate which can.be distinguished by human is about 60Hz,
namely, we can stimulate the retinal cell every'l6mis or less and the retina still consider the

discrete stiulus as a continuous stimulus.

By applying the technique of  divisional® power supply architecture to exploit the
characteristic mentioned above, an’three times output current could be achieved. The details
are in the followings. We divide the pixel array into four blocks whole outputs are controlled
by four control signals generated by power control unit. The blocks will be activated in turn to
send out their stimulating signals. The time interval between neighboring activation of the
same block must be much smaller than biochemical hysteresis of the cell. Only one of the
blocks is activated at the same time and the power from whole chip, which is supplied by
solar cells, is provide to that block to increase the output stimulating current. In contrast to the
conventional MPA design, the output power is much greater and the discrete stimulus won’t

cause any misinterpret in the retina but still provide continuous signals to the brain.
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1.5 MAIN RESULTS

In this thesis, a retinal chip has been designed, analyzed, and fabricated to improve the
power efficiency of the sub-retinal prostheses. The feasibility of on-chip solar cell supply
system which integrated with circuit system in CMOS technology has been verified in the
work. According to the experiment data, the preliminary in vitro experiment of the silicon
retina chip which composed of micro photodiode array has been designed and verified.
According to the experiment data, the silicon retina with MPA can successfully trigger the
retina cell and the electrical-response is similar to the light-response in retina cell. A three
times output stimulating current is achieved by taking advantage of the bio-inspired divisional
power supply architecture. The stimulating output current is approximately 844nA under the
illumination of 3.6mW/cm? light intensity and 1.72pA under the illumination of 5.06mW/cm?
light intensity. The retinal chip fabricated with a standard 0.18um tsmc CMOS process

demonstrate good mimic of electrical behavior of human retina with low-power consumption.
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CHAPTER 2 Solar Cell Design in CMOS Technology

2.1 THE NOVEL STRUCTURE OF SOLAR CELL

The new layout methodologies for the solar cell supply system are proposed in this
section to solve the problem we faced in above section. We propose three different layout
methodologies for the new solar cell supply system. First, we found that some of the solar
cells in previous testkey can still have proper characteristic as a power supply. In comparison
with other solar cells and other on-chip solar cell power supply system, the distance between
p-substrate pick-up and solar cell seems to be a key factor to this problem. The p+/n-well
solar cell can maintain the same characteristic while the distance between p-substrate pick-up
and solar cell is greater than 50um. Therefore, we can use same p+/n-well diode structure to
build up an on-chip solar cell supply system. But in order to maintain the characteristic of the
solar cells, the required layout area is increasing dramatically due to the distance between
p-substrate pick-up and solar cells. We propose other solar cell structures to provide the solar
cell power supply. In order to keep the p-substrate floating to prevent the leakage problem in
pt/n-well solar cell, we use deep-n-well to isoldte the solar cells or NMOS in the circuit as
shown in Fig. 2.1. One of the layout structures is:shown in top block of Fig. 2.1: the NMOS is
isolated by the deep-n-well and the p-substrate pick-up is connected to p-well within
deep-n-well. Therefore the p+/n-welll solar cell can maintain the characteristic with the
floating p-substrate. Another layout structure is shown in bottom block of Fig.2.1 the solar
cell is isolated by the deep-n-well and the deep-n-well is floating that the solar cell within the
deep-n-well can still maintain the power supply characteristic. The layout of the NMOS in the
circuit is still the same as conventional design. The layout view of these two different
structures is also shown in Fig. 2.2

In the retinal chip design, the amount of the solar cells is many times more than the
NMOS in the circuit. The solar cells embedded in deep-n-well have to occupy large layout
area due to the layout design rules and the total amount of the solar cells. In another hand, the
NMOS embedded also have to occupy large layout area, but the amount of the NMOS is
much less than solar cell. Therefore considering the layout area efficiency of the retinal chip
the layout methodology in the top block of the Fig. 2.1 is chosen to achieve the on-chip solar

power supply system for the retinal chip.
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Figure 2.1. the cross-section view of two different layout methodology. Top: the NMOS is
isolated by the deep-n-well and the p-substrate pick-up is connected to p-well within
deep-n-well. Therefore the p+/n-well solar cell can maintain the characteristic with the
floating p-substrate. Bottom: the solar cell is isolated by the deep-n-well and the deep-n-well
is floating that the solar cell within the deep-n-well can still maintain the power supply
characteristic. The layout of the NMOS in the circuit is still the same as conventional design.
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Figure 2.2 the top view of two different layout methodology. Top: the NMOS is isolated by
the deep-n-well and the p-substrate pick-up is connected to p-well within deep-n-well.
Therefore the p+/n-well solar cell can maintain the characteristic with the floating p-substrate.
Bottom: the solar cell is isolated by the deep-n-well and the deep-n-well is floating that the
solar cell within the deep-n-well can still maintain the power supply characteristic. The layout
of the NMOS in the circuit is still the same as conventional design.
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2.2 EXPERIMENTAL RESULTS OF SOLAR CELL

The measurement results of the solar cells which have same layout configuration of top
block of Fig. 2.1 is shown in Fig. 2.3 and the measurement results of the solar cells which
have same layout configuration of bottom block of Fig. 2.1 is shown in Fig. 2.4. we can see
that both of the solar cell structures can function as a power supply with the CMOS technology
and the photocurrent is in proportional to the irradiation intensity and the photovoltage is about
0.4V to 0.6 V (most of the Voc fall in the 0.4V to 0.5V interval). According to the Fig. 2.3 and
Fig. 2.4, the total effective area of the solar cell testkey is the same but the phototransduction
efficiency of each testkey is different. The p-well/n+ solar cell has better phototransduction
efficiency than the p+/n-well solar cell due to the high doping concentration of n+ can prevent
the contaminated atoms to diffuse into Si in N+ OD area (active region). Therefore the
effective photocurrent in n+/p-well solar cell is larger than p+/n-well solar cell. [49] The
experiment results of the testkey which composed of two p-well/n+ solar cells connected in
series is shown in Fig.2.5. We can see that there is a huge current leakage compared with Fig.
2.4. The current leakage is due to the parasitic PNP and NPN structure around two solar cells.
But we can sure that the p-well/n+ structure can be applied in higher supply voltage on-chip
solar cell supply system. As a result; the further design of the silicon retina can use regular
supply voltage, such as 3.3V for 0:35 umprocess:and 1.8V for 0.18um process.

Further more, we proposed another set of the solar cell testkey which is in order to verify
the relation between phototransduction efficiency and distance between active two parallel
active regions. The layout top viéw and cross section view are shown in Fig. 2.6 which the
distance between the neighboring active regions 1s 2um, 4um, 8um and 16um respectively to
block A, B, C and D of bottom block. The measurement result is shown in Fig. 2.7. The
displacement between two neighboring active regions has great effect on the phototransduction
efficiency due to the n-well region increasing with the displacement increasing. The n-well
generate a lot of electron-hole pairs while the light irradiating on it and the electron-hole pairs
will be swept into the depletion region becoming the photocurrent. Therefore, the larger n-well
size induces bigger photocurrent but the photocurrent will be saturated due to the distance
between electron-hole pair and metal contact is too far to pass electrons or holes. As we can
see in the Fig. 2.7, the photocurrent saturate at the displacement of 10um and this measurement
data can provide a layout guideline for the future solar cell supply system research.

In summary, The feasibility of on-chip solar cell supply system which integrated with
circuit system in CMOS technology has been verified in the work and the feasibility of high

voltage power supply system with only solar cell is also been verified.
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Figure 2.3 the measurement results of the p+/n-well solar cell with the floating p-substrate
under varying light intensities. The solar cell testkey which measured is somposed of four

Sum x Sum solar cells connected in parallel.
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Figure 2.4 the measurement results of the p-well/N+ solar cell with the deep-n-well under
varying light intensities. The solar cell testkey which measured is composed of one 10um x
10um solar cell.
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Figure 2.5 the measurement results of two p-well/n+ solar cells with the deep-n-well which
connected in series under varying light intensities. The solar cell testkey which measured is
composed of one 10um x 10um solar cell.
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contact contact

Figure 2.6 Top: cross section view of the solar cells. Bottom: the four testkeys which is
composed of four Sum x Sum solar cells connected in parallel and the distance between the

neighboring active regions is 2um, 4um, 8um and 16um respectively to block A, B, C and D.
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Figure 2.7 the four testkeys which is composed of four Sum x 5Sum solar cells connected in
parallel and the distance between the neighboring active regions is 2um, 4um, 8um and 16um
respectively to block A, B, C and D.
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CHAPTER 3 In Vitro Experiment of Photodiode Array

3.1 CHIP STRUCTURE

As mentioned in previous chapter, we proposed the novel structure of the solar cell in
CMOS technology. In the conventional silicon retina design, the micro-photodiode-array,
MPA, is one of the most popular designs. [44, 46] The solar cells in the MPA which Allen
Chow proposed is composed of P+/N-well solar cell and the P+ is connected to the retinal
tissue and N-well is floating. The solar cell in the design is under open circuit condition and
the cross-junction voltage is in proportion with the incident light strength. Therefore the
stimulation in [44, 46] is positive voltage stimulus. In our study, we found that the current
stimulus can mimic the cell stimulation better. The silicon retina with MPA in this work is
composed of P+/N-well solar cell with P+ connected to retinal tissue and N-well connected to
ground which function as a return of the solar cell circuit as shown in Fig. 3.1. The stimulus is
a photocurrent which flow from N to P of the solar cell PN junction and the current amplitude
is in proportion with incident light strength.

The layout view of the pixel in MPA is shown in Fig. 3.2. The red block is the output
electrode and the orange block withifi'the red block is a 10um x 10um passivation window
which really contact to the retinal tissue: The green*block is the solar cell and the blue and
yellow lines are the routing paths. The chip view of the MPA is shown in Fig. 3.3. The dark
spot on the chip is the exposure electrodes and the large electrode on the right-bottom side is
the common ground of the MPA ‘which*all the"N-well ends are connected here to provide a
return path to the MPA. The chip view under the'immersion microscope which used in the in

vitro experiment is shown in Fig. 3.4. The specification of the chip is shown in table I.

= 3 .b/‘\ Q/‘\

Output Output Output Output
Figure 3.1 The P+/N-well solar cell with P+ connected to retinal tissue and N-well connected

to ground which function as a return of the solar cell circuit.
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Figure 3.2 The layout view of the pixel in MPA. The red block is the output electrode and the
orange block within the red block is a_LOumx 1 Oum passivation window which really contact
to the retinal tissue. The green block is the sc_)l'a}r cell and the blue and yellow lines are the

routing paths.
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Figure 3.3 The chip view of the MPA. The dark spot on the chip is the exposure electrodes
and the large electrode on the right-bottom side is the common ground of the MPA which all
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Figure 3.4 The chip view under the immersion microscope which used in the in vitro

experiment.
TABLE 1. SPECIFICATION OF THE IMPLANTABLE MPA
SPECIFICATION
Power supply voltage B, 1 No external power supply
Pixel number % * 45 x 44 cells
Array size =5 1.7644x1.8mm’
Exposured electrode size 10 x 10 pm?
Photosensing area size 3x16.7 um x 15.7 pm
Stimulation type Current output
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3.2 IN VITRO EXPERIMENT ENVIRONMENT SETUP

3.2.1 Retina preparation

This study will use retina tissues from adult New Zealand White rabbits (1-2 kg). The
animal will be anesthetized with an intramuscular injection of 1:1 mixture of ketamine
(50mg/ml) and xylazine (20mg/ml). A local anesthetic (proparacaine hydrocholoride; 2-3
drops) will be applied to the eye before intraocular injection of 4°,
6-diamidino-2-phenylindole (DAPI, 2ug; Sigma, St. Louis, MO). The animal will be allowed
to recover. One day after DAPI injection, the animal will be dark-adapted for at least one hour
before dissection. The animal will be deeply anesthetized again for isolating the retina. Each
eye will be removed and hemi-sected in oxygenated (95% O2and 5% CO2) Ames’ medium.
The retina will be dissected out from the sclera and carefully peeled off the pigment
epithelium. A small piece of the ventral retina (58 mm) will be cut off and placed flat on the
silicon retina mentioned above as in Fig. 3.5. This tissue will be pressed down by weights
with nylon netting for getting a good contact. This preparation will be moved to a
custom-made recording chamber attached to a microscope stage of a fluorescence microscope
(Axioskop 2 FS Plus, Zeiss, Germany) and superfused at rate of 1.5-2.5 ml/min with
oxygenated Ames’ medium at 34-37°C. All procedures will be carried out under dim red
illumination. The deeply anesthetized animal will be. euthanized with overdose of anesthetic
or 100% COz.

3.2.2  Electrophysiologicalrecording

Membrane potentials will be Tecorded extracellularly from individual ganglion cell
bodies with a tungsten-in-glass electrode (tip size, 30-40um; resistance, ~1 MQ). Signals will
be amplified, filtered, and fed into a differential amplifier (ISO-80, WPI). The analog inputs
will be converted into digital signals using a PC computer equipped with the data acquisition
(DAQ) device (National Instrument, Texas, USA ). The signals will also be displayed on an
oscilloscope for observation and fed into an audio amplifier for monitoring spikes. The
operation of extracellular recording will be controlled by a custom-written software
(LabView). Off-line analysis will be carried out using the Matlab (The MathWorks). The
retina will be closely attached on the MPA with cell-tak (a preparation of barnacle glue shown

to increase attachment of tissue and cells: BioPolvmers. Inc.. Farmington, CT).
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Figure 3.5 Top: the schematic of the measurement environment. Bottom: the setup view of the

measurement environment.
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3.3 IN VITRO EXPERIMENT RESULTS

The main purpose of this in vitro experiment is to verify the electrical stimulation of the
retinal chip and we provide the light-response experiment and electrical-response which the
electrical simulation is from the retinal chip which is triggered by IR. In compare with the
light-response and electrical-response, the light intensity of the CRT light stimulation (visible
light) is too low to trigger the retinal chip and the waveform recorded is almost the pure
light-response of the ganglion cell, and the IR stimulation won’t trigger the normal ganglion
cell due to that IR is not visible light and recorded waveform is definitely not from the
light-response of ganglion cell but from the electrical stimulation of the retinal chip which
triggered by IR. The ganglion cell used in this in vitro experiment is shown in Fig. 3.6. Fig.
3.7 shows the extra-cellular signal which recorded under varying light intensity of IR stimulus.
Fig. 3.8 shows the zooming of the extra-cellular signals above. There is a spike with latency
shown after the IR stimulation while the IR intensity is over 400mW. This spike is a strong
evidence to prove the retina cell is triggered by the MPA. Fig. 3.9 shows the comparison
between electrical stimulation and light-response. With the same experiment environment,
including chip, retina, probe positionr and temperature, two responses from two different
stimulations are recorded individually. Left block shows the signal which recorded while
silicon retina was triggered by IR irradiation:’Right block shows the ganglion cell response
while the visible light triggers the retina.Despite the artifact, the latency response of both
signals has some in common. This data shows that the sub-retinal prosthesis with silicon
retina which powered by solar cell is able to trigger the retina and may replace the
functionalities of outer-plexiform layer of the retina.

In order to compare with the Fig.3.6, Fig. 3.10 shows the extra-cellular signal which
recorded under varying light intensity of IR stimulus but the retina is removed. As shown in
Fig.3.11, with the same experiment environment, including chip, IR stimulation, probe
position and temperature, two signals are recorded individually. Left block shows the signal
which the retina is still attach on the silicon retina. Right block shows the signal while the
retina is removed from the chip. Under the same IR stimulation, the right block show some
artifacts which is induced by the silicon retina. The same artifact is also shown in left block,
but the spike with latency is clearly shows the feasibility of the silicon retina which can
generate effective stimulation under IR stimulation. The Fig.3.12 shows the threshold of the
retinal cell in this experiment is the stimulating current while MPA is under 400mW IR
illumination and 400mW IR illumination on the MPA can induce about 42uA photocurrent.
Therefore the threshold of the off a ganglion cell in this experiment is about 42uA. Further
more, we carry on the same experiment with the on a ganglion cell. We can also record the
cell response to verify the feasibility of the on a ganglion cell and the threshold of the on a

ganglion cell is about 18uA. These experiment results can ensure that the silicon retina can
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trigger the retina in the sub-retinal prosthesis. As a preliminary in vitro experiment of the
silicon retina, the feasibility of the sub-retinal silicon retina is verified and the experiment data

can provide some useful information to the future work.

Fig. 3.6 the ganglion cell used in this in vitro experiment. White bar represent 100um and the

size of this ganglion cell is about 1.2mm. This picture is reprinted from NTHU Y.T. Yang.
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Fig. 3.7. The extra-cellular signal recorded under varying light intensity of IR stimulus. The
IR intensity vary from 100mW to 2000mW.
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Fig. 3.8. The extra-cellular signal recorded under varying light intensity of IR stimulus. The
IR intensity vary from 100mW to 2000mW, Each block is the zooming figure of Fig. 3.7. The

spike with latency represents the:cell’s response to the silicon retina’s trigger.
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Fig. 3.9 The comparison between electrical stimulation and visible light stimulation. With the

same experiment environment, including chip, retina, probe position and temperature, two

responses from two different stimulations are recorded individually. Left block shows the

signal which recorded while silicon retina was triggered by IR irradiation. Right block shows

the ganglion cell response while the visible light triggers the retina. Despite the artifact, the

latency response of both signals has some in common.
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Fig. 3.10 The signal recorded under varying light intensity of IR stimulus with no retina on
the chip. The IR intensity vary from 100mW to 2000mW.
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Fig. 3.11 The comparison between cell response and silicon retinal artifact. With the same
experiment environment, including chip; IR stimulation, probe position and temperature, two
signals are recorded individually. Ieft block shows.the signal which the retina is still attach
on the silicon retina. Right block shows the signal while the retina is removed from the chip.
Under the same IR stimulation, ;the right block show some artifacts which is induced by the
silicon retina. The same artifact.is alsosshowmmin left block, but the spike with latency is
clearly shows the feasibility of the silicon retina:which can generate effective stimulation
under IR stimulation. This experiment result can ensure that the silicon retina can trigger the

retina in the sub-retinal prosthesis.
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Fig. 3.12 the threshold estimation of the in vitro experiment. As we can see in this figure, the
cell response is recorded occasionally. Thisimeans the threshold of the retinal cell is about this

light intensity (or stimulating current).

3.4 DISCUSSIONS

As we can see in Fig. 3.7 — 311, the retinacell is triggered by the MPA silicon retina is
verified and the feasibility silicon retinal ‘chip for sub-retinal prosthesis is also verified. We
also carry on the same experiment with the on a ganglion cell and the threshold is about
300mW IR irradiation which means the stimulating current is about 18uA. In compare with
the experiment in [48], the Fig. 3.13 and table II shows the comparison results and the
experiment environment of the experiment mentioned in [48]. As we can see in the table II,
both experiment animal are rabbits and the stimulation site are the same (PR side). According
to Humayun’s report in [48], the electrode size has significant effect on the stimulus threshold.
The smaller electrode size has higher stimulation threshold. According to the table, the
threshold measured in our in vitro experiment is very reasonable and the threshold is slightly
higher due to the small electrode used in this experiment. But in the real application of the
retina prosthesis, the IR stimulus with over 400mW is too large to destroy some eye tissue
and the safety limit of the IR irradiation which applied in eye relative prosthesis is 10 sun
light intensity which is about 100~200mW. Therefore the next generation silicon retina must

solve this solar cell power issue.
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Fig. 3.13 The experiment schematic of the in vitrg experiment which mentioned in M.
Humayun in 2006.[48] Stimulus:and recordingrelectrodes were positioned to record retinal
ganglion cell action potentials from axons projecting from the stimulus site. Stimulating
electrodes were platinum disks, either 25 or 125 m in diameter. Two tungsten microwires
were used as a differential recording electrode pair. (a) Top view of the isolated retina
chamber. (b) Schematic cross section of recording chamber. Retinal ganglion cell (RGC).
Both stimulating and recording electrodes were positioned using manual micromanipulators.
Since the stimulating electrodes could not penetrate the retina, the location of the stimulating
electrodes (GC or PR) determined which side of the retina was placed face up in the chamber.
Recording electrodes were positioned first. When stimulating PR, the PR side faced up and
the recording electrodes penetrated through the retina to the GC nerve fiber layer. When
stimulating GC, the GC side faced up and the recording electrodes were inserted slightly into
the GC nerve fiber layer.
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TABLE II. the comparison of this work and M.Humayun in 2006 [48]

Animal New Zealand Rabbits Dutch Belted Rabbits
Target cell OFF a GC | ON a GC GC (type not mentioned)
Stimulating type current level current pulse
Stimulating site PR PR PR PR
Electrode size 10x10um’ square electrode | 25um diameter |125um diameter
circle electrode | circle electrode
Threshold current 42uA 20uA 17.115uA 6.7t4uA
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CHAPTER 4  Design and Analysis of Retinal Chip

4.1 CLOCK GENERATOR AND POWER CONTROL UNIT

Persistence of vision is the phenomenon of the eye by which even nanoseconds of
exposure to an image result in milliseconds of reaction (sight) from the retina to the optic
nerves. This is because persistence of vision depends on chemical transmission of nerve
responses, and this biochemical hysteresis is much slower than the light transmission. A typical
explanation of persistence of vision went something like this: when the human eye is
presented with a rapid succession of slightly different images, there is a brief period during
which each image, after its disappearance, persists upon the retina, allowing that image to
blend smoothly with the next image. [47] Therefore the retinal chip needs not to stimulate the
retinal cell continuously but stimulate the retinal cell with a more discrete method. As we
know that the maximum frame rate which can be distinguished by human is about 60Hz,
namely, we can stimulate the retinal cell every 16ms or less and the retina still consider the
discrete stimulus as a continuous stimulus.

By applying the technique of divisional power supply architecture to exploit the
characteristic mentioned above, a threé times output current could be achieved. The details are
in the followings. We divide the pixel array into.fout blocks whole outputs are controlled by
four control signals generated by power control unit.“The blocks will be activated in turn to
send out their stimulating signals. The time interval-between neighboring activation of the
same block must be much smallér than ‘biochemical hysteresis of the cell. Only one of the
blocks is activated at the same time and the power from whole chip, which is supplied by solar
cells, is provide to that block to increase the output stimulating current. In contrast to the
conventional MPA design, the output current is much greater and the discrete stimulus won’t
cause any misinterpret in the retina but still provide continuous signals to the brain.

The architecture of the chip is shown in Fig. 4.1. The block diagram of the power control
unit is marked in the upper box of Fig. 4.1. The whole power control unit is only power
supplied by on-chip solar cells. There are three main components in the unit, an oscillator, two
frequency dividers, and combinational logic part. The schematics of the clock generator and
frequency divider in power control unit are shown in Fig. 4.2. A ring oscillator is used to
generate the reference clock. This structure is the same as the one in [50] which only on chip
solar cell is acquired. The cross section view of the clock generator is shown in Fig.4.4. The
on-chip solar cell system is the only supply of the clock generator and the NMOS is isolated to
avoid the parasitic BJT causing the leakage current which result in the clock generator out of
function. In order to generate the quadrature phase signal, a D flip-flop frequency divider
shown in Fig. 4.4 is chosen to provide two synchronous signals with the half and quarter clock
frequency. Two frequency dividers are required in this design because the clock signal from

the clock generator is not in a square waveform. A clear square waveform with relatively short
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rise time and fall time is required for the combinational logic circuit. Therefore we use two
frequency dividers to provide two synchronous square-wave signals with the half and quarter
clock frequency. We choose the conventional static cross-coupled NAND structure to
implement the D flip flop of the frequency divider as shown in Fig. 4.5. The operating
frequency of the frequency divider is about 1KHz to 10KHz which is much lower than the
radio-frequency application. Therefore the modern dynamic D flip flop design which will
result in charge leakage problem is not suitable for this work. The static design can operate in
low voltage supply and also has lower power consumption. In the last stage, the combinational
logic circuits consisted of NAND and INV gates synthesizes the final quadrature control
signals. The logic gates mention above are powered individually by on-chip solar cell which
each gate has six solar cells as the power supply. The schematic of the combinational logic
circuit is shown in Fig. 4.6. The circuit schematic of the NAND gates and INV gates are shown
in Fig. 4.7. The sizes of the MOSFETs in each block are shown in table III.

In the design of the retinal chip with on-chip solar cell supply, the total power generated
by the solar cell is in proportion to the area of the solar cell. Therefore some layout area on the
retinal chip is occupied by the power control unit. In other words, the power generated by solar
cell in this work will smaller than conventional design because some layout area is occupied by
control unit. The power saved by: divisional power supply system is much higher than the
power generated by the solar cell-with same arca of power control unit. The simulation results

also show the output simulating current is about 3 times of the conventional one.
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TABLE III. sizes of the MOSFETsSs of each block

clock generator D flip-flop combinational logic
NMOS (um) PMOS/NMOS (um /um) PMOS/NMOS (um /um)
Ml 100/1 N1 P: 1/0.5 NAND gates P: 1/0.5
M2 100/1 N: 1/0.5 N: 1/0.5
M3 100/1 N2 P: 1/0.5 INV gates P: 1/0.5
M4 100/1 N: 1/0.5 N:0.5/0.35
M5 100/1 N3 P: 1/0.5
M6 100/1 N: 1/0.5
M7 100/1 N4 P: 1/0.5
M8 100/1 N: 1/0.5
M9 100/1 N5 P: 1/0.5
M10 100/1 N: 1/0.5
Ml11 100/1 I P: 1/0.5
M12 100/1 N: 0.5/0.35
M13 100/1 12 P:,0.8/1.6
N: 0.4/1.6
I3 P: 0.8/1.6
N: 0.44.6
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4.2 IMPLANTABLE RETINAL CHIP

The architecture of the chip is shown in Fig. 4.1. The power control unit generates
quadrature phase pulse signals to activate the four blocks in the pixel array in turn. The whole
chip is only power supplied by on chip solar cells to prevent the external wiring from hurting
the eye ball. The quadrature signals mentioned previously control the activation of the blocks
in the pixel array as shown in lower box of Fig. 4.1. According to the report of the artificial
retina prostheses [2], we chose 16 pixels resolution in this chip. There are 16 pixels in the array
which is divided into four blocks, and thus each block contains four pixels. The pixel circuitry
is shown in Fig. 4.8. Diodes D2, which have 306 solar cells (photodiodes) in parallel
connection, as the solar cell are the power supply of a single pixel. All the solar cells in the
pixel array are connected in parallel to provide the global power supply to the whole array.
Photodiodes D1, which have 6 photodiodes in parallel connection, are the photo-sensor for
each pixel whose photocurrent is amplified 200 times through current mirror for stimulating
output. In order to provide large output stimulating current, we roughly estimate that each pixel
should has at least 300 solar cells to produce at least 500nA output stimulating current under
1200lux illumination. In the prototypical design of the pixel circuit, there has only one
photo-sensing diode. But that will indueeranother problem that the one stage current mirror,
which is shown in Fig. 4.8 as M1 and M2, can’t.afford more than 1000 times amplification and
the mirror ratio will has mismatch. Therefore:the amount of the photo-sensor photodiode D1 is
chosen as 6 to keep the amplification ratio of current mirror in 200. The amount of diodes in
D2 is chosen as 306 because thete will'berquiescent current in 6 diodes of D1 under the light
illumination. 306 solar cells in D2*can ensure the photo-current induced by D1 be amplified
200 times. The output stimulating current is controlled by the M3 with the control signal from
power control unit. The amplified current will be sent out for stimulating the retina tissue via
the in-pixel electrode if the block is activated. When one block is activated, four pixels in this
block receive the power from the parallel solar cells of all the blocks while the pixels in the
other blocks consume almost no power because their output paths are cut off. Therefore, the
output stimulating current will be approximately three times of the conventional MPA design.

In this work, about five thousand solar cells are connected parallel as the on-chip solar
cell power supply. Four blocks are activated in turn that power wasted in refractory period is
saved to be added to another blocks for more effective stimulation. The simulation results also

show the power efficiency is elevated by the divisional power supply system.
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Figure 4.8. The schematic of pixel circuit and array connection. The output electrode is
controlled by the NMOS switch with the control signal from power control unit.

4.3 SIMULATION RESULTS AND LAYOUT DESCRIPTION

4.3.1 Simulation results

The simulation model of each photodiode in the circuit is established based on the
measurement results shown in the previous section. The simulation model is shown in Fig. 4.9.
E1 is the voltage-control voltage source and F1 is the current-control current source, which
present two kinds of characteristic of the photodiode: current source and passive component.
The photodiode will operate in 4th quadrant of I-V characteristic curve as a solar cell power
supply while illumination, and operate in 3™ quadrant as a photo-sensor. The magnitude of the
photocurrent Iph in the model is chosen according to the measurement results of the testkey.

The photocurrent is assumed to be proportional to the area of the diode. All simulation
results are based on device models of 0.18um CMOS technology. We simulate two different
ambient illuminations of 2.04mW/cm® light intensity and 3.6mW/cm® light intensity.
Photocurrent of DI and D2 in Fig. 3 are 0.5nA and InA per each photodiode under two
different ambient illuminations. The transient simulation results of the ring oscillator, two
synchronous square-wave signals with the half and quarter clock frequency and control signals
under different ambient illumination are shown in Fig. 4.10, 4.11, 4.12 and 4.14. The
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simulation results of the output stimulating current are shown in Fig. 4.14 and 4.15. The time
interval between neighboring activation is less than 3ms and output stimulating current is about
580nA, 1uA per pixel. As shown in the figure above, the stimulating frequency is varying with
the light strength of illumination because the oscillating frequency of ring oscillator in clock
generator is controlled by the photocurrent which is almost in proportion of the strength of
illumination. Under the high intensity illumination, the time interval between neighboring
activation will much less than refractory period. Therefore the stimulation is the waste of the
power during the refractory period, but this retinal chip still save some waste power
consumption and enhances the power efficiency in comparison with the conventional retinal
chip. The whole chip power consumption is 1.1uW including 0.1puW from the control unit
under 2.04mW/cm” illumination light intensity and 1.6pW including 0.2uW from the control
unit under 3.6mW/cm’ illumination light intensity. The estimated output power of the
conventional MPA design with the same area as the proposed chip including pixel array and
control unit is 1.2uW which can produce 190nA output current per pixel under 2.04mW/cm®
illumination light intensity. The total power is slightly greater than this work is due to some
layout area is used to realize the power control unit and pixel circuit in this work. The output
stimulating current is in proportion to the photodiode area in each pixel which has same area as

this work. Therefore, a three time qutput stimulating'current is achieved in the proposed chip.
4.3.2 Layout description
The layout of the whole chip'is shown'in Eig. 4.16. The layout methodology of the solar

cell is a key issue of this retinal chip design as'shown in previous section. In order to keep the
p-substrate floating, all the NMOS in-this retinal‘chip is located in the deep N-well. With the
twin-well technology, the P-pick up (body) of the NMOS can connect to the P-well within the
deep N-well as shown in top block of Fig.2.12. The floating p-substrate can ensure the
performance of the solar cell and preventing the current leakage by the parasitic lateral BJT. In
addition to the leakage problem, there is a silicide layer procedure, which will result in serious
photoelectric effect problem of the retinal chip, in the tsmc¢ CMOS 0.18um technology. A
silicide is a compound that has silicon with more electropositive elements, such as titanium
silicide (TiSiz). The problem is that the light penetrability of the silicide is very low. Therefore
the Incident light of both the solar cells and photodiodes is insufficient to provide the supply
power and photocurrent. The silicide blocking procedure is required to prevent the light
penetrability problem in this retinal chip. the layout of individual solar cell and photodiode is
alnoe with the RPO layer (SAB layer in umc technology) to block the silicide on the diffusion
region and avoid the efficiency loss in the photoelectric effect.

There are three main blocks in proposed retinal chip. First, the power control unit, which
can produce the quadrature control signals for the retinal chip, is shown in Fig. 4.17. The
power control unit’s layout dimension is 600um x 120um which almost equal to the area of

three pixels. Each logic component in both D flip-flop and combinational logic circuit is
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powered by six solar cells individually. Therefore the power consumption of each logic
component won’t interfere with each other. Second, the pixel array with four by four
resolutions, which mimic the photo-receptor cell of the retina, can generate the stimulus for
retina according to the incident light strength as show in Fig. 4.18. The layout dimension is
700pum x 700pum and each pixel’s size is 170um x 170um. There are 306 solar cells and 6
photodiodes in a pixel. The layout methodology of the NMOS in the pixel is as shown in top
block of Fig.2.12. The output electrodes are shown as the top block of Fig. 4.16. Third, the
testkey which contain testkey of the power control unit, solar with different layout
configurations, is shown in Fig. 4.19. There are several characteristics need to be confirmed
through theses testkey. For instance, the phototransduction efficiency of solar cell with
different layout configuration is one most concerned issue of the solar cell design in CMOS
technology which is mentioned in Chapter 2. We need to measure the performance of each
part’s functionality of the power control unit. Therefore we also design a testkey, which is
identical to the power control unit in retinal chip, for the measurement usage that we can obtain
the detail information of the power control unit. The retinal chip specification is shown in table
IV.

E1:V=Vs Fl:l=1p
—0 L 4 O
2__ output + & * output +
7 el b
output -  Simulation model E1 F1 Iph output -
I _ L _O

Figure 4.9. the simulation model of each solar cell.
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Figure 4.16. The layout of the retinal ¢hip With control circuit and other testkey. The layout
dimension is 1400pum x 1000um.

Figure 4.17. The layout of the power control unin. The layout dimension is 600pm x 120um

which almost equal to the area of three pixels.
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Figure 4.18. The layout of the pixel array. The layout dimension is 700pm x 700pum and each

pixel’s size is 170um x 170um. The outputelectrodes-are shown as the top block of Fig. 4.16.

Figure 4.19. The layout of the testkey. Including testkey of power control unit and testkey of

solar cells with different layout configuration.
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TABLE IV. the specification of the retinal chip

SPECIFICATION
Power supply No external power supply
Pixel number 4 x4 cells
Chip dimension 1.4x1.5mm’
Exposured electrode size 50x 50 g m® (within the pixel)
Pixel area 150 ymx150 ym
Output stimulating current 900nA (3.60 mW/cm?)
1.75uA (5.06 mW/cm?)

4.4 MEASUREMENT RESULTS

Fig.4.20 and 4.21 show the measurement environment of the retina chip. We use the
probe station and HP 4156B (parametér meter) to' get the I — V curve of the solar cell to ensure
the function of the solar cell supply system which has been described in chapter 2. The
oscilloscope (TDS 3054) is used to observe the‘output waveform which is buffered through the
unit gain buffer composed of OpAmp with'negative feedback.

Fig.4.22 shows the measurement. results-of. the clock generator under varying light
intensities. Fig. 4.23 shows the post-layout-simulation result of the clock generator with and
without output loading (4pF capacitor and 1T(2 resistor) with 1nA photocurrent. Fig. 4.24
shows the comparison between the simulation result and measurement result and the function
of the clock generator is verified in this work.

Fig. 4.25 shows the measurement result of the output waveform of power control unit.
The output waveform of the power control unit is not as what we expected and the outputs of
the pixel array also not provide the divisional output stimulating current due to the fail control
signals.
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Tektronic TDS 3054

Figure 4.20. the measurement environment of the retinal chip. The right box is the probe

station with four recording channel. 410002,

to oscilloscope

pulse generator

Figure 4.21. the measurement environment of the retinal chip. The top block is the schematic

of the external unit gain buffer.
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Figure 4.25. the measurement result of the output waveform of power control unit. The output
waveform of the power control unit is not as what we expected due to the negligence of the Vt
variation in the subthreshold logic design. Therefore the output current of the pixel array also

not function properly.
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4.5 DISCUSSION

Though the clock generator is designed and verified with only on-chip solar cell supply,
there is still a big problem within this clock generator structure: the clock frequency is in
proportional to the light intensity. This characteristic will result in the stimulating frequency of
the retinal chip is uncertain while the chip is activated to stimulate the retina. As we can see in
the Fig. 4.22, the clock frequency varies from 800Hz to 2.5KHz while the light intensity is
varying from ImW/cm2 to SmW/cm2 which means the stimulating frequency is about 250Hz
to 600Hz. With the extrapolation of the measurement data, the 60Hz stimulating frequency will
be approximately related to the irradiation intensity of 0.5mW/cm?®. According to the theory of
the persistence of vision, the stimulating frequency should greater than 60Hz. As a result, the
clock generator which can be used in this experiment should be irradiated with the light
which’s intensity is greater than 0.5mW.

The Vt, width and length variations have a great effect to the VTC (voltage transfer curve)
of the logic gate in the subthreshold logic design and therefore we suspect that the Vt, width
and length variations are the major problems to the power control unit. Then we put the
proposed circuit under the Monte Carlo simulation, with 5% Vt variation and compare it with
the measurement result as shown in Fig. 4.26. The VFC of the inverter which powered only by
on-chip solar cell in the Monte Carlo simulation with: 5% Vt variation is shown in Fig.4.27.
The VTC has a large varying range due to-the Vit variation which result in the wrong function
between each logic gates. Furthermore, the output ‘waveform at each stage in Monte Carlo
simulation is shown in Fig. 4.28. We. can sure that the problem which result in the power
control unit function fail is the Vt variation issue.

The problem of the Vt variation in the subthreshold logic design is one of most popular
research issue in the modern EECS. The specification of the performance in this work is
relatively low compared with other subthreshold logic design. Therefore, the solution to this
problem is seemed to be relatively simple. The Ip in the subthreshold region can be describing
as:

Ves Vs

VI\_/-It-e " oo(l-e V)

ID

,which the I; — Dynpo which depends on process parameters (e.g., 20nA) and the deviation of

Vt variation is:

, which fy; is a constant describing the influence of the area and periphery fluctuation. [51]
Therefore, we carry on following two methods to improve the Vt variation in this modification
design. 1. Improve the immunity to Vt variation (mismatch) through increasing the width and

length of each logic which is almost minimum size in the previous design. 2. Reorganize the
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layout floor plan to put all MOS which belonged to related logic gates together which can
avoid the large Vt variation on the VTC form gate to gate. The size of each MOS in the
modified design is shown in table V. Fig. 4.29 shows the VTC of the modified inverter which
powered only by on-chip solar cell in the Monte Carlo simulation with 5% Vt variation and Fig.
4.30 shows the output waveform at each stage in Monte Carlo simulation with 5% Vt variation.
The Monte Carlo simulation results of the pixel array outputs are shown in Fig. 4.31 which we
can see that the mismatch problem is greatly reduced compared with Fig. 4.26.

The modified chip layout view is shown in Fig. 4.32 and the layout and schematic of the
testkey of power control unit which is for measurement usage is shown in Fig. 4.33. The
output of the power control unit testkey is buffered by two on-chip inverter buffers which are
supplied by external power supply. The post-layout simulations of the modified retina chip
with 3.6mW/cm?” and 5.06mW/cm® illumination (1nA and 2nA photocurrent) are shown in Fig.
4.34 and 4.35 and the output waveform of the power control unit testkey is shown in Fig. 4.36.
The time interval between neighboring activation is less than 3ms and output stimulating
current is about 844nA, 1.72uA per pixel. Also the temperature variation simulation of the
retinal chip is shown in Fig. 4.37. The figure shows that the divisional output stimulating
current still function properly underswarying surrounding temperature and the output
stimulating current only has a slightly phase shift and frequency variation. The specification of

modified retinal chip is shown in table VI.

-62 -



Wave Symbal a2n
0:trd:l lr1'><
0:troid(ra (3
ortrosd (3 i—-
o:troid(ra[F-—

o oo oo
3w a1 a1
Boa oo
58888

7on
63n

o oo
& oo
E)

62n
(143

w o
@ oo
a8

s4n
52n

Currenta (lin
R N )
Gm oA Dom oo
HREBAAARAA

34n
32n

bW
@ oo
a8

26n
24n

HE B e R
Boem ook
EECRER-IEI

10n

& oD
oH B OH H

]

L B e e e e B L R e e e e e e e B e e LA B B e B e e e e e LI B S B e e e e |
0 2m 4m &m am 1om 12m lam 16m 18m Z0m
Time (lin} (TIME}

(A)
Tekgiy |

=
- =
R =
o

L s
S L A ooy 166.7kHz

I oomv-- - EEREE EERECE C-N2:006ms A& - CH1- 7=98 0mv.

0.00000s ; :

(B)
Figure 4.26.. Monte Carlo simulation with 5% Vt variation and compare it with the
measurement result. (A) Simulation results with 5% Vt variation and 6K ) output loading. (B)

measurement results with 6 KQ output loading under 3.6mW/cm? light intensity.

-63 -



Vin 0— :I—o Vout (X X
6 solar cells

in parallel

Vout

e r ........ et .,\ ........ e e e .. Vin

Figure 4.27. The VTC (voltage transfer curve) of the inverter which powered only by on-chip

solar cell in the Monte Carlo simulation with:5% V't variation.
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Figure 4.29. the VTC of the modified inverter which powered only by on-chip solar cell in the
Monte Carlo simulation with 5% Vt variation..
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Output loading: R = 6KQ , C =20pF

Photocurrent = 1 nA (Monte Carlo)
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TABLE V. sizes of the MOSFETs of each block in modified desgin

clock generator D flip-flop combinational logic

NMOS (um) PMOS/NMOS (um /um) PMOS/NMOS (um /um)

Ml 100/1 N1 P: 10/5 NAND gates P: 10/5

M2 100/1 N: 10/5 N: 10/5

M3 100/1 N2 P: 10/5 INV gates P: 10/5

M4 100/1 N: 10/5 N: 10/5
M5 100/1 N3 P: 10/5
M6 100/1 N: 10/5
M7 100/1 N4 P: 10/5
M8 100/1 N: 10/5
M9 100/1 N5 P: 10/5
M10 100/1 N: 10/5
Ml11 100/1 I P: 10/5
M12 100/1 N: 10/5
MI3 100/1 Ly lEep. 10/5
. y ele '",N;.IO./S
= =100 g
o N: 10/5

TABLE VI. the specification of the retinal chip

Power supply No external power supply
Pixel number 4 x4 cells
Chip dimension 1.3x1.2mm?

Exposured electrode size

50x 50 g m® (within the pixel)

Pixel area

150 ymx 150 gm

Output stimulating current

844nA (3.60 mW/cm?)
1.72uA (5.06 mW/cm?)
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4.6 SUMMARY

The clock generator in this work is only supplied by on-chip power supply but the
oscillation frequency is in proportion with the illumination light intensity. This property can be
applied to the optical communication as a modulator/de-modulator. The clock generator can
not only function as a clock but also a pulse stimulation generator which can also apply to
sub-retinal prosthesis as a stimulus source, which other work need a lot efforts to transmit a
pulse signal to the retinal chip.[2]

The Vt variation is one of key issues which greatly influence the feasibility and stability
of the circuit design, especially in subthreshold circuit design. In the design of the clock
generator, power control unit and pixel circuit, the limited on-chip power supply system has
greatly limited the circuit design feasibility and all the MOSFET on the chip is operated in the
subthreshold region (weak inversion region) which result in the wrong output function of the
power control unit. Therefore we should carry on a wider range Monte Carlo simulation in
our future design, such as 10% mismatch in subthreshold region, to ensure the functionality.
In all, the output stimulating current+0f the modified retinal chip is about 844nA, 1.72uA per
pixel which is almost three times:larger than conventional design [44]. The summary table is
shown in table VII.

TABLE VII. the summary of the retinal chip

Clock generator Implantable retinal chip
Power supply Solar cell supply Solar cell supply
e G o 3.60mW/cm2 5.2nW 2.04uW
two different light intensity)| 5.06mW/cm2 10.5nW 4. 1uaW
Output 3.60mW/cm2 Clock 1.632KHz Output 0.844uA
two different light intensity)| 5.06mW/em2 frequency 2 442KHz current 1. 724uA
Compared with conventional design Ultra low-power design Three times output
Required no external power. [stimulating current.
Application Silicon retinal chip. Sub-retinal prosthesis.
Optical communication.
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CHAPTER 5 Conclusions and Future Work

5.1 CONCLUSIONS

In this thesis, a retinal chip has been designed, analyzed, and fabricated to improve the
power efficiency of the sub-retinal prostheses. The preliminary in vitro experiment of the
silicon retina chip which composed of micro photodiode array has been designed and put to
practice. In this early in vitro experiment, we can sure that the retinal chip can send the
stimulation signal to the retina during the IR illumination and we can use the IR with lower
output power to verify the retinal response form light and electric stimulation in further
experiment. The feasibility of on-chip solar cell supply system which integrated with circuit
system in CMOS technology has been verified in the work. An ultra-low power clock
generator is also designed and verified in this work. A three times output stimulating current is
achieved by taking advantage of the bio-inspired divisional power supply architecture. The
stimulating output current is approximately 844nA under the illumination of 3.6mW/cm® light
intensity and 1.72pA under the illumination of 5.06mW/cm? light intensity. The retinal chip
fabricated with a standard 0.18um tsmc CMOS process demonstrate good mimic of electrical
behavior of human retina with lowspower consumption. Because of its characteristic, the
proposed power management system could be:considered as one of the highly integrated

solutions for the sub-retinal implantichips.

5.2 FUTURE WORK

The next steps of the retinal chip research are to fabricate and verify the modified retinal
chip via electrical experiments, in vitro and in vivo experiments. Though, the power control
system can provide a solution to the problem which the solar cell area occupied large area that
reduces the resolution of the artificial retina. The area of solar cell as supply is still to large
compared to the photo-sensing photodiode area. Solar cells with higher efficiency are required
while the SOI technology and GeAs technology might be applied to future retinal chip.
Further more, the layout floor plan of the power control unit could be reorganized to surround
the retinal pixel array which can prevent the power control unit from failure while the light is
focus on the pixel array and there is no light irradiation on the power control unit.

This silicon retina can be used as optical signal receiver and retina stimulator while
working with the external optical device which can capture the real-world image and project
the processed light signals to the implanted silicon retina. The power control unit can only
divide the power into four blocks in this work which can approximately increase three times
output stimulating current but the next generation power control unit might divide the power
into 16 or 64 blocks by elevating the clock frequency and more frequency dividers to increase

the output stimulating current dramatically.
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