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MULTI-PHASIC MICROPHOTODETECTOR 
RETINAL IMPLANT WITH VARIABLE VOLTAGE 
AND CURRENT CAPABILITY AND APPARATUS 

FOR INSERTION 

FIELD OF THE INVENTION 

[0001] The present invention relates to medical products 
that are implanted into the eye that can restore a degree of 
vision to persons With vision loss caused by certain retinal 
diseases. 

BACKGROUND 

[0002] A variety of retinal diseases cause vision loss by 
destruction of the outer retinal vasculature and certain outer 
and inner retinal layers of the eye. The inner retina is also 
knoWn as the neuroretina. The outer retinal vasculature is 
comprised of the choroid and choriocapillaris, and the outer 
retinal layers are comprised of Bruch’s membrane and 
retinal pigment epithelium. The outer portion of the inner 
retinal layer that is affected is the photoreceptor layer. 
Variable sparing of other inner retinal layers, hoWever, may 
occur. These spared inner retinal layers include the layers of 
the outer nuclei, outer plexiform, inner nuclei, inner plexi 
form, amacrine cells, ganglion cells, and the nerve ?bers. 
The sparing of these inner retinal layers alloWs electrical 
stimulation of one or more of these structures to produce 
sensations of formed images. 

[0003] Prior efforts to produce vision by electrically 
stimulating various portions of the retina have been 
reported. One such attempt involved a disk-like device With 
retinal stimulating electrodes on one side and photosensors 
on the other side. The photosensor current Was to be 
ampli?ed by electronics (poWered by an external source) 
Within the disk to poWer the stimulating electrodes. The 
device Was designed to electrically stimulate the retina’s 
nerve ?ber layer via contact upon this layer from the vitreous 
cavity. The success of this device is unlikely because it must 
duplicate the complex frequency modulated neural signals 
of a nerve ?ber layer Which runs in a general radial course 
With overlapping ?bers from different portions of the retina. 
Accordingly, the device Would not only have to duplicate a 
complex and yet to be deciphered neural signal, but Would 
also have to be able to select appropriate nerve ?bers to 
stimulate that are arranged in a non-retinotopically correct 
position relative of the incident light image. 

[0004] Another attempt at using an implant to correct 
vision loss involves a device consisting of a supporting base 
onto Which a photosensitive material, such as selenium, is 
coated. This device Was designed to be inserted through an 
external sclera incision made at the posterior pole and Would 
rest betWeen the sclera and choroid, or betWeen the choroid 
and retina. Light Would cause an electric potential to develop 
on the photosensitive surface producing ions that Would then 
theoretically migrate into the retina causing stimulation. 
HoWever, because this device has no discrete surface struc 
ture to restrict the directional How of the charges, lateral 
migration and diffusion of charges Would occur thereby 
preventing an acceptable image resolution capability. Place 
ment of the device betWeen the sclera and choroid Would 
also result in blockage of discrete ion migration to the 
photoreceptor and inner retinal layers. This is due to the 
presence of the choroid, choriocapillaris, Bruch’s membrane 
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and the retinal pigment epithelium layer, all of Which Would 
block passage of these ions. Placement of the device 
betWeen the choroid and retina Would still interpose Bruch’s 
membrane and the retinal pigment epithelium layer in the 
pathWay of discrete ion migration. As the device Would be 
inserted into or through the highly vascular choroid of the 
posterior pole, subchoroidal, intraretinal and intraorbital 
hemorrhage Would likely result along With disruption of 
blood How to the posterior pole. 

[0005] Another retinal stimulating device, a photovoltaic 
arti?cial retina device, is disclosed in Us. Pat. No. 5,024, 
223. This patent discloses a device inserted into the potential 
space Within the retina itself. This space, called the subreti 
nal space is located betWeen the outer and inner layers of the 
retina. The disclosed arti?cial retina device is comprised of 
a plurality of so-called surface electrode microphotodiodes 
(“SEMCPs”) deposited on a single silicon crystal substrate. 
SEMCPs transduce light into small electric currents that 
stimulate overlying and surrounding inner retinal cells. Due 
to the solid substrate nature of the SEMCPs, blockage of 
nutrients from the choroid to the inner retina can occur. Even 
With fenestrations of various geometries, permeation of 
oxygen and biological substances is not optimal. 

[0006] US. Pat. No. 5,397,350 discloses another photo 
voltaic arti?cial retina device. This device is comprised of a 
plurality of so-called independent surface electrode micro 
photodiodes (ISEMCPs) disposed Within a liquid vehicle, 
for placement into the subretinal space of the eye. The open 
spaces betWeen adjacent ISEMCPs alloW nutrients and 
oxygen to How from the outer retina into the inner retina. 
ISEMCPs incorporate a capacitive layer to produce an 
opposite direction electrical potential to alloW biphasic 
current stimulation. Such current is bene?cial to prevent 
electrolysis damage to the retina due to prolonged monopha 
sic stimulation. HoWever, like the SEMCP device, the 
ISEMCP depends upon light from the visual environment to 
poWer it, and so the ability of this device to function in loW 
light environments is limited. The ISEMCP also does not 
provide a Way to address localiZed variations in the sensi 
tivity to electrical stimulation of surviving retinal tissue. 
Accordingly, there is a need for retinal implants that can 
operate effectively in loW light environments and are 
capable of compensating for variations of retinal sensitivity 
Within an eye. 

BRIEF SUMMARY 

[0007] In order to address the above needs, a retinal 
implant for electrically inducing formed vision in an eye, a 
so-called Variable Gain Multiphasic Microphotodiode Reti 
nal Implant (VGMMRI) is disclosed capable of producing 
positive or negative polarity stimulation voltages and current 
both of greater amplitude in loW light environments than the 
previous art. The increased voltage and current Will be called 
ga1n. 

[0008] According to one aspect of the invention, the 
retinal implant (also referred to herein as a VGMMRI) 
includes multiple microphotodetector pairs arranged in col 
umns on the surface of a silicon chip substrate. Each 
microphotodetector pair in each column has a ?rst micro 
photodetector and a second microphotodetector having 
opposite orientations to incident light so that a P-portion of 
the ?rst PiN microphotodetector and a N-portion of the 
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second NiP microphotodetector are aligned on a ?rst-end on 
the surface of a column so that they are facing incident light. 
Similarly, the N-portion of the ?rst PiN microphotodetector 
and a P-portion of the second NiP microphotodetector are 
aligned on a second-end that is opposite the ?rst-end and 
directed toWards the substrate. The microphotodetector pairs 
of each column are also arranged so that the P-portions and 
N-portions of both ends of all the microphotodetector pairs 
line up along the long axis of the column. A common retina 
stimulation electrode connects the ?rst-end P- and N-por 
tions of each microphotodetector pair. On the second-end, 
each column of microphotodetector pairs has a ?rst contact 
strip in electrical contact With the second-end N-portions of 
all microphotodetectors in each column, and a second con 
tact strip that is in electrical contact With the second-end 
P-portions of all microphotodetectors in the column. This 
same arrangement is repeated for all columns of micropho 
todetector pairs on the device. Thus, each column of micro 
photodetector pairs has tWo independent common contact 
strips on the second-end extending the length of the column 
and beyond to the ends of tWo underlying strip-shaped 
photodiodes, one connecting all the second-end N-portions 
of all the overlying PiN microphotodetector pairs in the 
column, and the other connecting all the second-end P-por 
tions of all the overlying NiP microphotodetector pairs in the 
column. 

[0009] Beneath the column, the second-end N-portion 
common contact strip of the column is in electrical contact 
With the P-portion of a ?rst underlying strip-shaped PiN 
photodetector, that extends the length of the column and then 
beyond at the ends of the column. The purpose of this ?rst 
underlying strip-shaped PiN photodetector is to provide 
increased voltage and/or current to the PiN microphotode 
tectors in the overlying column via the second-end N-por 
tion common contact strip. Similarly, the second-end P-por 
tion common contact strip is in electrical contact With the 
N-portion of a second underlying strip-shaped NiP photo 
detector that extends the length of the column and then 
beyond at the ends of the column. The purpose of this second 
strip-shaped NiP photodetector is to provide increased volt 
age and/or current to the microphotodetectors in the over 
lying column via the second-end P-portion common contact 
strip. 

[0010] In one embodiment, three types of light ?lters, each 
passing a different Wavelength portion of visible through 
infrared light, are deposited, one each, on the ?rst-end P 
portion of the PiN microphotodetectors, the ?rst-end N 
portion of the NiP microphotodetectors, and the P and N 
portions of the light exposed ends of the ?rst strip-shaped 
underlying PiN photodetector and the light exposed ends of 
the second strip-shaped underlying NiP photodetector. 

[0011] According to a second aspect of the present inven 
tion, a method of adjusting the stimulation voltage ampli 
tude and polarity, and/or current of a retinal implant posi 
tioned inside the eye is disclosed. The method includes the 
steps of providing a light poWered retinal implant, the 
VGMMRI, having an electrical output that can be adjusted 
in voltage polarity, voltage, and current amplitude by vary 
ing the intensity of three different Wavelength portions of 
visible and infrared illuminating light directed onto the 
retinal implant. The three different Wavelengths are provided 
from incident light and from a headset device for projecting 
different Wavelengths into the eye. The headset device is a 
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modi?ed Adaptive Imaging Retinal Stimulation System 
(AIRES) as described in US. Pat. No. 5,895,415, incorpo 
rated herein by reference, and modi?ed to produce images 
and background illumination in three different Wavelengths 
of visible and infrared light. 

[0012] According to a third aspect of the present inven 
tion, a retinal implant is disclosed that is fabricated as 
separated individual VGMMRI microtile-like pixels each 
possessing at least one microphotodetector pair and one pair 
of underlying strip photodetectors, such that the microtile 
like pixels are held in a mesh-like lattice. The open spaces 
betWeen the pixels Within the lattice alloW nutrients and 
oxygen to permeate betWeen the outer and inner retinal 
layers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a simpli?ed cross-sectional side vieW of 
an eye containing a VGMMRI retinal implant in the sub 
retinal space; 

[0014] FIG. 2 is an enlarged exploded perspective sec 
tional vieW of a portion of the retina illustrating a perspec 
tive sectional vieW of an embodiment of the VGMMRI in its 
preferred location in the subretinal space; 

[0015] FIG. 3 is an incident-light-facing plan vieW of a 
VGMMRI according to a preferred embodiment of the 
present invention; 

[0016] FIG. 4 is a portion of a perspective, stepped 
sectional-vieW of the VGMMRI taken through sections A-A, 
and B-B of FIG. 3; 

[0017] FIG. 4A is a plan vieW of another preferred 
embodiment of the VGMMRI Wherein each microphotode 
tector pair With its gain adjustment layer is embedded in a 
lattice-like mesh and separated in space from each adjacent 
microphotodetector pair and its respective gain adjustment 
layer; 
[0018] FIGS. 5A-5C illustrate the stages of fabrication for 
one preferred embodiment of the VGMMRI; 

[0019] FIG. 6 is a generaliZed schematic diagram of a 
modi?ed Adaptive Imaging Retinal Stimulation System 
(AIRES), capable of use With the VGMMRI of FIGS. 3, 4 
and 4A; 

[0020] FIGS. 7A-D shoW a modi?ed PTOS device suit 
able for use in the AIRES system of FIG. 6; 

[0021] FIG. 8 shoWs the components of an alternative 
embodiment of the AIRES system of FIG. 6; 

[0022] FIG. 9 is a perspective vieW of a retinal implant 
injector (RII) for use in implanting a retinal implant such as 
the VGMMRI of FIGS. 3, 4, 4A, and 5A-5C; 

[0023] FIG. 10 is a perspective vieW of a syringe retinal 
implant injector (SRI) assembly comprising the RII of FIG. 
9 With a retinal implant inside, an attached cannula, and an 
attached operator controlled ?uid ?lled syringe; and 

[0024] FIG. 11 is a perspective vieW of an alternative 
embodiment of the SRI of FIG. 10. 

DETAILED DESCRIPTION OF THE 
PRESENTLY PREFERRED EMBODIMENTS 

[0025] As described in further detail beloW, the present 
invention relates to a retinal implant that can vary its 
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stimulation voltage polarity and also produce higher stimu 
lation voltages and currents to the retina compared to retinal 
implants of the prior art. This higher and adjustable stimu 
lation voltage and current alloW for higher voltage and/or 
current stimulation thresholds that may be required to stimu 
late severely damaged retinal tissue. Although a preferred 
embodiment of the retinal implant disclosed beloW may be 
used on its oWn, Without the need for any special stimulation 
apparatus positioned outside of the eye, in another embodi 
ment the implant stimulation voltages and currents of the 
present invention are adaptable to the speci?c needs of a 
retina by the addition of regulated amounts of different 
Wavelengths of projected images and background illumina 
tion light provided by a headset device that projects the 
different Wavelengths into the eye. The use of this headset 
also alloWs the retinal implant to function in loW light 
conditions. 

[0026] As illustrated in FIG. 1, a retinal implant (also 
referred to herein as a variable gain multiphasic micropho 
todiode retinal implant or VGMMRI) 10 is positioned inside 
the eye 12, in the subretinal space 16, and is oriented to 
receive incident light 11 arriving through the cornea 13 and 
lens 14 of the eye 12. As used in this speci?cation, the term 
light refers to visible and/or infrared light. 

[0027] In FIG. 2, a high magni?cation perspective sec 
tional vieW shoWs the VGMMRI 10 placed in its preferred 
position in the subretinal space 16. The layers of the retina 
from inside the eye to the outside in their respective posi 
tions are: internal limiting membrane 18; nerve ?ber layer 
20; ganglion and amacrine cell layer 22; inner plexiform 24; 
inner nuclear layer 26; outer plexiform 28; outer nuclear 
layer 30; and photoreceptor layer rod and cone inner and 
outer segments 32, all of Which constitute the inner retina 34. 
It should be noted that the layers of the outer plexiform 28; 
outer nuclear layer 30; and photoreceptor layer rod and cone 
inner and outer segments 32 constitute the outer portion of 
the inner retina, but are sometimes referred to as just the 
“outer retina” in the art, although the meaning is clear to one 
skilled in the art as described in the above context. The 
VGMMRI 10 is disposed betWeen the inner retina 34 and the 
outer retina 40 comprised of the retinal pigment epithelium 
36 and Bruch’s membrane 38. External to the outer retina 40 
are the choriocapillaris 42 and choroid 44 Which together 
comprise the choroidal vasculature 80. External to the 
choroidal vasculature 80 is the sclera 48. 

[0028] Referring to FIGS. 3 and 4, a preferred embodi 
ment of a VGMMRI is shoWn. FIG. 3 is a incident-light 
facing plan vieW of the VGMMRI 10 shoWing a top layer 60 
of columns 61 of microphotodetector pairs 62, that are 
preferably microphotodiode pairs constructed from an amor 
phous silicon material and arranged on the surface of a 
underlying gain layer formed from a silicon chip substrate. 
The term microphotodetector, as used herein, is de?ned as 
any device capable of accepting light energy and converting 
it into an electrical signal, and/or changing resistance. 
Examples of such devices include microphotodiodes, solar 
cells, and photoresistors. Underlying each column 60 of 
microphotodetector pairs 62 is a ?rst strip-shaped PiN 
photodiode 66 that provides increased voltage and/or current 
gain to the ?rst column 63 of the amorphous PiN micro 
photodetectors of the microphotodetector pairs 62 and a 
second strip-shaped NiP photodiode 68 that provides 
increase voltage and/or current gain to the second column 64 

Jul. 25, 2002 

of the amorphous microphotodetectors pairs 62. Each amor 
phous PiN microphotodetector 63A and each amorphous 
NiP microphotodetector 64A of each microphotodetector 
pair 62 has a common retinal stimulating electrode 65. 

[0029] Beneath each microphotodetector column 60, the 
N-portion common contact strip 66A (FIG. 3) of the PiN 
microphotodetector column 63 is in electrical contact With 
the P-portion of a ?rst underlying strip-shaped PiN photo 
detector 66. Also, the common contact strip 66A extends the 
length of the column 60 and then beyond to the ends of the 
P-portion of the ?rst strip-shaped PiN photodiode 66. The 
purpose of this ?rst underlying strip-shaped PiN photode 
tector 66 is to provide increased voltage and/or current gain 
to the overlying PiN microphotodetectors 63A. 

[0030] Similarly, as best shoWn in FIG. 4, beneath the 
amorphous silicon microphotodetector column 60, the 
P-portion common contact strip 68A of the amorphous NiP 
microphotodetector column 64 (FIG. 3) is in electrical 
contact With the N-portion of the second underlying strip 
shaped NiP photodetector 68. Also the common contact strip 
68A extends the length of the column 60 and then beyond to 
the ends of the N-portion of the second strip-shaped NiP 
photodiode 68. The purpose of this second underlying 
strip-shaped NiP photodetector 68 is to provide increased 
voltage and/or current gain to the overlying amorphous NiP 
microphotodetectors 64A. 

[0031] Although the VGMMRI 10 is preferably formed in 
the shape of a disc, other shapes including, but not limited 
to, rectangles, rings, portion of rings, irregular shapes, and 
other shapes may be fabricated to address the shape of the 
damaged retina to be stimulated. Also, in another embodi 
ment of this invention shoWn in FIG. 4A, each VGMMRI 
pixel 62, each With its small section of underlying strip 
shaped gain photodiodes 66, 68, (FIG. 4) may be fabricated 
as an individual pixel, physically separated in space from 
another pixel 62, but then commonly embedded in a lattice 
like mesh 17 With other pixels 62. The purpose of this mesh 
structure is to alloW nourishment to How betWeen the inner 
and outer retina through the channels of the mesh. 

[0032] Referring again to FIG. 4, a stepped sectional vieW 
taken through a portion of the sections A-A and B-B of FIG. 
3 further illustrates a preferred embodiment of the VGM 
MRI 10. FIG. 4 best shoWs the upper microphotodetector 
pixel layer 60 for receiving incident light images 11, and the 
voltage and/or current gain adjustment layer 100. The micro 
photodetector pixel layer 60 of the VGMMRI 10 is stacked 
on top of the voltage/current gain adjustment photodiode 
layer 100 and the tWo layers 60, 100 are electrically con 
nected in series. Preferably, the microphotodetector pixels of 
the upper layer 60 are formed of an amorphous silicon 
material and the gain adjustment layer 100 is composed of 
photodetector strips formed of a crystalline silicon material. 
Additionally, the gain adjustment layer 100 preferably has a 
greater area than the area of the microphotodetector pixel 
layer 60 so that a portion of the gain adjustment layer 100 
extends out beyond the perimeter of the microphotodetector 
layer 60. In one preferred embodiment, the upper micro 
photodetector layer 60 covers approximately 80% of the 
gain adjustment layer 100 and is centered on the gain 
adjustment layer 100 such that the portion of the gain 
adjustment layer extending beyond the perimeter of the 
microphotodetector layer 60 is exposed to incident light. In 
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other embodiments, the gain adjustment layer 100 may also 
have the same area as microphotodetector layer 60; in this 
case, incident light 11 of a selected range of Wavelengths 
pass through microphotodetector layer 60 to reach the loWer 
gain adjustment layer 100. This result is achieved by taking 
advantage of the property of amorphous silicon to block 
certain Wavelengths of visible light and pass certain Wave 
lengths of infrared light. 

[0033] The microphotodetector piXel layer 60 is made up 
of individual piXels 62 preferably constructed of an amor 
phous PiN 63A and an amorphous NiP 64A microphotode 
tector oriented so that the N portion 80 of each NiP micro 
photodetector 64A is adjacent the P portion 76 of each PiN 
microphotodetector 63A, and the P portion 76A of each NiP 
microphotodetector 64A is adjacent the N portion 80A of 
each PiN microphotodetector 63A. An intrinsic layer 78 is 
betWeen the P portions and N portions of each micropho 
todetector 63A and 64A. The P portions 76, 76A, intrinsic 
layer 78, and N portions 80, 80A, of the microphotodetectors 
63A and 64A are all preferably fabricated from amorphous 
silicon (azSi), but may also be made from other photode 
tector materials Well knoWn to one skilled in the art. In 
another embodiment, the VGMMRI 10 may be fabricated by 
laminating tWo membranes of crystalline silicon (Silicon) 
microphotodetectors together to produce a similar structure 
to the preferred embodiment of this invention. This Would be 
analogous to a multilayer PC board sandWiched together like 
a piece of plyWood. The laminated membranes of crystalline 
silicon microphotodetectors Would require interlayer con 
nections and thin substrate 3-D silicon processing. 

[0034] Both azSi/Silicon and Silicon/Silicon devices have 
their oWn advantages. Amorphous silicon can be used to 
fabricate a very thin device. Also, amorphous silicon and has 
strong light absorbing capability in the visible range Which 
can add to the ef?ciency of photodetector devices made With 
this material. Crystalline silicon, hoWever, possesses more 
desirable electrical leakage qualities than amorphous silicon 
that may prove advantageous in higher operating voltage 
implementations of a microphotodetector. This latter fact, 
hoWever, is more of an issue With higher operating voltages 
than in self-biased operation. Alaminated crystalline silicon 
structure can also produce very smooth piXel structures. 

[0035] Referring again to FIG. 4, beginning With the point 
incident light 11 ?rst reaches the surface of the VGMMRI, 
the speci?c structure of one preferred embodiment Will be 
described. Layer 77 is a lattice-like light block fabricated 
from an opaque material, preferably a suitable thickness of 
platinum, that prevents cross-talk betWeen piXels 62 of 
microphotodetector pairs. Each piXel 62 has electrode met 
alliZation 65 that connects adjacent PiN 63A and NiP 64A 
microphotodetectors. The formed inner electrode 81 electri 
cally connects the P-side 76 of the PiN microphotodetector 
63A With the adjacent N-side 80 of the NiP microphotode 
tector 64A. All PiN microphotodetectors 63A Within the 
same column of piXels of FIG. 3, share a common loWer 
electrode strip 150. LikeWise all NiP photodetectors 64A 
Within the same column of piXels 64 of FIG. 3, share a 
common loWer electrode strip 83. 

[0036] Continuing With FIG. 4, the upper electrode 65 has 
a ?rst upper layer 86 of sputtered iridium/iridium oXide 
deposited on second upper layer 88 of platinum. The second 
upper layer 88 is deposited on a ?rst inner layer 170 of 
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platinum formed over a second inner layer 92 of titanium. 
The ?rst inner platinum layer 170 is very thin and is 
semitransparent to light. It is deposited over another very 
thin second inner layer of semitransparent titanium 92 that 
forms a silicon adhesion layer to prevent titanium oxidation 
and to ensure proper surface conductivity. The second upper 
layer of platinum 88 is thicker and serves as the buildup 
metal for the ?nal retinal stimulation electrode 65 completed 
by deposition of an iridium/iridium oXide layer 86 over the 
platinum layer 88. The formed inner electrodes 81 of micro 
photodetector pairs 62 are separated from each other by an 
insulating cap of silicon dioxide 82 having an opening for 
the retinal stimulation electrode 65. 

[0037] The semitransparent titanium second inner layer 92 
preferably contacts almost all of the surfaces of the adjacent 
P portion 76 and N portion 80 areas of the microphotode 
tectors 63A, 64A. It is noted that a metal contact surface is 
preferred that contacts as much of the active areas of each 
microphotodetector as possible to eXtract proper electrical 
current. This is because electron mobility can be limited in 
amorphous silicon and photon generated electrons in the 
depletion region may not travel far in the amorphous silicon 
material. 

[0038] The PiN microphotodetector 63A in each micro 
photodetector piXel 62 includes, preferably, a visible-light 
pass ?lter 74 designed to alloW a portion of visible light 
spectrum to pass through to eXcite the PiN-oriented micro 
photodetector 63A While blocking other Wavelengths, 
including infrared light. In other embodiments, a light pass 
?lter for other Wavelengths of visible or infrared light Would 
also be suitable. The NiP microphotodetector 64A of each 
microphotodetector piXel 62 includes preferably an infrared 
light pass ?lter (IR-A) 75 to permit a portion of the infrared 
light spectrum to pass through to eXcite the NiP oriented 
microphotodetector 64A While blocking visible light. A 
suitable material for the IR-A pass ?lter 75 and the visible 
light pass ?lter 74 is an interference type ?lter material, 
although other ?lter types, Well knoWn to one skilled in the 
art, Would also be suitable. 

[0039] Although the embodiment of FIGS. 3 and 4 illus 
trate a microphotodetector piXel layer 60 With piXels 62 
made up of paired PiN 63A and NiP 64A microphotodetec 
tors having a particular structure, other types of multi-phasic 
microphotodetector retinal implant (MMRI) structures may 
be utiliZed. A detailed discussion of the various MMRI 
structures adaptable for use in the microphotodetector piXel 
layer 60 is presented in our US. application Ser. No. 
09/100,336, ?led Mar. 26, 1998 and our US. application Ser. 
No. 08/465,766 ?led Jun. 6, 1995. The entire disclosure of 
each of these applications is incorporated herein by refer 
ence. 

[0040] In the embodiment of FIGS. 3 and 4, the gain 
adjustment layer 100 has alternating columns of PiN 66 and 
NiP 68 voltage/current gain photodetector strips. Each PiN 
66 and NiP 68 photodetector strip is preferably a single 
crystalline photodetector that spans the cord of the VGM 
MRI 10 at its particular position. A portion of all PiN 
photodetector strips 66 is in electrical contact With the 
common platinum electrode strips 150 of the PiN columns 
of the amorphous microphotodetector piXel layer 60 via a 
titanium adhesion layer 160. LikeWise, a portion of all NiP 
photodetector strips 68 are in electrical contact With the 



US 2002/0099420 A1 

common platinum electrode strips 83 of the amorphous 
microphotodetector pixel layer 60 via a titanium adhesion 
layer 98. 

[0041] In the embodiment shoWn in FIG. 4, a crystalline 
silicon substrate 200, Which is an N properties substrate, is 
preferably the starting material of gain layer 100. The 
substrate 200 is fabricated on the top side (amorphous 
silicon side) With alternating P-doped (P+) strips 154 and 
N-doped (N+) strips 155. Similarly, the bottom side of gain 
layer 100 is processed With alternating N-doped (N+) strips 
152 and P-doped (P+) strips 153, Where N+ diffusion 152 is 
physically aligned With the P+ diffusion 154, and the P+ 
diffusion 153 is physically aligned With the N+ diffusion 
155. Adjacent photodiode strips of PiN 66 and NiP 68 
structures are isolated by N+ isolation channel 151 that 
penetrates the gain layer 100 from both sides, preferably 
merging in the middle of gain layer 100. Alternatively, 
trench isolation, Which is Well knoWn to one skilled in the 
art, can also be used to isolate the photodiode strips 66, 67. 
The columns 66, 68 are aligned in parallel, in an alternating 
pattern, With the common electrode strips 150, 83 of the 
amorphous silicon microphotodetector layer 60. Each PiN 
crystalline silicon photodetector strip 66 is lined up With a 
respective column of PiN amorphous silicon microphotode 
tector pixel elements 63A above the common electrode strip 
150, and each NiP crystalline silicon photodetector strip 68 
is lined up With a respective column of NiP amorphous 
silicon pixel elements 64A above the common electrode 
strip 83. This matching alignment creates a desired series 
electrical connection of amorphous silicon pixels 63A, 64A 
With their respective silicon strip photodetectors 66, 68 in 
the gain adjustment layer 100. 

[0042] The portions of the PiN and NiP strips 66, 68 
extending past the perimeter edge of the microphotodetec 
tors 62 are coated With an infrared-light pass ?lter (IR-B) 
106. The IR-B ?lter 106 is preferably designed to pass a 
different bandWidth of infrared light than the IR-A ?lter 75 
on the NiP microphotodetectors 64A of the amorphous 
silicon microphotodetector pixel layer 60. A bottom-side 
electrode 114, on the bottom side of the VGMMRI 10, 
preferably covers the entire bottom portion of the gain 
adjustment layer 100. The bottom-side electrode 114, Which 
is preferably made of an iridium/iridium oxide coating 118 
deposited over a titanium layer 116, extends over the entire 
bottom side of the VGMMRI 10 to alloW even current 
distribution across the “ground” plane of the VGMMRI 
device 10. The bottom-side titanium layer 116 directly 
contacts all the P+ layers 153 and N+ layers 152. It is noted 
that the upper and loWer electrodes 65, 114 of the VGMMRI 
10 preferably utiliZe a titanium layer 88, 116 to maintain 
proper adhesion and electrical continuity betWeen the silicon 
(amorphous or crystalline) and the sputtered iridium/iridium 
oxide layers 86, 118. 

[0043] In one preferred embodiment of this invention, the 
top amorphous silicon microphotodetector layer 60 is 
approximately 4000 angstroms in thickness. The N-amor 
phous silicon (N+ a-SizH) 80, 80A and P-amorphous silicon 
(P+ a-SizH) 76, 76A layers are approximately 150 angstroms 
thick, While the thicker intrinsic-amorphous silicon 
(undoped a-SizH) layer 78 in the middle is approximately 
3600 angstroms. The thickness for the gain adjustment layer 
100 is approximately 15 micrometer and the bottom 
side titanium layer 116 and iridium/iridium oxide layer 118 
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of the loWer electrode 114 adding approximately 150 ang 
stroms and 600 angstroms, respectively. One suitable siZe 
and con?guration for each amorphous microphotodetector 
pixel 62 is an 11 pm by 11 pm square. In this con?guration, 
each NiP 64A and PiN 63A segment is preferably 5.5 pm by 
11 pm. This siZe and shape of each microphotodetector pixel 
62 is preferable because the retinal stimulation electrode 
center-to-center spacing in the VGMMRI 10 then 
approaches the resolution pitch of the human retina. Because 
of the loWer ?ll factor in each pixel 62 as the geometries of 
the pixel becomes smaller, more light ?ux is necessary to 
maintain a given current ?ux. The VGMMRI 10, hoWever, 
can drive a current density more evenly through the retina by 
its ability to increase voltage and current gain for an entire 
area or for an individual pixel. The term ?ll factor refers to 
the area of each pixel “?lled” by incoming light. The ?ll 
factor is proportional to the total amount of photoactive 
surface relative to the amount of the photoactive surface 
blocked by the stimulating electrode and any other struc 
tures. 

[0044] The VGMMRI implant 10 may be used in an eye 
to treat an area of outer retina and/or limited inner retina 
dysfunction. The shape of the implant may be fabricated to 
resemble the shape of that area. Shapes such as a disk, an 
annular disk, a partial annular disk, or irregular shapes are 
useful and readily fabricated by one skilled in the art. 

[0045] As shoWn in the plan vieW of FIG. 4A, in another 
preferred embodiment, the VGMMRI device 10A is fabri 
cated as an array Whose pixel blocks 62A are preferably 
comprised of 1 to 9 microphotodetector sub-pixels 62, in 
1x1, 2x2 or 3x3 blocks, that are then plurally secured in an 
even pattern in a mesh-like lattice 17. The mesh-like lattice 
17 is preferably made of a ?exible biocompatible material 
such as silicon or Parylene. The embodiment of FIG. 4A 
shoWs 1><1 pixel blocks 62A. The openings 18 in the 
mesh-like lattice 17 alloW nourishment, nutrients, oxygen, 
carbon dioxide, and other biological compounds to pass 
readily betWeen the inner retina (neurosensory retina) and 
the outer retina (retinal pigment epithelium) and are bene? 
cial to the retina. This mesh-like lattice 17 design thus aids 
the biocompatibility of the VGMMRI device 10A. 

[0046] Wafer Processing of VGMMRI Devices 

[0047] With reference to FIGS. 5A, 5B, and 5C, a VGM 
MRI is preferably fabricated using silicon on insulator (SOI) 
Wafers Well knoWn in the art. The top side is processed ?rst, 
folloWed by a back etch of the support portion of the SOI 
Wafer. This etch Will automatically stop at the SOI oxide 
layer interface. Removal of this oxide layer Will reveal the 
bottom side of the silicon membrane ready for further 
processing. The suitable thickness of the silicon membrane 
is from approximately 2 to 50 microns. Standard ion implan 
tation and diffusion techniques are used to produce active 
regions on both sides of the silicon membrane. 

[0048] FIG. 5A shoWs a portion of the silicon membrane 
200 that is to be processed into tWo VGMMRI pixels With 
P+ active regions 154, 153 and N+ active regions 152, 155 
With N+ channel stop regions 151 driven in from the top and 
bottom sides. The active regions on the bottom side have a 
complimentary pattern to that of the top side. 

[0049] FIG. 5B shoWs continuation of the fabrication 
process With deposition approximately 50 angstroms of 
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platinum over 50 angstroms of titanium for the base metal 
66A, 68A on the top side and patterning this metal layer 
66A, 68A to form the foundation for the amorphous silicon 
layer. P+ a-Si:H 76A is deposited to a thickness of approxi 
mately 150 angstroms on the top side and patterned to match 
the Pt/Ti pattern 68A only over the N+ regions 155 as shoWn 
in FIGS. 5A, 5B. Similarly, approximately 150 angstroms of 
N+ a-Si:H 80A is deposited and patterned to match the Pt/T i 
pattern 66A only over the P+ regions 154 as shoWn in FIGS. 
5A, 5B. A sacri?cial 0.1 micrometer thick protective alumi 
num layer, such as is commonly used in the art, is used to 
protect existing features Whenever this is required in pat 
terning. Approximately 3700 angstroms of undoped a-Si:H 
78 is then deposited over all features. This layer Will become 
the intrinsic layer of the PiN and NiP microphotodiodes in 
the amorphous silicon side of the ?nished VGMMRI device. 
Continuing With FIG. 5B, approximately 100 angstroms of 
N+ a-Si:H 80 is noW deposited and patterned only over P+ 
a-Si:H areas 76A. Similarly, approximately 100 angstroms 
of P+ a-Si:H 76 is deposited and patterned over the N+ 
a-Si:H 80A areas. 

[0050] FIG. 5C shoWs the ?nal stages in the fabrication of 
the VGMMRI pixels 62. The top transparent electrode 81 of 
each amorphous photodiode pixel 62 is fabricated by depos 
iting approximately 50 angstroms of platinum over 50 
angstroms of titanium and patterning the electrode 81 to 
match each PiN 63A and NiP 64A amorphous silicon 
structure of the pixel 62, also shoWn in FIG. 5B. 

[0051] Continuing With FIG. 5C, the ?lters for the amor 
phous and crystalline PiN and NiP photodiodes are formed 
next. For clarity, the fabrication of ?lters over only one of 
the VGMMRI pixels 62 is described. To form the visible 
light pass ?lter, a protective aluminum mask layer is depos 
ited on the top side and the aluminum is etched aWay over 
the PiN amorphous silicon microphotodiode 63A of FIG. 
5C, and visible light pass dielectric ?lter material 74 is 
deposited and then patterned to remain only Within these 
openings. The aluminum mask is noW etched aWay and a 
fresh aluminum mask is deposited. In a similar fashion, the 
IR-A light pass ?lter 75 over the NiP amorphous silicon 
microphotodiode 64A is formed. After completing the vis 
ible light and IR-A pass ?lter layers 74, 75, a platinum layer 
of 0.5 micrometers is deposited and patterned on the amor 
phous silicon PiN/NiP electrode area to begin the formation 
of the electrode 65. The electrode 65 is completed by 
patterning, using photoresist lift-off, approximately 150 ang 
stroms of platinum folloWed by approximately 600 ang 
stroms of iridium/iridium oxide. 

[0052] Referring again to FIG. 5C, the IR-B light pass 
dielectric ?lter layer 106 is noW deposited and patterned 
over only the light facing portions of the crystalline silicon 
PiN and NiP photodiodes using the same aluminum protec 
tive layer process folloWed by selective etching and removal 
as already described. 

[0053] As further shoWn in FIG. 5C, an insulation layer of 
silicon dioxide 116 is patterned betWeen the bottom crys 
talline silicon P portion 153 and the bottom crystalline 
silicon N portion 152. Next, approximately 150 angstroms 
of titanium, folloWed by approximately 600 angstroms iri 
dium/iridium oxide are deposited on the bottom side to form 
the rear electrode 118. This bottom electrode 118 of each 
VGMMRI pixel 62 can either be electrically isolated or 
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electrically connected to the electrodes 118 of other VGM 
MRI pixels 62, in the latter case to form a common ground 
electrode plane in another embodiment of the VGMMRI 
device. Finally, in FIG. 5C, a channel 23 is created betWeen 
the VGMMRI pixels 62 using reactive ion etching that 
etches entirely through most to all of the intervening area of 
crystalline silicon substrate 200, IR-B ?lter 106, and back 
electrode 118. In the preferred embodiment Where most but 
not all of the intervening crystalline silicon substrate 200 
area is etched aWay, silicon bridges remain in some areas 
betWeen the VGMMRI pixels 62. The VGMMRI pixels 62 
are retained in position by the silicon bridges in this case. In 
a preferred embodiment Where all of the intervening silicon 
area has been etched aWay, the VGMMRI pixels 62 are 
embedded in a lattice-like, ?exible, biocompatible mesh that 
has been previously described. 

[0054] Although both crystalline silicon and amorphous 
silicon is used in a preferred embodiment, amorphous sili 
con by itself, or crystalline silicon by itself, may be used to 
fabricate the VGMMRI device. In addition, as shoWn in 
FIG. 5C, although the same IR-B ?lter 106 is used in a 
preferred embodiment to cover the PiN and NiP gain pho 
todiodes of the crystalline silicon, in other embodiments, 
different ?lters, each passing a different portion of IR-B 
light, are used to cover the PiN and NiP gain photodiodes 
respectively. These other embodiments provide greater con 
trol over the amount of voltage and current gain provided by 
the gain photodiodes by alloWing individual Wavelength 
portions of IR-B light to control the gain of the PiN or NiP 
gain photodiode. 

[0055] Operation of the VGMMRI 

[0056] As described above, an advantage of the disclosed 
VGMMRI 10 in FIGS. 3-5 is that voltage and current gain 
of the VGMMRI 10 can be controlled. In one preferred 
embodiment, this gain is controllable for the entire implant 
10 and useable by any of the microphotodetector pixels 62. 
When implanted in the subretinal space of the eye, the 
VGMMRI 10 receives the light of images entering into the 
subretinal space. Photovoltaic potentials are generated at 
each pixel electrode 65 in proportion to the intensity of the 
incident light. These photovoltaic potentials are retinotopi 
cally distributed in the shape of the incident images and 
produce charges at the iridium/iridium oxide electrodes 65 
that alter the membrane potentials of the contacting overly 
ing retinal cells and structures 34, of FIG. 2. Electrical 
coupling of the iridium/iridium oxide electrodes 79 to the 
overlying retinal cells and structures 34 is both resistive and 
capacitive. Depending upon Which of the microphotodetec 
tors 63A, 64A of a pixel 62 is stimulated more strongly by 
the Wavelengths of incident light, the charge developed at 
the electrode 65 is either positive or negative. A positive 
charge causes the contacting overlying cell structures 30, 32 
of FIG. 2, to produce a sensation of darkness through 
depolariZation of cell membranes, While a negative charge 
causes a sensation of light through hyperpolariZation of cell 
membranes. 

[0057] Although other electrode materials may be used, an 
advantage of the preferred iridium/iridium oxide electrode 
of this invention is that it supports better DC ionic ?oW into 
tissue in addition to having a higher capacitive effect than is 
possible With other electrode materials such as platinum. 
This results in loWer Work function for the VGMMRI 10 and 
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thus the VGMMRI operates With lower electrode potentials. 
The loWer electrode potentials result in better loW light 
performance and lessen potential electrolysis damage to 
ocular tissues. Secondly, the larger capacitive effect of the 
preferred iridium/iridium electrode of the VGMMRI 10 
provides a passive charge balance effect to the tissues during 
capacitive discharge of the electrode during the moments 
When light is absent. 

[0058] In some instances, the amount of light available at 
the VGMMRI 10 may be loW, or the electric stimulation 
threshold of the retina overlying the implant may be high. In 
either case, additional voltage and/or current gain is neces 
sary to stimulate the surviving cell layers and/or structures. 
The VGMMRI 10 embodiment of this invention achieves 
the desired gain by stacking tWo layers of microphotode 
tectors in series to achieve up to tWice the voltage sWing. 
The resultant higher voltage drives a higher current through 
the tissues. 

[0059] As shoWn in FIG. 4 the amorphous microphoto 
detector pixel layer 60 is stacked onto the crystalline PiN/ 
NiP microphotodetector strips 66A, 68A of the gain adjust 
ment layer 100. The layers 60, 100 are stacked such that the 
pixels 62 and their respective PiN and NiP contact strips 
66A, 68A in the gain adjustment layer 100 are connected in 
series With the underlying photodetectors 66, 68. Thus, tWice 
the positive or negative voltage sWing may be attainable as 
compared to the voltage sWing attainable With just the single 
top PiN/NiP microphotodetector layer 60. 
[0060] The ?lters 74, 75, 106 on the VGMMRI 10 alloW 
for control of hoW much gain is obtained and Where that gain 
is distributed by alloWing different Wavelengths of light to 
preferentially stimulate different microphotodetectors under 
each ?lter. Preferably, the ?lters 74, 75 and 106 are fabri 
cated so that each of the three ?lters pass a different 
Wavelength, or range of Wavelengths of visible and/or infra 
red light. In one embodiment, the IR-A and IR-B ?lters 75, 
106 are selected to pass a portion of Wavelengths in the 
range of 400 nanometers to 2 microns. More preferably, the 
IR-B ?lters 106 are selected to pass a portion of Wavelengths 
in the range of 800 nanometers to 2 microns and the IR-A 
?lters 75 are selected to pass a portion of Wavelengths in the 
range of 400 nanometers to 2 microns. The visible light pass 
?lters 74 are preferably selected to pass a portion of Wave 
lengths in the range of 400 nanometers to 2 microns, and 
more preferably in the range of 400 to 650 nanometers. The 
different Wavelengths of light may enter the eye from the 
environment and/or from another external source such as the 
headset discussed beloW With respect to FIGS. 6 and 7. 

[0061] For example, because the portions of the PiN and 
NiP strips 66, 68 of the gain adjustment layer 100 extending 
outside the perimeter of the pixel layer 60 are coated With 
the IR-B 106 ?lter, Wavelengths that pass through the IR-B 
?lter are used to selectively provide poWer to the gain layer 
100 Which in turn provides the additional voltage and 
current gain to the overlying microphotodetector layer 60. 
Both the PiN microphotodetectors 63A and the NiP micro 
photodetectors 64A may utiliZe this reservoir of poWer from 
the gain layer 100. The foregoing mechanism alloWs the 
microphotodetectors 63A and 64A to generate higher volt 
ages and current than they Would otherWise generate if not 
for the underlying gain layer 100. 
[0062] Because one of the microphotodetectors 63A, 64A 
is more sensitive to visible light and the other more sensitive 
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to IR-A light, respectively, light of these tWo predominant 
Wavelengths Will generate sensations of light and darkness 
in the overlying retinal layers; a positive potential at elec 
trode 65 Will produce a sensation of darkness, and a negative 
potential a sensation of light. This mechanism is described 
in greater detail in pending US. patent application Ser. No. 
09/100,336 and in US. Pat. No. 5,895,415, the disclosures 
of each are incorporated by reference herein. 

[0063] In a preferred embodiment, as shoWn in FIGS. 3 
and 4, the VGMMRI implant 10 has a rectangular micro 
photodetector pixel top layer 60 centered overlying a larger 
area gain adjustment layer 100 so that approximately 80% of 
the gain adjustment layer 100 is covered by layer 60 and the 
remaining 20% of layer 100 is exposed to incident light. 
Although only 20% of the gain adjustment layer 100 is 
exposed in this embodiment, smaller or larger percentages of 
exposed area may be fabricated in other embodiments. 

[0064] In another embodiment, as shoWn in FIG. 4A, the 
VGMMRI 10 has a gain adjustment layer integrated into 
each pixel 62 and both are physically separated in space 
from other pixels 62. This con?guration alloWs individual 
VGMMRI pixels 62 to be embedded, as shoWn, Within a 
lattice-like mesh 17. The lattice-like mesh 17 is also con 
?gurable to have a common ground electrode for all the 
pixels 62. 

[0065] The visible, IR-A, and IR-B light poWer supply to 
the VGMMRI 10 is optionally provided by an external 
headset system in addition to the visible, IR-A, and IR-B 
provided through the normal visual environment. One such 
headset system 230, the so-called AIRES-M system 230 of 
FIGS. 6, 7, 8, is a modi?cation of the PTOS headset of the 
Adaptive Imaging Retinal Stimulation System (AIRES) of 
US. Pat. No. 5,895,415. 

[0066] As shoWn in FIG. 6, the AIRES-M 230 includes 
component subsystems of a Projection and Tracking Optical 
System (PTOS) headset 232, a Neuro-Net Computer (NNC) 
234, an Imaging CCD Camera (IMCCD) 236 and an Input 
Stylus Pad (ISP) 238. A Pupil Re?ex Tracking CCD 
(PRTCCD) 242 that has incorporated an IR-B LED display 
(IRBLED) 240, and a visible/IR-A LED display 
(VISIRALED) 241, are positioned inside the PTOS 232. A 
VGMMRI 10 is shoWn in the subretinal space of the eye 12. 
In operation, IR-A and visible light images from the 
VISIRALED 241 Within the PTOS 232 are optically pro 
jected into the eye 12, When necessary, for example, during 
periods of loW ambient lighting. IR-B Illumination from the 
IRBLED 240 is also projected into the eye When necessary 
to poWer the voltage and current gain of layer 100 from FIG. 
4. Light intensity, duration, Wavelength balance, and pulsing 
frequency of the VISIRALED 241 and IRBLED 240 is 
controlled by the NNC 234 and modulated by patient inputs 
via the interfaced ISP 238. The IMCCD 236, Which is 
mounted on or in the PTOS headset 232, provides the image 
inputs to the NNC 234 Which in turn programs the visible, 
IR-A, and IR-B outputs of the VISIRALED 241 and 
IRBLED 240. A PRTCCD 242 is integrated into the PTOS 
headset 232 to track eye movements via changes in the 
position of the pupillary Purkinje re?exes. The PRTCCD 
242 outputs to the NNC 234 Which in turn shifts the position 
of projected images from the VISIRALED 241 via elec 
tronic control to folloW the eye movements. The PTOS 232 










