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be formed in a substrate and may be immediately
surrounded by a sub-pixel group (204) that includes
one or more sub-pixels. The inner sub-pixel (202)
may have a light collecting area at a surface (216)
that is less sensitive than the light collecting area of
the one or more outer sub-pixel groups. Mi-
crolenses (1040) may be formed over the nested
sub-pixels, to direct light away from the inner sub-
pixel group (202) to the outer sub-pixel groups
(204) in nested sub-pixels. A color filter (1250) of a
single color may be formed over the nested sub-
pixels. Hybrid color filters having a single color fil-
ter region (1150) over the inner sub-pixel and a por-
tion of the one or more outer sub-pixel groups may
also be used.
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HIGH DYNAMIC RANGE PIXEL USING LIGHT SEPARATION

Cross-Reference 1o Related Application{s)

This application claims prionity to U.S. Provisional Application No.
62/219985, filed on September 17, 2013, entitled “Methods, Devices, and Apparatus
for a Pixel,” invented by Marko Mhnar, Ulrich Bocttiger and Richard Mauntzson. This
application also claims priority to U.S. Provisional Application No. 62/268623, filed on
December 17, 20135, entitled “High Dynamic Range Pixel Using Light Separation,”
mvented by Marko Miinar, Ulrich Boettiger and Richard Mauritzson. Both provisional
applications are incorporated herein by reference and priority thereto for common

subject matter s hereby claimed.

Backeround

This relates generally to imaging sensors, and more particularly, to
imaging sensors with pixels that include more than one photosensitive region.

Muodem electronic devices such ag cellular telephones, cameras, and
computers often use digital image sensors. fmagers (i.¢., image sensors) may be
formed from a two-dimensional array of tmage sensing pixels. Fach pixel may include
a photosensor such as a photodiode that receives incident photons (light) and converts
the photons into clecirical charges. Conventional image pixel arrays mchude frontside
luminated image pixels or backside illuminated image pixels. Image pixels are
fabricated on a senuconductor substrate vsing complementary metal-oxide-
semiconductor (CMOS) technology or charge-coupled device (CCD) technology. The
image sensors may include photodiodes and other operational civcuitry such as
transistors formed m a front surface of the substrate. A single image sensing pixel m
the two-dimensional array of image sensing pixels includes a single photosensitive
region, a color filter formed over the photosensitive region, and a single dome-shaped
micro-lens formed over the color filter,

When viewed as a whole, the array of color filters associated with the
array of image sensing pixels in the image sensor is referred o as a color filter array.

Many mmagers use a Baver color filter array 1o which vertically and horizontally
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adjacent color filters in the array are of different colors. The Baver color filter array
includes red, green, and blue color filters. Ideally, photosensitive regions associated
with a pixel having a red color filter would only be exposed to light that has passed
through a red color filter, photosensitive regions associated with a pixel having a green
color filter would only be exposed to Hght that has passed through a green color filter,
and photosensitive regions associated with a pixel having a blue color filter would only
be exposed to light that has passed through a blue color filter.

However, there 1s often undesired optical cross-talk between adjacent
pixels associated with different colors {i.¢.. having color filters of different colors).
Undesired optical cross-talk is characterized by light passing through a color filter of
one color and impeding on a photosensitive region of a pixel associated with a different
color. An example of undesived optical cross-talk 1s when hight that has passed through
a red color filter tmpedes on a3 photosensitive region associated with a green pixel (e,
a pixcl having a green color filter). Optical cross-talk 1s often caused by bigh ncident
angle light and flare conditions, and can degrade the output image quality of an imager.

Electrical cross-talk can also negatively impact the performance of an
umager. Ideally, a photosensitive region associated with a red pixel would accumulate
charge corresponding to the amount of red hight that has been received at the
photosensitive region, a photosensitive region associated with a green pixel would
accumulate charge corresponding to the amount of green light that has been received at
the photosensitive region, and a photosensitive region associated with a blue pixel
would accumulate charge corresponding to the amount of blue hight that has been
received at the photosensitive region.

However, there 1s often undesired electrical cross-talk between adjacent
pixels associated with different colors. Undesired clectrical cross-talk is characterized
by photogenerated charges generated i the semiconductor region of a pixel associated
with one color being collected by the photosensitive region {i.¢., the photodiadel of a
pixel associated with a different color. An example of undesired electrical cross-talk s
when photogenerated charges that were generated in response to red light diffuse into
and are collected by a photosensitive region associated with a green pixel (e, a
photosensitive region that should receive green hight and generate charges
corresponding to the amount of green light received). Electrical cross-talk can also
degrade the output image quality of an imager.

It would therefore be desirable to be able to provide improved tmage

]
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pixels for imaging devices.

Bref Description of the Drawings

FIG. 1 18 a diagram of an illustrative electronic device in accordance
5  with an embodiment.
FIG. 2A 15 a surface view of nested sub-pixels with an inner sub-pixel
having a circular light collecting surface in accordance with an embodunent.
FIG. 2B 1s a cross-sectional side view of nested sub-pixels along the A-
A’ line in FIG. 2A, in accordance with an embodiment.
10 FIG. 2C is a cross-sectional side view of nested sub-pixels along the A-
A’ line 10 alternate embodiment of FIG. 2A, n accordance with an embodiment.
FIG. 3A s a surface view of nested sub-pixels with an mner sub-pixel
having a rectangular light collecting surface in accordance with an embodiment.
FIG. 3B is a cross-sectional side view of nested sub-pixels along the A-
15 A hne in FEG. 3A, i accordance with an embodiment.
FIG. 4A is a surface view of nested sub-pixels with an inner sub-pixel
having a rectangular light collecting surface that is surrounded by a middle sub-pixel
and outer sub-pixel, in accordance with an embodiment.

FI(z. 4B is a cross-sectional side view of nested sub-pixels along the A-

20 A’ lne in FIG. 4A 1n accordance with an embodiment.

FIG. 5 is a surface view of nested sub-pixcls with an inner sub-pixel
having a circular light collecting surface that is surrounded by an outer sub-pixel group
of two sub-pixels, in accordance with an embodiment.

FIG. 615 a surface view of nested sub-pixels with an inner sub-pixel

25 having a circular hight collecting surface that is surrounded by an outer sub-pixel group
of four sub-pixels, in accordance with an embodiment.

FIG. 7 is a diagram of circular microlens placement over nested sub-
pixels, 1n accordance with an embodiument,

FIG. 8A 15 a diagram of toroidal microlens placement over nested sub-

30 pixels, in accordance with an embodiment.

FiG. 8B is a diagram of an altemate toroidal microlenses placed over
adjacent nested sub-pixels, in accordance with an embodiment.
FI(z. 9 15 a diagram of microlens placement over nested sub-pixels with

an inner sub-pixel and an outer sub-pixel group arranged 1o a grid layout, in accordance
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with an embodiment.

FIG. 10A is a diagram of a microlens placement over each sub-pixel of
an mner sub-pixc! group and an outer sub-pixel group arranged in a grid layout, in
accordance with an embodiment.

5 FIG. 10B is a diagram of an alternate microlens placement over only
cach of the sub-pixels of an outer sub-pixel group arranged in a grid layout, in
accordance with an embodiment.

FIG. 11 s a diagram of hybnd color filters formed over nested sub-
pixcis in accordance with an embodiment.

10 Fi(s. 12 itlustrates microlenses formed adjacent to one another in
accordance with an embodiment.

FIG. 13 illustrates microlenses having different heights formed in two
lavers in accordance with an embodiment.

FIGS. 14A-14C illustrate steps that can be used to form two lavers of

15 microlenses with uniform heights in accordance with an embodiment.

FIG. 15 illustrates a hybnd color filter with a clear filter over an mner
sub~pixel in accordance with an ermbodiment.

FI(G. 16 15 a block diagram of an imager that may employ the

embodiments of FIGS. 1-15 mn accordance with an embodiment.
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Detailed Description

Embodiments of the present invention relate to image sensors, and more
particidarly, to image sensors having pixels that each contain multiple sub-pixel

structures. ft will be recognized by one skilled in the ast, that the present exemplary
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embodiments mayv be practiced without some or all of these specific details. In other
mstances, well-known operations have not been described n detail in order not to
unnecessarily obscure the present embodiments.

Electronic devices such as digital cameras, computers, cellular

telephones, and other clectronic devices include 1mage sensors that gather incoming

w
(e

light to capture an image. The image sensors may mclude arrays of image pixels. The
image pixels in the image sensors may include photosensitive clements sach as
photodiodes that convert the incoming light mto electric charge. The electric charges
may be stored and converted into image signals. Image sensors may have any number

of pixels (e.g.. hundreds or thousands or more). A typical image sensor may, for
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gxample, have hundreds of thousands or millions of pixels (e.g., megapixels}y. Image
sensors may inchude control circuttry such as circuitry for operating the imaging pixels

and readout circuitry for reading out image signals corresponding to the electric charge

generated by the photosensitive elements.

Image sensors may be provided with ong or more arrays of mualii-
photodiode image pixels {(sometimes referred to herein as donut photodiode pixels,
donut image pixels, donut pixels, nested sub-pixels, super-pixels, image pixels, or
pixels). Mudti-photodiode image pixels may mchude photosensitive elements formed in
a substrate and that are adjacent to one another. Each multi-photodiode image pixel
may have two, three, five, nine, or any other suitable number of photodiodes. The
multiple photodiodes in each donut pixel may be grouped into an outer sub-pixel group
and an inner sub-pixel group. It may be desirable for the outer sub-pixel group of a
donut pixel to be more sengitive to incident light than the inner sub-pixel group. The
outer sub-pixel group may mclude one, two, four, eight, or any other surtable number
of sub-pixels. The nner sub-pixe! group may include one or more sub-pixels. One or
more microlenses or other light giuiding structures may be formed over the multi-sub-
pixcl image pixel to direct Hght to the photodiode{s) in the outer sub-pixel group.

FIG. 1 18 a diagram of an illustrative electronic device that uses an
image sensor to captare images. Electronic device 10 of FIG. 1 may be a portable
electronic device such as a camera, a cellular telephone, a video camera, or other
imaging device that captures digital image data. Camera moduic 12 may be used to
convert incomung light into digital image data. Camera module 12 may include one or
more lenses 14 and one or more corresponding image sensors 16, During image
capture operations, light from a scene may be focused onto image sensor 16 by lens 14
Image sensor 16 provides corresponding dignial image data to processing circuitry 8.
Image sensor 16 may, for example, be a backside illamination image sensor. If desired,
camera module 12 may be provided with an array of lenses 14 and an arrav of
corresponding image sensors 16,

Control circuitry such as storage and processing circuiiry 18 may
include one or more mtegrated circuits {e.g., 1Mage processing circuits,
MICTOProcessors, storage devices such as random-access memory and non-volatile
memory, ete.} and may be implemented using components that are separate from
camera module 12 and/or that form part of camera module 12 (2.2, circuits that form

part of an integrated circuit that inchudes image sensors 16 or an integrated circuit
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within module 12 that 15 associated with image sensors 16). Image data that has been
captured by camera module 12 may be processed and stored using processing ircuitry
18. Processed image data may, if desired, be provided to external equipment {c.g., a

computer or other device) using wired and/or wireless communications paths coupled

@1

to processing circuitry 18, Processing circuitry 18 may be used in controlling the

operation of image sensors 16.

Image sensors 16 may include one or more arrays 20 of image pixels 22

Image pixels 22 may be formed in a semiconductor substrate using complementary

metal-oxide-semiconductor {CMOS) technology or charge-coupled device (CUD)

10 techmology or any other suitable photosensitive devices. Image pixels 22 may be
frontside ihumination (FSI) image pixels or backside iHlummation (BST) mage pixels.
Image pixels 22 may inclode one or more sub-pixels. Each sub-pixel in an image pixel

2 may have a photodiede or photodicde region and readout circuitry for the
photodiode or photodiode region. Readout circuitry associated with cach photodiode or

15  photodiode region in a given sub-pixel may include transfer gates, floating diffusion

regions, and reset gates. Fsolation regions between sub-pixels may also be considered

part of cither or both of the sub-pixels between which the isolation structure is formed.
FI(G. 2A 15 a surface view of nested sub-pixels 200 1n a pixel 22 of array
20. Nested sub-pixels 200 may be an alternate embodiment to the nested sub-pixels of

FIGS. 3-6 and 9. The surface view of the nested sub-pixels 200 of FIG. 2A may be

(XS]
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referred to as a diagram of the light collecting arcas (LLCAs) of the nested sub-pixels
200, Nested sub-pixels 200 may correspond to photodiodes with associated pixel
circuitry used to capture the same spectrum of light. As an example, the nested sub-

pixels 200 may be used to capture red, green, blue, cvan, magenta, vellow, near-

N
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infrared, infrared, or any other spectrum of hight. A single red, green, blue, cvan,
magenta, vellow, near-infrared, infrared, or clear color filter may be formed over the
nested sub-pixels 200. In certain embodiments, the color filter formed over nested sub-
pixels 200 may have arcas that pass colored light and areas that arc clear (i.¢., that pass
vistble or full-spectrum hight outside the visible spectrum).

30 Nested sub-pixels 200 shown in FIG. 2A may be included in a subset of
the pixels 22 of arrav 20, or in all of the pixels 22 of array 20. The nested sub-pixeis
200 of FIG. 2A may include a first sub-pixel 202, which may be referred to as the nner
sub-pixel 202, Inner sub-pixel 202 may be completely surrounded by a second sub-

pixel 204, which may be referred to as the outer sub-pixel 204, Inner sub-pixel 202 and
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outer sub-pixel 204 may correspond to n-type doped photodiode regionsina
semiconductor substrate and respective sub-pixel circuitry in the substrate such as
transfer gates, floating diffusion regions, and reset gates of the nested sub-pixcls 200

that is coupled to the photodiode regions 1n the sub-pixels 202 and 204, The

@1

semiconductor substrate (not shown} may be a bulk p-type substrate made of silicon, or
any other suitable semiconductor material.

A photodiade in mner sub-pixel 202 may have a circular shape at the
surface. In other words, the hight collecting area of mner sub-pixel 202 13 a circular
region. At the surface. the inner sub-pixel 202 may have a diameter 51. As an
10 example, the diameter S1 of a photodiode 1n inner sub-pixel 202 may be 1 micron, but

may alternatively be any other dimension without departing from the scope of the
present embodiment. Outer sub-pixel 204 may have a square cuter boundary and a
circular inner boundary at the surface. The area enclosed by the square outer boundary
and circular inner boundary of outer sub-pixel 204 shown in FIG. ZA may correspond
15 tothe hght collecting area of outer sub-pixel 204. The circular inner boundary of outer
sub-pixel 204 at the surface may be similar in shape but larger in size to the outer
boundary of the ioner sub-pixel 202 (1.¢, the circular inner boundary of outer sub-prxel
204 has a diameter 517 that is greater than the diameter 51). As shown in FIG. 2, the

length of one of the sides of outer sub-pixel 204 15 82, As an example, 52 may be 3

(A
o

microns, but may alternatively be any other dimension without departing from the
scope of the present embodiment. The length 82 1s preferably greater than the length
S1. Outer sub-pixel 204 is illustrated m FIG. 2A as having a square outer boundary but
may alternatively have a rectangular outer boundary.

in between the mner sub-pixel 202 and the outer sub-pixel 204, an

N
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isolation region 206 may be formed. The isolation region 206 may be devoid of any
circuitry related to the pixel 22 or its sub-pixels 202 and 204. Isolation region 206 may
separate individual sub-pixels in a given sub-pixel group from one ancther, and may
also separate mdividual sub-pixels in different respective sub-pixel groups from one
another. Isolation region 206 may include different types of isolation devices such as
30 trench isolation structures, doped semiconductor regions, metallic barrier structures, or
any other suitable 1solation device.

The mner sub-pixel 202 may have a lower sensitivity to incident light,
and may be referred to as having a lower sensitivity hight collecting area compared to

outer sub-pixel 204 The respective doping concentrations of inner sub-pixel 202 and
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outer sub-pixel 204 may be different or they may be the same. As an example, the
doping concentrations of photodiode regions in inner sub-pixel 202 may be modified to
reduce the sensitivity of inner sub-pixel 202 to light. However, for the sake of

stplicity n explaming and lmighlighting the propertics of the nested sub-pixels 200, 1t

@1

will be assumed that the sub-pixels 202 and 204 have photodiodes with the same
doping concentrations. The lower sensitivity to incident light of inner sub-pixel 202
compared to outer sub-pixel 204 mav be a result of the lower light collecting arca of
inner sub-pixel 202 compared to the light collecting area of outer sub-pixel 204
One or more microlenses {not shown in Fiz. 2A) may be formed over
1C  the nested sub-pixels 200 of FIG. 2A to direct hight toward the outer sub-pixel 204,
The one or more microlenses may be formed over the color filter formed over nested
sub-pixels 200 {not shown m FIG. 2A). To direct light toward cuter sub-pixel 204, the
one or more microlenses may be formed over only outer sub-pixel 204, In some
embodiments however, the one or more microlenses that direct light toward outer sub-
15 pixel 204 may partially overlap the light collecting area of sub-pixel 202. Directing
light toward outer sub-pixel 204 may fuorther mcrease the sensitivity of the light
collecting arca of outer sub-pixel 204, relative to the sensitivity of the hight collecting
area of inner sub-pixel 202, In other words, because a larger amount of light incident

on nested sub-pixels 200 15 directed to outer sub-pixel 204 than to inner sub-pixel 202,

(XS]
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inmer sub-pixel 202 is said to have a lower sensitivity light collecting area compared to
outer sub-pixel 204,

FI(5. 2B 1s a cross-sectional side view of nested sub-~pixels 200 along the
A-A" Tine in FIG. 2A. FIG. 2B dlustrates an isolation region 206 between inner sub-

pixel 202 and outer sub-pixel 204, Isolation region 206 may be perpendicular to the

N
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surface of nested sub-pixels 200. During a light collecting mterval, ight 210 incident
on nested sub-pixels 200 may be absorbed by inner sub-pixels 202 and outer sub-pixels
204, As described above 1n connection with FIG. ZA| the cuter sub-pixel 204 has a
more sensitive light collecting arca compared to inner sub-pixe! 202 duc to at least the
larger size of outer sub-pixel 204 and the one or more nmicrolenses formed on nested
30 sub-pixels 200 to direct charge to outer sub-pixel 204, As a result of outer sub-pixel
204 having a more sensitive light collecting area. the number of photogenerated
charges m outer sub-pixel 204 atier exposure to meident light 210 mav be larger than
the number of photogenerated charges in inmer sub-pixel 202 after exposure to the

mcident light 210
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Photogenerated charges in outer sub-pixel 204 may leak or diffuse
across isolation region 206 and into wnner sub-pixel 202, Isolation region 206 may have
first and sccond regions separated by a boundary 207, Isolation devices used o the

1solation region 206 may mclade isolation structures of vanious types, such as trench

@1

isolation structares, doped semiconductor regions, and metallic barriers, which may be
formed in one or both of the first and second regions of isclation region 206, When the
same type of isolation device 1s formed in both the first and second regions of isolation
region 206 (1.c., when a single isolation deviee type is formed in isolation region 206}
the isolation device in region 206 mayv be continuous. When the type of isclation
10 device in a first region of isolation region 206 baving a height hi s different from the
type of 1solation device in a second region of isolation region 206 having a height h2,
the isolation devices in region 206 may be discontinuous for the depth of photodiodes
in the nested sub-pixels 200.
The leaking of charge from one photodiode region of a sub-pixel into
15  another photodiode region of another sub-pixel is generally referred to as electrical
cross-talk. Because a single color filter is formed over nested sub-pixels 200, the mner
sub-~pixel 202 and outer sub-pixel 204 reccive incident light 210 of the same color. As
a result, photogenerated charge that diffuses from outer sub-pixel 204 across isolation

region 206 mto inner sub-pixel 202 corresponds to charge produced in response to the

(XS]
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same color that produced photogenerated charges in inner sub-pixel 202, The electrical
cross talk between photodiode regions in sub-pixels 202 and 204 is therefore cross-talk
between photodiode regions receiving light of the same color, and is therefore
manageable. The electrical cross talk between photodiodes i sub-pixels 202 and 204
may be accounted for or managed during readout of the pixel 22 in which nested sub-

pixels 200 are located, or after the readout of the pixel 22 in which the nested sub-

N
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pixels 200 are located.
FIG. 2€ llustrates an alternate cross-sectional side view of nested sub-

pixels 200 along the A-A™ line in FIG. 2ZA. FIG. 2C dlustrates that the isclation region

206 occupies a region between mner sub-pixel 202 and outer sub-pixel 204. In contrast
30 with the embodiment of FIG. 2B, isolation region 206 may be non-perpendicular to the

surface of nested sub-pixels 200. In other words, angle 214 between surface 216 and

1solation region 206 may be greater than 90 degrees. The diameter 83 at the hight

collecting surface 216 of inner sub-pixel 202 i FIG. 2C may be greater than the

diameter 54 at the opposite surface 218 of mner sub-pixel 202 in FIG. 2C, when the
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angle 214 between isolation region 206 and surface 216 is greater than 90,
Alternatively, angle 214 may be less than 90 degrees, and the diameter 53 of inner sub-
pixc 202 may then be greater than diameter $4 of inner sub-pixel 204.

Whether the angle 214 between surface 216 and isolation region 206 is
greater than or less than 90 degrees may be based on a design considerations or it may
be based on implementation constraints in certain manufacturing proccsses. When the
angle 214 between surface 216 and isolation region 206 is greater than or less than 90
degrees, the area of the interface surface of isolation region 206 between inner sub-
pixel 202 and outer sub-pixel 204 is greater than the area of the interface surface of
1solation region 206 of FIG. 2B,

During a light collecting mterval, light 212 incident on nested sub-pixels
200 may be absorbed by mner sub-pixels 202 and outer sub-pixels 204 in respective
pixels 22 of FIG. 1. As descnbed above i connection with FIG. 2A, the outer sub-
pixel 204 has a more sensitive light collecting arca compared to inner sub-pixel 202
due to at least the larger size of outer sub-pixel 204 and the one or more microlenses
formed on nested sub-pixels 200 to direct hght toward outer sub-pixel 204, or
equivalently, away from inner sub-pixel 202. As a result of owter sub-pixel 204 having
a more sensitive hight collecting area, the number of photogenerated charges i outer
sub-pixel 204 after exposure to incident light 212 may be larger than the number of
photogenerated charges in inner sub-pixel 202 after exposure to the incident light 210.

Asin the FIG. 2B embodiment, photogenerated charges in outer sub-
pixel 204 may leak or diffuse across isolation region 206 and 1nto inner sub-pixel 202
(1.¢., there may be electrical cross talk between outer sub-pixel 204 and mner sub-pixel
202 through the isolation region 206). Due to the larger area of the mnterface surface of
1solation region 206 between inner sub-pixel 202 and outer sub-pixel 204 in the
embodiment of FIG. 2C compared to the area of the interface surface of isolation
region 206 of FIG. 2B, the electrical cross talk between outer sub-pixel 204 and mner
sub-pixel 202 may be greater than the clectrical cross talk m the FIG. 2B embodiment,
at least because there s a larger arca across which charges from outer sub-pixel 204
may leak or diffuse across isolation region 206 into the inner sub-pixel 202, As
described above in connection with FIG. 2B, when a single color filter is formed over
nested sub-pixels 200, the imner sub-pixel 202 and outer sub-pixel 204 receive incident
light 210 of the same color. The electrical cross talk between sub-pixels 202 and 204 13

therefore cross-talk between sub-pixels receiving hight of the same color, and is

10
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therefore manageable before or after the readout of the pixel 22 in which nested sub-
pixels 200 are located.
FIG. 3A 1s a surface view of nested sub-pixels 300 1 a pixel 22 of array

20. Nested sub-pixels 300 may be an alternate embodiment to the nested sub-pixels of

@1

FIGS. 2, 4-6, and 9. The surface view of the nested sub-pixels 300 of FIG. 3A may be
referred to as a diagram of the light collecting areas (LT As) of the nested sub-pixels
300. Nested sub-pixels 300 may correspond to sub-pixcls used to capture the same
spectrum of light. As an example, the nested sub-pixels 300 may be used o capture
red, green, blue, cyan, magenta, vellow, near-infrared, mfrared, or any other spectrum
10 oflight. A single red, green, blue, cvan, magenta, vellow, near-infrared, infrared, or
clear color filter may be formed over the nested sub-pixels 300, In certain
embodiments, the color filter formed over nested sub-pixels 300 may have areas that
pass colored Hght and other areas that are clear (i.¢., that pass visible spectrum hght).
Mested sub-prxels 300 shown in FIG. 3A may be included in a subset of
15 the pixels 22 of array 20, or in all ot the pixels 22 of array 20. The nested sub-pixels
300 of FIG. 3A may inclade a first sub-pixel 302, which may be referred to as the inner
sub-~pixel 302, Inver sub-pixel 302 may be completely swrrounded by a second sub-
pixel 304, which may be referred to as the outer sub-pixel 304, Inner sub-pixel 302 and

outer sub-pixel 304 may correspond to n-type doped photodiode regions ma

(A
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semiconductor substrate and respective sub-pixel circuitry in the substrate such as
transfer gates, floating diffusion regions, and reset gates of the nested sub-pixels 300
that 1s coupled to the photodiode regions in the sub-pixels 302 and 304, The
semiconductor substrate (not shown) may be a bulk p-type substrate made of silicon, or
any other suitable semiconductor material.

Inner sub-pixel 302 may have a square shape at the surface. In other

N
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words, the light collecting arga of inner sub-pixel 302 is a square region. Generally, the
mner sub-pixel 302 may have a rectangular light coliecting arca. At the surface, the
inner sub-pixel 302 may have a width 55, As an cxample, the width 55 of inner sub-
pixel 302 may be | micron, but may altematively be any other dimension without

30 departing from the scope of the present embodiment. (hter sub-pixel 304 may have a
square outer boundary and a square inner boundary at the surface. The arca enclosed
by the square outer boundary and inner boundary of outer sub-pixel 304 shown 1n FIG.
3A may correspond to the light collecting area of outer sub-pixel 304. The square inner

boundary of outer sub-pixe! 304 at the surface may be similar in shape but larger 1o size
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to the outer boundary of the inner sub-pixel 302 (i.¢., the square inner boundary of
outer sub-pixel 304 has a width $5° that is greater than the width §3). As shown i
FIG. 2, the length of one of the sides of the outer boundary of outer sub-pixel 304 15 86,
Ag an example, S6 mav be 3 microns, but may alternatively be anv other dimension
without departing from the scope of the present embodiment. The width 56 18
preforably greater than the widths 55 and 5§57, Outer sub-pixel 304 is illustrated in FIG.
3A as having a square outer boundary, but may alternatively have a rectangular outer
boundary. Similarly, the outer boundary of inner sub-pixel 302 and the mner boundary
of outer sub-pixel 304 may be rectangular as well.

In between the mner sub-pixel 302 and the outer sub-pixel 304, an
1solation region 306 may be formed. The isolation region 306 may be devoid of any
circuitry related to the pixel 22 or its sub-pixels 302 and 304. Isolation region 306 may
separate individual sub-pixels in a given sub-pixel group from one ancther, and may
also separate mdividual sub-pixels in different respective sub-pixel groups from one
another. Isolation region 306 may include different types of 1solation devices such as
trench isolation structures, doped semiconducior regions, metallic barrier structures, or
any other suitable isolation device.

The mner sub-pixel 302 may have a lower sensitivity to incident light,
and may be referred to as having a lower sensitivity hight collecting area {or more
simply, size} compared to outer sub-pixel 304, The respective doping concentrations of
inner sub-pixel 302 and outer sub-pixel 304 may be different or they may be the same.
As an example, the doping concentrations of photodiode regions m inner sub-pixel 302
may be modified to reduce the sensitivity of tnner sub-pixel 302 to light. However, for
the sake of simplicity in explaining and highlighting the properties of the nested sub-
pixels 300, it will be assumed that the sub-pixels 302 and 304 have photodiodes with
the same doping concentrations. The lower sensttivity to incident light of tnner sub-
pixel 302 compared to outer sub-pixel 304 may be a result of the lower hight collecting
arca of inner sub-pixel 302 compared to the hight collecting area of outer sub-pixel 304.
It will be assumed for the purposes of explaining the embodiment that lower hght
sensttivity of the inner sub-pixel 302 relative to the light sensitivity of outer sub-pixel
304 s due to the smaller size, or more specifically the smaller light collecting area, of
the mner sub-pixel 302 relative to the outer sub-pixel 304.

One or more microlenses (not shown in FIG. 3A) may be formed over

the nested sub-pixels 300 of FIG. 3A to direct light toward the outer sub-pixel 304,
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The one or more microlenses may be formed over the color filter formed over nested
sab-pixels 300 (not shown in FIG. 3A). To direct hight toward outer sub-pixel 304, the
one or more microlenses may be formed over only outer sub-pixel 304. In some

embodiments however, the one or more microlenses that direct light toward outer sub-

@1

pixel 304 may partially overlap the light collecting area of sub-pixel 302, Directing
tight toward outer sub-pixel 304 may further increase the sensitivity of the light
coliecting arca of outer sub-pixel 304, relative to the sensitivity of the hight collecting
area of inner sub-pixel 302, In other words, because a larger amount of light incident
on nested sub-pixels 300 is directed to outer sub-pixel 304 than to inner sub-pixel 302,
1C  inner sub-pixel 302 1s said to have a lower sensitivity light collecting arca compared to
outer sub-pixel 304.
FI(z. 3B is a cross-sectional side view of nested sub-pixels 300 along the
A-A" line i FIG. 3A. FIG. 3B illustrates an isolation region 306 between inner sub-
pixel 302 and outer sub-pixel 304. Isolation region 306 mayv be perpendicular to the
15  light collecting surface 316 of nested sub-pixels 300, When 1solation region 306 is
perpendicular to the sarface 316, the angle 314 between isolation region 306 and
surface 316 may be 90 degrees, and the length across inner sub-pixel 302 at surface 316
may be the same as the length across mner sub-pixe! 302 at an opposite surface 315,

Alternatively, design considerations or implementation constraints in certain
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manufacturing processes may result in angle 314 between isolation region 306 and
surface 316 being greater than or less than 90 degrees. When angle 314 s not 90
degrees, the length across inner sub-pixel 302 at surface 316 may be different from the
length across inner sub-pixel 302 at surface 318.

During a light collecting wterval, light 310 incident on nested sub-pixels

300 may be absorbed by inner sub-pixels 302 and outer sub-pixels 304, As descubed
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above in connection with FIG. 3A, the outer seb-pixel 304 has a more sensitive hight
coliecting arca compared o imner sub-pixel 302 due to at least the larger size of outer
sub-pixcl 304 and the one or more microlenses formed on nested sub-pixels 300 to
direct charge toward outer sub-pixel 304, or equivalently, away from 1immer sub-pixel

30 302. Asaresult of outer sub-pixel 304 having a more sensitive hight collecting area,
the number of photogenerated charges 1 outer sub-pixel 304 after exposure to incident
light 310 may be larger than the number of photogenerated charges in inner sub-pixel
302 after exposure to the incident light 310,

Photogenerated charges in outer photodiode 304 may leak or diffuse
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across isolation region 306 and into mner sub-pixel 302, Isolation region 306 may have
first and sccond regions separated by a boundary 307. Isolation devices used n the
1solation region 306 may mclude isolation structures of various types, such as trench
isolation structures, doped semiconductor regions, and metallic barriers, which may be
5  formed in one or both of the first and second regions of 1solation region 306, When the
same type of isolation device 1s formed in both the first and second regions of isolation
region 306 (i.c., when a single isolation device type 1s formed in isolation region 206}
the isolation device in region 306 may be continuous. When the type of 1sclation
device in a first region of 1solation region 306 having a height h3 is different from the
10 type of isolation device in a second region of 1solation region 306 having a height hd,
the 1solation devices in region 306 may be discontinuous for the depth of photodiodes
in the nested sub-pixels 300.
The leaking of charge from one photodicde region of a sub-pixel into
another photodiode region of another sub-pixel is gencrally referred to as electrical
15 cross-talk. Because a single color filter 1s formed over nested sub-pixels 300, the imner
sub-pixel302 and outer sub-pixel304 receive mcident light 310 of the same color. Asa
result, photogenerated charge that diffuses or lcaks from outer photodiode 304 across
1solation region 306 into inner sub-pixel302 15 corresponds to charge produced m

response to the same color that produced photogenerated charges 1n inner photodiode

(XS]
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302. The electrical cross tatk between photodiode regions in sub-pixels 302 and 304 is
theretore cross-talk between photodiodes receiving light of the same color, and is
therefore manageable. The clectrical cross talk between photodiodes in sub-pixels 302
and 304 may be accounted for or managed during readout of the pixel 22 i which

nested sub-pixels 300 are located, or after the readout of the pixel 22 in which the
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nested sub-pixels 300 are located.

The area of the isolation region 306 mterface across which charges leak
or diffuse from outer sub-pixel 304 {o inner sub-pixel 302 may be dependent on the
angle 314 between isolation region 306 and surface 316, When the angle 314 is less

than or greater than 90 degrees, the area of the surface of isolation region 306 is

w
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increased, which tncreases the amount of electrical cross talk between sub-pixels 302
and 304, because the area over which photogenerated charges can diffuse (e, the
interface arca of isolation region 306) 1s increased.

FIG. 4A 1s a surface view of nested sub-pixels 400 m a pixel 22 of array

20. Nested sub-pixels 400 may be an altemate embodiment to the nested sub-pixels of
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FIGS. 2, 3,5, 6, and 9. The surface view of the nested sub-pixels 400 of FIG. 4A may
be referred o as a diagram of the light collecting arcas {LLAs) of the nested sub-pixels
400. Nested sub-pixcls 400 may correspond to sub-pixels used to capture the same
spectrum of light. As an example, the nested sub-pixels 400 may be used to capture
red, green, blue, cvan, magenta, vellow, near-infrared, mfrared, or any other spectrum
of light. A single red, green, blue, cyvan, magenta, yellow, near-infrared, mfrared, or
clear color filter may be formed over the nested sub-pixels 400, In cortain
embodiments, the color filter formed over nested sub-pixels 400 may have arcas that
pass colored light and other arcas that are clear (i.e ., that pass visible spectrum light).

Nested sub-pixels 400 shown in FIG. 4A may be included in a subset of
the pixels 22 of array 20, or m all of the pixels 22 of array 20, The nested sub-pixels
400 of FIG. 4A may include a first sub-pixel 402, which may be referred to as the inner
sub-pixel 402. Inner sub-pixel 402 may be completely surrounded by a second sub-
pixel 404, which may be referred 1o as the nuddle sub-pixcl 404, Middle sub-pixel 404
may be completely surrounded by a third sub-pixel 406, which may be referred to as
the outer sub-pixel 406, Inner sub-pixel 402, middle sab-pixel 404, and outer sub-pixel
406 may correspond to n-type doped photodiode regions in a semiconductor substrate
and respective sub-pixel circuitry n the substrate such as ranster gates, floating
diffusion regions, and reset gates of the nested sub-pixels 300 that is coupled to the
photodiode regions in the sub-pixels 402-406. The scmiconductor substrate (not
shown) may be a bulk p-type substrate made of silicon, or any other suitable
semiconductor material.

A photodiode in inner sub-pixel 402 mayv have a square shape at the
surface. In other words, the hight collecting area of inner sub-pixel 402 s a square
region. At the swrface, the inner sub-pixel 402 may have a width 87, As an example,
the width $7 of inner sub-pixel 402 may be 1 micron, but may alternatively be any
other dimension without departing from the scope of the present embodiment.

Middle sub-pixel 404 may have a square outer boundary and a square
mner boundary at the surface. In between the imer sub-pixel 402 and the middle sub-
pixel 404, an isolation region 412 may be formed. The isolation region 412 may be
devoid of any circuitry related to the pixel 22 or its sub-pixels 402-406. Isolation
region 412 may separate mner sub-pixel 402 from muddle sub-pixel 404. Isolation
region 412 may inclode different types of isolation devices such as trench isolation

structures, doped semiconductor regions, metallic barrier structures, or any other
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suitable 1solation device. The arca between 1solation region 412 and the outer
boundary of middle sub-pixel 404 shown in FIG. 4A may correspond to the hight
collecting arca of a photodiode in the middle sub-pixel 404, The square inner boundary
of middie sub-pixel 404 at the surface shown 1n FIG. 4A mayv be similar in shape but
greater 1n size than the outer boundary of the mner sub-pixel 402 (i.¢, the square nner
boundary of middle sub-pixel 404 has a width S7° that is greater than the width §7).

As shown in FIG. 4A, the length of onc of the sides of the outer boundary of muddie
sub-pixel 404 is 58. As an example, 58 may be 2 microns, but may altematively be
any other dimension without departing from the scope of the present embodiment. The
length S8 is preferably greater than the length $7.

Outer sub-pixel 406 may have a square outer boundary and a square
mner boundary at the surface. In between the middle sub-pixel 404 and the outer sub-
pixel 406, an isolation region 408 mav be formed. The 1solation region 408 may be
devoid of any circunitry related to the pixel 22 or its sub-pixels 402-406. Isclation
region 408 may separate middle sub-pixel 404 from outer sub-pixel 406, Isolation
region 408 may mehde different types of isolation devices sach as trench isolation
structures, doped semiconductor regions, metallic barrier structures, or any other
suitable tsolation device. The arca between isolation region 408 and
the outer boundary of outer sub-pixel 406 m FIG. 4A may correspond to the Light
collecting arga of 3 photodiode in outer sub-pixel 406, The square inner boundary of
outer sub-pixel 406 at the surface may be similar in shape but greater in size to the
outer boundary of the middle sub-pixel 404 (i.¢., the square immer boundary of outer
photodiode 406 has a width S8 that 1s greater than the width $8). As shown in FIG.
4A, the length of one of the sides of the suter boundary of middle sub-pixel 404 is 89,
Ag an example, S9 mav be 3 microns, but may alternatively be anv other dimension
without departing from the scope of the present embodiment. The length §9 is
preferably greater than the lengths S8 and 57.

QOuter sub-pixel 406 is illustrated in FIG. 4A as having a square outer
boundarvy, but may alternatively have a rectangular outer boundary., Sinularly, the outer
and inner boundarics of middle sub-pixel 404 may be rectangular, and the boundary of
wnner sub-pixel 402 may be rectangular as well.

The mner sub-pixel 402 may have a lower sensttivity to incident light
compared to muddle sub-pixel 404 and outer sub-pixel 406, and may be referred 1o as

having a lower sensitivity hight collecting arca compared to middle sub-pixel 404 and
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outer sub-pixel 406. The middle sub-pixel 404 may have a lower sensitivity to meident
light compared to outer sub-pixel 406 and may be referred to as having a lower
sensitivity fight collecting area compared to outer sub-pixel 406, The respective doping

concentrations of respective photodiode regions of inner sub-pixel 402, middle sub-
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pixel 404, and outer sub-pixel 406 may be different or they may be the same. Asan
example, the doping concentrations of a first photodiode in inner sub-pixel 402 may be
ditferent relative to the doping concentrations of respective photodiodes in sub-pixcls
404 and 406 to reduce the sensitivity of mner sub-pixel 402 to light relative to sub-
pixeis 404 and 406. However, for the sake of simplicity 1n explaining and highlighting
10 the propertics of the nested sub-pixels 400, it will be assumed that the sub-pixels 402,
404, and 406 have photodiode regions of the same doping concentrations. The lower
sensitivity to incident ight of tnner sub-pixel 402 compared to middle sub-pixel 404
may be a result of the lower light collecting arca of tuner sub-pixel 402 compared to the
light collecting arca of middle sub-pixel 404, Sinmilarly, the lower sensitivity to
15  nadent light of middle sub-pixel 404 compared to outer sub-pixel 406 may be a result
of the lower light collecting arca of middle sub-pixel 404 compared to the Hight
coliecting arca of outer sub-pixel 406.
One or more microlenses (not shown in FIG. 4A) may be formed over

the nested sub-pixels 400 of FIG. 4A to direct light toward the muddle sub-pixe] 404

(A
o

and the outer sub-pixel 406, Alternatively, one or more microlenses may be formed
over nested sub-pixels 400 of FI(G. 4A to only direct light toward the outer sub-pixel
406,

The one or more microlenses may be formed over the color filter formed

over nested sub-pixels 400 (not shown in FHG. 4A). To direct light toward middle sub-
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pixel 404 and outer sub-pixel 406, or equivalently, away from inner sub-pixel 402, the
ong or more microlenses may be formed over only muddle sub-pixel 404 and outer sub-
pixel 406 {i.c., over the region bounded by the inner boundary of middie sub-pixel 404
and the outer boundary of outer sub-pixel 406). In some cmbodiments however, the
one or more microlenses that direct light toward middle sub-pixel 404 and outer sub-
30 pixel 406 may partially overlap the light collecting area of inner sub-pixe] 402.
Directing light toward middie sub-pixel 404 and outer sub-pixel 406 may further
increase the sensitivity of the respective hght collecting areas of muddie sub-pixel 404
and outer sub-pixel 406, relative to the sensitivity of the light collecting area of nner

sub-pixel 402, In other words, because a larger amount of light incident on nested sub-
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pixels 400 is directed to middle sub-pixel 404 and outer sub-pixel 406 than to wner
sub-pixel 402, inner sub-pixei 402 1s said to have a lower sensitivity hight collecting
arca compared to middle sub-pixel 404 and outer sub-pixcl 406,

As mentioned above, in some embodiments, it may be desired to form
ong or more microlenses over nested sub-pixel 400 to only direct light toward the ocuter
sub-pixel 406. In such embodiments, the one or more microlenses may be formed over
only outer sub-pixel 406 (1.¢., over the region bounded by the inner boundary of outer
sub-pixel 406 and the cuter boundary of outer sub-pixel 406). In some embodiments
however, the one or more microlenses that divect light toward outer sub-pixel 406 may
partially overlap the light collecting area of middle sub-pixel 404, Directing hght
toward outer sub-pixel 406 may further merease the sensitivity of the light collecting
arga of outer sub-pixel 406, relative to the sensitivity of the heht collecting area of
inmer sub-pixel 402 and middie sub-pixel 404, In other words, because a lareer amount
of light incident on nested sub-pixels 400 is directed to outer sub-pixcl 406 than to
mner sub-pixel 402 or middle sub-pixel 404, inner sub-pixel 402 and middle sub-pixel
404 are said to each have a lower sensitivity light collecting area compared to outer
sub~pixel 406,

FI(G. 4B 15 a cross-sectional side view of nested sub-pixels 400 along the
A-A’ line in FIG. 4A. FIG. 4B illustrates a first isolation region 412 at between inner
sub-pixel 402 and middle sub-pixel 404. Isolation region 412 may be perpendicular to
the light collecting surface 416 of nested sub-pixels 400. When isolation region 412 1s
perpendicular to the surface 416, the angle 414 between isolation region 412 and
surface 416 may be 90 degrees, and the length across inner sub-pixel 402 at surface 416
may be the same as the length across toner sub-pixel 402 at an opposite surface 418,
Alternatively, design considerations or implementation constraints in certain
manufacturing processes may result in angle 414 between isolation region 412 and
surface 416 being greater than or less than 90 degrees. When angie 414 is not 90
degrees, the length across inner sub-pixel 402 at surface 416 may be different from the
length across mner sub-pixel 402 at surface 418,

Isolation region 412 may have first and second regions separated by a
boundary. Isolation devices used in the isclation region 412 may include isolation
structures of various types, such as trench isolation structures, doped semiconductor
regions, and metallic barriers, which may be formed i one or both of the first and

second regions of isolation region 412, When the same type of isolation device is
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formed in both the first and second regions of isolation region 412 (1.e., when a single
1solation device type 1s formed in isolation region 412) the isolation device in region
4127 may be continuous. When the type of isolation device i a first region of isolation

region 412 having a height hS 15 different from the type of isolation device in a second
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region of isolation region 412 having a height hé, the isolation devices in region 412
may be discontinuous for the depth of photodiodes in the nested sub-pixels 400, FIG,
48 also illustrates an isolation structure 408 between middle sub-pixel 404 and outer
sub-pixcl 406. Isolation structure 408 may be perpendicular to the light collecting
surface 416 of nested photodiodes 400, When isolation structure 408 is perpendicular
10 tothe surface 416, the angle 420 between isolation structure 408 and surface 416 may
e 90 degrees, and the length across middie photodiode 404 at surface 416 may be the
same as the length across middle photodiode 404 at an opposite surface 418.
Alternatively, design considerations or implementation constraints in certain
manufacturing processes may result i angle 420 between isolation structure 408 and
15  surface 416 being greater than or less than 90 degrees. When angle 420 1s not 90
degrees, the length across middie photodicde 404 at surface 416 may be different from
the length across middle photodiode 404 at surface 418,
Isolation region 408 may have first and second regions separated by a

boundary. Isolation devices ased i the isolation region 408 may include isolation

(XS]
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structures of various types, such as trench isolation structures, doped semiconductor
regions, and metallic barmers, which may be formed in one or both of the first and
second regions of 1solation region 408, When the same type of isolation device is
formed in both the first and second regions of isolation region 408 (1.¢., when a single
1solation device type 1s formed in isolation region 408) the isolation device in region

408 may be continuous. When the type of isolation device i a first region of 1solation
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region 408 having a height h7 15 different from the type of isolation device in a second

region of isolation region 408 having a height h8, the isolation devices in region 408

may he discontinuous for the depth of photodiodes in the nested sub-pixels 400

During a light collecting mterval, light 410 incident on nested sub-pixels

30 400 in pixels 22 of FIG. 1 may be received at respective photodiode regions of imner

sub-pixels 402, middle sub-pixels 404, and outer sub-pixels 406. As described above

m connection with FIG. 4A, the nuddle sub-pixel 404 has a more sensitive hight

collecting area compared to nner sub-pixel 402 due to at least the larger size of middle

sub-pixel 404 and the one or more microlenses formed on nested sub-pixels 400 to
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direct light to middle sub-pixel 404, As aresult of middie sub-pixel 404 having a more
sensitive light collecting area, the mumber of photogenerated charges 1o middle sub-
pixch 404 after exposure to incident light 410 may be larger than the number of
photogenerated charges in mner sub-pixel 402 after exposure to the meident ight 410,

Photogencrated charges in the photodiode of muddle sub-pixel 404 may
leak or diffuse across isolation region 412 wto the photodiode of inner sob-pixel 402.
Similarly, photogenerated charges in outer sub-pixel 406 may leak or diffuse across
interface surface 408 and into muddle sub-pixel 404, The leaking of charge from ong
photodiode region of a sub-pixel into another photodiode region of another sub-pixel is
gencrally referred to as electrical cross-tatk. Because a single color filter 1s formed
over nested sub-pixels 400, the mner sub-pixel 402, middle sub-pixel 404, and outer
sub-pixel 406 recetve incident light 410 of the same color.

As a resuli, photogenerated charge that diffuses or leaks from middle
sub-pixcl 404 across isolation region 412 into mner photodiode 402 corresponds to
charge produced in response to the same color that produced photogenerated charges in
inner sub-pixel 402, Simuilarly, photogenerated charge that diffases or leaks from outer
sub-~pixel 406 across isolation region 408 into middlc sub-pixel 404 corresponds to
charge produced n response to the same color that produced photogenerated charges 1n
miiddle sub-pixel 404

The clectrical cross talk between sub-pixels 402 and 404 and the cross
talk between sub-pixels 404 and 406 is thercfore cross-talk between sub-pixels
receiving light of the same color, and 1s therefore manageable. The electrical cross talk
between sub-pixels 402, 404 and 406 may be accounted for or managed during readout
of the pixel 22 in which nested sub-pixels 400 are located, or after the readout of the
pixel 22 i which the nested sub-pixels 400 are located.

The area of the surface of the solation region 412 across which charges
leak or diffuse from middle sub-pixel 404 to mner sub-pixel 402 may be dependent on
the angle 414 between isolation region 412 and surface 416. When the angle 414 15
less than or greater than 90 degrees, the arca of the surface of isolation region 412 1s
increased, which increases the amount of electrical cross talk between photodiodes 402
and 404, because the area over which photogenerated charges can diffuse (e, the
interface arca of isolation region 412) 1s increased.

Similarly, the area of the isolation region 408 across which charges leak

or diffuse from outer photodiode 406 to middle photodiode 404 may be dependent on
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the angle 420 between isolation region 408 and surface 416. When the angle 420 is
less than or greater than 90 degrees, the arca of isolation region 408 is increased, which
mncreases the amount of clectrical cross talk between sub-pixels 404 and 406, because

the arca over which photogenecrated charges can diffuse (1.¢., the interface area of

@1

isolation region 408} is increased.

While FIG. 4 illustrates three sub-pixel structures 402-406 1n a nested
arrangement, more than three sub-pixel structures may be formed in a nested
arrangement in a pixel. As an example, four sub-pixel structures may be formed in a
nested arrangement in which a first, inmermost sub-pixel structure is nested within a
10 second sub-pixel structure, which m turn may be nested within a third sub-pixel

structure, which in turn may be nested within a fourth, outermost sub-pixel structure.

In this way, an arbitrary number of sub-pixel structures may be mcluded n a pixel, in

which an inner most sub-pixel structure may be nested within a number of sub-pixel

structures that may theraselves be nested within respective sub-pixel structures, except
15  forthe outermost pixel-structure.

When a first sub-pixel structure is said to be nested within a second sub-
pixcl structure, it is entatled that the first sub-pixel structure is laterally swrrounded by
the sccond sub-pixel structure as illustrated o at least FIGS. 2-4. Taking FIG. 2 as an

example, it can be appreciated that the outer sub-pixel stractore 204 laterally surrounds
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the inner sub-pixel structure 202, In other words, outer sub-pixel 204 surrounds the
inner sub-pixel 202 cxeept at surfaces 216 and 218 of the nner sub-pixel 202 (e,
outer sub-pixel 204 laterallv surrounds mner sub-pixel 202). When a first sub-pixel
structure is said to be nested within a second sub-pixel structure, it 15 also entailed that

no additional intervening pixels or sub-pixcls are formed in a region between the first
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and second sub-pixels. Agan, taking FIG. 2 as an example, it can be appreciate that
any space between sub-pixels 202 and 204 is free from additional pixel or sub-pixel
structures.

Informally, nesting may be a transitive function, in that when a first sub-
pixel is nested within a second sub-pixel and the second sub-pixel is in turn nested
30 within a third sub-pixel {as in FIG. 4A, for example} the first sub-pixel may be said to
be “nested” within the third sub-pixel. Formally, however, two sub-pixels may
properly thought to be nested when one of the sub-pixels laterally surrounds the other
sub-pixel and when any space between the sub-pixels is devoid of any other pixel or

sub-pixel structures. When a first sub-pixel is nested within a second sub-pixel the
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aforementioned formal sense, the second sub-pixel can also be said to “immediately
sarround” the first sub-pixel.

While the above formal definition of nesting or “immediate
surrounding” was described in connection with two sub-pixels, a sub-pixel group may
also be properly be thought to immediately surround another sub-pixel or sub-pixel
group. When a sub-pixel is laterally surrounded by a sub-pixel group that includes
multiple sub-pixels, and when anv space between the sub-pixel and the sub-pixel group
is devoid of any other sub-pixels or pixels, the sub-pixel 15 immediately surrounded by,
or nested within, the sub-pixel grouvp. In a similar manner, a first sub-pixel group may
be immediately surrounded by, or nested within, a second sub-pixel group.

The hight collecting arca of the innermost sub-pixel stracture of a pixel
may influence or help determine the shape of additional sub-pixel structures in the pixel
within which the imnermost sub-pixel structure is nested. As seen in FIG. 2, for
example, the shape of the light collecting arca of inner sub-pixel 202 determines the
shape of the hght collecting arca of outer sub-pixel 204, Specifically, because the outer
boundary of mner sub-pixel 202 (i.c., the mterface of inner sub-pixel 202 and the
1solation region 206 or outer sub-pixel 204} 15 circular, the inner boundary of the outer
sub-pixel 204 also has a circular shape. When, as described above, a pixel has any
number of nested sub-pixels, the shape of the hight collecting area of the inncrmost sab-
pixel or sub-pixel group may be elliptical, circular {as shown n FIG. 2. rectangular, or
square {as shown in FIG. 3}, Pixels are not himited in the number of nested sub-pixels
they can have bv the shape of the light collecting area of their inmermost sub-pixel. In
other words, the number of nested sub-pixels may be increased regardless of whether
the mnermost sub-pixel is elliptical, circular, rectangular, or square. Geoerally, when a
sub-pixel group or an individual sub-pixel is referred to as having an elliptical shape,
the sub-pixel group or individual seb-pixel may have a circular shape or any other
clliptical shape. Similarly, when a sub-pixel group or an individual sub-pixel is
reterred to as having a rectangular shape. the sub-pixel group or individual sub-pixel
may have a square shape or any other rectangular shape.

FIG. 5 is a surface view of nested sub-pixel groups 500 i a pixel 22 of
array 20. Nested sub-pixel groups 500 may be an alternate ernbodiment to the nested
sub-pixel groups in FIGS. 2-4, 6, and 9. Specifically, the embodiment of FIG. 5 may
be similar to the embodiment shown in FIG. 3. FIG. 5 and FIG. 3A differ in that the

outer sub-pixel 304 in FIG. 3A may be divided into an outer left sub-pixe] 504 and an
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outer right sub-pixel 506 in FIG. 5. Outer left sub-pixel 504 and outer right sub-pixel
506 may form an outer sub-pixel group. in which the mner sub-pixel 502 is nested.

The descriptions of sub-pixcl structure described in FIGS. 3B is also applicable to the
nested sub-pixels 300 of FIG. 5, with the necessary modifications that take mto account
the division of outer sub-pixel 204 nto outer left sub-pixel 504 and outer nght sub-
pixel 506. An example of such a necessary modification is the shape of the isolation
region 508, Sinularto FIGS. 3A and 3B, in which the isolation region 306 is formed
between sub-pixels 302 and 304, the isolation region 308 1s formed between each of the
sub-pixels 502-306. Similarly, the descriptions related to the placement of one or more
microlenses over nested sub-pixels 200 m FIGS. 7 and 3 are also applicable to the
nested sub-pixel 500 of FIG. 3, with the necessary modifications that take into account
the division of outer sub-pixel 204 nto outer left sub-pixel 504 and outer nght sub-
pixel 506.

Generally, one or more outer sub-pixels or sub-pixel groups having
cither rectangular, square, elliptical, or circular inner boundaries may be divided into
respective divided sab-pixel groups having additional sub-pixels compared fo the
original sub~-pixel or sub-pixel groups.

FIG. 6 18 a surface view of nested sub-pixels 600 m a pixel 22 of array
20. Nested sub-pixels 600 may be an altemate embodiment to the nested sub-pixels in
FIGS. 2-5 and 9. Specifically. the embodiment of FIG. 6 may be similar to the
cembodiment shown in FIG. 2. FIG. 6 and FIG. 2A differ in that the outer sub-pixe} 204
m FIG. 2A 15 divided into four sub-pixels, namely a first quadrant sub-pixel 604, a
second quadrant sub-pixel 606, a third quadrant sub-pixel 608, and a fourth quadrant
sab-pixel 610, The descriptions of sub-pixel well structure described in FIGS. 2B and
2¢ are also applicable to the nested sub-pixels 600 of FIG. 6, with the necessary
modifications that take mto account the division of outer sub-pixel 204 mio first
quadrant sub-pixel 604, second quadrant sub-pixel 606, third quadrant sub-pixel 608,
and fourth quadrant sub-pixel 610. An example of such a necessary modification is the
shape of the isolation region 612, Simular to FIGS. 2A-2C, in which the isolation
region 206 1s formed between sub-pixels 202 and 204, the isolation region 612 is
formed between each of the sub-pixels 602-608. Simidarly, the descriptions related to
the placement of one or more microlenses over nested sub-pixels 200 m FIG. 2 are also
applicable to the nested sub-pixel 600 of FIG. 6, with the necessary modifications that

take 1mto account the division of outer sub-pixel 204 mto first quadrant sub-pixel 604,
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second quadrant sub-pixel 606, third guadrant sub-pixel 608, and fourth quadrant sub-
pixel 610.
FIGS. 5 and 6 both illustrate how an outer sub-pixel such as outer sub-

pixel 204 in FIG. 2 can be split or divided nto multiple sub-pixels with respective
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photodiodes. In FIG. 5, the sub-pixel 204 of FIG. 2 1s split to create an outer sub-pixel
group including left sub-pixel 504 and right sub-pixel 306. In FIG. 6, the sub-pixel 204
of F1G. 2 15 sphit to create an outer sub-pixel group including first quadrant photodiode
604, second quadrant photodiode 606, third quadrant photodiode 608, and fourth
guadrant photodiode 610. However, one or more sub-pixels in a pixel can be divided in
10 any way to form a sub-pixel group with more than onc sub-pixel. As an example, the
sub-pixel 204 of FIG. 2 may be split honizontally, instead of vertically as shown n FIG.
5, to form an cuter sub-pixel group having an upper sub-pixel and a lower sub-pixel.
Generally, an isolation structure may be formed between any two adjacent sub-pixels.
However, the isolation structures in FIGS. 7-11 are not illustrated or discussed in
15 further detail, in order to avoid unnecessarily obscuring the present embodiments and
the drawings of FIGS. 7-11.
Fi(s. 7 illustrates the placement of circular microlenses over nested sub-
pixels 700 in a pixel 22 of array 20, Although the inner sub-pixel 702 and the outer

sub-pixel 704 of FIG. 7 are dlustrated in accordance with the embodiment of FIG. 24,

(A
o

the placement of circular microlenses 740-1, 740-2, 740-3, and 740-4 may be used
conjunction with any of the sub-pixel configurations of FIGS. 3-6. Circular
microlenses 740-1, 740-2, 740-3, and 740-4 may be centered outside the boundary of
inner sub-pixel 702. The microlenses 740-1, 740-2, 740-3, and 740-4 mayv be centered
over regions of the outer sub-pixel 704, FIG. 7 illustrates four microlenses 740-1, 740-

2, T40-3, and 740-4 per pixel. The placement of microlenses 740-1, 740-2, 740-3, and

N
o1

740-4 over nested sub-pixels 700 may direct light to only outer sub-pixel 704. The
placement of microlenses 740-1, 740-2, 740-3, and 740-4 as illustrated 1n FIG. 7 may
increase the sensitivity of the light collecting area of outer sub-pixel 704 relative to an
arrangement in which microlenses 740-1, 740-2, 740-3, and 740-4 are not formed at all.

30 As shown in FIG. 7, microlenses 740-1, 740-2, 740-3, and 740-4 may partially overlap
inner sub-pixel 702, However, increase in sensitivity for the light coliecting arca of
mner sub-pixel 702 caused by mucrolenses 740-1, 740-2, 740-3, and 740-4 partially
overlapping inner sub-pixel 702 may be negligible.

FIG. 7 dlustrates microlenses 740-1, 740-2, 740-3, and 740-4 extending
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bevond the outer sub-pixel 704, However, the extension of microlenses 740-1, 740-2,
740-3, and 740-4 beyond the outer sub-pixel may correspond to an intermediate step 1n
the fabrication of microlenses 740-1, 740-2, 740-3, and 740-4 . FIGS. 14A-14C
illustrate the stages required to form fiushed mucrolenses over a pixel such as pixel
700. FIG. 14A illustrates how a first group of microlenses 1440 may first be deposited.
A plan view 1440 of FIG. 14A shows that the first group of microlenses 1440 may be
formed m a diagonal pattern. Each of the microlenses 1440 may correspond to a
microlens 740-1, 740-2, 740-3, and 740-4 in FIG. 7. The cross sectional side-view
1492 of FIG. 14A shows that the microlenses 1440 may have substantially the same
dimensions.

FI(. 14B shows how a second set of microlenses 1442-1 may be
deposited n between gaps of the diagonal pattern of the first set of microlenses 1440,
Microlenses 1442-1 are not fully formed, but are merely deposited in the diagrams of
FIG. 148, A plan view 1494 of FIG. 14B shows that the second set of microlenses
1442-1 may be formed in a diagonal pattern as well. The cross sectional side-view
1496 of FIG. 148 shows that the second set of microlenses 1442-1 in their intermediate
state of FIG. 148 may bave a height that is greater than the height of the first sct of
microlenses 1440, As shown i1n the cross sectional side view 1496 of FIG. 148, the
second set of microlenses 1442-1 may partially overlap the first set of microlenses
1440.

FI1G. 14C shows the tinal placement and structure of the first set of
microlenses 1440 and a completed second set of microlenses 1442-2 that result from
reflowing the device of FIG. 14B. The plan view 1498 in FIG. 14C of the microlenses
1440 and 1442-2 shows an apparently similar structure to the plan view 1494 of Fi(.
14B, but the crosg-sectional side view 1499 of FIG. 14 shows that the reflowed
second set of microlenses 1442-2 have substantially the same height as the first set of
microlenses 1440, FIG. 8A illustrates the placement of a torcidal microleng
over nested sub-prxels 800 in a pixel 22 of array 20 Although the inner sub-pixel 802
and the outer sub-pixel 804 of FIG. 8A are illustrated in accordance with the
embodiment of FIG. 24 torotdal microlens 840 may be used in conjunction with any
of the sub-pixel configurations of FIGS. 3-6. In other words, the toroidal microlens
840 may be used in conjunction with pixels having multiple nested sub-pixel groups
surrounding an mmer sub-pixel having a circular, elliptical, square, or rectangular

surface. Pixels 22 that include one, two, or any number of sub-pixel groups that
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surround an inner sub-pixel having a circular, elhiptical, square, or rectangolar surface
may nchude a toroidal microlens 840.

FIG. 8A illusirates a toroidal microlens 840, which may have cithera
first 1oner boundary 850 or a second mner boundary 852, In certain embodiments
where toroidal microlens 840 has the first inner boundary 850, toroidal microlens may
not overlap imner sub-pixel 802. In other words, toroidal microlens 840 with mner
boundarv 850 may be formed over only the outer sub-pixel 804, In other embodiments,
where toroidal microlens 840 has the second inner boundary 832, toroidal microlens
may partially overlap the inner sub-pixel 802, When toroidal microlens 840 only
overlaps outer sub-pixel 804 (i.¢., when toroidal microlens 840 has the second mner
boundary 852}, the toroidal mucrolens 840 may direct hight to an outer sub-pixel §04
without directing any light to nner sub-pixel 802, However, microlens 840 may
alternatively overlap inner sub-pixel 802, at least partially (i ¢. . when toroidal microlens
440 has the first inner boundary 850), so that the light (i.e., photons} incident on the
portion of microlens 840 that at least partiallv overlaps inner sub-pixel 802 may be re-
directed toward the outer sub-pixel 804 by the toroidal microlens 840, Because the
toroidal microlens 840 only directs light to the outer sub-pixel 804, the scusitivity of
the light collecting arca of the outer sub-pixel 804 may be increased. The sensitivity of
the light collecting arca of the outer sub-pixel 804 may be greater than the sensitivity of
the light collecting area of the mner sub-pixel 802

The toroidal microlens 840 of FIG. 8A 15 shown 1o exiend bevond the
outer boundary of an outer sub-pixel 804 (namely, in the region 860 bevond the outer
sub-pixel 804). As an example, a portion of the toroidal microlens 8440 1s shown to be
formed in a region 360 that extends beyond the outer boundary of the outer sub-pixel
804. When multple nested sub-pixels 800 are placed in an array, the toroidal
microlenses 840 of adjacent nested sub-pixels 300 may overlap as a result of the
toroidal microlens 840 extending beyond the outer boundary of an outer sub-pixe] 804,

However, the extension of toroidal microlens 840 beyond the outer
boundary of the outer sub-pixel 804 may, in a finished device, be unnoticeable or even
absent, as the extension microlens 840 bevond the boundary of an outermost sub-pixel
group (outer sub-pixel 804, in this example) may be relevant to pixels that have been
processed only up to an miermediate lithography step, specifically, to an intermediate
lithography step before a re-flow process has been applied to pixels and their associated

microlenses. After the re-flow process has been applied to the pixels, any extension of
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a microlens bevond the outer boundary mav be reduced or ehiminated, as illustrated m
FIG. 8B, where the microlenses 842-1 and #42-2 do not extend beyond the outer
boundary of the respective outer sub-pixel 804 over which they are respectively
formed.

Fi(z. 8B illustrates a toroidal microlens 842-1 formed over a given pixel
{such as pixel 22 of FIG. 1) having an ner sub-pixel 802-1 that is nested within outer
sub-pixel 804-1. As described m connection with FIG. 8A, the toroidal microlens 842
of FIG. 8B 1s illustrated in accordance with the embodiment of FIG. 2A thoogh
toroidal microlens 842 may be used in conjunction with any of the sub-pixel
configurations of FIGS. 3-6. In other words, the toroidal microlens 842 may be used in
conjunction with pixels having multiple nested sub-pixel groups surrounding an inner
sub-pixel having a circular, elliptical, square, or rectangular surface. Pixels 22 that
include one, two, or any number of sub-pixel groups that surround an ner sub-pixel
having a circular, eliiptical, square, or rectangular surface may include a toroidal
microlens 842,

Toroidal microlens 842-1 may be adjacent to but non-gverlapping with
another toroidal mircolens 842-2 formed over another pixel having an inner sub-pixel
802-2 that is nested within outer sub-pixel 804-2 and that 1s adjacent to the given pixel.
Toroidal microlenses 842 of adjacent nested sub-pixels 800 may be directly adjacent
and may contact cach other at an interface. However, cach of the toroidal microlenses
442 associated with a given pixel 22 baving nested sub-pixels 800 may be contained
within the outer boundary of the cutermost sub-~pixel or sub-pixel group, such as sub-
pixel 804, as iHustrated in FIG. 8B.

FiG. 9 illustrates the placement of circular microlenses over nested sub-
pixel 900 n a pixel 22 of array 20. The nested sub-pixels 900 are iHlustrated as having
a3 by 3 array of square image pixels. The eight square sub-pixels 904 on the periphery
of nested sub-pixels 900 may be considered an outer sub-pixel group that surrounds
inner sub-pixel 902, Viewed in this way, a pixel 900 having nested sub-pixcls may be
scen as a vanant of the FIG. 3A embodiment in which the outer sub-pixel 304 has been
divided info gight sections, or into sub-pixels 904-1, 904-2, 504-3, 904-4, 904.5, 904-6,
904-7, and 904-8. The sub-pixels 904-1, 904-2, 904-3, 904-4, 904-5, 904-6, 904-7 and
904-8 may collectively be referred to as the outer sub-pixel group 904, The placement
of circular microlenses 940 may be similar to the placement of circular microlenses

740-1, 740-2, 740-3, and 740-4 over nested sub-pixels 700, except that as shown
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FIG. 9, the circular microlenses 740-1, 740-2, 740-3, and 740-4 do not extend bevond
the boundary of nested sub-pixels 700, The four circolar microlenses 940-1, 940-2,
940-3, and 940-4 may cach be centered over a region in the second sub-pixel group.

The placement of microlenses 940 over nested sub-pixels 900 may

5 direct light to outer sub-pixel group 904. The placement of microlenses 940 as
illastrated 10 FIG. 9 may increase the sensttivity of the hight collecting area of outer
sub-pixel group 904 relative to an arrangement in which microlenses 940 are not
formed at all. As shown in FIG. 9, microlenses 940 may partially overlap inmer sub-
pixel 902,

10 Fi(s. 10A illustrates the placement of circular microlenses over nested

sub-pixels 1000. The nested sub-pixels 1000 are illustrated as having a 3 by 3 array of
square image pixels. The cight square sub-pixels 1004 on the periphery of nested sub-
pixels 1000 may be considered an outer sub-pixel group that surrcunds inner sub-pixel
1002, Generally, the sub-pixels 1004 in the outer sub-pixel group need may not be
15  square, but may still be equally sized. Sub-pixels 1004 n the outer sub-pixel group
may each have the same dimensions as inner sub-pixel 1002, Viewed in this way, the
pixel 1000 having nested sub-pixels may be seen as a vanant of the FIG. 3A
embodiment in which the outer sub-pixel 304 has been divided 1nto cight sections, or
into sub-pixels 1004-1, 1004-2, 1004-3, 1004-4, 1004-3, 1004-6, 1004-7, and 1004-8.
The sub-pixels 1004-1, 1004-2, 1004-3, 1004-4, 1004-5, 1004-6, 1004-7, and 1004-8

(A
o

may collectively be referred to as the outer sub-pixe! group 1004, The placement of
circular microlenses 1040 may correspond {0 a one-to-one placement of microlenses for
gach sub-pixel. Microlenses 1040-1, 1040-2, 1040-3, 1040-4, 1040-5, 1040-6, 1040-7,
and 1040-8 may be respectively formed over the sub-pixels 1004-1, 1004-2, 10604-3,
1004-4, 1004-5, 1004-6, 1004-7, and 1004-8 1n the outer sub-pixel group 1004,

N
o1

The placement of microlenses 1040 over sub-pixels in the outer group
1004 may direct light to ouier sub-pixel group 1004. Specifically, the each microlenses
1040 may direct light to only the respective sub-pixel in outer sub-pixel group 1004
over which 1t is formed. The placement of microlenses 1040 as illustrated 1 FIG. 10
30 may increase the sensitivity of the hight collecting area of outer sub-pixel group 1004
relative 1o an arrangement in which microlenses 1040 are not formed at all. As shown
m FIG. 10, circular microlens 1042 may be formed over inmer sub-pixel 1002,
Microlens 1042 may be optimized to prevent the sensitivity of the light collecting arca

of inner sub-pixel 10062 from increasing. However, in certain embodiments such as the
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pixel 1050 llustrated 1n FIG. 10B, microlens 1042 s omitted to avoid inereasing the
sensitivity for the light collecting area of nner sub-pixel 1002, In cortain
embodiments, instead of an individual microlens 1040 being provided for each sub-
pixel 1004 of the outer sub-pixel group, a toroidal microlens 840 of F1G. 8A ora
toroidal microlens 842 of FIG. 8B may be formed over the sab-pixcls 1004 of the outer
photodiode group.

FI1G. 12 dlustrates a side view 1292 of microlenses 1240 formed overa
structure 3-by-3 array of sub-pixels 1202 and 1204, where the sub-pixels 1204 form an
outer sub-pixel group, and where the sub-pixel 1202 forms an inner sub-pixel that is
nested within the outer sub-pixel group. The microlenses 1240 m FIG. 12 donot
overlap one another, but are adjacent to one another. Microlenses 1240 do not overlap
one another within a pixel 1270 or 1272, or between pisels 1270 and 1272,
Microlenses 1240 mayv be formed over color filiers such as a red color filter 1256-R. a
green color filter 1250-G, a blue color filter (not pictured), a clear filter {not pictured),
or any other suitable color filter or hybrid color filter that includes clear regions and
color filter regions. The plan view 1294 of FIG. 12 shows that between the microlenses
1240, gaps may be present. These gaps may be climinated, or the size and shapes of
these gaps may modified based on the method of disposing and forming the
microlenses 1240,

FIG. 13 dhustrates microlenses 1340 that may overlap one ancther. Like
the microlenses 1440 and 1442 of FIG. 14C, the microlenses 1340 may be formed at
different times. As an example, the first set of microlenscs 1340-1 may be formed at a
first time, and the second set of microlenses 1340-2 may be formed at a second time
subsequent to the first time. Usnlike the microlenses 1440 and 1442 of FIG. 14C, the
microlenses 1340 may have non-uniform heighis. Specifically, the second set of
miicrolenses 1340-2 may have a height that is greater than the height of the first set of
microlenses 1340-1. Microlenses 1340 may be formed over a 3-by-3 array of sub-
pixels 1302 and 1304, As shown in the plan view 1394 of FI(G. 13, the microlenses
1340 may overlap one another. Specifically, a microlenses 1340-2 in pixel 1370 may
overlap other microlenses 1340-1 within a pixel 1370, and may also overlap other
microlenses 1340-1 within a neighboring pixel 1372.

FIG. 11 illustrates a hybrid color filter formed over an array 1100 of
nested sub-pixels. Array 1100 may melude two rows and two columms of nested sub-

pixels. Array 1100 may be a subset of the array 20 of FIG. 1. The first row of neste
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sub-pixels may inchude a first nested sub-pixel of inner sab-pixel 1102-G1 and outer
sub-pixel 1104-G1, and a second nested sub-pixel of wner sub-pixel 1102-R and outer
sub~pixel 1104-R. The second row of nested sub-pixels may include a third nested sub-

pixel of mner sub-pixel 1102-B and outer sub-pixel 1104-B, and a fourth nested sub-

@1

pixel of nner sub-pixel 1102-G2 and outer sub-pixel 1104-G2. Although the mner
sub-pixels 1102 and outer sub-pixels 1104 are tllustrated as structures corresponding o
the embodiment of FIG. 2A, the nested sub-pixel embodiments of any of FIGS. 3-6 and
9 may be used with the hybrid color filters illustrated in FIG. 11, Similarly, although
the circular microlenses 1140 are arranged in a manner similar to the arrangement of
10 FIG. 9, anv of the microlenses arrangements dlustrated m FIGS. 7, 8, and 10 may be
formed over the hybnd color filters iHustrated n FIG. 11
A color filter that is clear (1.2, made of a material that passes visible
spectrum fight) over regions of outer sub-pixgl 1104-G1, and that is green (1.e., made of
a material that passes only green hight) in a region 1150-G1 may be formed over the
15 first nested sub-pixel of inner sub-pixel 1102-G1 and outer sub-pixel 1104-G1.
Green filter region 1150-G1 may be formed over portions of the outer
sub-~pixel 1104-G1 and the entire inner sub-pixel 1102-G1. A color filter that is clear
over regions of outer sub-pixel 1104-R, and that is red (1.¢., made of a matenal that

passes only red light) in a region 1150-R may be formed over the second nested sub-

(A
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pixel of inner sub-pixel 1102-R and outer sub-pixel 1104-R. Red filter region 1150-R
may he formed over portions of the outer sub-pixel 1104-K and the entire inner sub-
pixel 1102-R.

A color filter that s clear over regions of outer sub-pixel 1104-B, and
that 15 blue (i.c., made of a material that passcs only blue light} in a region 1150-B may

be formed over the second nested sub-pixel of inner sub-pixel 1102-B and outer sub-

N
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pixel 1104-B. Blue filter region 1130-B may be formed over portions of the outer sub-
pixel 1104-B and the entire mner sub-pixel 1102-B. A color filter that is clear over
regions of outer sub-pixel 1104-G2, and that is green i a region 1150-G2 may be
formed over the fourth nested sub-pixel of inner sub-pixel 1102-G2 and outer sub-pixel
30 1104-G2. Green filter region 1150-G2 may be formed over portions of the outer sub-

pixei 1104-G2 and the entire inner sub-pixel 1102-G2.

The color filiers described above in connection with array 1100 have
color filter regions 1150 that are arranged i a Bayer pattern. However, color filter

regions 1150 may have any pattem in an array 1108, Color filter regions 1150 are not
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limited to red, green, and blae filter regions but may altematively include near-infrared
regions that pass only near-infrared wavelengths. Regions 1150 may alternatively be
clear, so that the entire color filter over a given nested sub-pixel is a clear color filter,
Clear color filter regions described above m connection with the color filters of array
1100 may altematively be filter regions that exhibit at least the same amount of light
transmittance as the color filter regions 1150 of the hybrid color filters. As an example,
instead of clear regions, a hybrid color filter may have vellow color filter regions that
are at least as sensitive to light {i.¢., having at least the same light transmittance over
the visible spectrum} as the color filter regions 1150

The design of FIG. 11 may further increase the sensiiivity of outer sub-
pixel region and capture more hight (.., full-spectrum hight, as opposed to color-
filtered hght), which may be particularly desirable 1n low-light smaging conditions.
Additionally, a barrier between the filters over sub-pixels 1102 and 1104 may be
formed to reflect the light away from nner sub-pixel 1102, The barmrier may be formed
above an 1solation region (similar to isolation region 206) formed between sub-pixels
1102 and 1104, which iz omutted from the tHustration of FIG. 11 to maintain clarity.
Similarky, even if the same color filter is formed over a particular pair of nested sub-
pixels 1102 and 1104, a barrier might be formed between sub-pixcls 1102 and 1104 to
merease the ratio of the sub-pixel hight sensitivitics of sub-pixel 1104 and sub-pixcl
1102

FI1G. 15 shows a pixel 1500 with an inver sub-pixel 1502-C over which
a clear filter 15350-C is formed. While a 3-by-3 pixel 1500 is illustrated m FIG. 15, any
of the pixel geometries of FIGS. 2-6 may be used with a clear filter 1550-C formed
over the respective inner sub-pixel of the particular pixel geometry. A color filter
[552-F may be formed over the sub-pixels 1504 in the outer sub-pixel group. It can be
appreciated that any of the preceding designs for microlenses, inner sub-pixels, and
outer sub-pixels may be used with such a filter configuration, by forming a clear filter
clement over an imner sub-pixcl or an inner sub-pixel group and by forming a color
filter element over an outer sub-pixel or an outer sub-pixel group.

Because clear filters such as the clear filter 1530-C do not filter light,
clear filters may be said to allow more light per unit area relative to color filters such as
1552-F. Although the light allowed by the clear filter 1550-C and the color filter 1552-
F depends on the light incident on these filters, it can be appreciated that the clear filter

1550-C transmits at least as much light as the color filter 1552-F. Clear filters such as
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clear filter 1550-C may also be said to transmit broad spectrum light, whereas color
filters 1352-F may be said to transmit subsets or sub-spectra of broad spectrom light.
Because the spectrum of light passed by color filters is a sub-spectrum of the broad
spectrum light passed by clear filters, the transmission spectrum of a clear filter may be
said to differ from the transmission spectrum of a color filter.

FIG. 16 shows, in simplified form, a typical processor system 1200,
such as a digital camera, which mcludes an imaging device 1220, Imaging device 1220
may nclude a pixel array 1222 of the tvpe shown in FIG. 1 (e.g., pixel array 1222 may
be an implementation of pixel array 20 of FIG. 1) having pixels with nested sub-pixels
as described above 1o connection with FIGS. 2-11. Processor system 1200 is
exemplary of a system having digital circuits that may include imaging device 1200
Without being limiting, such a system may melude a computer system, still or video
camerg system, scannger, machine vision, vehicle navigation, video phone, surveillance
system, auto focus system, star tracker svstem, motion detection system, image
stabilization svstem, and other systems emploving an imaging device.

Processor system 1200, which may be a digital still or video camera
system, may wnclude a lens such as lens 1290 for focusing an image onto a pixel array
such as pixel array 1222 when shutter release button 1293 is pressed. Processor system
1200 may include a central processing unit such as central processing unit {CPU) 1230,
{PU 1230 may be a microprocessor that controls camera functions and one or more
image tlow functions and communicates with one or more mput/output (/0) devices
1232 over a bus such as bus 1234, Imaging device 1220 may also communicate with
CPU 1230 over bus 1234, System 1200 may include random access memory (RAM)
1236 and removable memory 1238, Removable memory 1238 may inchude flash
memory that communicates with CPU 1230 over bus 1234, Imaging device 1220 may
be combined with CPU 1230, with or without memory storage, on a single integrated
circuit or on a different chip. Although bus 1234 15 iHustrated as a single bus, it may be
one or more buses or bridges or other communication paths used to interconnect the
System components.

Various embodiments have been described illustrating image sensors
that have pixels with nested sub-pixels or nested sob-pixel groups with at least an foner
sub-pixel and at least one outer sub-pixel or sub-pixel group. Image sensors having

pixels with nested sub-pixels may be used in an tmaging system such as an clectronic

3
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A pixel with nested sub-pixels or sub-pixel groups may inchide an inner
sub-pixel that has either a circular, elliptical, square, or rectangular hight collecting area.
The mner sub-pixel may have a square or circular light collecting arca. The tnner sub-
pixel may be formed in a substrate and may be nested within or immediately
5 surrounded by an outer sub-pixel group. A sub-pixel group may have one, two, four,
cight, or any other suitable number of sub-pixels. The cuter sub-pixel group may be
adjacent to the inner sub-pixel. The inner sub-pixel may be laterally and mmmediately
surrounded by a first sub-pixel group, and the first sub-pixel group may have an outer
boundary that is immediately surrounded by a second sub-pixel group. In other words,
10 one or more sub-pixcl groups may surround the mner sub-pixel of nested sub-pixels.
The light collecting area of the one or more sub-pixel groups that
surround an imer sub-pixel in nested sub-pixels may have a higher sensitivity to hght
than the inner sub-pixel. In other words, in response to incident light, more charges
will be generated in the one or more sub-pixel groups surrounding the mner sub-pixel
15  than are generated in the inner sub-pixel. The diffening sensitivities of the hght
coliecting arcas of the inner sub-pixel and the one or more outer sub-pixel groups that
laterally surround the inner sub-pixel may enable a pixel using nested sub-pixels to
have a high dynamic range response to incident light. In bright light conditions, the

mner sub-pixel, which may contain a number of charges that are diffased or leaked

(A
(&)

from the one or more outer sub-pixel groups that surround the inner sub-pixel, may
provide a non-~saturated image signal that can be used in to produce an accurate image
despite the brnight light conditions. In low hight conditions, the outer sub-pixel groups
with more sensitive light collecting areas will generate sufficient charges to accurately

image the low light conditions. In this way, nested sob-pixels may be used in high

N

h
¢
{

dynamic range imaging systems to produce accurate images in a variety of lighting
conditions; nested sub-pixels may also be used to remove or redace motion artifacts,
flickering, and other undesirable image aberrations or deficiencies, that are present and
to a degree inherent in conventional multi-eXposure 110age sensors.

The inner sub-pixel and one or more outer sub-pixel groups n a nested

w
(e

image pixel may have the same geometric optical centers. In other words, because the
one o1 more outer sub-pixel groups surround the inner sub-pixel symmetneally, the
center of the surface of the mner sub-pixel group is the same as the center of the
respective surfaces of each of the one or more cuter sab-pixel groups that surround the

inmer sub-pixel. The one or more ovter sub-pixel groups that surround the inner sub-
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pixel may have greater respective light sensitivities than the hight sensitivity of the
inner sub-pixel. As an example, for a given amount of light over a nested sub-pixel
pixck, more photogenerated charges will be produced 1n the one or more outer sub-pixel
groups than will be produced in the inner sub-pixel of the nested sub-pixels. The ratio
of the light sensitivity of the one or more outer sub-pixel groups to the light sensitivity
of the inner sub-pixel of a nested sub-pixcl pixel may be at least 4 to 1, but could be 5
to 1, 10to 1, anv intermediate ratio, or any larger ratio. In other words, the light
sensitivity of the one or more outer sub-pixel groups may be at least four times greater
than the light sensitivity of the inner sub-pixel. Light sensitivity may refer to the
amount of ight collected by a given sub-pixe! or sub-pixel group, and may be
determined by the hight collecting area of a sub-pixel or sub-pixel group, amount and
shape of microlenses formed over a sub-pixel or sub-pixel group, type of eolor filter
formed over a sub-pixel or sub-pixel group, or other attributes of a sab-pixel or sub-
pixel group.

An mner sub-pixel of a nested sub-pixel may be surrounded by a given
sub-pixel groap that is directly adjacent to the mner sub-pixel. The given sub-pixel
group and the wmner sub-pixcl may be separated by an 1solation region. The interface
surface of the isolation region may be perpendicular to the hight collecting surface of
the inner photodiode. Alternatively, the interface surface of the isolation region may be
non-perpendicular (.., greater than, or less than 90 degrees) with respect to the hight
coliecting surface of the inner photodiode. The arca of the interface surface of the
1solation region may be greater when the angle between the mterface surface and the
tight collecting surface 1s less than or greater than 90 degrees, compared to when the
interface surface of the isolation region s perpendicular to the light collecting surface.

One or more microlenses may be formed over the nested sub-pixels.
One, four, eight, nine, or any other suitable nuomber of microlenses may be formed over
the nested sub-pixels. The one or more microlenses formed over the nested sub-pixels
may direct light only to the outer sub-pixel groups in nested sub-pixels. Circular
microlenses may be centered over regions of the outer sub-pixel groups. Toroidal
microlenses may be formed having a hole such that no portion of the toroidal microlens
1s formed over the inner sub-pixel in nested sub-pixels.

A color tilter of a single color may be formed over a given nested sub-
pixel. In this way, charges that leak from the one or more outer sub-pixel groups to an

inmer sub-pixel of nested sub-pixels will correspond to photogenerated charges of the
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same color as those generated 1n the inner sub-pixel as a result of hight incident on the
inner sub-pixel. In certain embodiments, hybrid color filters having a clear region that
passes all colors of visible light may be formed over a first region of the one or more
outer sub-pixel groups. In hvbnid color filter embodiments, a color filter region may be
formed over a portion of the one or more outer sub-pixel groups of the nested sub-
pixels, and over the entirety of the inner sub-pixel of the nested sub-pixels.

The foregoing is merely illustrative of the principles of this jnvention

which can be practiced in other embodiments.

2
(]



WO 2017/048425 PCT/US2016/046696

What 1s Clasmed is:

1. Arimage pixel (22}, comprising:
an mner sub-pixel (1002) that exhibits a first light sensitivity;
and
an outer sub-pixel group (1004) that mcludes at least one sub-
pixel and that exhibits a second Hght sensitivity that is greater than the first light
sensttivity, wherein the inner sub-pixel (1002} is nested within the outer sub-pixel

group (1004}

2. The image pixel defined in clavn 1, further comprsing:
a color filter (1250) formed over the inner sub-pixel (1002) and

the outer sub-pixel group (1004},

3. The umage pixel detined in claim 2, wherein the color filter
{1250} comprises:
a first filtering region (1550-C} formed over the immer sub-pixel
and a first portion of the outer sub-~pixel group; and
a second filtering region (1552-F) formed over a second portion
of the outer sub-pixel group that is different from the first portion of the outer sub-pixel
group, wherein the first and second filtering regions transmit different respeciive light

spectrums.

. The image pixel defined in claim 3, wherein the second filtering

4
region {1552-F) comprises a color filter region.

5. The image pixel defined in claim 3, wheretn the second filtering

region comprises a clear filter region.

6. The mmage pixel defined in claim 1, wherein the second light

sensitivity is at least four times greater than the first hight sensitivity.

7. The image pixel defined 1n claim 1, wherem the outer sub-pixel
group {1004} has a first geometric center, and wherein the inner sub-pixel (1002} has a

second geometric center that is the same as the first gcometric center.
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8. The image pixel defined in claim 1, wherein the inner sub-pixel

{1002) has a rectangular hight collecting surface.

9. The mage pixel defined in claim 1, wheren the mner sub-pixel

{1002) has an elliptical light colecting surface.

10.  The image pixel defined in claim 1, wherein the at least one sub-
pixel in the outer sub-pixel group (1004} comprises:
a plurality of cqually sized sub-pixels, wherein the inner sub-
pixel (1002} has the same size as a given ong of the plurality of egually sized sub-

pixels.

11, The umage pixel defined in claim 10, wherein the plurality of
equally sized sub-pixels compnises eight square sub-pixels, wherein the mner sub-pixel
(1002} 1s a square mner sub-pixel that has the same size as a given one of the eight
square sub-pixels, and wherein the cight square sub-pixels are formed adjacent to the

square mner sub-pixel.

12. 'The image pixel defined in claim 1, wherein the at least one sub-
pixel in the outer sub-pixel group (1004) and the inner sub-pixel (1002} are arranged in

rows and columns.

13, The image pixel defined in claim 1, further comprising:
an additional outer sub-pixel group (406} that includes at least
one sub-pixel, wherein the outer sub-pixel group is nested within the additional outer

sub-pixel group.

14, Anmmage pixel (22}, comprismg:
an inner sub-pixel {1002);
an outer sub-pixel group (1004) that immediately surrounds the
mner sub-pixel;
a color filter formed (1250} over the mner sub-pixel and a

portion of the cuter sub-pixel group; and
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at least one microlens (1040} formed over the outer sub-pixel
group, wherein the outer sub-pixel group has a higher sensitivity to light than the imer

sub-~pixel.

15.

(]

The mmage pixel defined in claim 14, wherein the cuter sab-pixcl
group {1004} compriscs a first sub-pixel group, and wherein the image pixel further
COMPIiSes:

a second sub-pixel group (406) that immediately surrounds the

first sub-pixel group.

16.  The image pixel defined in claim 14, wherein the nner sub-pixel

{1002} has a square light collecting region, whercin the outer sub-pixel group (1004}
comprisgs:

four light collecting regions (1004-2, 10044, 1004-6, 1004-8)
that are adjacent to respective edges of the square light collecting regions m the ner
sub-pixel; and

four additional light collecting regions (1004-1, 1004-3, 1004-5,
1004-7) that are diagonally adjacent to the square hight collecting region in the inner

sub-pixel.

17. The umage pixel detined in claim 16, wherein the at least one
microlens (1040} comprises eight microlenses that are cach formed over a respective

one of the four light collecting regions and the four additional light collecting regions.

18, The image pixel defined in claim 16, wherein the at least one
nricrolens comprises:
four microlenses (1240} with respective centers, wherein each of
the four microlenses are positioned with its respective center over the outer sub-pixel

group.

19, Animage pixel, comprising;
an mner sub-pixel group (1002);
an outer sub-pixel group (1004) that immediately surrounds the

inner sub-pixel group; and
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at least one microlens formed (840) over the outer sub-pixel

group.

20. The mmage pixel defined in claim 19, wherein the at least one
nricrolens comprises:
a torcidal microlens (840} formed over only the outer sub-pixel

group {1004}
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