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METHOD OF FABRICATING AN IMAGING
DEVICE FOR COLLECTING PHOTONS

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

This application 1s a divisional of application Ser. No.
10/864,387, filed Jun. 10, 2004, the disclosure of which 1s
incorporated 1n 1ts entirety by reference herein.

FIELD OF THE INVENTION

The present invention relates to solid state imaging sensors,

and more particularly to metal coated photon collectors used
in solid state 1imaging sensors.

BACKGROUND OF THE INVENTION

Solid state imagers generate electrical signals in response
to light reflected by an object being imaged. Complementary
metal oxide semiconductor (CMOS) imaging sensors are one
of several different known types of semiconductor-based
imagers, which include for example, charge coupled devices
(CCDs), photodiode arrays, charge injection devices and
hybrid focal plane arrays.

Some inherent limitations 1 CCD technology have pro-
moted an increasing mterest i CMOS 1magers for possible
use as low cost imaging devices. A Tully compatible CMOS
sensor technology enabling a higher level of integration of an
image array with associated processing circuits would be
beneficial to many digital image capture applications. CMOS
imagers have a number of desirable features, including for
example low voltage operation and low power consumption.
CMOS 1magers are also compatible with itegrated on-chip
clectronics (control logic and timing, image processing, and
signal conditioning such as A/D conversion). CMOS 1imagers
allow random access to the image data, and have lower manu-
facturing costs, as compared with conventional CCDs, since
standard CMOS processing techniques can be used to fabri-
cate CMOS 1magers. Additionally, CMOS imagers have low
power consumption because only one row of pixels needs to
be active at any time during readout and there 1s no charge
transier (and associated switching) from pixel to pixel during,
image acquisition. On-chip integration of electronics 1s par-
ticularly desirable because of the potential to perform many
signal conditioning functions in the digital domain (versus
analog signal processing) as well as to achieve reductions 1n
system size and cost.

Nevertheless, demands for enhanced resolution of CCD,
CMOS and other solid state 1maging devices, and a higher
level of integration of 1mage arrays with associated process-
ing circuitry, are accompanied by a need to improve the light
sensing characteristics of the pixels of the imaging arrays. For
example, 1t would be beneficial to minimize 1f not eliminate
the loss of light transmuitted to individual pixels during image
acquisition and the amount of crosstalk between pixels
caused by light being scattered or shifted from one pixel to a
neighboring pixel.

Accordingly, there 1s a need and desire for an improved
solid state 1maging device, capable of recerving and propa-
gating light with minimal loss of light transmission to a pho-
tosensor. There 1s also a need and desire for improved fabri-
cation methods for imaging devices that provide a high level
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of light transmission to the photosensor and reduce the light
scattering drawbacks of the prior art, such as crosstalk.

SUMMARY OF THE INVENTION

Exemplary embodiments of the invention include an imag-
ing device, an image pixel array in an imaging device, and an
imager system having improved characteristics for reception
and transmission of light by photosensors. Enhanced recep-
tion of light 1s achieved by fabricating photon collectors hav-
ing highly reflecting internal surfaces. The photon collectors
of the invention are formed as individual units operable to
collect and reflect light to corresponding individual photo-
SENSOrs.

Also provided are methods for forming an 1imaging device,
in accordance with exemplary embodiments of the invention,
including forming photon collectors disposed over focal
plane arrays of photosensors. The exemplary embodiments
provide methods of fabricating an imaging device that
include forming a plurality of photosensors on a wafer, dis-
posing an 1nsulating material over the photosensors, etching
openings 1n the msulating material suflicient to allow light to
reach the photosensors, and coating the inner sidewalls of the
openings with a highly reflecting layer. Additional steps
include filling the openings with an optically transparent
material, such as spin-on glass, and providing an optically
transparent etching layer to protect the photosensor. A color
filter layer 1s also fabricated with an individual color filter
over a respective photosensor and a microlens structure layer
1s Tabricated over the color filter layer.

These and other features and advantages of the invention
will be more apparent from the following detailed description
that 1s provided in connection with the accompanying draw-
ings illustrating exemplary embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram of a portion of a conventional 1maging,
device 1llustrating light transmission paths;

FIG. 2 1s a diagram of a portion of an imaging device
exemplitying an embodiment of the invention;

FIG. 3 depicts a cross-sectional view of a portion of an
imaging device and the initial formation of a pixel array 1n
accordance with one embodiment of the invention;

FIG. 4 depicts a cross-sectional view of the FIG. 3 device at
the beginming of the formation of a photon collector 1n accor-
dance with the invention;

FIG. 5 depicts a cross-sectional view of the FIG. 3 device
formed at a stage of processing subsequent to that shown 1n
FIG. 4;

FIG. 6 depicts a diagram of a fabrication step at a stage of
processing shown 1n FIG. §;

FIG. 7 depicts a cross-sectional view of the FIG. 3 device
formed at a stage of processing subsequent to that shown 1n
FIG. §;

FIG. 8 depicts a cross-sectional view of the FIG. 5 device
formed at a final stage of processing;

FIG. 9 depicts a schematic cross-sectional view of an alter-
native photon collector structure of the invention; and

FIG. 10 illustrates a diagram of a processor-based system
incorporating an 1imaging device fabricated according to the
present invention, and wherein the imaging device contains
one or more pixel arrays formed in accordance with the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description, reference 1s made to
various specific embodiments which exemplify the invention.
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These embodiments are described with sufficient detail to
enable those skilled 1n the art to practice the invention, and 1t
1s to be understood that other embodiments may be employed,
and that structural and logical changes may be made without
departing from the spirit or scope of the present invention.

The terms “substrate” and “wafer” can be used inter-
changeably 1n the following description and may include any
semiconductor-based structure. The structure should be
understood to mnclude silicon, silicon-on 1nsulator (SOI), sili-
con-on-sapphire (SOS), doped and undoped semiconductors,
epitaxial layers of silicon supported by a base semiconductor
foundation, and other semiconductor structures. The semi-
conductor need not be silicon-based. The semiconductor
could be silicon-germanium, germanium, or gallium ars-
enide. When reference 1s made to the substrate 1n the follow-
ing description, previous process steps may have been uti-
lized to form regions or junctions in or over the base
semiconductor or foundation.

Referring to the drawings, where like reference numbers
designate like elements, the structure and function of an
exemplary imager 20 according to the imvention, shown 1n
FIG. 2, will be described 1n relation to a prior art imager 10
depicted i FIG. 1. For the sake of simplicity, the invention
will be described in the environment of a CMOS 1mager;
however, i1t should be understood that the invention may be
implemented with a CCD mmager and other solid state imag-
ers as well. In addition, exemplary embodiments of the inven-
tion are described as using photodiode photosensors; how-
ever, 1t should be understood that other photosensors may also
be used.

The 1llustrated portion of the conventional imager 10
includes photodiodes 11 and 12 as the photosensors formed 1n
a substrate 14, above which a lens structure 16 1s supported.
Incident light rays 17 are focused by lens structure 16 onto
respective photodiodes 11, 12. Off-axis light rays 18, 19, for
example, pass through the lens structure 16, however, and
impinge respectively on neighboring pixel photodiodes 12
and 11, generating “crosstalk™ such that light that should have
been detected by one pixel 1s actually detected by another
pixel.

FIG. 2 illustrates a first embodiment of the mvention in
which a portion of the imager 20 has photodiodes 21 and 22
formed 1n substrate 24. Photon collectors 25, 26 provided
above the photodiodes 21, 22 have sidewalls featuring inte-
rior reflecting layers 27. Incident light 28 impinges either
directly on photodiodes 21, 22, or indirectly after being
reflected internally by inner layers 27. Reflecting layers 27
are formed of a highly reflecting material, such as aluminum
or silver, to provide substantially total reflection. Conse-
quently, all, or nearly all, of the light entering the photon
collectors 25, 26 1s directed respectively to photodiodes 21,
22. Lattle, if any, of the off-axis light impinges on neighboring
pixels. As aresult, crosstalk 1s reduced, and photon collection
eificiency 1s increased.

An exemplary method of fabricating a CMOS imaging
device to include interior retlecting layers 27 1s described
with reference to FIGS. 3-8. FIG. 3 depicts a semiconductor
substrate 110 on which a plurality of photosensors, e.g., pho-
todiodes 112, has been fabricated. The substrate 110 includes
integrated circuits and other semiconductor components
incorporated conventionally 1n a CMOS chip device that have
been omitted from the drawings for clarity. The photodiodes
112 are fabricated using conventional techniques and are
shown to 1illustrate one environment of many 1n which the
present invention may be employed.

An etch stop layer 114 1s formed over the top of the pho-
todiodes 112 prior to formation of an insulating layer 116
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4

using processes and materials known in the art. Layer 116
may be formed of BPSG, TEOS, or other optically transpar-
ent materials and may be the insulator employed as an inter-
layer dielectric (ILD) between conductive traces of an imager
array. Etch stop layer 114 1s formed of an optically transpar-
ent etch stop maternial and remains 1n place over the photo-
diodes 112. Suitable optically transparent etch stop materials
include silicon nitride (S1;N,,), for example.

Photodiodes 112 are depicted 1n a symmetric arrangement
and orientation, with an intervening space separating each
respective photodiode 112 1n substrate 110. The image pixel
array of the invention i1s preferably formed with minimal
space between each adjacent photodiode. It should be under-
stood, however, that the mvention 1s applicable to other pho-
tosensor arrangements and orientations, to be integrated com-
patibly with other components of the device.

As depicted i FIG. 4, openings 124 are formed 1n isulat-
ing layer 116 over each photodiode 112. The opemings 124 are
formed by etching down to etch stop layer 114 using pro-
cesses known 1n the art. Alternatively, no etch stop layer 114
1s provided, and etching 1s stopped prior to damaging the
surface of the photodiode with the etching process, while
achieving sufficient depth to provide a opening that, once
reflectively coated, will prevent crosstalk between pixels.
Although FIG. 4 depicts etched openings 124 as having sub-
stantially diagonal sidewall surfaces 128, 1t must be noted that
the etched openings 124 are not limited in shape or dimen-
sions to the depiction 1n the accompanying drawings, but
instead can be formed to any shape and dimensions desired
consistent with the light-reflecting properties described
below. The etched openings 124 can, for example, have a
cylindrical or conical shape, or can be formed of combined
concave and cylindrical shapes, as described below with ret-
erence to FIG. 9. In addition, the sidewalls 128 can have
concave or convex-curved surfaces. The openings typically
will feature upper portions having a larger diameter than at
the base of the openings, and shoulders 130 formed between
cach opening.

FIG. S1llustrates a retlecting layer 134 formed on sidewalls
128 and shoulders 130 in accordance with one aspect of the
invention. After etched openings 124 are formed, as depicted
in FIG. 4, optically reflecting material 1s deposited within
cach opening 124 to form reflecting layer 134 on sidewalls
128 and shoulders 130. Depositing the reflecting material on
the shoulders 130 also blocks light from going through the
shoulders, and thus further limits crosstalk. The reflecting
layer 134 may include any material that 1s optically reflecting,
preferably about 100% optically retlecting. Exemplary mate-
rials include metallic silver (Ag) and aluminum (Al). Ag 1s
less preferred as compared to Al because a barrier layer 1s
required beneath the Ag layer to prevent Ag 1on diffusion mnto
isulating layer 116. Suitable barrier layer materials for use
with an Ag layer are known 1n the art and include titantum
nitride (T1N) and titanium tungsten (T1W).

FIG. 6 1s a schematic diagram of an exemplary apparatus
and method for depositing reflecting layer 134 on sidewalls
128 and shoulders 130 of ILD layer 116 using collimated
angle sputter deposition. Reflecting layer 134 1s deposited
using a sputter target 144 directed at an off-axis angle O
through a collimator 146. The angle 0 1s chosen to prevent
deposition of reflecting material on etch stop layer 114 over
photodiodes 112. The substrate 110 1s rotated during deposi-
tion (indicated by arrow A) to achueve better uniformity 1n the
deposited layer 134. The layer 134 1s deposited to a thickness
suificient to provide total or substantially total reflection. A
thickness of 1000 A is typically enough to do this and prevent
visible light transmission through layer 134.
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Referring to FIG. 7, an optically transparent layer 154 1s
provided 1n the openings 124 over reflecting layer 134. In an
exemplary embodiment, layer 154 1s a spin-on dielectric
(SOD), which forms a smooth upper surface and requires no
chemical mechanical polishing (CMP). Alternatively, layer
154 can be an optically-transparent flowable oxide or photo-
resist. Examples include pure silica SODs such as Spinfil™
400 series, and most preferably Spinfil™ 450, and photore-
s1sts such as MFR-401LL, available from JSR Corporation.

Other transparent materials can also be used, with CMP if
needed.

As 1llustrated 1n FIG. 8, a color resist layer or color filter
array (CFA) 164, containing different color filters, 1s formed
over each photodiode 112, schematically represented as
being directly applied to transparent filler 154 and insulating
layer 116. Resist layer 164 1s provided such that a single color
filter 1s formed over each photodiode 112. Various filtering
schemes are known 1n the art, including additive arrange-
ments of red, green, and blue (RGB) filters, and subtractive
arrangements of cyan, magenta and yellow (CMY). In an
RGB filter system, for example, since white light includes
red, green, and blue light, an exemplary color resist layer 164
includes red, green, and blue filters positioned over respective
photodiodes 112. Any combination or array of color filters,
including RGB filters arranged 1n a so-called Bayer pattern,
can be formed for color processing and 1maging by an imag-
ing device formed 1n accordance with the present invention.

An optional lens structure 166 1s disposed above the filter
resist 164 and serves to focus light toward the photodiodes
112. Other layers can be provided. For example, a separate
nitride liner (not shown) can also be formed along the upper
surtaces 126 of each opening 124 to guard against diffusion of
impurities into the water or substrate 110 from the color filter
materials comprising the color resist layer 164.

FIG. 9 1s a schematic diagram of a photon collector 172
according to another embodiment of the invention, 1n which a
compound opening 174 1s formed over photodiode 112 and
serves as a photon collection device. Opening 174 has both a
cylindrical portion 176 and a straight conical portion178. The
sidewalls of conical opening 174 are lined with a material
such as Al or Ag providing substantial or complete total
reflection and the opening 1s filled with an SOD, for example.
Other configurations are possible based on design constraints
and mtended application. Over the opening 174 are a CFA and
spin-on glass/resist layer 180, and a lens structure 182.

One particular advantage of the invention 1s that it provides
the ability to reduce the size of the imager pixel structure. An
imager pixel structure can be described according to the fol-
lowing equation which relates to the diffraction limited spot
radius of the focused light directed to the photodiode:

R — 1.22-A-L
~  n-D

In the equation, R 1s the diffraction limited spot radius,
which defines the point at which light will be focused on the
photodiode. A 1s wavelength, L 1s the imager stack thickness
(F1G. 9), n 15 the index of refraction, and D 1s the micro-lens
aperture (FI1G. 9). The values for A and n typically are fixed for
any given imager. The general industry trend 1s for D to get
continually smaller as pixel sizes become further miniatur-
1zed. As pixel sizes get smaller, R must reduce concomaitantly.
The only remaining variable available to reduce the difirac-
tion limited spot size R 1s the thickness L.
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According to the invention, the size of the pixel can be
reduced significantly because light can be focused higher in
the photon collector, above the photodiode, effectively reduc-
ing the L (thickness) term 1n the spotradius equation above, as
compared to the prior art structure having no photon collector.
Consequently, the spot diameter, and thus the pixel size, can
be reduced.

The concern 1n the prior art was to focus most of the light
entering the photon collector to impinge directly on the pho-
todiode, thereby reducing crosstalk between pixels. The pho-
ton collector of the present invention eliminates that concern,
and allows the light to be focused higher, above the photo-
diode. In the prior art, focusing the light above the photodiode
would have directed light to adjacent pixels, resulting in
crosstalk. Due to the total retlection of the photon collector

optics of the mvention, however, light focused higher, closer
to the lens 182 at the top of the opening 174 1n FIG. 9, for
example, will nevertheless impinge on the intended photo-
diode due to reflection or diffraction, and will not scatter or be
shifted to neighboring photodiodes. Consequently, the effec-
tive L (thickness) term 1n the spot size equation above can be
reduced sigmificantly because the light can be focused at the
top ol the hole, closer to the lens. For example, current CMOS
imagers having a thickness L equal to or about 5.0 um can be
reduced to have an effective thickness to about 1.1 um, or
substantially the thickness of the CFA and spin-on glass/resist
layer 180 of FI1G. 9.

FIG. 10 1llustrates a processor-based system 1100 1nclud-
ing an imaging device 1108. The imaging device 1108
includes an 1mager having a photosensor array, with the pho-
tocollection structures as described 1in connection with FIGS.
2-9. The processor-based system 1100 1s exemplary of a
system having digital circuits that could include image sensor
devices according to the mvention. Without being limiting,
such a system could include a computer system, camera sys-
tem, scanner, machine vision, vehicle 1imaging and naviga-
tion, video phone, surveillance system, auto focus system,
and other systems and devices.

The processor-based system 1100, for example a camera
system, generally comprises a central processing unit (CPU)
1102, such as a microprocessor, that communicates with an
input/output (I/0O) device 1106 over a bus 1104. Imaging
device 1108 also communicates with the CPU 1102 over the
bus 1104, and includes an imager including photon collectors
according to the mvention and associated image forming
circuits, such as array processing circuits which produce an
image signal. The processor-based system 1100 also includes
random access memory (RAM) 1110, and can include remov-
able memory 1115, such as flash memory, which also com-
municates with CPU 1102 over the bus 1104. Imaging device
1108 may include an 1mage processor, such as a CPU, digital
signal processor, or microprocessor, with associated memory
storage on a single integrated circuit or with an 1mage pro-
cessor on a different chip from that contacting the image
array.

While the imnvention 1s preferably directed to methods for
forming photon collectors for use in CMOS 1maging arrays
and devices, and the resulting structures, one skilled 1n the art
will recognize that the invention can be used to form any type
of photon collector array for integration with one or more
processing components 1 a semiconductor device.

The present invention offers an imager structure with high
light collecting eificiency that can be mass-produced at a
reasonable cost. The istant methods produce a CMOS
imager having minimal crosstalk. Since a lens structure can
be eliminated, the present invention obviates concerns about
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lens radius limitations and about damaging lenses during die
attach, backgrind, and mounting processes.

It should again be noted that although the mvention has
been described with specific reference to CMOS 1maging
devices comprising a structure for transmitting light to a
photodiode, the invention has broader applicability and may
be used 1n any semiconductor 1maging apparatus. Similarly,
the fabrication process described above 1s but one method of
many that may be used. The above description and drawings
illustrate exemplary embodiments which achieve the objects,
teatures and advantages of the present invention. Although
certain advantages and embodiments have been described
above, those skilled in the art will recognize that substitu-
tions, additions, deletions, modifications and/or other
changes may be made without departing from the spirit or
scope of the invention. Accordingly, the invention 1s not lim-
ited by the foregoing description but i1s only limited by the
scope of the appended claims.

What 1s claimed as new and desired to be protected by
Latters Patent of the United States 1s:

1. A method of fabricating an 1imaging device, said method
comprising;

forming a plurality of photosensors on a wafer;

forming an 1nsulating layer on the water over the plurality

ol photosensors;

forming a respective opening 1n the isulating layer, above

the plurality of photosensors; and

depositing a reflecting material on sidewalls of each open-

ng.

2. A method according to claim 1, wherein the reflecting
material 1s a metal.

3. A method according to claim 1, wherein the diameter of
an upper portion of each opening 1s greater than the diameter
at the base of each opening.

4. A method according to claim 1, wherein the sidewalls of
cach opening are selected from the group consisting of sub-
stantially perpendicular, substantially diagonal, curved sur-
faces, and combinations thereof.
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5. A method according to claim 1, further comprising
depositing the retlecting material through a collimated struc-
ture.

6. A method according to claim 1, further comprising pro-
viding an optically transparent material contained within the
sidewalls of each opening.

7. A method according to claim 6, wherein the optically
transparent material 1s selected from the group consisting of
spun-on glass and photoresist.

8. A method according to claim 2, wherein the reflecting
material 1s aluminum.

9. A method according to claim 2, wherein the reflecting
material 1s silver.

10. A method according to claim 9, the method further
including forming a barrier layer between the silver and the
insulating layer.

11. A method according to claim 5, wherein the wafer 1s
held at an angle relative to the collimated structure.

12. The method of claim 5, wherein the water 1s rotated
relative to the collimated structure during deposition of the
reflecting material.

13. A method according to claim 11, wherein the angle 1s
selected such that the reflecting material 1s not deposited over
the photosensors.

14. A method of fabricating an i1maging device, said
method comprising:

forming a photodiode within a semiconductor substrate

located beneath an 1nsulating layer;

providing an etch stop layer directly over the photodiode;

ctching an opening in the msulating layer above the pho-

todiode to the etch stop layer;

depositing a light-reflecting [metal] material on sidewalls

of the opening; and

filling the opening with an optically transparent material.

15. The method of claim 14, wherein the light-reflecting
[metal] material is deposited on the sidewalls of the opening
using a collimated source of the light-reflecting [metal] mate-
rial.
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