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(57) ABSTRACT

An optical member includes high refractive index layers hav-
ing a great refractive index and low refractive index layers
having a small refractive index, which are each relatively thin
as compared with an optical length, disposed alternately in
the lateral direction as to an optical axis. Each width of the
high refractive index layers and the low refractive index lay-
ers is equal to or smaller than the wavelength order of incident

light.
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OPTICAL MEMBER, SOLID-STATE
IMAGING DEVICE, AND MANUFACTURING
METHOD

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] The present invention contains subject matter
related to Japanese Patent Application JP 2007-148165 filed
in the Japanese Patent Office on Jun. 4, 2007, the entire
contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to an optical member,
and a solid-state imaging device employing this optical mem-
ber, and a manufacturing method thereof.

[0004] 2. Description of the Related Art

[0005] With solid-state imaging devices including CCD
(Charge Coupled Device) and CMOS (Complementary
Metal-oxide Semiconductor) sensors, it is common to pro-
vide an optical member such as an on-chip lens (OCL: On
Chip Lens, also referred to as a micro lens), inner lens, or the
like, and to condense incident light into a light reception
portion. Here, as for the optical member, a member having a
refracted type lens configuration employing Snell’s law is
employed.

[0006] Note however, with a refracted type lens configura-
tion employing Snell’s law, the lens itself is thick, such as
around 1 um or more, so when applying this configuration to
the on-chip leans or inner condensing lens of a solid-state
imaging device, the device upper layer becomes thick. Thus,
undesirable light incidence (referred to as oblique incident
light) from adjacent pixels increases, color mixtures due to
this oblique incident light increases, and consequently, color
reproducibility deteriorates.

[0007] Also, existing fabricating processes of on-chip
lenses and inner lenses include a great number of processes,
such as reflowing resist, and so forth, and are complicated,
and are high in costs. In addition, when fabricating such a lens
by reflow, only a spherical lens can be fabricated, an asym-
metrical lens shape, e.g., deformed in the lateral direction
cannot be fabricated.

[0008] Further, when reducing the F value of an external
image formation system lens, oblique incident light
increases, the upper layer becomes thick, so deterioration
from ideal sensitivity becomes pronounced, and accordingly,
the original sensitivity cannot be obtained (F value light sen-
sitivity deteriorates).

[0009] Also, with existing on-chip lenses, condensing effi-
ciency deteriorates depending on an incident angle. That is to
say, light entered vertically as to an on-chip lens can be
condensed with high efficiency, but condensing efficiency as
to oblique incident light decreases. With a solid-state imaging
device configured by multiple pixels being arrayed in a two-
dimensional manner, in the case of incident light having a
spread angle, incident angles differ between a pixel around
the center of solid-state imaging device and a pixel on the
periphery thereof, and consequently, a phenomenon wherein
the condensing efficiency of the pixel on the periphery thereof
deteriorates as compared with the pixel around the center
thereof, i.e., a phenomenon wherein sensitivity decreases at
an end of the device as compared with the center of the device
(shading) becomes pronounced.
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[0010] With regard to deterioration in color reproducibility
due to oblique incident light, performing calculation process-
ing for restoring the color reproducibility can be conceived,
but may result in a negative effect wherein extra noise is
caused, and image quality deteriorates.

[0011] Further, when reducing the F value of an external
image formation system lens, an F value light sensitivity
deterioration phenomenon is caused wherein oblique inci-
dent light increases, so the upper layer becomes thick, and
deterioration from ideal sensitivity becomes pronounced, and
consequently, the original sensitivity cannot be obtained.
[0012] On the other hand, as one technique for solving a
problem wherein the upper layer becomes thick, and deterio-
ration in sensitivity, an arrangement employing a Fresnel lens
has been proposed (e.g., see Japanese Unexamined Patent
Application Publication No. 2005-011969 and Japanese
Unexamined Patent Application Publication No. 2006-
351972).

[0013] For example, with the arrangement described in
Japanese Unexamined Patent Application Publication No.
2005-011969, an inner condensing lens for further converg-
ing light converged on an upper portion lens such as an
on-chip lens, and entering this into a photoelectric conversion
unit, is configured based on a Fresnel lens. This lens has a
feature in that this lens is a refracted type lens, but can be
reduced in thickness by being formed as a wave type.
[0014] Also, with the arrangement described in Japanese
Unexamined Patent Application Publication No. 2006-
351972, a condensing element is configured of a combination
of multiple zone regions having a concentric configuration
which is divided with a line width equal to or smaller than the
wavelength of incident light. This has a feature in that the
condensing element is configured with a distribution refrac-
tive index lens (i.e., Fresnel lens) having a two-step concen-
tric circle configuration as the basis.

[0015] Note however, the arrangement described in Japa-
nese Unexamined Patent Application Publication No. 2005-
011969 is based on the Fresnel lens concept, and accordingly,
this Fresnel lens is a refracted type, so there is limitation in
reduction of the thickness thereof as compared with the wave-
length order.

[0016] Also, in order to fabricate such a wave type requires
a process even more complicated than the normal refracted
type lens process, further raising costs. Also, only spherical-
face lenses can be fabricated, so asymmetry cannot be intro-
duced in designing.

[0017] Inaddition, each arrangement of Japanese Unexam-
ined Patent Application Publication No. 2005-011969 and
Japanese Unexamined Patent Application Publication No.
2006-351972 as well, is based on a Fresnel lens, so light
obliquely entered in a certain region is not condensed into a
point to be condensed originally in some cases (details will be
described later). This decreases condensing efficiency, and
also causes a color mixture in a case wherein diffused light
enters in an adjacent pixel.

SUMMARY OF THE INVENTION

[0018] There has been recognized a need to provide a new
optical member arrangement. In a case wherein high refrac-
tive index layers and low refractive index layers which are
relatively thin as compared with an optical length (lens
length) are arrayed alternately in the lateral direction of an
optical member (an arbitrary direction on a plane perpendicu-
lar to the optical axis), when each width of the high refractive
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index layers and low refractive index layers is sufficiently
greater than the wavelength order of incident light, the
equiphase wave surfaces of the light passing through the
optical member are formed in the same way as the equiphase
wave surface of the medium at the incident side, and are not
curved.

[0019] Note however, when each width of the high refrac-
tive index layers and low refractive index layers is equal to or
smaller than the wavelength order of incident light, according
to continuity of a wave function, a wave surface within a low
refractive index layer and a wave surface within a high refrac-
tive index layer are linked, and consequently, a phenomenon
is caused wherein the overall equiphase wave surfaces are
curved.

[0020] An optical member according to an embodiment of
the present invention is configured based on the above-men-
tioned observation. That is to say, with an embodiment of an
optical member according to the present invention, high
refractive index layers having a great refractive index and low
refractive index layers having a small refractive index, which
are each relatively thin as compared with an optical length,
are disposed alternately in the lateral direction as to an optical
axis. Here, each width of the high refractive index layers and
the low refractive index layers is equal to or smaller than the
wavelength order of incident light.

[0021] In the event of providing a function as an optical
member by arraying the low refractive index layers and high
refractive index layers each having a width equal to or smaller
than the wavelength order, the curve condition of a equiphase
wave surface can be adjusted by adjusting the location rela-
tion of each density of the high refractive index layers at the
center and end portion of the member.

[0022] Thus, if a convex lens function (condensing prop-
erty) can be provided, a concave lens function (diffusion
property) can also be provided. Also, a function for convert-
ing oblique incident light into vertical incident light (oblique
light correction function) can be provided as well. Conse-
quently, an optical member (optical lens) having a new
arrangement can be realized whereby the curve state of an
equiphase wave surface (wave surface) can be controlled by
adjusting each array width of the low refractive index layers
and high refractive index layers.

[0023] Forexample, the high refractive index layers may be
each disposed symmetrically so as to be disposed densely at
the mechanical center of the member, and disposed non-
densely farther away from the center, thereby serving as a
convex lens function (condensing property). As viewed from
the low refractive index layers, the low refractive index layers
are each disposed symmetrically so as to be disposed non-
densely at the mechanical center of the member, and disposed
densely farther away from the center, thereby serving as a
convex lens function (condensing property).

[0024] The high refractive index layers are each disposed
symmetrically so as to be disposed non-densely at the
mechanical center of the member, and disposed densely far-
ther away from the center, thereby serving as a concave lens
function (diffusion property). As viewed from the low refrac-
tive index layers, the low refractive index layers are each
disposed symmetrically so as to be disposed densely at the
mechanical center of the member, and disposed non-densely
farther away from the center, thereby serving as a concave
lens function (diffusion property).

[0025] Each width of at least one kind of layer of the high
refractive index layers and the low refractive index layers may
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be disposed asymmetrically in the lateral direction, thereby
serving as an oblique light correction function.

[0026] Such an optical member can be used as an indepen-
dent member instead of an existing common optical lens
employed for a laser scanning optical system or the like.
[0027] Note however, as for a combination with a solid-
state imaging device, it is desirable to form the optical mem-
ber integral with on a semiconductor substrate where a pixel
array unit and so forth are formed.

[0028] The solid-state imaging device may be configured
as a one-chip device, or may be configured as a module
having an imaging function wherein an imaging unit and a
signal processing unit or optical system are packaged
together.

[0029] Also, the present invention can be applied to not
only a solid-state imaging device but also an imaging device.
In this case, as the imaging device, the same advantage as that
in the solid-state imaging device can be obtained. Here, the
imaging device means, for example, a camera (or camera
system) or portable device having an imaging function. Also,
the term “imaging” is not restricted to capturing of an image
at the time of common camera shooting, but also includes
fingerprint detection as a meaning in a broad sense.

[0030] According to an embodiment of the present inven-
tion, an optical member is configured by arraying high refrac-
tive index layers and low refractive index layers, which are
equal to or smaller than the wavelength order of incident light,
thinner than the lens length, alternately in the lateral direction
as to the optical axis, whereby the equiphase wave surfaces
can be curved according to the array state of each width of the
high refractive index layers and low refractive index layers
when the incident light passes through the optical member.
Consequently, the optical member exhibits the optical prop-
erty corresponding to the array state of each width of the high
refractive index layers and low refractive index layers (e.g.,
condensing function, diffusion function, or incident angle
conversion function).

[0031] Thus, as for the optical member where the high
refractive index layers and low refractive index layers are
arrayed alternately in the lateral direction, a member shorter
and thinner than the optical length can be employed, and a
thin member can be employed as compared with a member
having a refracted type lens configuration employing the
existing Snell’s law. Consequently, problems caused in a lens
having a relatively thick configuration, such as an existing
lens, can be alleviated or eliminated.

[0032] Forexample, the upper layer of an imaging device is
thinned, and color mixtures decrease, thereby improving
color reproducibility. There is no need to provide measures
for color mixtures due to calculation processing, thereby
reducing extra noise occurrence. Also, deterioration in F
value light sensitivity can be prevented, and oblique incident
light can be corrected to vertical incident light, thereby pro-
viding measures for shading.

[0033] Also, the member is configured by the thin low
refractive index layers and thin high refractive index layers
being arrayed alternately, thereby providing no step having a
great refractive index such as a Fresnel lens, and reducing
diffusing light due to refraction or reflection as to oblique
incident light. Consequently, condensing efficiency can be
improved, and a problem of color mixtures due to oblique
incident light can also be solved.

[0034] Simply arraying the thin low refractive index layers
and thin high refractive index layers alternately in the lateral
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direction enables manufacturing in accordance with semicon-
ductor processes, and cost can be suppressed low with a
simple fabrication process.

[0035] The optical property can be controlled by adjusting
each array width of the low refractive index layers and high
refractive index layers, and accordingly, there is provided an
advantage wherein the width of designing can optically
spread as compared with a spherical lens.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIG. 1A is adiagram (Part 1) illustrating equiphase
wave surfaces for describing the basic principle of an optical
lens according to a first embodiment;

[0037] FIG. 1B is a diagram (Part 2) illustrating equiphase
wave surfaces for describing the basic principle of the optical
lens according to the first embodiment;

[0038] FIGS. 1C through 1F are plan schematic views of
the optical lens according to the first embodiment;

[0039] FIG. 2A is a cross-sectional schematic view for
describing a first example (application example 1) of a solid-
state imaging device to which the optical lens according to the
first embodiment is applied;

[0040] FIG. 2B is a more specific cross-sectional view of
the solid-state imaging device according to the first embodi-
ment (application example 1);

[0041] FIG. 2C is a diagram (in the middle of the process)
illustrating the simulation result of the first embodiment (ap-
plication example 1);

[0042] FIG. 2D is a diagram illustrating the simulation
result of the first embodiment (application example 1)
(»=780, 640 nm);

[0043] FIG. 2E is a diagram illustrating the simulation
result of the first embodiment (application example 1)
(7=540, 480 nm);

[0044] FIG. 3A is a cross-sectional schematic view for
describing a second example (application example 2) of the
solid-state imaging device to which the optical lens according
to the first embodiment is applied;

[0045] FIG. 3B is a diagram illustrating the simulation
result of the first embodiment (application example 2)
(»=780, 640 nm);

[0046] FIG. 3C is a diagram illustrating the simulation
result of the first embodiment (application example 2)
(7=540, 480 nm);

[0047] FIG. 4A is a cross-sectional schematic view for
describing a third example (application example 3) of the
solid-state imaging device to which the optical lens according
to the first embodiment is applied;

[0048] FIG. 4B is a diagram illustrating the simulation
result of the first embodiment (application example 3)
(»=780, 640 nm);

[0049] FIG. 4C is a diagram illustrating the simulation
result of the first embodiment (application example 3)
(7=540, 480 nm);

[0050] FIG. 5A is a cross-sectional schematic view for
describing a fourth example (application example 4) of the
solid-state imaging device to which the optical lens according
to the first embodiment is applied;

[0051] FIG. 5B is a more specific cross-sectional view of
the solid-state imaging device according to the first embodi-
ment (application example 4);

[0052] FIG. 5C is a diagram illustrating the simulation
result of the first embodiment (application example 4)
(»=780, 640 nm);
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[0053] FIG. 5D is a diagram illustrating the simulation
result of the first embodiment (application example 4)
(A=540, 480 nm),

[0054] FIG. 6A is a diagram for describing a first compara-
tive example as to a convex lens according to an alternate
placement layer of the first embodiment;

[0055] FIG. 6B is a diagram for describing a second com-
parative example as to the convex lens according to the alter-
nate placement layer of the first embodiment;

[0056] FIG. 6C is a diagram for describing a third compara-
tive example as to the convex lens according to the alternate
placement layer of the first embodiment;

[0057] FIG. 7A is a cross-sectional schematic view for
describing a solid-state imaging device according to modifi-
cation 1 to which modification 1 of the optical lens according
to the first embodiment is applied;

[0058] FIG. 7B is a diagram illustrating the simulation
result of modification 1 (A=540 nm);

[0059] FIG. 8A is a cross-sectional schematic view for
describing a solid-state imaging device according to modifi-
cation 2 to which modification 2 of the optical lens according
to the first embodiment is applied;

[0060] FIG. 8B is a diagram illustrating the simulation
result of modification 2 (A=540 nm);

[0061] FIG.9is a diagram illustrating the simulation result
when oblique incident light is entered with the configuration
of the first embodiment (e.g., application example 1 in FIG.
2A);

[0062] FIG. 10A is a diagram illustrating equiphase wave
surfaces for describing the basic principle of an optical lens
according to a second embodiment;

[0063] FIG. 10B is a diagram for describing a light recep-
tion optical system of a solid-state imaging device;

[0064] FIG. 10C is a plan schematic view equivalent to a
single optical lens according to the second embodiment;
[0065] FIG. 10D is a plan schematic view in a case wherein
the optical lens according to the second embodiment is
applied onto the pixel array unit of the solid-state imaging
device;

[0066] FIG. 11A is a cross-sectional schematic view for
describing the solid-state imaging device to which the optical
lens according to the second embodiment is applied;

[0067] FIG. 11B is a diagram illustrating the simulation
result of the solid-state imaging device according to the sec-
ond embodiment (A=540);

[0068] FIG. 12A is a diagram illustrating equiphase wave
surfaces for describing the basic principle of an optical lens
according to a third embodiment;

[0069] FIG. 12B is a diagram for describing the center of
gravity of a lens;

[0070] FIGS. 12C through 12F are plan schematic views
(Part 1) of a solid-state imaging device to which the optical
lens according to the third embodiment is applied;

[0071] FIGS. 12G through 12H are plan schematic views
(Part 2) of the solid-state imaging device to which the optical
lens according to the third embodiment is applied;

[0072] FIG. 13A is a cross-sectional schematic view for
describing a first example (application example 1) of the
solid-state imaging device to which the optical lens according
to the third embodiment is applied;

[0073] FIG. 13B is a diagram illustrating the simulation
result of the third embodiment (application example 1)
(=540 nm);
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[0074] FIGS. 14A and 14B are circuit diagrams for describ-
ing a second example (application example 2: CMOS
response) of the solid-state imaging device to which the opti-
cal lens according to the third embodiment is applied;
[0075] FIG. 14C is a plan schematic view of an alternate
placement layer applied onto the pixel array unit of the solid-
state imaging device according to the third embodiment (ap-
plication example 2);

[0076] FIGS.15A and 15B are circuit diagrams for describ-
ing a third example (application example 3: CCD response) of
the solid-state imaging device to which the optical lens
according to the third embodiment is applied;

[0077] FIG. 15C is a cross-sectional configuration view in
the vicinity of the substrate surface of the solid-state imaging
device according to the third embodiment (application
example 3);

[0078] FIG. 15D is a plan schematic view of an alternate
placement layer applied onto the pixel array unit of the solid-
state imaging device according to the third embodiment (ap-
plication example 3);

[0079] FIG. 16 is a diagram illustrating equiphase wave
surfaces for describing the basic principle of an optical lens
according to a fourth embodiment;

[0080] FIG.17A is a conceptual diagram for describing a
manufacturing process according to the present embodiment
in a case wherein alternate placement layers according to the
first through fourth embodiments are formed integral with the
solid-state imaging device;

[0081] FIG. 17B is a conceptual diagram for describing a
comparative example as to the manufacturing process accord-
ing to the present embodiment (in the case of inner lens
formation); and

[0082] FIG. 17C is a conceptual diagram for describing a
comparative example as to the manufacturing process accord-
ing to the present embodiment (in the case of on-chip lens
formation).

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0083] Description will be made below regarding embodi-
ments of the present invention with reference to the drawings.

First Embodiment
Fundamentals of Convex Lens

[0084] FIGS. 1A through 1F are diagrams for describing
the basic principle of a first embodiment of an optical lens.
Here, FIGS. 1A and 1B are diagrams illustrating equiphase
wave surfaces, and FIGS. 1C through 1F are plan schematic
views of the optical lens according to the first embodiment.
[0085] Each optical lens of the present embodiment includ-
ing later-described other embodiments includes a lens func-
tion basically by arraying rectangular layers having a great
refractive index and rectangular layers having a small refrac-
tive index alternately in the lateral direction as to the optical
axis, and each width thereof being configured so as to be equal
to or smaller than the wavelength order.

[0086] Forexample, “the configuration of width equal to or
smaller than the wavelength order” can be formed by employ-
ing the arrangement of a condensing element having a sub-
wave length periodical structure (SWLL: Subwave Length
Lens) formed by using planar process technology represented
by optical lithography and electron lithography.
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[0087] AnSWLL is employed as a condensing element for
a solid-state imaging device, whereby an on-chip lens can be
formed with a common semiconductor process, and the shape
of the lens can be control without limitation.

[0088] Here, the first embodiment relates to a convex lens
having a condensing effect. Accordingly, high refractive
index layers are configured symmetrically in a plate shape so
as to be disposed densely at the center (mechanical center of
the lens: identical to the optical axis in the present example),
and disposed non-densely farther away from the center. From
the aspect of layers having a small refractive index, low
refractive index layers are configured symmetrically so as to
be disposed non-densely at the mechanical center of the
member, and disposed more densely away from the center.
The first embodiment differs from later-described second and
third embodiments in that the lens is symmetrical (has a
symmetrical configuration).

[0089] In order to provide a convex lens function by
employing a configuration wherein density increases toward
the center and decreases farther away from the center, for
example, it is desirable to employ one of a first convex lens
proving method wherein the widths of high refractive index
layers increase gradually toward the center of a lens, a second
convex lens providing method wherein widths of low refrac-
tive index layers decrease gradually toward the center of a
lens, and a third convex lens providing method wherein the
first convex lens providing method and second convex lens
providing method are employed together. From the perspec-
tive of condensing efficiency, it is most effective to employ
the third convex lens providing method.

[0090] First, as shown in FIG. 1A, let us say that a plate-
shaped single material layer 1 having a refractive index n0
alone exists, and adjacent thereto (specifically, equiphase
wave surface 1_4 side) a plate-shaped layer (referred to as an
alternate placement layer) 2A is provided wherein rectangu-
lar layers (referred to as low refractive index layers) 20 having
the refractive index n0, and rectangular layers (referred to as
high refractive index layers) 21 having a refractive index nl
(wherein n1>n0), which is higher (greater) than the refractive
index n0, are arrayed alternately in the lateral direction. Let us
say that a plate-shaped single material layer 3 having the
refractive index n0 alone is provided further backward the
alternate placement layer 2A. Though details will be
described later, the alternate placement layer 2A serves as an
optical lens (convex lens) having condensing efficiency.
[0091] With the alternate placement layer 2A, the compo-
nents on the right side of the optical center CLL are denoted
with “R”, and the components on the left side thereof are
denoted with “L”. When there is no need to distinguish the
right side and left side, description will be made by omitting
“R” and “L”. These are the same as those in later-described
other examples.

[0092] With the configuration of the basic example of the
first embodiment shown in the drawing, five rectangular high
refractive index layers 21 having a great refractive index are
provided symmetrically as to the center CL, and four low
refractive index layers 20 having a small refractive index are
provided therebetween. The widths of the high refractive
index layers 21R_1 through 21R_5, and 21I._1 through
211._5 are configured so as to increase gradually toward the
center CL, and the widths of the low refractive index layers
20R_1 through 20R_4, and 20L._1 through 20I._4 are con-
figured so as to decrease gradually toward the center CL. That
is to say, with the basic example of the first embodiment, the
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third convex lens providing method wherein the first and
second convex lens providing methods are employed together
is employed.

[0093] As a whole, the alternate placement layer 2A has a
configuration wherein the high refractive index layers 21R _k
and 211 _k (k=1 through 5 in the present example) having a
great refractive index are disposed in a plate shape, disposed
densely at the center, and disposed non-densely farther away
from the center. When focusing on the high refractive index
layers 21, the widths thereof are wide at the center of the lens,
and are narrow in the vicinity.

[0094] Now,asshownin FIG. 1A, letus say that light enters
from the single material layer 1 side having the refractive
index n0. At this time, velocity of light ¢ is obtained by
c=c0/nl. Here, c0 is velocity of light in vacuo. Accordingly,
with each of the high refractive index layers 21 of the plate-
shaped alternate placement layer 2A, it can be conceived that
velocity of light decreases therein, and consequently, as
shown in FIG. 1A, the same equiphase wave surface (wave
surface) as the single material layer 1 is formed. Note how-
ever, when the lengths (i.e., widths) in the lateral direction of
the high refractive index layers 21 having the high refractive
index nl and the low refractive index layers 20 having a small
refractive index adjacent thereto are greater than the wave
length order.

[0095] On the other hand, in a case wherein the lengths
(widths) in the lateral direction of the high refractive index
layers 21 having the high refractive index nl and the low
refractive index layers 20 having a small refractive index
adjacent thereto are equal to or smaller than the wave length
order, the same equiphase wave surface (wave surface) as the
single material layer 1 is not formed, and the wave surface are
curved depending on how the widths of the high refractive
index layers 21 and the low refractive index layers 20 adjacent
thereto are arrayed.

[0096] Specifically, according to the continuity of a wave
function, a wave surface within the low refractive index layer
20_ jand a wave surface within the high refractive index layer
21_ k are linked consecutively, and consequently, all of the
equiphase wave surfaces are curved. As shown in FIG. 1A, in
a case wherein the high refractive index layer 21_ £ having a
great refractive index is configured in a plate shape so as to be
disposed densely at the center, and disposed non-densely
farther away from the center, the equiphase wave surfaces
become those shown in FIGS. 1C through 1F. The cause of
this is that the velocity of light at the places having a great
refractive index (high refractive index layers 21) differs from
that at the places having a small refractive index (low refrac-
tive index layers 20).

[0097] As can be understood from the drawing, the wave
surface of the light become a recessed surface according to
the alternate placement layer 2A, and this passes through the
single material layer 3 having the refractive index n0 alone
disposed in the backward thereof. Consequently, as shown in
the drawing, a function is activated wherein the route of the
incident light is converted into the center side at the left and
right sides with the lens center as the boundary thereof,
whereby condensing property can be provided. A convex lens
effect can be received by combining the difference between
the velocity of light of the high refractive index layers 21
having a great refractive index and the velocity of light of the
low refractive index layers 20 having a small refractive index,
and continuity of the wave function.
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[0098] As can be understood from the above description,
the optical lens according to the first embodiment can serve as
a convex lens having condensing property by arraying the
high refractive index layer 21_ % having a great refractive
index and the high refractive index layer 20_j having a small
refractive index alternately in the lateral direction in a rect-
angular shape with the widths thereof being configured so as
to be equal or smaller than the wavelength order, and at this
time, providing a configuration wherein the high refractive
index layer 21_ £ having a great refractive index is disposed
densely at the center, and disposed non-densely farther away
from the center.

[0099] The wave surface is curved depending on how the
widths of the high refractive index layers 21 having the high
refractive index nl, and the low refractive index layers 20
having a low refractive index are arrayed, so the curve level of
the wave surface of light can be controlled by adjusting how
to array each of the widths, and consequently, the condensing
property of the convex lens can be controlled. That is to say,
it can be conceived that the alternate placement layer 2A
according to the first embodiment is a condensing lens (i.e.,
convex lens) employing the wave surface control arrange-
ment.

[0100] As can be understood from the configurations
shown in FIG. 1B, the lens thickness thereof is the thickness
of the alternate placement layer 2A wherein the high refrac-
tive index layer 21k having a great refractive index and the
rectangular low refractive index layer 20_j having a small
refractive index are arrayed alternately in the lateral direction,
whereby an extremely thin convex lens can be obtained. For
example, with the refractive type lens configuration employ-
ing the existing Snell’s law, the lens thickness is equal to or
greater than 1 pm, but the thickness of the lens can be reduced
to be equal to or smaller than 0.5 pm by employing the optical
lens according to the arrangement of the present embodiment.
[0101] If the lens thickness can be thinned, in the case of
applying this lens to a solid-state imaging device, the upper
layer becomes thin, whereby color mixtures decreases, and
accordingly, color reproducibility improves. Also, color mix-
tures decreases, so there is no need to provide calculation
processing for restoring color reproducibility, and extra noise
occurrence due to the calculation processing also decreases.
Also the lens thickness is thin, so even in a case wherein the
F value of an external image formation system lens is
reduced, oblique incident light does not increase, a problem
of deterioration in F value light sensitivity is not caused.
[0102] It goes without saying that with a plan configuration
as well, the alternate placement layer 2A needs to have a
configuration wherein the density is high at the center and
becomes low farther away from the center, and only in this
case, various plan configurations can be employed. As for
each shape of the high refractive index layer 21_ & having a
great refractive index and the low refractive index layer 20 j
having a small refractive index, any arbitrary shape can be
employed, such as a circle, ellipse, regular square, rectangle,
triangle, or the like. Subsequently, of these, a shape can be
regarded as the same is converted into a circular shape, or
different shapes are combined and converted into a circular
shape such that the widths of each ring are the same vertically
and horizontally.

[0103] For example, as shown in FIG. 1C, the high refrac-
tive index layer 21_ % and low refractive index layer 20_j
may be each circles or circular ring shapes, each closing on
itself. As shown in FIG. 1D, the high refractive index layer
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21_k and low refractive index layer 20_j may be each
ellipses or elliptic ring shapes, each closing on itself. As
shown in FIG. 1E, the high refractive index layer 21_ % and
low refractive index layer 20__j may be each regular squares
or square ring shapes, each closing on itself. As shown in FIG.
1F, the high refractive index layer 21_ & and low refractive
index layer 20_j may be each rectangles or rectangular ring
shapes, each closing on itself.

[0104] Though not shown in the drawing, the high refrac-
tive index layer 21_ % and low refractive index layer 20_j
may be each triangles or triangular ring shapes, each closing
onitself. Also, though not shown in the drawing, for example,
an arrangement may be made wherein different shapes are
employed at the center and at the outer circumference, such
that circles or circular ring shapes are employed at the center,
and rectangular ring shapes are employed at the outer circum-
ference, and these are combined, thereby each closing on
itself.

[0105] Note however, the condensing effect as a convex
lens is influenced by the plan configuration of the alternate
placement layer 2A, i.e., the plan configuration of how the
high refractive index layers 21 and low refractive index layers
20 are arrayed, so in the case of applying the above-men-
tioned shapes to a solid-state imaging device, it is desirable
that the plan configuration exemplified in FIGS. 1C through
1F, particularly the shape of the high refractive index layer
21_1 at the center portion is matched to the plan shape of the
light reception portion.

First Embodiment
Application Example 1 of Convex Lens

[0106] FIGS. 2A through 2E are diagrams for describing a
first example (application example 1) of the solid-state imag-
ining device to which the optical lens according to the first
embodiment is applied. Here, FIG. 2A is the cross-sectional
schematic view of the solid-state imaging device according to
application example 1, FIG. 2B is a more specific cross-
sectional view of the solid-state imaging device according to
the first embodiment (application example 1), and FIGS. 2C
through 2E are diagrams illustrating the simulation results of
the optical property thereof.

[0107] A solid-state imaging device 100A according to the
first embodiment (application example 1) includes a thin-film
layer 130 (thickness=0.1 pm) made up of silicon nitride
Si3N4 (hereafter, referred to as SiN) with a refractive index
nl of 2.0 on a semiconductor substrate (hereafter, also
referred to as a silicon substrate) 102 made up of silicon Si
with a refractive index n3 of 4.1 and an extinction coefficient
(coefficient related to absorption of light) k 0£0.04, and on the
upper layer thereof includes an optical lens 110A having the
configuration (alternate placement layer 112A) described
with reference to FIGS. 1A through 1F as the principal por-
tion.

[0108] The thin-film layer 130 is provided as an antireflec-
tion film as to the silicon substrate 102. Thus, light can be
entered in the light reception portion, such as a photodiode,
effectively. For example, if we say that the refractive indexes
of the silicon Si, silicon nitride SiN, and silicon oxide SiO2
aren_Si,n_SiN, and n_SiO2, respectively, arelationn_Si>n_
SiN>n_SiO2 holds. In this case, the thickness d of the thin-
film layer 130 has a relation of d=Ax(m/2+1/4)/n_SiN, so an
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antireflection film function can be performed effectively.
Here, A is the wavelength of light, and m is an integer equal to
or greater than 0.

[0109] Asshownin FIG. 2B, photoelectric conversion units
(light reception portions) 104 made up of PN junction are
disposed with a predetermined pixel pitch on the boundary
neighborhood (substrate surface) at the optical lens 110 A side
of the silicon substrate 102. The solid-state imaging device
100A includes a pixel array unit formed by regularly arraying
the multiple (e.g., several millions) photoelectric conversion
units 104 vertically and horizontally or in an oblique direc-
tion.

[0110] A color filter 106 and on-chip lens 108 are provided
on the upper layer at the light incident face of the optical lens
110A as necessary. The on-chip lens 108 is a lens having a
refracted type lens configuration employing Snell’s law.
[0111] With the example shown in FIG. 2B, an example is
illustrated wherein the on-chip lens 108 is employed as an
upper layer lens (surface lens), and the alternate placement
layer 112 A of the optical lens 110A is employed as an inner
condensing lens, but the on-chip lens 108 can also bereplaced
with the alternate placement layer 112A. In this case, the
alternate placement layer 112A is not embedded within the
device upper layer, but is disposed on the uppermost layer of
the device as a lens configuration, and the surface thereof'is in
contact with the air.

[0112] The on-chip lens 108 is a lens having a refracted
type lens configuration employing Snell’s law, the lens itself
is around 1 pm, thick, so the device upper layer becomes
thick, and a problem of color mixtures due to oblique incident
light can be caused, but this problem can be decreased by
replacing the on-chip lens 108 with the alternate placement
layer 112A.

[0113] The example shown in FIG. 2B illustrates a state of
the peripheral portion of the pixel array unit, wherein the
center of the on-chip lens 108 and the center of the alternate
placement layer 112A equivalent to one cycle worth of the
optical lens 110A are shifted and disposed such that the
oblique incident light passed through the on-chip lens 108
passes through the center of the alternate placement layer
112A. However, such an arrangement is not necessary at the
center portion of the pixel array unit, so the center of the
on-chip lens 108 and the center of the alternate placement
layer 112A equivalent to one cycle worth of the optical lens
110A are disposed so as to be identical.

[0114] Though detailed description will be omitted here, a
wiring layer 109 is provided between the alternate placement
layer 112A and the surface (thin-film layer 130 side) of the
silicon substrate 102. With the wiring layer 109, aluminum
wiring for controlling the charge storage operation and signal
readout operation of each photoelectric conversion unit 104 is
provided so as not to prevent the optical path to the photo-
electric conversion units 104.

[0115] The optical lens 110A includes a thick layer of sili-
con oxide SiO2 (referred to as a silicon oxide layer) with the
refractive index nl of 1.46 as a medium, and includes the
alternate placement layer 112A having the same configura-
tion as the alternate placement layer 2A described with ref-
erence to FIGS. 1A through 1F on the surface neighborhood
at the light incident side thereof. The light incident side from
the alternate placement layer 112 A serves as a single material
layer 111 similar to the single material layer 1 described with
reference to FIGS. 1A through 1F, and the silicon substrate
102 side from the alternate placement layer 112A serves as a
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single material layer 113 similar to the single material layer 3
described with reference to FIGS. 1A through 1F.

[0116] Onecycle (i.e., lens size) of the optical lens 110A is
adjusted to a pixel size (=pixel pitch) of 3.6 um. The distance
(thickness: substantial lens length) from the boundary surface
between the silicon substrate 102 and thin-film layer 130 to
the alternate placement layer 112A is set to 3.6 um, and the
thickness (substantial lens thickness) of the alternate place-
ment layer 112A is set to 0.5 um. As can be understood from
this as well, the alternate placement layer 2A configured by
the high refractive index layer 21 % and low refractive index
layer 20__j being arrayed alternately is set sufficiently thinner
than the optical length (lens length).

[0117] With the alternate placement layer 112A, rectangu-
lar low refractive index layers 120 of silicon oxide SiO2 with
the refractive index n0 of 1.46, and rectangular high refractive
index layers 121 of silicon nitride SiN with the refractive
index nl of 2.0 are disposed such that the widths of the high
refractive index layers 121 increase gradually toward the
center of the lens, and the low refractive index layers 120
decrease gradually toward the center of the lens, thereby
configuring the high refractive index layers 121 in a plate
shape so as to be disposed densely at the center and disposed
non-densely farther away from the center.

[0118] With the first embodiment (application example 1),
the widths of the low refractive index layer 120_j and high
refractive index layer 121__ £ (both are not shown in the draw-
ing) within the alternate placement layer 112A during one
cycle, and the boundary distance (the synthetic width of the
adjacent low refractive index layers 120R_5 and 120L_5 in
the present example) are set as follows.

[0119] high refractive index layer 121R_1+high refractive
index layer 1211,_1: 0.45 um

[0120] high refractive index layer 121R_2, high refractive
index layer 1211,_2: 0.25 um

[0121] high refractive index layer 121R_3, high refractive
index layer 1211,_3: 0.20 um

[0122] high refractive index layer 121R_4, high refractive
index layer 1211,_4: 0.15 um

[0123] high refractive index layer 121R_5, high refractive
index layer 1211,_5: 0.10 um

[0124] low refractive index layer 120R_1, low refractive
index layer 120L_1: 0.10 um

[0125] low refractive index layer 120R_2, low refractive
index layer 120L,_2: 0.15 um

[0126] low refractive index layer 120R_3, low refractive
index layer 120L_3: 0.20 um

[0127] low refractive index layer 120R_4, low refractive
index layer 120L_4: 0.225 um

[0128] low refractive index layer 120R_5+low refractive
index layer 120L_5: 0.40 um

[0129] As can be understood from the drawing, the alter-
nate placement layer 112A of the optical lens 110A is a
condensing element having a SWLL configuration wherein
incident light is curved with the periodic structure of the low
refractive layers 120 made up of silicon oxide SiO2 having a
refractive index of 1.46, and the high refractive layers 121
made up of silicon nitride SiN having a refractive index of 2.0.
In the present example, with the alternate placement layer
112A having the periodic structure of silicon nitride SiN and
silicon oxide Si0O2, both of the low refractive index layers 120
and high refractive index layers 121 are configured such that
the minimum line width in the lateral direction is 0.1 um, and
the lens thickness is 0.5 pm.
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[0130] FIG. 2C illustrates the simulation result regarding
green light having a wavelength A of 540 nm passing through
the optical lens 110 A shown in FIG. 2A. In the drawing, cT is
obtained by multiplying velocity of light ¢ by time T, and
represents distance where the light advances in vacuo (incre-
ments: um). Here, this may be regarded as the time which the
simulation took.

[0131] First, (1) in FIG. 2C shows the simulation result
immediately after the light passes through the alternate place-
ment layer 112A of the optical lens 110A shown in FIG. 2A.
It can be understood from this result that the wave surfaces of
front (silicon substrate 102 side) of the green light passed
through the alternate placement layer 112A are recessed sur-
faces.

[0132] InFIG.2C, (2) shows the simulation result when the
light passes through the alternate placement layer 112A, and
further generally reaches the surface of the silicon substrate
102 (i.e., photoelectric conversion element). It can be under-
stood from this result that the green light condenses to the
center of each optical lens 110A, and there is a convex lens
effect regarding the green light (A=540 nm). Though omitted
in the drawing, there is similarly a lens effect regarding near-
infrared light (A=780 nm), red light (A=640 nm), and blue
light (A=460 nm).

[0133] FIGS. 2D and 2F are diagrams illustrating the simu-
lation results regarding the solid-state imaging device 100A
according to the first embodiment (application example 1) to
which an optical lens having the same configuration as the
optical lens 110A according to the first embodiment (appli-
cation example 1) shown in FIG. 2A, and represent the results
of near-infrared light (A=780 nm), red light (A=640 nm),
green light (A=540 nm), and blue light (A=460 nm), respec-
tively. As can be understood from these, light having any
wavelength is condensed with the optical lens 110A, thereby
providing a convex lens effect.

First Embodiment
Application Example 2 of Convex Lens

[0134] FIGS. 3A through 3C are diagrams for describing a
second example (application example 2) of the solid-state
imagining device to which the optical lens according to the
first embodiment is applied. Here, FIG. 3A is the cross-
sectional schematic view of the solid-state imaging device
according to the first embodiment (application example 2),
and FIGS. 3B and 3C are diagrams illustrating the simulation
results of the optical property thereof.

[0135] The solid-state imaging device 100A according to
the first embodiment (application example 2) is basically
configured in the same way as with the solid-state imaging
device 100A according to the first embodiment (application
example 1) except that the minimum line width in the lateral
direction is set to not 0.1 um but 0.2 um. Along with this
modification of the minimum line width in the lateral direc-
tion, adjustment is made regarding the number, widths,
boundary distance of each of the low refractive index layer
120_j and high refractive index layer 121 & within the alter-
nate placement layer 112A.

[0136] Specifically, with the first embodiment (application
example 2), the widths of'the low refractive index layer 120_ ;
and high refractive index layer 121_ % (both are not shown in
the drawing) within the alternate placement layer 112A dur-
ing one cycle of the optical lens 110A, and the boundary
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distance (the synthetic width of the adjacent high refractive
index layers 121R_4 and 1211._4 in the present example) are
set as follows.

[0137] high refractive index layer 121R_1+high refractive
index layer 1211,_1: 0.75 um

[0138] high refractive index layer 121R_2, high refractive
index layer 1211,_2: 0.25 um

[0139] high refractive index layer 121R_3, high refractive
index layer 1211,_3: 0.25 um

[0140] high refractive index layer 121R_4+high refractive
index layer 1211._4: 0.20 um

[0141] low refractive index layer 120R_1, low refractive
index layer 120L_1: 0.20 um

[0142] low refractive index layer 120R_2, low refractive
index layer 120_2: 0.25 um

[0143] low refractive index layer 120R_3, low refractive
index layer 120L_3: 0.375 um

[0144] FIGS. 3B and 3C are diagrams illustrating the simu-
lation results of the optical property according to the first
embodiment (application example 2) shown in FIG. 3A, and
represent the results of near-infrared light (A=780 nm), red
light (A=640 nm), green light (A=540 nm), and blue light
(A=460 nm), respectively.

[0145] As can be understood from these, even in a case
wherein the minimum line width in the lateral direction is
changed from 0.1 pm to 0.2 um, the number, widths, bound-
ary distance of each of the low refractive index layer 120_;
and high refractive index layer 121 _ % within the alternate
placement layer 112 A are set appropriately, whereby the light
having any wavelength can be condensed with the alternate
placement layer 112A, and a convex lens effect can be pro-
vided.

First Embodiment
Application Example 3 of Convex Lens

[0146] FIGS. 4A through 4C are diagrams for describing a
third example (application example 3) of the solid-state imag-
ining device to which the optical lens according to the first
embodiment is applied. Here, FIG. 4A is the cross-sectional
schematic view of the solid-state imaging device according to
the first embodiment (application example 3), and FIGS. 4B
and 4C are diagrams illustrating the simulation results of the
optical property thereof.

[0147] The solid-state imaging device 100A according to
the first embodiment (application example 3) is basically
configured in the same way as with the solid-state imaging
device 100A according to the first embodiment (application
example 1) except that the thickness (substantial lens thick-
ness) of the alternate placement layer 112A is set to not 0.5
um but a thinner 0.3 pm. Along with this modification of the
lens thickness, adjustment is made regarding the number,
widths, boundary distance of each of the low refractive index
layer 120_j and high refractive index layer 121__ % within the
alternate placement layer 112A. With the present example,
completely the same adjustment as that in the first embodi-
ment (application example 1) is made.

[0148] Specifically, with the first embodiment (application
example 3), the widths of the low refractive index layer 120_;
and high refractive index layer 121 _ % (both are not shown in
the drawing) within the alternate placement layer 112A dur-
ing one cycle, and the boundary distance (the synthetic width
of the adjacent low refractive index layers 120R_5 and
120L._5 in the present example) are set as follows. As
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described above, as to the first embodiment (application
example 1), the thickness dimension in the vertical direction
is changed from 0.5 um to 0.3 pm, but the width dimension in
the lateral direction is the same.

[0149] high refractive index layer 121R_1+high refractive
index layer 1211,_1: 0.45 um

[0150] high refractive index layer 121R_2, high refractive
index layer 1211.,_2: 0.25 um

[0151] high refractive index layer 121R_3, high refractive
index layer 1211._3: 0.20 um

[0152] high refractive index layer 121R_4, high refractive
index layer 1211,_4: 0.15 pm high refractive index layer
121R_5, high refractive index layer 1211._5: 0.10 pm
[0153] low refractive index layer 120R_1, low refractive
index layer 120L_1: 0.10 um low refractive index layer
120R_2, low refractive index layer 120L._2: 0.15 pm

[0154] low refractive index layer 120R_3, low refractive
index layer 120L_3: 0.20 um

[0155] low refractive index layer 120R_4, low refractive
index layer 1201._4: 0.225 um

[0156] low refractive index layer 120R_5+low refractive
index layer 120L_5: 0.40 um

[0157] FIGS. 4B and 4C are diagrams illustrating the simu-
lation results of the optical property according to the first
embodiment (application example 3) shown in FIG. 4A, and
represent the results of near-infrared light (A=780 nm), red
light (A=640 nm), green light (A=540 nm), and blue light
(=460 nm), respectively.

[0158] As can be understood from these, even in a case
wherein the thickness (substantial lens thickness) of the alter-
nate placement layer 112A is changed from 0.5 pm to 0.3 um,
the number, widths, boundary distance of each of the low
refractive index layer 120_ j and high refractive index layer
121_ & within the alternate placement layer 112A are set
appropriately, whereby the light having any wavelength can
be condensed with the alternate placement layer 112A, and a
convex lens effect can be provided.

First Embodiment
Application Example 4 of Convex Lens

[0159] FIGS. 5A through 5D are diagrams for describing a
fourth example (application example 4) of the solid-state
imagining device to which the optical lens according to the
first embodiment is applied. Here, FIG. 5A is the cross-
sectional schematic view of the solid-state imaging device
according to the first embodiment (application example 4),
FIG. 5B is a more schematic cross-sectional view, and FIGS.
5C and 5D are diagrams illustrating the simulation results of
the optical property thereof.

[0160] The solid-state imaging device 100A according to
the first embodiment (application example 4) is basically
configured in the same way as with the solid-state imaging
device 100A according to the first embodiment (application
example 1) except that the pixel size or lens size is set to not
3.6 um but smaller 1.4 um. Along with this modification of the
pixel size or lens size, adjustment is made regarding the
distance (thickness: substantial lens length) from the bound-
ary surface between the silicon substrate 102 and thin-film
layer 130 to the alternate placement layer 112 A, the thickness
(substantial lens thickness) of the alternate placement layer
112A, and the number, widths, boundary distance of each of
the low refractive index layer 120__j and high refractive index
layer 121_ % within the alternate placement layer 112A.
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[0161] Specifically, with the first embodiment (application
example 4), first, the thickness (substantial lens thickness) of
the alternate placement layer 112A is setto 0.5 um. One cycle
(i.e., lens size) of the optical lens 110A is adjusted to the pixel
size (=pixel pitch) of 1.4 um.

[0162] The widths of the low refractive index layer 120_j
and high refractive index layer 121__ % (both are not shown in
the drawing) within the alternate placement layer 112A dur-
ing one cycle of the optical lens 110A, and the boundary
distance (the synthetic width of the adjacent low refractive
index layers 120R_3 and 1201 _3 in the present example) are
set as follows.

[0163] high refractive index layer 121R_1+high refractive
index layer 1211,_1: 0.25 um

[0164] high refractive index layer 121R_2, high refractive
index layer 1211,_2: 0.15 um

[0165] high refractive index layer 121R_3, high refractive
index layer 1211,_3: 0.10 um

[0166] low refractive index layer 120R_1, low refractive
index layer 120L_1: 0.10 um

[0167] low refractive index layer 120R_2, low refractive
index layer 120L_2: 0.13 um

[0168] low refractive index layer 120R_3+low refractive
index layer 120L._3: 0.19 um

[0169] Also, with the upper and lower sides of each high
refractive index layers 121 & made up of silicon nitride SiN
of the alternate placement layer 112A making up a principal
portion of the optical lens 110A, a thin film (thickness=0.08
um) made up of SiON with the refractive index n4 of 1.7 is
provided thereto as an antireflection film 124 with the same
width as each high refractive index layer 121 %. The antire-
flection films 124 are thin films made up of an intermediate
refractive index material (SiION with the refractive index of
1.7 in the present example) between silicon nitride SiN and
silicon oxide Si02, and are for reducing optical loss due to
reflection.

[0170] The antireflection films 124 are thin films, and do
not affect the lens effect itself of the alternate placement layer
112A regardless of the thickness and width thereof, regard-
less of whether or not they are provided to each high refractive
index layer 121 £. It goes without saying that the antireflec-
tion films 124 can be provided to not only the first embodi-
ment (application example 4) but also the first embodiment
(application examples 1 through 3).

[0171] The lens length in the case of providing the antire-
flection films 124 is distance from the boundary surface
between the silicon substrate 102 and thin-film layer 130 to
the antireflection films 124, and is set to 2.3 um in the present
example.

[0172] FIGS.5C and 5D are diagrams illustrating the simu-
lation results of the optical property according to the first
embodiment (application example 4) shown in FIG. 5A, and
represent the results of near-infrared light (A=780 nm), red
light (A=640 nm), green light (A=540 nm), and blue light
(A=460 nm), respectively.

[0173] As can be understood from these, even in a case
wherein the pixel size or lens size is changed from 3.6 um to
1.4 um, the lens length, and the number, widths, boundary
distance of each of the low refractive index layer 120_j and
high refractive index layer 121 % within the alternate place-
ment layer 112A are set appropriately, whereby the light
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having any wavelength can be condensed with the alternate
placement layer 112A, and a convex lens effect can be pro-
vided.

First Comparative Example

[0174] FIG. 6A is a diagram for describing a first compara-
tive example as to the convex lens 110A using the alternate
placement layer 112A (including the alternate placement
layer 2A as a single material) included in the optical lens
110A according to the first embodiment.

[0175] The solid-state imaging device 100A according to
the first comparative example includes a wiring layer 109
above the silicon substrate 102, an inner condensing lens 105
on the upper layer of the wiring layer 109 thereof, and a color
filter 106 and on-chip lens 108 on the upper layer of the inner
condensing lens 105 thereof.

[0176] Boththe inner condensing lens 105 and on-chip lens
108 are lenses having a refractive type lens configuration
employing Snell’s law. Accordingly, the lens itself is thick
such as around 1 um, and consequently, the device upper layer
serving as the light incident side of the silicon substrate 102
becomes thick. Thus, undesirable oblique incident light from
the adjacent pixel increases, color mixtures due to this
oblique incident light increase, and accordingly, color repro-
ducibility becomes poor.

[0177] It can also be conceived to perform calculation pro-
cessing such as matrix computation to restore color reproduc-
ibility, but extra noise occurs, and image quality deteriorates.
[0178] When reducing the F value of an external image
formation system lens, oblique incident light increases due to
eclipse caused by metal wiring of the wiring layer 109, so
deterioration from ideal sensitivity becomes pronounced by
the upper layer becoming thick, and accordingly, deteriora-
tion in F value light sensitivity is caused wherein the original
sensitivity cannot be obtained.

[0179] A so-called shading phenomenon also becomes pro-
nounced wherein sensitivity is reduced at the end portion as
compared with the center of the pixel array unit where the
photoelectric conversion units 104 are disposed in a two-
dimensional manner. This is because the principal ray
obliquely enters, and accordingly, influence of ellipse
increases, for example.

[0180] It can also be conceived that each lens is made into
an asymmetric lens shape deformed in the lateral direction so
as to correct oblique incident light to vertical incident light.
Note however, from the perspective of a manufacturing pro-
cess, for example, when fabricating each lens with reflow, the
fabrication thereofis influenced by gravity or surface tension,
so each lens can be fabricated only in a spherical shape. In
other words, a spherical lens is fabricated with reflow, so a
lens having a configuration deformed in the lateral direction
cannot be fabricated, and accordingly, a lens whereby oblique
incident light can be corrected to vertical incident light cannot
be fabricated.

[0181] On the other hand, with each optical lens 110A
according to the first embodiment, the alternate placement
layer 112A is configured as a principal portion, whereby a
convex lens function having a condensing effect can be real-
ized with an extremely thin lens. Thus, the upper layer of the
device can be thinned, and color mixtures decrease, so color
reproducibility improves, and also extra noise occurrence due
to calculation processing decreases. Also, deterioration in F
value light sensitivity is reduced.
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[0182] Further, the alternate placement layer 112A serving
as a principal portion of the optical lens 110A has a configu-
ration wherein the low refractive index layers 120 and high
refractive index layers 121 are alternately arrayed with a
predetermined width, and can be fabricated with just simple
easy-to-use processing technology such as lithography tech-
nology, the RIE (Reactive Ion Etching) method, or the like
(details will be made later), whereby costs can be suppressed
with an easy-to-use fabrication process.

[0183] Also, as can be understood from application
examples 1 through 4, the convex lens effect employing the
alternate placement layer 112A can be modified as necessary
by adjusting the widths and number of arrays of each of the
rectangular low refractive index layers 120 and high refrac-
tive index layers 121, and accordingly, the width of designing
can optically spread as compared with a spherical lens.

Second Comparative Example

[0184] FIG. 6B is a diagram for describing a second com-
parative example as to the convex lens using the alternate
placement layer 112A (including the alternate placement
layer 2A as a single material) included in the optical lens
110A according to the first embodiment.

[0185] The solid-state imaging device 100A according to
the second comparative example is described in Japanese
Unexamined Patent Application Publication No. 2005-
011969. To be brief, an inner condensing lens is configured
with a Fresnel lens as the basis, which subjects light subjected
to convergence by an upper portion lens such as an on-chip
lens to further convergence to enter this in the corresponding
photoelectric conversion unit.

[0186] Specifically, this lens is a refractive type lens, but is
configured in a wave type, whereby the lens can be thinned.
Note however, this lens is a refractive type, so there is a limit
to make the lens thinner than the wavelength order. Also,
fabricating such a refractive type makes the fabricating pro-
cess complicated than a common refractive type lens process,
and requires further cost. Also, the lens can be fabricated only
with a spherical surface, so asymmetry cannot be provided
thereto.

[0187] Additionally, in the case of a Fresnel lens, light
obliquely entering in a certain region is not condensed in a
point to be condensed originally in some cases. For example,
in FIG. 6B, in a case wherein light enters in the surface
portion of a lens as shown in the solid line, the light is
condensed, but in a case wherein light enters in a stepwise
wall as shown in the dotted line, the light is refracted or
reflected, and accordingly, the light is not condensed but
diffused as shown in the drawing. This causes condensing
efficiency to deteriorate, and moreover, in a case wherein
diffused light enters in an adjacent pixel, causes a color mix-
ture.

Third Comparative Example

[0188] FIG. 6C is adiagram for describing a third compara-
tive example as to the convex lens using the alternate place-
ment layer 112A (including the alternate placement layer 2A
as a single material) included in the optical lens 110A accord-
ing to the first embodiment.

[0189] The solid-state imaging device 100A according to
the third comparative example is described in Japanese Unex-
amined Patent Application Publication No. 2006-351972. A
condensing element (i.e., convex lens) is configured by com-
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bining multiple zone regions having a concentric configura-
tion divided by a line width equal to or shorter than the
wavelength of incident light. Here, of the multiple zone
regions, at least one zone region includes a lower stage light
transmission film having a concentric configuration of a first
line width and first film thickness, and an upper stage light
transmission film having a concentric configuration of a sec-
ond line width and second film thickness, which is configured
above the lower stage light transmission film. To be brief, a
condensing element is configured with a distribution refrac-
tive index lens having a two-stage concentric configuration
(i.e., Fresnel lens) as the basis.

[0190] Accordingly, the condensing element (convex lens)
according to the third comparative example described in
Japanese Unexamined Patent Application Publication No.
2006-351972 is a refractive index lens, but is configured with
a Fresnel lens as the basis, and accordingly, the same situation
occurs as that in the inner condensing lens according to the
second comparative example described in Japanese Unexam-
ined Patent Application Publication No. 2005-011969. This
situation is shown in FIG. 6C, wherein when oblique incident
light enters in the steps of refractive index around the bound-
ary of each region, the light is reflected or refracted at a wall,
and accordingly the light is refracted or reflected, and accord-
ingly, the light is not condensed but diffused as shown in the
drawing. This causes condensing efficiency to deteriorate,
and moreover, in a case wherein diffused light enters in an
adjacent pixel, causes a color mixture.

[0191] On the other hand, with the alternate placement
layer 2A (alternate placement layer 112A) according to the
first embodiment, the widths of the high refractive index
layers 121 having a great refractive index and the low refrac-
tive index layers 120 having a small refractive index change
gradually within the wavelength order, so there is no step of a
great refractive index such as a Fresnel lens, and there is little
diffusing light caused by reflection or refraction even as to
oblique incident light. Accordingly, deterioration in condens-
ing decreases, so light can be condensed effectively.

[0192] Also, the manufacturing process of the alternate
placement layer 112 A (alternate placement layer 2A) accord-
ing to the first embodiment is easy to use as compared with the
processes of the inner condensing lens according to the sec-
ond comparative example described in Japanese Unexamined
Patent Application Publication No. 2005-011969 and the
condensing element according to the third comparative
example described in Japanese Unexamined Patent Applica-
tion Publication No. 2006-351972. For example, as can be
understood from the configuration shown in FIG. 6C, etching
is performed with two stages, so the number of processes
increases, and consequently, cost increases. Also, such com-
plicated etching affects on reproducibility and evenness, and
manufacturing irregularities are readily caused.

[0193] With the alternate placement layer 112A (alternate
placement layer 2A) according to the first embodiment, the
high refractive index layers 21 (high refractive index layers
121) and low refractive index layers 20 (low refractive index
layers 120) are arrayed alternately in the lateral direction, so
basically, all that is necessary is deposition of the high refrac-
tive index layers 21 (high refractive index layers 121) and
one-time etching, and the subsequent deposition of low
refractive index layers 20 (low refractive index layers 120)
and simple easy-to-use processing technology such as lithog-
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raphy technology, RIE method, or the like, thereby reducing
the number of processes, reducing cost, and improving repro-
ducibility and evenness.

[0194] As can be understood from the above description,
the principle completely differs between the alternate place-
ment layer 2A (alternate placement layer 112A) according to
the first embodiment, which can be conceived such that a
condensing lens (i.e., convex lens) utilizing a wave surface
control arrangement is employed as an inner condensing lens
(or surface lens), and the inner condensing lens according to
the second comparative example (Japanese Unexamined
Patent Application Publication No. 2005-011969) or the con-
densing element according to the third comparative example
(Japanese Unexamined Patent Application Publication No.
2006-351972). With the inner condensing lens according to
the second comparative example and the condensing element
according to the third comparative example, the advantage
provided by the alternate placement layer 2A (alternate place-
ment layer 112A) according to the first embodiment cannot
be accepted.

Fourth Comparative Example

[0195] Though not shown in the drawing, with Japanese
Unexamined Patent Application Publication No. 2005-
252391, a configuration has been disclosed wherein a scat-
terer having a refractive index is provided on the upper layer
within a pixel (referred to as a fourth comparative example).
Note however, the arrangement of the fourth comparative
example differs from that in the alternate placement layer 2A
(alternate placement layer 112A) according to the first
embodiment such as a configuration wherein the high refrac-
tive index layers 121 having a great refractive index are dis-
posed, in a plate shape, densely at the center and disposed
non-densely farther away from the center, and specifically, a
configuration wherein the widths of the high refractive index
layers 121 having a great refractive index increase toward the
center of the lens, i.e., a configuration wherein the center is
broad, and the periphery is narrow.

[0196] Additionally, the arrangement of the fourth com-
parative example is not a lens function but a low-pass filter
function employing scattering effect or MTF control func-
tion. In this point, with the alternate placement layer 2A
(alternate placement layer 112A) according to the first
embodiment, a feature wherein the velocity of light differs
between the high refractive index layers 21 (high refractive
index layers 121) having a great refractive index and the low
refractive index layers 20 (low refractive index layers 120)
having a small refractive index, and continuity of a wave
function are combined, thereby accepting a convex lens
effect, so the principle and object thereof completely differs
from the arrangement of the fourth comparative example.

Fifth Comparative Example

[0197] Though not shown in the drawing, with Japanese
Unexamined Patent Application Publication No. 2005-
203526, a configuration has been disclosed wherein a refrac-
tive index distribution type lens is embedded in a through hole
formed corresponding to a pixel on a lens substrate, which has
a refractive index changed in the diameter direction of the
through hole (referred to as a fifth comparative example).
Note however, the arrangement of the fifth comparative
example is such that a refractive index distribution is changed
gradually in the diameter direction of the through hole, i.e.,
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lateral direction, and the basic configuration concept thereof
differs from that in the arrangement of the first embodiment
wherein a convex lens effect is accepted using the alternate
placement layer 2A (alternate placement layer 112A) which
combines a feature wherein the velocity of light differs
between the high refractive index layers 21 (high refractive
index layers 121) having a great refractive index and the low
refractive index layers 20 (low refractive index layers 120)
having a small refractive index, and continuity of a wave
function.

[0198] With the arrangement of the fifth comparative
example, description has been made simultaneously wherein
a layer having a great refractive index and a layer having a
small refractive index are deposited in the lateral direction in
order, but in reality, deposition is made not only from the
lateral direction but also from underneath, so such a configu-
ration according to the first embodiment is not realized, and
accordingly, a multi-layer configuration wherein refractive
indexes differ only in the lateral direction cannot be readily
fabricated.

[0199] On the other hand, with the alternate placement
layer 112A (alternate placement layer 2A) according to the
first embodiment, the high refractive index layers 21 (high
refractive index layers 121) and low refractive index layers 20
(low refractive index layers 120) are arrayed alternately in the
lateral direction, so basically, all that is necessary is deposi-
tion of the high refractive index layers 21 (high refractive
index layers 121) and one-time etching, and a multi-layer
configuration in the vertical direction such as the subsequent
deposition of low refractive index layers 20 (low refractive
index layers 120) and a process such as lithography technol-
ogy, RIE method, or the like, thereby providing an advantage
wherein fabrication can be made with ease to use and a small
number of processes.

First Embodiment
Modification 1 of Convex Lens

[0200] FIGS. 7A and 7B are diagrams for describing a first
modification (modification 1) of the optical lens according to
the first embodiment. Here, FIG. 7A is the cross-sectional
schematic view for describing the solid-state imaging device
according to modification 1 to which the optical lens accord-
ing to modification 1 is applied. FIG. 7B is a diagram illus-
trating the simulation result of the optical property thereof
(A=540 nm).

[0201] With the basic example of the first embodiment, in
order to provide a convex lens function by employing a con-
figuration wherein density increases toward the center and
density decreases farther away from the center, the third con-
vex lens providing method has been employed wherein the
first and second convex lens providing methods are employed
together, but with modification 1, only the first convex lens
providing method is employed wherein the width of a layer
having a great refractive index (high refractive index layer
121_ k) increases gradually toward the center of the lens.
With regard to a layer having a small refractive index (low
refractive index layer 120_j), all are configured so as to have
an equal width.

[0202] Let us say that the distance (thickness: substantial
lens length) from the boundary surface between the silicon
substrate 102 and thin-film layer 130 to the alternate place-
ment layer 112A is 3.6 um, and the thickness (substantial lens
thickness) of the alternate placement layer 112A is 0.5 pm.
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One cycle (i.e., lens size) of the optical lens 110A is adjusted
to a pixel size (pixel pitch) of 3.25 um. This somewhat differs
from the first embodiment (application example 1) wherein
the lens size or pixel size is set to 3.6 um. The pixel size is
somewhat changed from that in the previous example, but this
is for adjustment in the event that while the high refractive
index layers 121 are set to an appropriate dimension (in
increments of 0.05 um), the low refractive index layers 120
are set to be an equal width with an appropriate dimension (in
increments of 0.05 pum). An arrangement may be made
wherein while the pixel size is set to that in the previous
example as much as possible, the low refractive index layers
120 portion is set to be an equal width.

[0203] The solid-state imaging device 100A according to
the first embodiment (modification 1) is basically configured
in the same way as with the solid-state imaging device 100A
according to the first embodiment (application example 1)
except that the width of the low refractive index layer 120 _j
is set to be an equal width. Along with this modification of
changing the width of the low refractive index layer 120_j to
an equal width, adjustment is made regarding the number,
widths, and boundary distance of each of the low refractive
index layer 120_; and high refractive index layer 121 %
within the alternate placement layer 112A.

[0204] Specifically, with the first embodiment (modifica-
tion 1), the widths of the low refractive index layer 120_ j and
high refractive index layer 121__% (both are not shown in the
drawing) within the alternate placement layer 112A during
one cycle, and the boundary distance (the synthetic width of
the adjacent low refractive index layers 120R_4 and 120L._4
in the present example) are set as follows.

[0205] high refractive index layer 121R_1+high refractive
index layer 1211,_1: 0.65 um

[0206] high refractive index layer 121R_2, high refractive
index layer 1211,_2: 0.25 um

[0207] high refractive index layer 121R_3, high refractive
index layer 1211,_3: 0.20 um

[0208] high refractive index layer 121R_4, high refractive
index layer 1211,_4: 0.15 um

[0209] low refractive index layer 120R_1, low refractive
index layer 120L_1: 0.20 um

[0210] low refractive index layer 120R_2, low refractive
index layer 120L_2: 0.20 um

[0211] low refractive index layer 120R_3, low refractive
index layer 120L_3: 0.20 um

[0212] low refractive index layer 120R_4+low refractive
index layer 120L_4: 0.20 um

[0213] As can be understood from the above settings, the
width of the low refractive index layer 120_; having a small
refractive index is an equal width of 0.2 um, and the width of
the high refractive index layer 121_ khaving a great refractive
index decreases gradually, such as 0.65 um, 0.25 pm, 0.2 pm,
and 0.15 pm, toward the end from the center.

[0214] As can be understood from the drawing, with the
first embodiment (modification 1) as well, the alternate place-
ment layer 112A of the optical lens 110A is a condensing
element having a SWLL configuration wherein incident light
is curved by the periodical structure between the low refrac-
tive index layers 120 made up of silicon oxide SiO2 having a
refractive index of 1.46 and the high refractive index layers
121 made up of silicon nitride having a refractive index 0f2.0.
With the present example, the alternate placement layer 112A
is configured such that the minimum line width in the lateral
direction of the low refractive index layers 120 is 0.20 pum, the
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minimum line width in the lateral direction of the high refrac-
tive index layers 121 is 0.15 um, and the thickness of the lens
is 0.5 um.

[0215] FIG. 7B is a diagram illustrating the simulation
result of the optical property of the first embodiment (modi-
fication 1) shown in FIG. 7A, which is the result of green light
(A=540 nm). As can also be understood from this, even with
an arrangement wherein while all widths are set to be equal
regarding the layers having a small refractive index (low
refractive index layer 120_;), the widths of the high refractive
index layers 121 increase gradually toward the center of the
lens, the green light (A=540 nm) can be condensed with the
alternate placement layer 112A by setting the number,
widths, boundary distance of each of the low refractive index
layer 120__j and high refractive index layer 121__% within the
alternate placement layer 112A appropriately, thereby pro-
viding a convex lens effect.

[0216] Though not shown in the drawing, with regard to
near-infrared light (A=780 nm), red light (A=640 nm), and
blue light (A\=460 nm) as well, the same convex lens effect is
provided.

[0217] Thus, the first embodiment (modification 1) is
employed, which has a configuration wherein the low refrac-
tive index layer 120__j having a small refractive index has an
equal width, and the width of the high refractive index layer
121 % increases gradually toward the center of the lens,
whereby a configuration can be realized wherein the high
refractive index layer 121 khaving a great refractive index is
disposed, in a plate shape, densely at the center and disposed
non-densely farther away from the center, and accordingly, it
can be found that a condensing property exists like the first
embodiment (basic example and application examples 1
through 4 thereof).

[0218] With the configuration of the first embodiment
(modification 1), there is provided an advantage wherein
fabrication of a lens is facilitated. That is to say, in a case
wherein, with a process for embedding the low refractive
index layers 120, there is difficulty such that embedding
widths cannot be narrowed due to insufficient lithography
resolution, or embedding becomes poor due to occurrence of
avoid when narrowing the embedding widths, fabrication can
be made by setting the widths of the low refractive index
layers 120 to equal widths that can be embedded using lithog-
raphy as with modification 1. Particularly, this becomes an
effective tool when this width that can be embedded is just at
the wavelength order, where if the width is expanded further,
continuity of equiphase wave surfaces (wave surfaces) is lost.

First Embodiment
Modification 2 of Convex Lens

[0219] FIGS. 8A and 8B are diagrams for describing a
second modification (modification 2) of the optical lens
according to the first embodiment. Here, FIG. 8 A is the cross-
sectional schematic view for describing the solid-state imag-
ing device according to modification 2 to which the optical
lens according to modification 2 is applied. FIG. 8B is a
diagram illustrating the simulation result of the optical prop-
erty thereof (A=540 nm).

[0220] With the basic example of the first embodiment, in
order to provide a convex lens function by employing a con-
figuration wherein density increases toward the center and
density decreases farther away from the center, the third con-
vex lens providing method has been employed wherein the
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first and second convex lens providing methods are employed
together, but with modification 2, only the second convex lens
providing method is employed wherein the width of a layer
having a small refractive index (low refractive index layer
120_j) decreases gradually toward the center of the lens.
With regard to a layer having a great refractive index (high
refractive index layer 121_ %), all are configured so as to have
an equal width.

[0221] Let us say that the distance (thickness: substantial
lens length) from the boundary surface between the silicon
substrate 102 and thin-film layer 130 to the alternate place-
ment layer 112 A is 3.6 um, and the thickness (substantial lens
thickness) of the alternate placement layer 112A is 0.5 pm.
One cycle (i.e., lens size) of the optical lens 110A is adjusted
to a pixel size (pixel pitch) of 3.85 um. This somewhat differs
from the first embodiment (application example 1) wherein
the lens size or pixel size is set to 3.6 um. The pixel size is
somewhat changed from that in the previous example, but this
is for adjustment in the event that while the low refractive
index layers 120 are set to an appropriate dimension (in
increments of 0.05 um), the high refractive index layers 121
are set to be an equal width with an appropriate dimension (in
increments of 0.05 pum). An arrangement may be made
wherein while the pixel size is set to that in the previous
example as much as possible, the high refractive index layers
121 portion is set to be an equal width.

[0222] The solid-state imaging device 100A according to
the first embodiment (modification 2) is basically configured
in the same way as with the solid-state imaging device 100A
according to the first embodiment (application example 1)
except that the width of the high refractive index layer 121_ &
is set to be an equal width. Along with this modification of
changing the width of the high refractive index layer 121_ %to
an equal width, adjustment is made regarding the number,
widths, and boundary distance of each of the low refractive
index layer 120_; and high refractive index layer 121_ %
within the alternate placement layer 112A.

[0223] Specifically, with the first embodiment (modifica-
tion 2), the widths of the low refractive index layer 120_ j and
high refractive index layer 121__% (both are not shown in the
drawing) within the alternate placement layer 112A during
one cycle, and the boundary distance (the synthetic width of
the adjacent low refractive index layers 120R_5 and 120L._5
in the present example) are set as follows.

[0224] high refractive index layer 121R_1+high refractive
index layer 1211,_1: 0.15 um

[0225] high refractive index layer 121R_2, high refractive
index layer 1211,_2: 0.15 um

[0226] high refractive index layer 121R_3, high refractive
index layer 1211,_3: 0.15 um

[0227] high refractive index layer 121R_4, high refractive
index layer 1211,_4: 0.15 um

[0228] high refractive index layer 121R_5, high refractive
index layer 1211,_5: 0.15 um

[0229] low refractive index layer 120R_1, low refractive
index layer 120L_1: 0.10 um

[0230] low refractive index layer 120R_2, low refractive
index layer 120L_2: 0.20 um

[0231] low refractive index layer 120R_3, low refractive
index layer 120L_3: 0.30 um

[0232] low refractive index layer 120R_4, low refractive
index layer 120L_4: 0.40 um

[0233] low refractive index layer 120R_5+low refractive
index layer 120L_5: 0.50 um
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[0234] As can be understood from the above settings, the
width of the high refractive index layer 121__ £ having a great
refractive index is an equal width of 0.15 pum, and the width of
the low refractive index layer 120 j having a small refractive
index increases gradually, such as 0.10 um, 0.20 um, 0.30 pm,
0.40 um, and 0.50 um, toward the end from the center.
[0235] As can be understood from the drawing, with the
first embodiment (modification 2) as well, the alternate place-
ment layer 112A of the optical lens 110A is a condensing
element having a SWLL configuration wherein incident light
is curved by the periodical structure between the low refrac-
tive index layers 120 made up of silicon oxide SiO2 having a
refractive index of 1.46 and the high refractive index layers
121 made up of silicon nitride having a refractive index 0f2.0.
With the present example, the alternate placement layer 112A
is configured such that the minimum line width in the lateral
direction of the high refractive index layers 121 is 0.10 pm,
the minimum line width in the lateral direction of the high
refractive index layers 12115 0.15 um, and the thickness of the
lens is 0.5 um.

[0236] FIG. 8B is a diagram illustrating the simulation
result of the optical property of the first embodiment (modi-
fication 2) shown in FIG. 8A, which is the result of green light
(A=540 nm). As can also be understood from this, even with
an arrangement wherein while all widths are set to be equal
regarding the layers having a great refractive index (high
refractive index layer 121__ k), the widths of the low refractive
index layers 120 decrease gradually toward the center of the
lens, the green light (A=540 nm) can be condensed with the
alternate placement layer 112A by setting the number,
widths, boundary distance of each of the low refractive index
layer 120__j and high refractive index layer 121__% within the
alternate placement layer 112A appropriately, thereby pro-
viding a convex lens effect.

[0237] Though not shown in the drawing, with regard to
near-infrared light (A=780 nm), red light (A=640 nm), and
blue light (A\=460 nm) as well, the same convex lens effect is
provided.

[0238] Thus, the first embodiment (modification 2) is
employed, which has a configuration wherein the high refrac-
tive index layer 121k having a great refractive index has an
equal width, and the width of the low refractive index layer
120 _j decreases gradually toward the center of the lens,
whereby a configuration can be realized wherein the high
refractive index layer 121_ khaving a great refractive index is
disposed, in a plate shape, densely at the center and disposed
non-densely farther away from the center, and accordingly, it
can be found that a condensing property exists like the first
embodiment (basic example and application examples 1
through 4 thereof).

[0239] With the configuration of the first embodiment
(modification 2), there is provided an advantage wherein
fabrication of a lens is facilitated. That is to say, in a case
wherein, with a process for etching the high refractive index
layers 121 using lithography, it is difficult to perform narrow
width lithography or etching process such that widths cannot
be narrowed due to insufficient lithography resolution, or
width controllability deteriorates due to occurrence of side
etching at the time of the etching process, fabrication can be
made by setting the widths of the high refractive index layers
121 to equal widths that can be subjected to etching using
lithography as with modification 2. Particularly, this becomes
an effective tool when this width that can be subjected to
etching using lithography is just at the wavelength order,
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where if the width is expanded further, continuity of
equiphase wave surfaces (wave surfaces) is lost.

Second Embodiment

Convex Lens+Oblique Incident Light Correction
(Separate Type)

[0240] FIGS. 9 through 10D are diagrams for describing
the basic principle of an optical lens according to a second
embodiment. Here, FIG. 9 is a diagram illustrating the simu-
lation result when oblique incident light enters with the con-
figuration of the first embodiment (e.g., application example
1inFIG. 2A). FIG. 10A is a diagram illustrating an equiphase
wave surface for describing the basic principle of the optical
lens according to the second embodiment. FIG. 10B is a
diagram for describing the light reception optical system of
the solid-state imaging device 10A. FIG. 10C is a plan sche-
matic view of a single optical lens according to the second
embodiment. FIG. 10D is a plan schematic view in a case
wherein the optical lens according to the second embodiment
is applied onto the pixel array unit of the solid-state imaging
device. Note that, in FIG. 10D, with regard to a lens shape
according to the alternate placement layer of each pixel, rep-
resentative positions alone are illustrated by being extracted
and enlarged from the entire pixel array unit.

[0241] The lens configuration according to the second
embodiment has a feature in that a correction mechanism as to
incidence of oblique incident light is provided. A different
point as to a later-described third embodiment is that an
optical member having an oblique incident light correction
function is added to the alternate placement layer 112 A hav-
ing the convex lens function as a separate member (disposed
in another layer).

[0242] With the configuration ofthe first embodiment (e.g.,
application example 1 in FIG. 2A), when oblique incident
light enters, as shown in FIG. 9, it can be found that a con-
densed position is somewhat shifted in the lateral direction as
the lens center. This is common to a phenomenon caused even
with a normal spherical lens. Accordingly, with the configu-
ration of the optical lens according to the first embodiment,
there is a possibility that a color mixture problem caused by
undesirable oblique incident light entering from an adjacent
pixel, or a shading problem wherein deterioration in sensitiv-
ity at an end portion of the pixel array unit is caused at an
image sensor.

[0243] With the configuration of the optical lens according
to the second embodiment, in order to reduce a problem
caused by incidence of oblique incident light, there is pro-
vided a correction function for converting oblique incident
light into vertical incident light. The arrangement of the cor-
rection function thereof has, as shown in FIG. 10A, a feature
in that with the lens center as a boundary, at one side (left side
in the illustrated example) many high refractive index layers
21 having a great refractive index exist by ratio, and at the
opposite side (right side in the illustrated example) a few high
refractive index layers 21 exist by ratio. It goes without saying
that the present embodiment differs from the above-men-
tioned first embodiment in that the left and right of the lens are
asymmetric.

[0244] In order to provide a correction function as to inci-
dence of oblique incident light by employing a configuration
wherein with the lens center as a boundary, at one side (left
side in the illustrated example) many high refractive index
layers 21 having a great refractive index exist by ratio, and at
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the opposite side (right side in the illustrated example) a few
high refractive index layers 21 exist by ratio, for example,
when focusing on the high refractive index layers 21, a first
oblique incident light correction method can be employed
assuming that the widths of the high refractive index layers 21
having a great refractive index increase gradually in one
direction (at the left side in the illustrated example) at one
cycle of the optical lens (i.e., lens size). Conversely, when
focusing on the low refractive index layers 20, a second
oblique incident light correction method can also be
employed assuming that the widths of the low refractive index
layers 20 having a small refractive index increase gradually in
one direction (at the right side in the illustrated example) at
one cycle of the optical lens (i.e., lens size). Further, a third
oblique incident light correction method can also be
employed wherein the first and second oblique incident light
correction methods are employed together. From the perspec-
tive of correction efficiency, it is most effective to employ the
third oblique incident light correction method.

[0245] The optical lens according to the second embodi-
ment has a function for converting oblique incident light into
vertical incident light (referred to as an incident angle con-
version function), so differs from a later-described third
embodiment in that the center of gravity of asymmetry
becomes the end portion of the optical lens (the center of the
high refractive index layer 211_4 at the left end in FIG. 10A).
Note that description will be made at the third embodiment
regarding the definition of “center of gravity”.

[0246] Inother words in view of the configuration descrip-
tion of a later-described third embodiment, the first oblique
incident light correction method is a method assuming a
configuration wherein the widths of the high refractive index
layers 21 having a great refractive index increase gradually
toward the optical center of gravity position (the other end
side of the lens in the present example) from one end side of
the member (lens: alternate placement layer 2B). Similarly, in
other words in view of the configuration description of a
later-described third embodiment, the second oblique inci-
dent light correction method is a method assuming a configu-
ration wherein the widths of the low refractive index layers 20
having a small refractive index decreases gradually toward
the optical center of gravity position (the other end side of the
lens in the present example) from one end side of the member
(lens: alternate placement layer 2B). As can also be under-
stood from this description, with regard to the fundamental
policy of the incident angle conversion function, there is no
difference between the second and third embodiments.

[0247] First, as shown in FIG. 10A, let us say that there are
provided several (six of1_1 through 1_6 in the drawing) plate-
shaped single material layers 1 having a refractive index n0
alone exist at the light output side, and adjacent thereto (spe-
cifically, layer 1_6) a plate-shaped layer (referred to as an
alternate placement layer) 2B where rectangular layers (re-
ferred to as low refractive index layers) 20 having the refrac-
tive index n0 and rectangular layers (referred to as high
refractive index layers) 21 having a refractive index nl higher
(greater) than the refractive index n0 (n1>n0) are arrayed
alternately in the lateral direction. Though not shown in the
drawing, it may be conceived that a plate-shaped single mate-
rial layer having the refractive index n0 alone is provided at
the light incident side of the alternate placement layer 2B.
Though details will be described later, the alternate place-
ment layer 2B serves as an optical lens function for converting
oblique incident light into vertical incident light.
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[0248] With the arrangement of the basic example of the
second embodiment shown in the drawing, as a configuration
is employed wherein at the left side as to the center CL. many
high refractive index layers 21 having a great refractive index
exist by ratio, and at the right side a few high refractive index
layers 21 exist by ratio, the widths of the high refractive index
layers 211._1 through 211._4 at the left side are configured so
as to decrease gradually toward the center CL, and the widths
of the high refractive index layers 21R_1 through 21R_4 at
the right side are configured so as to increase gradually
toward the center CL, and the widths of the high refractive
index layers 21 having a great refractive index are configured
s0 as to increase gradually in one direction from right to left.
[0249] Additionally, the widths of the low refractive index
layers 201_1 through 201._3 at the left side are configured so
as to increase gradually toward the center CL, and the widths
of'the low refractive index layers 20R _1 through 20R_3 atthe
right side are configured so as to decrease gradually toward
the center CL, and the widths of the low refractive index
layers 20 having a small refractive index are configured so as
to decrease gradually in one direction from right to left.
[0250] That is to say, with the basic example of the second
embodiment, the above-mentioned third oblique incident
light correction method is employed wherein the above-men-
tioned first and second oblique incident light correction meth-
ods are employed together. Thus, as shown in the drawing,
oblique incident light can be converted into vertical incident
light.

[0251] With the comparison as to the alternate placement
layer 2A according to the first embodiment shown in FIG. 1B,
with the lens center of the alternate placement layer 2A as a
boundary, employing only one configuration (right side alone
in the example shown in the drawing) of the left and right
configurations is equivalent to the alternate placement player
2B according to the second embodiment. With the alternate
placement layer 2A according to the first embodiment, a
function for converting the route of incident light into the
center side is activated at the left and right with the lens center
as a boundary, and it can be conceived that employing only
one side of the function thereof is equivalent to the alternate
placement layer 2B according to the second embodiment.
[0252] Such an alternate placement layer 2B is applied to
the solid-state imaging device 100A by being disposed at the
light incident side or light emission side or both thereof of the
alternate placement layer 2A, whereby a function can be
realized wherein a condensed point of the convex lens func-
tion is moved to the center of a pixel or above the photoelec-
tric conversion unit 104 in a sure manner.

[0253] With the lens configuration according to the second
embodiment, the alternate placement layer 2B having such an
incident angle conversion function for converting oblique
incident light into vertical incident light is layered on the
alternate placement layer 2A according to the first embodi-
ment which serves as an optical lens function having a con-
densing effect. At this time, there may be employed a con-
figuration wherein the alternate placement layer 2B is
disposed at the light incident side, i.e., a configuration
wherein the alternate placement layer 2B having the incident
angle conversion function is layered above the alternate
placement layer 2A having the convex lens function.

[0254] Alternatively, there may be employed a configura-
tion wherein the alternate placement layer 2A is disposed at
the light incident side, i.e., a configuration wherein the alter-
nate placement layer 2B having the incident angle conversion

Jan. 22, 2009

function is layered below the alternate placement layer 2A
having the convex lens function. Further, there may be
employed a configuration the alternate placement layer 2B is
disposed both at the light incident side and at the light emis-
sionside, i.e., a configuration wherein the alternate placement
layer 2B having the incident angle conversion function is
layered both above and below of the alternate placement layer
2 A having the convex lens function.

[0255] If oblique incident light can be converted into ver-
tical incident light, there can be solved a color mixture prob-
lem wherein light enters from an adjacent pixel, and a shading
problem wherein deterioration in sensitivity becomes pro-
nounced at the end portion of the pixel array unit.

[0256] Forexample, inthe event that this effect is applied to
the solid-state imaging device 100A, as shown in FIG. 10B,
the principal ray from an image formation lens assumes
oblique incidence when the incident position is closer to the
end portion of the pixel array unit, so this effect becomes
more effective by weakening an oblique correction function
at the center of the pixel array unit, and enhancing the cor-
rection function toward the end portion of the pixel array unit.
For example, the closer the incident position is to the end
portion of the pixel array unit, the higher the asymmetry of
rate of the high refractive index layers 21 having a great
refractive index is.

[0257] As canbe clearly understood from the configuration
shown in FIG. 10A, the lens thickness thereof is the thickness
of the alternate placement layer 2B where the rectangular
high refractive index layer 21_ % having a great refractive
index and the rectangular low refractive index layer 20_j
having a small refractive index are arrayed alternately in the
lateral direction, whereby an extremely thin incident angle
conversion lens (oblique light correction lens) can be pro-
vided. For example, the thickness of the lens can be reduced
to 0.5 um or less.

[0258] With a plan configuration also, the alternate place-
ment layer 2B needs to have a configuration wherein, with the
lens center as a boundary, at one side many high refractive
index layers 21 having a great refractive index exist by ratio,
and at the opposite side a few high refractive index layers 21
exist by ratio, and as long as this is satisfied, various types of
plan configuration can be employed.

[0259] For example, as shown in FIG. 10C, there may be
employed a configuration wherein the linear low refractive
index layers 20 and linear high refractive index layers 21 are
arrayed by being shifted to one side with a predetermined
width. Also, though not shown in the drawing, there may be
employed curved low refractive index layers 20 and curved
high refractive index layers 21.

[0260] In the event that the alternate placement layer 2B is
applied to the pixel array unit of the solid-state imaging
device 100A in combination with the alternate placement
layer 2A serving as a convex lens, incidence of oblique inci-
dent light causes no problem at the center of the pixel array
unit, so there is no need to provide the alternate placement
layer 2B at the center thereof. On the other hand, incidence of
oblique incident light causes a problem the closer the incident
position is to the end portion of the pixel array unit. Therefore,
as shown in FIG. 10D, for example, the alternate placement
layer 2B having a configuration wherein the linear low refrac-
tive index layers 20 and linear high refractive index layers 21
are arrayed by being shifted to one side with a predetermined
width such as shown in FIG. 10C is disposed such that the
optical axis faces the center of the pixel array unit.
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[0261] At this time, an arrangement needs to be made
wherein the incident angle conversion function is enhanced
the closer the incident position is to the end portion of the
pixel array unit, and the change level of rate of the low
refractive index layers 20 and high refractive index layers 21
is enhanced the closer the incident position is to the end
portion of the pixel array unit. That is to say, it is desirable to
provide a configuration wherein there is no asymmetry at the
center of the pixel array unit, and asymmetry is enhanced the
closer the incident position is to the end portion of the pixel
array unit.

[0262] Here, the example is shown in a case wherein the
photoelectric conversion elements (light reception portions)
are arrayed in a two-dimensional manner, but this can also be
applied to a case wherein the photoelectric conversion ele-
ments (light reception portions) are arrayed in a one-dimen-
sional manner.

[0263] Thus, oblique incidence of the principal ray is cor-
rected the closer the incident position is to the end portion of
the pixel array unit, whereby the condensed point of each
convex lens according to the alternate placement layer 2A can
be brought to the center of a pixel. Such a lens shape is
provided within the solid-state imaging device 100B (i.e.,
formed integral with the solid-state imaging device 100B),
whereby deterioration in sensitivity (shading) caused at the
end portion of the pixel array unit can be reduced without
proving a pupil correction mechanism, and color mixtures
can be reduced, and accordingly, color reproducibility can be
improved.

Second Embodiment

Application Example of Incident Angle Conversion
Function

[0264] FIGS. 11A and 11B are diagrams for describing a
solid-state imaging device to which the optical lens according
to the second embodiment is applied. Here, FIG. 11A is a
cross-sectional schematic view of a solid-state imaging
device to which the alternate placement layer 2B having the
incident angle conversion function is applied, and FIG. 11B is
a diagram illustrating the simulation result of the optical
property thereof.

[0265] As shown in FIG. 11A, the solid-state imaging
device 100B according to the second embodiment is provided
with the solid-state imaging device 100A according to com-
parative example 1 of the alternate placement layer 2A
according to the first embodiment shown in FIG. 2A as the
base, and further includes an optical lens 110B where an
alternate placement layer 112B having the incident angle
conversion function (oblique correction function) is disposed
at the light incident side (under space) of the alternate place-
ment layer 112A having the convex lens function. Thus, the
optical lens 110B according to the second embodiment is
configured so as to include the convex lens function by the
alternate placement layer 112A and the oblique correction
function by the alternate placement layer 112B separately.
[0266] The placement relation between the alternate place-
ment layer 112A and alternate placement layer 112B shown
in FIG. 11A is illustrated in a case wherein light enters from
the lower right side of space. Note that the center of an
incident angle conversion lens (oblique light correction lens)
according to the alternate placement layer 112B is somewhat
shifted to the right side of space as to the center of a convex
lens according to the alternate placement layer 112A.
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[0267] With the second embodiment (application
example), of the optical lens 110B, the widths of the low
refractive index layer 120_ j and high refractive index layer
121 % (both are not shown in the drawing) within the alter-
nate placement layer 112B during one cycle (pixel size=3.6
um) are set as follows.

[0268] high refractive index layer 121R_4: 0.45 pm
[0269] high refractive index layer 121R_3: 0.35 pm
[0270] high refractive index layer 121R_2: 0.25 pm
[0271] high refractive index layer 121R_1+high refractive

index layer 1211,_1: 0.20 um

[0272] high refractive index layer 1211,_2: 0.15 um
[0273] high refractive index layer 1211,_3: 0.11 um
[0274] high refractive index layer 1211,_4: 0.10 um
[0275] low refractive index layer 120R_3: 0.10 pm
[0276] low refractive index layer 120R_2: 0.12 pm
[0277] low refractive index layer 120R_1: 0.185 pm
[0278] low refractive index layer 120L_1: 0.235 um
[0279] low refractive index layer 1201_2: 0.260 um
[0280] low refractive index layer 1201_3: 0.345 um
[0281] low refractive index layer 1201._4: 0.745 um
[0282] FIG. 11B is a diagram illustrating the simulation

result of the optical property of the second embodiment (ap-
plication example) shown in FIG. 11A, which is the result of
the oblique incident light of green light (A=540 nm) being
entered in the solid-state imaging device 100B. As can also be
understood from this, the alternate placement layer 112B,
which has a configuration wherein, with the lens center as a
boundary, at one side many high refractive index layers 121
having a great refractive index exist by ratio, and at the oppo-
site side a few high refractive index layers 121 exist by ratio,
is disposed so as to be superimposed on the alternate place-
ment layer 112A, whereby the oblique incident light of green
light can be condensed generally at the center of the convex
lens according to the alternate placement layer 112A. This
means that an oblique correction function according to the
incident angle conversion function works effectively.

[0283] Though omitted in the drawing, with regard to near-
infrared light (A=780 nm), red light (A=640 nm), and blue
light (A=460 nm) as well, there is similarly an oblique cor-
rection function effect wherein oblique incident light is con-
densed generally at the center of the convex lens according to
the alternate placement layer 2A.

[0284] The convex lens function according to the alternate
placement layer 112A and the incident angle conversion
function (oblique correction function) according to the alter-
nate placement layer 112B are included in the solid-state
imaging device 100B, whereby oblique incident light can be
converted into vertical incident light, shading and color mix-
tures can be reduced, and high image quality can be achieved.

Third Embodiment

Convex Lens+Oblique Incident Light Correction
(Integrated Type)

[0285] FIGS. 12A through 12H are diagrams for describing
the basic principle of an optical lens according to a third
embodiment. Here, FIG. 12A is a diagram illustrating an
equiphase wave surface for describing the basic principle of
the optical lens according to the third embodiment. FIG. 12B
is a diagram for describing the center of gravity of a lens, and
FIGS. 12C through 12H are plan schematic views of the
optical lens according to the third embodiment.
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[0286] The lens configuration according to the third
embodiment has a feature in that a correction mechanism as to
incidence of oblique incident light is provided, and is com-
mon to the second embodiment in this point. A different point
as to the above-mentioned embodiment is that there is
employed an alternate placement layer combining both of the
convex lens function and oblique incident light correction
function.

[0287] As shown in FIG. 12A, the basic concept of an
alternate placement layer 2C according to the third embodi-
ment is to apply the arrangement of the alternate placement
layer 2B according to the second embodiment having an
asymmetric configuration wherein, with the lens center as a
boundary, at one side many high refractive index layers hav-
ing a high refractive index exist by ratio, and at the opposite
side few high refractive index layers exist by ratio, with the
alternate placement layer 2A having a symmetric configura-
tion wherein the layers having a great refractive index are
disposed, in a plate shape, densely at the center and disposed
non-densely farther away from the center as the base.

[0288] That is to say, the alternate placement layer 2C
according to the third embodiment has a feature in that the
convex lens function and incident angle conversion function
(oblique incident light correction function) are included
simultaneously by including a configuration wherein the lay-
ers having a great refractive index of which the widths are
equal to or smaller than the wavelength order are disposed, in
aplate shape, densely at the center and disposed non-densely
farther away from the center, and including an asymmetric
configuration in the lateral direction as to the lens center.

[0289] A configuration is included wherein the widths of
the high refractive index layers 21 having a great refractive
index increase gradually toward asymmetric center of gravity,
as viewed from either side of center of gravity. Also, a con-
figuration is included wherein widths of the low refractive
index layers 20 having a small refractive index decrease
gradually toward asymmetric center of gravity. A difference
as to the first embodiment is in that at one side of the left and
right sides the array of the low refractive index layers 20 and
high refractive index layers 21 are disposed non-densely, and
at the other side are disposed densely as to the center of
gravity of the lens.

[0290] Inorderto apply an asymmetric configuration to the
alternate placement layer 2A having a symmetric configura-
tion, for example, a first asymmetrization method can be
employed assuming a configuration wherein the widths of the
high refractive index layers 21 having a great refractive index
increase gradually toward the optical center of gravity posi-
tion from one end portion side of a member (lens: alternate
placement layer 2C), i.e., a configuration wherein the widths
of'the high refractive index layers 21 having a great refractive
index increase gradually toward asymmetric center of gravity.

[0291] Alternatively, a second asymmetrization method
can be employed assuming a configuration wherein the
widths of the low refractive index layers 20 having a small
refractive index decrease gradually toward the optical center
of gravity position from one end portion side of the member
(lens: alternate placement layer 2C), i.e., a configuration
wherein the widths of the low refractive index layers 20
having a small refractive index decrease gradually toward
asymmetric center of gravity. Alternatively, a third asymme-
trization method can be employed wherein the first and sec-
ond asymmetrization methods are employed together. From

Jan. 22, 2009

the perspective of efficiency of asymmetrization, it is most
effective to employ the third asymmetrization method.
[0292] Now, description will be made regarding “center of
gravity” with reference to F1G. 12B. Within a pixel matrix or
certain area face, letus say that the refractive index of the high
refractive index layers 21 having a great refractive index isnl,
and the refractive index of the low refractive index layers 20
having a small refractive index is n0. In a case wherein, with
the (%, y) coordinates within a plane, the following Expres-
sion (1) holds, the position (x1, y1) thereof is defined as
optical center of gravity.

1
ff(xl =)y = Wfx, y)dxdy =0 o
D

[0293] This means that integration of the primary moment
of a surrounding refractive index is O at the center of gravity
position. FIG. 12B illustrates a conceptual diagram of a cen-
ter of gravity position in the case of one dimension, but in
reality, the center of gravity position is two dimensions, so
becomes (X, y) coordinates, and simultaneously, a position
satisfying a condition wherein integration of (x, y) becomes 0
is center of gravity in two dimensions.

[0294] In the case of the first embodiment, a symmetric
configuration is included wherein the high refractive index
layers 21 having a great refractive index are disposed densely
at the center and disposed non-densely farther away from the
center, so center of gravity is identical to the mechanical
center ofthe lens. In the case of the second embodiment, it can
be conceived that only one side of the left and right of the first
embodiment having a symmetric configuration is used, and
accordingly, the end portion of the optical lens is center of
gravity, i.e., asymmetric center of gravity.

[0295] On the other hand, in the case of the third embodi-
ment, the second embodiment is applied to the first embodi-
ment having a symmetric configuration such that the rate of
the high refractive index layers 21 having a great refractive
index is asymmetrical at the left and right thereof, so center of
gravity is shifted as to the mechanical center of the lens, and
becomes asymmetric center of gravity. This is also apparent
from the plan schematic views shown in FIGS. 12C through
12H.

[0296] That is to say, it goes without saying that with a plan
configuration as well, the alternate placement layer 2C
according to the third embodiment there employs a configu-
ration wherein the second embodiment is applied to the first
embodiment. For example, in the case of employing a circular
configuration similar to the alternate placement layer 2A
according to the first embodiment, as for the shape of each of
the high refractive index layer 21 £ having a great refractive
index and low refractive index layer 20_; having a small
refractive index, an arbitrary shape can be employed, such as
acircle, ellipse, regular square, rectangle, triangle, or the like.
Subsequently, of these shapes, a circular shape should be
formed of shapes as can be regarded as the same or different
shapes such that the width of each ring differs gradually
between the left and right sides at not the lens center but the
center of gravity as a boundary.

[0297] For example, FIG. 12C corresponds to FIG. 1C,
wherein an asymmetric circle or circular ring shape is
employed such that each of the high refractive index layer
21_k and low refractive index layer 20_; has a circle or
circular ring shape, and as for the width of each ring, with the
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lens center as a boundary, at the left side the low refractive
index layers 20 decreases gradually toward the lens center,
and the high refractive index layers 21 increases gradually
toward center of gravity, and at the right side the low refrac-
tive index layers 20 decreases gradually toward center of
gravity, and the high refractive index layers 21 increases
gradually toward the lens center, and each width and change
level thereof differ at both sides.

[0298] FIG. 12D corresponds to FIG. 1D, wherein an asym-
metric ellipse or elliptical circular shape is employed. FIG.
12E corresponds to FIG. 1E, wherein an asymmetric regular
square or square circular shape is employed. FIG. 12F corre-
sponds to FIG. 1F, wherein an asymmetric rectangle or rect-
angular circular shape is employed.

[0299] It goes without saying that the total condensing
effects of the respective lenses are affected with the plan
configuration of the alternate placement layer 2A, i.e., the
plan configuration regarding how the high refractive index
layers 21 and low refractive index layers 20 are arrayed, so in
the case of applying this to a solid-state imaging device, it is
desirable to adjust the shape of the plan configuration exem-
plified in FIGS. 12C through 12F, particularly the shape of the
high refractive index layer 21_1 of center of gravity to the
plan shape of the light reception portion.

[0300] Also, the function for converting oblique incident
light into vertical light exists at either side as to center of
gravity, so a configuration employing any one side as to center
of gravity can also be employed. For example, as shown in
FIG. 12G, there may be employed a configuration wherein as
to the plan layout shown in F1G. 12C, a part of the circular low
refractive index layer 20__j having a small refractive index or
circular high refractive index layer 21 £ having a great
refractive index is missing, so a circular shape cannot be
formed. Alternatively, as shown in FIG. 12H, there may be
employed a configuration wherein as to the plan layout shown
in FIG. 12E, a part of the rectangular low refractive index
layer 20__j having a small refractive index or rectangular high
refractive index layer 21__khaving a great refractive index is
missing, so a circular shape cannot be formed.

[0301] Inthe case of applying to the pixel array unit of the
solid-state imaging device 100C, there is no problem due to
incidence of oblique incident light at the center of the pixel
array unit, so at the center thereof there is no need to provide
an oblique light correction effect. On the other hand, inci-
dence of oblique incident light causes a problem the closer the
incident position is to the end portion of the pixel array unit.
Therefore, there is a need to provide an arrangement such that
the incident angle conversion function is enhanced the closer
the incident position is to the end portion of the pixel array
unit, and the change level of rate of the low refractive index
layers 20 and high refractive index layers 21 is enhanced the
closer the incident position is to the end portion of the pixel
array unit.

[0302] That is to say, it is desirable to employ a configura-
tion wherein there is no asymmetry at the center of the pixel
array unit, and asymmetry is enhanced the closer the incident
position is to the end portion of the pixel array unit. The other
side ofthe coin is that it is desirable to employ a configuration
wherein the position of an asymmetric center of gravity posi-
tion is shifted in the center direction of the pixel array unit
from the center of a pixel (photoelectric conversion unit, light
reception portion) the closer the incident position is to the end
portion of the pixel array unit.
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[0303] Here, the example is shown in a case wherein the
photoelectric conversion elements (light reception portions)
are arrayed in a two-dimensional manner, but this can also be
applied to a case wherein the photoelectric conversion ele-
ments (light reception portions) are arrayed in a one-dimen-
sional manner.

[0304] Thus, similar to the second embodiment, oblique
incidence of the principal ray is corrected the closer the inci-
dent position is to the end portion of the pixel array unit,
whereby the condensed point of each convex lens according
to the alternate placement layer 2A can be brought to the
center of a pixel. Such a lens shape is provided within the
solid-state imaging device 100C (i.e., formed integral with
the solid-state imaging device 100C), whereby deterioration
in sensitivity (shading) caused at the end portion of the pixel
array unit can be reduced, color mixtures can be reduced, and
accordingly, color reproducibility can be improved. Addi-
tionally, the convex lens effect and oblique light correction
effect are realized by the single alternate placement layer 2C,
whereby the configuration can be reduced in size.

Third Embodiment

Application Example 1 of Convex Lens Function+
Incident Angle Conversion Function

[0305] FIGS. 13A and 13B are diagrams for describing a
first example (application example 1) of a solid-state imaging
device to which the optical lens according to the third
embodiment is applied. Here, FIG. 13 A is the cross-sectional
schematic view of the solid-state imaging device according to
the third embodiment (application example 1), and FIG. 13B
is a diagram illustrating the simulation result of the optical
property thereof.

[0306] As shown in FIG. 13A, the solid-state imaging
device 100C according to the third embodiment (application
example 1) is provided with the solid-state imaging device
100A according to comparative example 4 of the alternate
placement layer 2A according to the first embodiment shown
in FIG. 5A as the base, wherein the pixel size and lens size are
1.4 um.

[0307] With the third embodiment (application example),
of'the optical lens 110C, the widths of the low refractive index
layer 120__j and high refractive index layer 121_ % (both are
not shown in the drawing) within the alternate placement
layer 112C during one cycle are set as follows.

[0308] high refractive index layer 121R_1+high refractive
index layer 1211,_1: 0.25 um

[0309] high refractive index layer 121R_2: 0.10 pm
[0310] high refractive index layer 1211,_2: 0.15 um
[0311] high refractive index layer 1211,_3: 0.10 um
[0312] low refractive index layer 120R_1: 0.14 pm

[0313] low refractive index layer 120L_1: 0.155 um
[0314] low refractive index layer 120L._2: 0.195 um
[0315] Also, with the upper and lower sides of each high

refractive index layers 121 & made up of silicon nitride SiN
of' the alternate placement layer 112C making up a principal
portion of the optical lens 110C, a thin film (thickness=0.08
um) made up of SiON with the refractive index n4 of 1.7 is
provided thereto as an antireflection film 124 with the same
width as each high refractive index layer 121 £. This point is
similar to the application example 4 of the first embodiment.
[0316] FIG. 13B is a diagram illustrating the simulation
result of the optical property of the third embodiment (appli-
cation example 1) shown in FIG. 13 A, which is the result of
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oblique incident light of green light (A=540 nm) entering in
the solid-state imaging device 100C. As can also be under-
stood from this, even in the case of employing a single alter-
nate placement layer 112C including both of the arrangement
of the alternate placement layer 112A according to the first
embodiment having the convex lens function and the arrange-
ment of the alternate placement layer 112B according to the
second embodiment having the oblique incident angle con-
version function (light correction function), the oblique inci-
dent light of green light can be condensed generally at the
center of the convex lens according to the alternate placement
layer 112C. This means that an oblique correction function
according to the incident angle conversion function works
effectively.

[0317] Though omitted in the drawing, with regard to near-
infrared light (A=780 nm), red light (A=640 nm), and blue
light (A=460 nm) as well, there is similarly an oblique cor-
rection function effect wherein oblique incident light is con-
densed generally at the center of the convex lens according to
the alternate placement layer 2C.

[0318] The alternate placement layer 112C including both
of the convex lens function and incident angle conversion
function (oblique correction function) is included in the solid-
state imaging device 100C, whereby oblique incident light
can be converted into vertical incident light, shading and
color mixtures can be reduced, and high image quality can be
achieved.

[0319] Currently, normal lenses for image sensors are fab-
ricated with reflow, but the shape of the lens always becomes
a spherical shape due to surface tension, and accordingly, a
lens with asymmetry cannot be fabricated. Accordingly, such
effects cannot be obtained.

Third Embodiment
Application Example 2 (CMOS Response)

[0320] FIGS. 14A through 14C are diagrams for describing
a second example (application example 2) of a solid-state
imaging device to which the optical lens according to the third
embodiment is applied. Here, FIGS. 14A and 14B are circuit
diagrams of the solid-state imaging device according to the
third embodiment (application example 2). FIG. 14C is a plan
schematic view of an alternate placement layer applied to the
pixel array unit in the solid-state imaging device according to
the third embodiment (application example 2). Note that, in
FIG. 14C, with regard to a lens shape according to the alter-
nate placement layer of each pixel, representative positions
alone are illustrated by being extracted and enlarged from the
entire pixel array unit.

[0321] The solid-state imaging device according to the
third embodiment (application example 2) is a solid-state
imaging device applied to a CMOS sensor, and hereafter, will
be referred to a CMOS solid-state imaging device 201. In this
case, a configuration is provided wherein a single cell ampli-
fier is provided as to each pixel (particularly, photoelectric
conversion element) within the pixel array unit. A pixel signal
is amplified at the corresponding cell amplifier, and is then
output through a noise canceling circuit or the like.

[0322] Asshown in FIG. 14A, the CMOS solid-state imag-
ing device 201 is a so-called typical column type, which
includes a pixel array unit 210 where multiple pixels 211
including a light reception element (an example of a charge
generating unit) for outputting a signal corresponding to the
amount of incident light are arrayed in a matrix manner,
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wherein the signal output from each pixel 211 is a voltage
signal, and a CDS (Correlated Double Sampling) processing
function unit, a digital conversion unit (ADC: Analog Digital
Converter), and so forth are provided in column parallel.
[0323] Specifically, as shown in the drawing, the CMOS
solid-state imaging device 201 includes the pixel array unit
210 where the multiple pixels 211 are arrayed in a matrix
manner, a driving control unit 207 provided on the outside of
the pixel array unit 210, a column processing unit 226, and an
output circuit 228.

[0324] The driving control unit 207 has a control circuit
function for reading out the signals of the pixel array unit 210
sequentially. For example, as the driving control unit 207,
there are provided a horizontal scanning circuit (column
scanning circuit) 212 for controlling column addresses and
column scanning, a vertical scanning circuit (row scanning
circuit) 214 for controlling row addresses and row scanning,
a communication and timing control unit 220 having func-
tions, such as an interface function as to an external device,
and a function for generating an internal clock.

[0325] The horizontal scanning circuit 212 has a function
of'a readout scanning unit for reading out a count value from
the column processing unit 226. These respective compo-
nents of the driving control unit 207 are formed integral with
semiconductor regions such as single-crystal silicon using the
same technology as semiconductor integrated circuit manu-
facturing technology along with the pixel array unit 210, and
are configured as solid-state imaging devices (imaging
devices) serving as an example of a semiconductor system.
[0326] InFIG. 14A, a part of rows and columns is omitted
from the drawing for convenience, but in reality, several tens
to several thousands of pixels 211 are disposed at each row
and each column. This pixel 211 is configured of a photoelec-
tric conversion element 212 also referred to as a light recep-
tion element (charge generating unit), and intrapixel amplifier
(cell amplifier; pixel signal generating unit) 205 having a
semiconductor device (e.g., transistor) for amplification. As
for the intrapixel amplifier 205, for example, an amplifier
having a floating diffusion amplifier configuration is
employed.

[0327] The pixels 211 are connected to the vertical scan-
ning unit 214 via a row control line 215 for selecting a row,
and the column processing unit 226 via a vertical signal line
219, respectively. Here, the row control line 215 indicates
overall wiring entering the pixels from the vertical scanning
circuit 214.

[0328] The horizontal scanning circuit 212 and vertical
scanning circuit 214 are configured so as to include a shift
register or decoder for example, and start address selection
operation (scanning) in response to a control signal provided
from the communication and timing control unit 220. There-
fore, various pulse signals (e.g., reset pulse RST, transfer
pulse TRF, DRN control pulse DRN, and so forth) for driving
the pixels 211 are included in the row control line 215.
[0329] Though not shown in the drawing, the communica-
tion and timing control unit 220 includes a timing generator
TG (an example of a readout address control device) function
block for supplying a clock necessary for operation of each
component, and a predetermined timing pulse signal, and a
communication interface function block for receiving a mas-
ter clock CLKO via a terminal 2204, receiving data DATA for
instructing an operation mode or the like via a terminal 2205,
and further outputting data including the information of the
CMOS solid-state imaging device 201 via a terminal 220c.
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[0330] The pixels are arrayed in a two-dimensional matrix
manner, so itis desirable to perform vertical scanning reading
by accessing and capturing an analog pixel signal output in
the column direction via the vertical signal line 219 generated
by the intrapixel amplifier (pixel signal generating unit) 205
in increments of row (in column parallel), and then to perform
horizontal scanning reading by accessing in the row direction
which is a vertical column array direction to read out a pixel
signal (e.g., digitized pixel data) to the output side, thereby
realizing speeding up of the pixel signal and pixel data. It goes
without saying that not only scanning reading but also ran-
dom access can be performed by directly addressing a desired
pixel 211 to read out only the information of the necessary
pixel 211.

[0331] The communication and timing control unit 220
supplies a clock CLK1 having the same frequency as the
master clock CLKO input via the terminal 220q, a clock
obtained by dividing the clock CLK1 by two, or a low-speed
clock by further dividing the clock CLK1 to each component
within the device, such as the horizontal scanning circuit 212,
vertical scanning circuit 214, column processing unit 226,
and so forth.

[0332] The vertical scanning circuit 214 selects a row of the
pixel array unit 210, and supplies a necessary pulse to the row
thereof. The vertical scanning circuit 214 includes, for
example, a vertical decoder for stipulating a readout row in
the vertical direction (selecting a row of the pixel array unit
210), and a vertical driving circuit for supplying a pulse the
row control line 215 corresponding to the pixel 211 on the
readout address (row direction) stipulated by the vertical
decoder to drive this. Note that the vertical decoder selects a
row for electronic shutter or the like as well as a row for
reading a signal.

[0333] The horizontal scanning circuit 212 selects an
unshown column circuit within the column processing unit
226 in sync with the low-speed clock CLK2 sequentially, and
guides the signal thereof to the horizontal signal line (hori-
zontal output line) 218. For example, the horizontal scanning
circuit 212 includes, for example, a horizontal decoder for
stipulating a readout column in the horizontal direction (se-
lecting each column circuit within the column processing unit
226), and a horizontal driving circuit for guiding each signal
of'the column processing unit 226 to the horizontal signal line
218 using a selection switch 227 in accordance with the
readout address stipulated by the horizontal decoder. Note
that as for the number of horizontal signal lines 218, for
example, n number of bits (n is a positive integer) handled by
acolumn AD circuit, specifically, for example, if 10 (=n) bits,
there are disposed ten horizontal signal lines 218 correspond-
ing to the number of bits thereof.

[0334] Withthe CMOS solid-state imaging device 201 hav-
ing such a configuration, the pixel signals output from the
pixels 211 are supplied to the column circuits of the column
processing unit 226 via the vertical signal lines 219 in incre-
ments of vertical column.

[0335] Each column circuit of the column processing unit
226 receives one column worth of pixel signals, and processes
the signals thereof. For example, each column circuit has an
ADC (Analog Digital Converter) circuit for converting an
analog into signal 10-bit digital data, for example, using the
low-speed clock CLK2.

[0336] The column processing unit 226 can have a noise
canceling function by devising the circuit configuration
thereof, whereby the pixel signal of the voltage mode input
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via the vertical signal line 219 can be subjected to processing
for obtaining the difference between a signal level (noise
level) immediately after pixel rest and a true (corresponding
to light reception amount) signal level Vsig. Thus, noise sig-
nal components called fixed pattern noise (FPN) or reset noise
can be removed.

[0337] The analog pixel signal (or digital pixel data) pro-
cessed at the column processing unit 226 is transmitted to the
horizontal signal line 218 via a horizontal selection switch
217 which is driven by the horizontal selection signal from
the horizontal scanning circuit 212, and further input to the
output circuit 228. Note that the above-mentioned 10 bits are
an example, other number of bits may be employed, such as
less than 10 bits (e.g., 8 bits), the number of bits exceeding 10
bits (e.g., 14 bits), or the like.

[0338] According to such a configuration, a pixel signal is
sequentially output regarding each vertical column for each
row from the pixel array unit 210 where the pixels 211 serving
as charge generating units are disposed in a matrix manner.
Subsequently, one image, i.e., a frame image corresponding
to the pixel array unit 210 where the light reception elements
are disposed in a matrix manner, is indicated with a pixel
signal group of the entire pixel array unit 210.

[0339] FIG. 14B illustrates a configuration example of an
imaging device 200 using the CMOS solid-state imaging
device 201. The imaging device 200 is employed for a camera
(or camera system) or a portable device including an imaging
function or the like, for example. This is also similar to a
later-described imaging device 300.

[0340] The pixel signal derived from the output circuit 228
as CMOS output (Vout) is input to an image signal processing
unit 240 shown in FIG. 14B. A control signal from a central
control unit 242 configured of a CPU (Central Processing
Unit), ROM (Read Only Memory), RAM (Random Access
Memory), and so forth is input to the driving control unit (an
example of a driving unit) 207 of the CMOS solid-state imag-
ing device 201, and the image signal processing unit 240
provided at the subsequent stage of the CMOS solid-state
imaging device 201. The driving control unit 207 determines
driving timing based on the control signal from the central
control unit 242. The pixel array unit 210 (specifically, tran-
sistors making up the pixels 211) of the CMOS solid-state
imaging device 201 is driven based on a driving pulse from
the driving control unit 207.

[0341] The central control unit 242 controls the driving
control unit 207, and also controls signal processing, image
output processing, and so forth at the image signal processing
unit 240.

[0342] The image signal processing unit 140 performs, for
example, AD conversion processing for digitizing the imag-
ing signals R, G, and B of each pixel, synchronization pro-
cessing for synchronizing digitized imaging data R, G, and B,
vertical banding noise correction processing for correcting
vertical banding noise components caused by smear phenom-
enon and blooming phenomenon, WB control processing for
controlling white balance (WB) adjustment, gamma correc-
tion processing for adjusting a gradation level, dynamic range
expanding processing for expanding a dynamic range by
using the pixel information of two screens having different
charge storage time, YC signal generation processing for
generating luminance data (Y) and color data (3), or the like.
Thus, an image based on primary color imaging data of red
(R), green (G), and blue (B) (each piece of pixel data of R, G,
and B) can be obtained.
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[0343] Each image thus generated is transmitted to an
unshown display unit, and is presented to an operator as a
visible image, or is stored and saved as is in a storage device
such as a hard disk device or the like, or is transmitted to
another function unit as processed data.

[0344] Now, with the CMOS solid-state imaging device
201 according to the third embodiment (Application Example
2), an alternate placement layer 2 is provided above the pixel
array unit 210 such that the lens center corresponds to each
pixel 211. The plan state thereof is set to such as shown in
FIG. 14C.

[0345] That is to say, first, as for the alternate placement
layer 2, it is fundamental to employ the circular or circular
ring shapes of the high refractive index layer 21_ % and low
refractive index layer 20_j, such as shown in FIGS. 1C and
12C. Subsequently, the alternate placement layer 2 is dis-
posed such that the optical axis thereof faces the center of the
pixel array unit 210. At this time, an arrangement needs to be
made wherein the incident angle conversion function is
enhanced the closer the incident position is to the end portion
of'the pixel array unit 210, and the change level of rate of the
low refractive index layers 20 and high refractive index layers
21 is enhanced the closer the incident position is to the end
portion ofthe pixel array unit 210. That is to say, itis desirable
to provide a configuration wherein the alternate placement
layer 2A shown in FIG. 1C having no asymmetry is employed
at the center of the pixel array unit 210, and the alternate
placement layer 2C shown in FIG. 12C is employed at the
other portion and the asymmetry thereof is enhanced the
closer the incident position is to the end portion of the pixel
array unit 210. In short, a configuration is employed wherein
symmetric circular or circular ring shapes are provided at the
center of the pixel array unit 210, and more asymmetric
shapes are provided the closer the incident position is to the
end portion of the pixel array unit 210.

[0346] The asymmetric center of gravity position at that
time is shifted in the center direction of the pixel array unit
210, and the amount of shifting is set so as to increase the
closer the incident position is to the end portion of the pixel
array unit 210. Thus, oblique incidence of the principal ray is
corrected the closer the incident position is to the end portion
of the pixel array unit 210, whereby the condensed point of
each lens can be brought to the center of the corresponding
pixel 211. We have found that such lens shapes are provided
within the CMOS solid-state imaging device 201 (above the
pixel array unit 210), whereby deterioration in sensitivity
(shading) caused at the end portion of the pixel array unit 210
is reduced, and color mixtures decrease, and accordingly,
color reproducibility improves.

Third Embodiment
Application Example 3 (CCD Response)

[0347] FIGS. 15A through 15D are diagrams for describing
athird example (application example 3) of a solid-state imag-
ing device to which the optical lens according to the third
embodiment is applied. Here, FIGS. 15A and 15B are circuit
diagrams of the solid-state imaging device according to the
third embodiment (application example 3). FIG. 15C is a
cross-sectional structural diagram around the substrate sur-
face of the solid-state imaging device according to the third
embodiment (application example 3). FIG. 15D is a plan
schematic view of an alternate placement layer applied to the
pixel array unit in the solid-state imaging device according to
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the third embodiment (application example 3). Note that, in
FIG. 15D, with regard to a lens shape according to the alter-
nate placement layer of each pixel, representative positions
alone are illustrated by being extracted and enlarged from the
entire pixel array unit.

[0348] The solid-state imaging device according to the
third embodiment (application example 3) is a solid-state
imaging device applied to a CCD solid-state imaging device
(IT_CCD image sensor) employing the interline transfer
method, and hereafter, will be referred to a CCD solid-state
imaging device 301.

[0349] AsshowninFIG. 14 A, the CCD solid-state imaging
device 301 includes a pixel array unit 310 where multiple
pixels 311 including a light reception element (an example of
a charge generating unit) for outputting a signal correspond-
ing to the amount of incident light are arrayed in a matrix
manner (i.e., a two-dimensional matrix manner). The pixel
array unit 310 specifically includes a photoelectric conver-
sion element 312 also called a light reception element (charge
generating unit) for outputting a signal corresponding to the
amount of incident light.

[0350] Also, multiple vertical transter CCDs 322 for verti-
cally transferring the signal charge generated at the photo-
electric conversion element 312 are provided in the vertical
transfer direction. The charge transfer direction of the vertical
transfer CCDs 322, i.e., the readout direction of a pixel signal
is the vertical direction (X direction in the drawing).

[0351] With the configuration of'the CCD solid-state imag-
ing device 301 shown in FIG. 15A, only several pixels 311 are
illustrated, but in reality, this is repeated in the lateral direc-
tion, and the result thereof is further repeated in the vertical
direction.

[0352] Further, a MOS transistor making up a readout gate
324 lies between the vertical transfer CCD 322 and each
photoelectric conversion element 312, and an unshown chan-
nel stop is provided at the boundary portion of each unit cell
(increment component).

[0353] A pixel matrix unit 310 serving as an imaging area is
configured of the multiple vertical transfer CCDs 322, which
are provided for each vertical row of the pixels 311, for
vertically transferring signal charge read out by the readout
gate 324 from each pixel 311.

[0354] The signal charge accumulated in the photoelectric
conversion element 312 of the pixel 311 is read out to the
vertical transfer CCD 322 of the same vertical row by a
driving pulse $ROG corresponding to a readout pulse ROG
being applied to the readout gate 324. The vertical transfer
CCD 322 is transfer-driven, for example, by a drive pulse ¢ Vx
based on a vertical transfer clock Vx such as three phases
through eight phases, and transfers a portion equivalent to one
scanning line (one line) of the readout signal charge in the
vertical direction (referred to as line shifting) at a time in
order during a part of a horizontal blanking period.

[0355] Also, with the CCD solid-state imaging device 301,
one line worth of a horizontal transfer CCD 326 (H register
portion, horizontal transfer portion) adjacent to each transfer
destination side end portion of the multiple vertical transfer
CCDs 322, i.e., the vertical transfer CCD 322 of the last row,
extending in a predetermined (e.g., horizontal) direction is
provided. The horizontal transfer CCD 326 is transfer-driven,
for example, by drive pulses $H1 and $H2 based on two-
phase horizontal transfer clocks H1 and H2, and transfers one
line worth of signal charge transferred from the multiple
vertical transfer CCDs 322 in the horizontal direction in order
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during a horizontal scanning period after a horizontal blank-
ing period. Accordingly, multiple horizontal transfer elec-
trodes corresponding to two-phase driving are provided.
[0356] With the end portion of the transfer destination of
the horizontal transfer CCD 326, for example, there is pro-
vided an output amplifier 328 including a charge voltage
conversion unit having a floating diffusion amplifier (FDA).
The output amplifier 328 converts the signal horizontally
transferred by the horizontal transfer CCD 326 into a voltage
signal sequentially at the charge voltage conversion unit,
amplifies this to a predetermined level, and output this. A
pixel signal is derived from this voltage signal as CCD output
(Vout) according to the incident amount of light from a sub-
ject. Thus, the CCD solid-state imaging device 301 employ-
ing the interline transfer method is configured.

[0357] The pixel signal derived from the output amplifier
328 as CCD output (Vout) is input to the image signal pro-
cessing unit 340 shown in FIG. 15B. An image switching
control signal from a central control unit 342 serving as an
example of a signal switching control unit is input to the
image signal processing unit 340. The CCD solid-state imag-
ing device 301 is driven based on a drive pulse from a driving
control unit (an example of a driving unit) 307.

[0358] FIG. 15B illustrates a configuration example of the
imaging device 300 when employing the CCD solid-state
imaging device 301. Basically, this configuration is the same
as the configuration shown in FIG. 14B except that the imag-
ing device is replaced from the CMOS solid-state imaging
device 201 to the CCD solid-state imaging device 301.
[0359] Now, with the CCD solid-state imaging device 301
according to the third embodiment (application example 3),
an alternate placement layer 2 is provided above the pixel
array unit 310 such that the lens center corresponds to the
center of each pixel 311. That is to say, a lens configuration
employing the alternate placement layer 2 exists within the
imaging device.

[0360] For example, FIG. 15C illustrates a cross-sectional
structural diagram of the substrate surface and vicinity. With
the pixels 311 for receiving incident light, an optical lens
made up of an alternate placement layer is provided as an
inner condensing lens corresponding to the photoelectric con-
version element 312 made up of PN junction, and thereon, a
color filter and on-chip lens are provided.

[0361] FIG. 15D illustrates the plan state thereof. Funda-
mentally, the same concept as the case of the CMOS solid-
state imaging device 201 shown in FIG. 14C is applied. First,
as for the alternate placement layer 2, it is fundamental to
employ the rectangular or rectangular ring shapes of the high
refractive index layer 21_ % and low refractive index layer
20_j, such as shown in FIGS. 1E and 12E. Subsequently, the
alternate placement layer 2 is disposed such that the optical
axis thereof faces the center of the pixel array unit 310. At this
time, it is desirable to provide a configuration wherein the
alternate placement layer 2A shown in FIG. 1E having no
asymmetry is employed at the center of the pixel array unit
310, and the alternate placement layer 2C shown in FIG. 12E
is employed at the other portion and the asymmetry thereofis
enhanced the closer the incident position is to the end portion
of the pixel array unit 310. In short, a configuration is
employed wherein symmetric rectangular or rectangular ring
shapes are provided at the center of the pixel array unit 310,
and more asymmetric shapes are provided the closer the
incident position is to the end portion of the pixel array unit
310.
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[0362] The asymmetric center of gravity position at that
time is shifted in the center direction of the pixel array unit
310, and the amount of shifting is set so as to increase the
closer the incident position is to the end portion of the pixel
array unit 310. Thus, oblique incidence of the principal ray is
corrected the closer the incident position is to the end portion
of the pixel array unit 310, whereby the condensed point of
each lens can be brought to the center of the corresponding
pixel 311. We have found that such lens shapes are provided
within the CCD solid-state imaging device 301 (above the
pixel array unit 310), whereby deterioration in sensitivity
(shading) caused at the end portion of the pixel array unit 310
is reduced, and color mixtures decrease, and accordingly,
color reproducibility improves and a high image quality
device can be obtained.

Third Embodiment

Modification of Convex Lens+Incident Angle Con-
version

[0363] With the basic example of the third embodiment, in
order to apply an asymmetric configuration to the alternate
placement layer 2A having an symmetric configuration, the
third asymmetrization method has been employed wherein
the first and second asymmetrization methods are employed
together, but only one thereof may be employed. This point is
common to the first embodiment, wherein a convex lens pro-
viding method is not restricted to the third convex lens pro-
viding method for employing the first and second convex lens
providing methods together, and may be configured of only
one of the first and second convex lens providing methods.
[0364] For example, though not shown in the drawing,
modification 1 can be provided by applying only the first
asymmetrization method assuming a configuration wherein
the widths of great refractive index layers (high refractive
index layer 21_ %) increase toward asymmetric center of
gravity. Inthis case, as for small refractive index layers, all the
widths need to be set to an equal width. In this case as well,
even as viewed from either side of center of gravity, a con-
figuration is provided wherein the width of the high refractive
index layer 21_ % having a great refractive index increases
gradually toward asymmetric center of gravity.

[0365] Also, though not shown in the drawing, modifica-
tion 2 can be provided by applying only the second asymme-
trization method assuming a configuration wherein the
widths of small refractive index layers (low refractive index
layer 20_ j) decrease toward asymmetric center of gravity. In
this case, as for great refractive index layers (high refractive
index layer 21_ k), all the widths need to be set to an equal
width. In this case as well, a configuration is provided
wherein the width of the low refractive index layer 20_j
having a small refractive index decreases gradually toward
asymmetric center of gravity.

Fourth Embodiment
Fundamentals of Concave Lens

[0366] FIG. 16 is a diagram for describing the basic prin-
ciple of a fourth embodiment of an optical lens. Here, FIG. 16
is a diagram illustrating equiphase wave surfaces for describ-
ing the basic principle of the fourth embodiment.

[0367] With the above-mentioned first through third
embodiments, the convex lens function having a condensing
effectis included in the alternate placement layers 2 A through
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2C, but this fourth embodiment has a feature in that a concave
lens function having a diftfusion effect is included in an alter-
nate placement layer 2D.

[0368] Inordertoinclude a concave lens function having a
diffusion effect in the alternate placement layer 2D, with the
fourth embodiment, a symmetric configuration is employed
wherein great refractive index layers having a width equal to
or smaller than the wavelength order are disposed, in a plate
shape, non-densely at the center and disposed densely farther
away from the center. That is to say, the relation between the
widths of the great refractive index layers and the widths of
the small refractive index layers is inverted as to the first
embodiment, whereby a concave lens function can be
included in the alternate placement layer 2D.

[0369] In order to include a concave lens function by pro-
viding a configuration wherein density is low at the center and
increases farther away from the center, for example, it is
desirable to employ one of a first concave lens proving
method wherein the widths of great refractive index layers
decrease gradually toward the center of a lens, a second
concave lens providing method wherein widths of small
refractive index layers increase gradually toward the center of
alens, and a third concave lens providing method wherein the
first concave lens providing method and second concave lens
providing method are employed together.

[0370] From the perspective of diffusion efficiency, it is
most effective to employ the third concave lens providing
method. In this case, the wave face is a convex face, whereby
diffusibility of light can be included.

[0371] Also, in a case wherein, with a process for embed-
ding low refractive index layers, there is difficulty such that
embedding widths cannot be narrowed due to insufficient
lithography resolution, or embedding becomes poor due to
occurrence of a void when narrowing the embedding widths,
fabrication can be made by setting the widths of the low
refractive index layers to equal widths that can be embedded
using lithography like the fourth embodiment (modification
1). Particularly, this becomes an effective tool when this
width that can be embedded is just at the wavelength order,
where if the width is expanded further, continuity of
equiphase wave surfaces (wave surfaces) is lost.

[0372] Also, in a case wherein, with a process for etching
high refractive index layers using lithography, it is difficult to
perform narrow width lithography or etching process such
that widths cannot be narrowed due to insufficient lithogra-
phy resolution, or width controllability deteriorates due to
occurrence of side etching at the time of the etching process,
fabrication can be made by setting the widths of the high
refractive index layers to equal widths that can be subjected to
etching using lithography like the fourth embodiment (modi-
fication 2). Particularly, this becomes an effective tool when
this width that can be subjected to etching using lithography
is just at the wavelength order, where if the width is expanded
further, continuity of equiphase wave surfaces (wave sur-
faces) is lost.

[0373] As for the advantage of such a concave lens, for
example, a recessed portion formed by subjecting the high
refractive index layer 21_ £ to etching on a wiring layer
including multiple wires is embedded with the low refractive
index layer 20__j, whereby an inner diffusion lens (concave
lens) can be formed as to each photoelectric conversion unit
(light reception portion), and accordingly, the inner diffusion
lens can be disposed at an appropriate position without
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depending on irregularities of wiring. Thus, incident light can
be condensed at a photoelectric conversion unit in a most
appropriate manner.

[0374] When the center of an inner diffusion lens is formed
s0 as to be biased toward the center side of the pixel array unit
(imaging area) from the center of a photoelectric conversion
unit, shading due to oblique incident light is improved, and
pupil correction can be performed. At least one of the multiple
lenses is an on-chip lens formed above the inner diffusion
lens, whereby incident light can be condensed at alight recep-
tion portion in collaboration with the on-chip lens serving as
a condensing lens and the inner diffusion lens.

[0375] With the fourth embodiment as well, like the second
embodiment, the alternate placement layer 2B having the
incident angle conversion function (oblique light correction
function) can be combined with the alternate placement layer
2D having the convex lens function. Also, like the third
embodiment, the alternate placement layer 2D which
includes both of the concave lens function and oblique inci-
dent light correction function can be provided by applying the
arrangement of the alternate placement layer 2B according to
the second embodiment having an asymmetric configuration
wherein, with the lens center as a boundary, at one side many
high refractive index layers having a great refractive index
exist by ratio, and at the opposite side a few high refractive
index layers exist by ratio.

[0376] As can be understood from the above-mentioned
description, when providing a function as an optical member
by arraying the low refractive index layer 20_j and high
refractive index layer 21 % of which the widths are equal to
or smaller than the wavelength order in the lateral direction,
the layout relation of each piece of density of the high refrac-
tive index layer 21_ k at the lens center and end portion is
adjusted, whereby the convex lens function (condensability)
can be provided, and the convex lens function (expandability)
can be provided. The present embodiment can be applied to
an optical device, such as the solid-state imaging device 100,
adisplay, and so forth by providing condensability or expand-
ability.

<Manufacturing Process>

[0377] FIG. 17A is a conceptual diagram for describing the
manufacturing process according to the present embodiment
in a case wherein the alternate placement layer 2 (2A through
2D) according to the first through fourth embodiments is
formed integral with the solid-state imaging device. FIGS.
17B and 17C are conceptual diagrams for describing com-
parison examples as to the manufacturing process according
to the present embodiment. Here, FIG. 17B illustrates an
inner lens manufacturing process, and FIG. 17C illustrates an
on-chip lens manufacturing process.

[0378] In a case wherein the alternate placement layer 2
(2A through 2D) according to the first through fourth embodi-
ments is formed integral with the solid-state imaging device,
first, silicon oxide SiO2 (refractive index n1=1.46) making up
a single material layer 3 serving as the medium of the optical
lens 110 is formed with predetermined thickness on the upper
layer of the silicon substrate (not shown in the drawing)
where the pixel units have already been formed. A silicon
nitride SiN thin film making up the thin-film layer 130 is
formed on the upper layer of the silicon substrate (not shown
in the drawing) as necessary, and on the upper layer thereof
silicon oxide SiO2 making up the single material 3 serving as
the medium of the optical lens 110 is formed with predeter-
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mined thickness. Now, the predetermined thickness means
the distance (substantial lens length) from the surface of the
silicon substrate to later-described silicon nitride SiN making
up the alternate placement layer 2.

[0379] Subsequently, as shown in (1) in FIG. 17A, the
silicon nitride SiN making up the alternate placement layer 2
is layered with predetermined thickness on the upper layer of
the single material 3 made up of silicon oxide SiO2. Now, the
predetermined thickness means the thickness of the alternate
placement layer 2, i.e., lens thickness.

[0380] Subsequently, as with a resist coating process shown
in (2) in FIG. 17A, a resist film is formed on the upper layer
of the alternate placement layer 2 made up of silicon nitride
SiN. Further, like exposure and development processes
shown in (3) in FIG. 17A, the resist film is exposed using a
resist pattern such that each of the low refractive index layer
20_ j and high refractive index layer 21__ £ having a predeter-
mined width which is changed gradually is arrayed in prede-
termined order, and the portion corresponding to the portion
serving as the low refractive index layer 20_; is removed
(etching) from the resist film. It goes without saying that the
array position of each of the low refractive index layer 20_;
and high refractive index layer 21_ % is set to a position
corresponding to the position of a pixel (particularly, light
reception portion).

[0381] There is provided a single material layer 3 made up
of silicon oxide SiO2 having the thickness corresponding to
the lens length between the silicon nitride making up the
alternate placement layer 2 and the unshown silicon substrate,
s0 a problem due to damage by etching up to near the silicon
substrate surface is not caused.

[0382] Subsequently, as with an opening (RIE processing)
process shown in (4) in FIG. 17A, etching is performed using
the RIE (Reactive lon Etching) method through the opening
portion of the resist film corresponding to the portion serving
as the low refractive index layer 20_j, thereby providing
opening portions on the silicon nitride SiN of the alternate
placement layer 2, which reach the SiO2 film of the lower-
most layer.

[0383] Subsequently, as with a resist removal process
shown in (5) in FIG. 17A, the resist film on the silicon nitride
SiN making up the alternate placement layer 2 is removed.
Thus, the alternate placement layer 2 where the opening
portion is formed at the portion serving as the low refractive
index layer 20_j is formed on the upper layer of the single
material layer 3 made up of silicon oxide SiO2.

[0384] Further, in the case of applying to an inner lens, for
planarizing or the like, as with an embedding process shown
in (6) in FIG. 17A, a silicon oxide SIO2 film which serves as
the low refractive index layer 20__j and serves as protection of
the alternate placement layer 2 is formed with predetermined
thickness on the upper layer of the single material layer 3
made up of silicon oxide SiO2 where the alternate placement
layer 2 where the opening portion is formed at the portion
serving as the low refractive index layer 20_j is formed, for
example, using CVD or the like again. Thus, the portion
serving as the low refractive index layer 20__j of the alternate
placement layer 2 made up of silicon nitride SiN where the
opening portions are formed is embedded by silicon oxide
Si02, and a single material 1 of silicon oxide SiO2 serving as
a medium at the light incident side is formed with predeter-
mined thickness.
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[0385] Though not shown in the drawing, further thereon a
color filer or micro lens may be formed so as to correspond to
a pixel.

[0386] On the other hand, in the case of applying to an
on-chip lens to be disposed on a color filter, the embedding
process shown in (6) in FIG. 17A is unnecessary.

[0387] Note that, of the manufacturing process shown here,
with the embedding process, not only the portion serving as
the low refractive index layer 20_j is embedded by silicon
oxide Si02, but also a silicon oxide SiO2 film is formed onthe
upper layer of the alternate placement layer 2 where the low
refractive index layer 20_j and high refractive index layer
21_ kare alternately disposed, thereby forming a single mate-
rial layer 1, but forming the single material layer 1 is not
indispensable. Also, in extreme cases, the entire embedding
process can be omitted. In this case, the opening portions
provided in silicon nitride SiN are not embedded by silicon
oxide Si0O2, so the low refractive index layer 20_j is the air.

[0388] Inany case, an on-chip lens employing the arrange-
ment of the alternate placement layer 2 is formed on the
uppermost layer of the imaging device. In this case, in reality,
the surface thereof comes into contact with the air.

[0389] Thus, the manufacturing process according to the
present embodiment includes no reflow process, and fabrica-
tion can be made only by simple and easy-to-use processing
technology of lithography and etching, whereby an easy-to-
use process having no complicated process such as etchback
or the like can be provided, and not only reduction in the
number of processes and reduction in cost are realized, but
also advantages of reproducibility, uniformity, and mass pro-
ductivity can be obtained.

[0390] Further, each of the low refractive index layer 20_j
and high refractive index layer 21_ £ having a predetermined
width which is changed gradually can be arrayed in predeter-
mined order, by design of the photoresist mask. A lens effect
according to the alternate placement layer 2 can be changed as
appropriate by adjusting the width and number of arrays of
each rectangular low refractive index layer 20_j and each
rectangular high refractive index layer 21__&. An asymmetric
configuration can be readily fabricated in the in-plane direc-
tion, and accordingly, the width of designing can optically
spread as compared with a case wherein an existing spherical
lens is manufactured.

[0391] On the other hand, with the manufacturing process
of'the comparative example shown in FIG. 17B, in the case of
forming an inner lens, first, as shown in (1) in FIG. 17B,
silicon nitride SiN serving as the medium of a lens is formed
on silicon oxide SiO2 with predetermined thickness. The
predetermined thickness is a level somewhat thicker than the
thickness of the ultimate inner lens.

[0392] Next, as with a resist coating process shown in (2) in
FIG. 17B, a resist film is formed on the upper layer of a lens
medium layer. Further, as with an exposure and development
process shown in (3) in FIG. 17B, a resist pattern such as
lenses being arrayed in predetermined order is employed to
exposure the resist film, and remove the portion correspond-
ing to the portion equivalent to between the resist film and an
adjacent lens (etching).

[0393] Subsequently, as with a reflow process shown in (4)
in FIG. 17B, resist is solved to form a lens shape. For
example, resist is solved (reflowed) by setting postbake to
150° C., thereby forming a lens shape. Accordingly, as for
resist, a heat-proof weak material is necessary.
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[0394] Subsequently, as with an etchback (RIE processing)
process shown in (5) in FIG. 17B, etching is performed using
the RIE (Reactive lon Etching) method, thereby removing
resist. Thus, as shown in (6) in FIG. 17B, a convex lens is
formed on a lens medium layer. At this time, there is a pos-
sibility that a problem may be caused wherein gain enters (a
depository film is formed) to narrow a gap between lenses.
[0395] Subsequently, in order to flatten a surface, as with an
embedding process shown in (7) in FIG. 17B, a silicon oxide
SiO2 film is formed with predetermined thickness. Though
not shown in the drawing, further thereon a color film or
micro lens may be formed so as to correspond to a pixel.
[0396] On the other hand, in the case of forming an on-chip
lens to be disposed on a color filter, first, as shown in (1) in
FIG. 17C, a polymeric material such as OPV or the like
serving as a lens medium is formed with predetermined thick-
ness on the upper layer of a color filter to be formed further on
the upper layer above the silicon substrate 102. The predeter-
mined thickness is a level somewhat thicker than the thick-
ness of the ultimate inner lens.

[0397] Hereafter, in the same way as that in the case of
forming the above-mentioned inner lens, the processes up to
the etchback (RIE processing) process shown in (5) in FIG.
17C are performed, thereby forming a convex lens, as shown
in (6) in FIG. 17C.

[0398] In the case of applying to an on-chip lens, the
embedding process shown in (6) in FIG. 17B according to
inner lens formation is unnecessary. Note however, for the
sake of surface protection or the like, a polymeric material
having a low refractive index may be further embedded
depending on cases.

[0399] Thus, with the manufacturing process according to
the comparative example, a convex lens is formed by reflow
and etchback regardless of whether to form an inner lens or
on-chip lens. With reflow of resist serving as the origin of a
lens shape, in order to fabricate a spherical shape using sur-
face tension, an asymmetric configuration cannot be provided
within a surface. Also, the number of processes increases, and
cost increases.

[0400] It should be understood by those skilled in the art
that various modifications, combinations, sub-combinations
and alterations may occur depending on design requirements
and other factors insofar as they are within the scope of the
appended claims or the equivalents thereof.

What is claimed is:

1. An optical member, wherein high refractive index layers
having a great refractive index and low refractive index layers
having a small refractive index, which are each relatively thin
as compared with an optical length, are disposed alternately
in the lateral direction as to an optical axis;

and wherein each width of said high refractive index layers

and said low refractive index layers is equal to or smaller
than the wavelength order of incident light.

2. The optical member according to claim 1, wherein said
high refractive index layers are each disposed symmetrically
s0 as to be disposed densely at the mechanical center of said
member, and disposed non-densely farther away from said
center.

3. The optical member according to claim 2, wherein said
high refractive index layers are disposed such that each width
of'said high refractive index layers increases gradually toward
the mechanical center of said member;
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and wherein said low refractive index layers are disposed
such that each width of said low refractive index layers
decreases gradually toward the mechanical center of
said member.

4. The optical member according to claim 2, wherein said
high refractive index layers are disposed such that each width
of'said high refractive index layers increases gradually toward
the mechanical center of said member;

and wherein said low refractive index layers are disposed

so as to have an equal width.

5. The optical member according to claim 2, wherein said
low refractive index layers are disposed such that each width
of'said low refractive index layers decreases gradually toward
the mechanical center of said member;

and wherein said high refractive index layers are disposed

so as to have an equal width.

6. The optical member according to claim 1, wherein said
high refractive index layers are each disposed symmetrically
s0 as to be disposed non-densely at the mechanical center of
said member, and disposed densely farther away from said
center.

7. The optical member according to claim 6, wherein said
high refractive index layers are disposed such that each width
of said high refractive index layers decreases gradually
toward the mechanical center of said member;

and wherein said low refractive index layers are disposed

such that each width of said low refractive index layers
increases gradually toward the mechanical center of said
member.

8. The optical member according to claim 6, wherein said
high refractive index layers are disposed such that each width
of said high refractive index layers decreases gradually
toward the mechanical center of said member;

and wherein said low refractive index layers are disposed

so as to have an equal width.

9. The optical member according to claim 6, wherein said
low refractive index layers are disposed such that each width
of'said low refractive index layers increases gradually toward
the mechanical center of said member;

and wherein said high refractive index layers are disposed

so as to have an equal width.

10. The optical member according to claim 1, wherein each
width of at least one kind of layer of said high refractive index
layers and said low refractive index layers is disposed asym-
metrically in said lateral direction.

11. The optical member according to claim 10, wherein
said high refractive index layers are disposed such that each
width of said high refractive index layers increases gradually
toward the optical barycentric position from one end of said
member;

and wherein said low refractive index layers are disposed

such that each width of said low refractive index layers
decreases gradually toward the optical barycentric posi-
tion from one end of said member.

12. The optical member according to claim 10, wherein
said high refractive index layers are disposed such that each
width of said high refractive index layers increases gradually
toward the optical barycentric position from one end of said
member;

and wherein said low refractive index layers are disposed

so as to have an equal width.

13. The optical member according to claim 10, wherein
said low refractive index layers are disposed such that each
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width of said high refractive index layers decreases gradually
toward the optical barycentric position from one end of said
member;

and wherein said high refractive index layers are disposed
so as to have an equal width.

14. The optical member according to any one of claims 11
through 13, wherein said optical barycentric position exists at
the other end of said member.

15. The optical member according to claim 14, comprising:

a first optical member where said high refractive index
layers are each disposed symmetrically so as to be dis-
posed densely at the mechanical center of said optical
member, and disposed non-densely farther away from
said center; and

a second optical member where said optical barycentric
position exists at the other end of said optical member at
least at one of the light incident side and light emission
side of said first optical member.

16. The optical member according to any one of claims 11
through 13, wherein said high refractive index layers are each
disposed asymmetrically so as to be disposed densely at the
mechanical center of said member, and disposed non-densely
farther away from said center.

17. The optical member according to claim 14, comprising:

a first optical member where said high refractive index
layers are each disposed symmetrically so as to be dis-
posed non-densely at the mechanical center of said opti-
cal member, and disposed densely farther away from
said center; and

a second optical member where said optical barycentric
position exists at the other end of said optical member at
least at one of the light incident side and light emission
side of said first optical member.

18. The optical member according to any one of claims 11
through 13, wherein said high refractive index layers are each
disposed asymmetrically so as to be disposed non-densely at
the mechanical center of said member, and disposed densely
farther away from said center.

19. An solid-state imaging device comprising:

an optical member, wherein high refractive index layers
having a great refractive index and low refractive index
layers having a small refractive index, which are each
relatively thin as compared with an optical length, are
disposed alternately in the lateral direction as to an opti-
cal axis, and each width of said high refractive index
layers and said low refractive index layers is equal to or
smaller than the wavelength order of incident light; and

a light reception portion configured to receive light passed
through said optical member.

20. The solid-state imaging device according to claim 19,

further comprising:

a pixel array unit where a plurality of said light reception
portions are arrayed in one-dimensional or two-dimen-
sional manner;

wherein as said optical member corresponding to said light
reception portion, there are employed an optical member
where each width of said high refractive index layers is
disposed symmetrically in said lateral direction, and an
optical member where each width of at least one kind of
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layer of said high refractive index layers and said low
refractive index layers is disposed asymmetrically in
said lateral direction;

and wherein said optical member disposed symmetrically
is used at the center of said pixel array unit, and said
optical member having stronger asymmetry is used the
closer the position to be disposed is to the end portion of
said pixel array unit.

21. The solid-state imaging device according to claim 19,

further comprising:

a pixel array unit where a plurality of said light reception
portions are arrayed in one-dimensional or two-dimen-
sional manner;

wherein as said optical member corresponding to said light
reception portion, there are employed an optical member
where each width of said high refractive index layers is
disposed symmetrically in said lateral direction, and an
optical member where each width of at least one kind of
layer of said high refractive index layers and said low
refractive index layers is disposed asymmetrically in
said lateral direction;

and wherein said optical member disposed symmetrically
is used at the center of said pixel array unit, and an
optical barycentric position is disposed shifted in the
center direction of said pixel array unit from the center of
said light reception portion the closer said optical bary-
centric position is to the end portion of said pixel array
unit.

22. A manufacturing method of an optical member com-

prising the steps of:

forming the films of any one of high refractive index layers
having a great refractive index and low refractive index
layers having a low refractive index;

forming a plurality of opening portions by arraying in the
lateral direction of said films; and

embedding each of said opening portions with the others of
said high refractive index layers and said low refractive
index layers;

thus manufacturing an optical member where said high
refractive index layers and said low refractive index
layers are disposed alternately in the lateral direction as
to an optical axis.

23. A manufacturing method of a solid-state imaging

device comprising the steps of:

forming low refractive index layers having a small refrac-
tive index on a semiconductor substrate where a light
reception portion is formed;

forming high refractive index layers having a great refrac-
tive index on said low refractive index layers;

forming a plurality of opening portions at positions corre-
sponding to said light reception portions of said refrac-
tive index layers by arraying said plurality of opening
portions; and

embedding each of said opening portions with said low
refractive index layers;

thus manufacturing an optical member where said high
refractive index layers and said low refractive index
layers are disposed alternately in the lateral direction as
to an optical axis, integral with said semiconductor
substrate.



