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(57) ABSTRACT

The capacitance of a charge-accumulating layer of an imag-
ing pixel is made different from that of a charge-accumulating
layer of a focusing pixel, thereby reducing the difference in
saturation capacitance due to the difference between the light-
reception efficiencies of the imaging pixel and the focusing
pixel. The ratio between the capacitance of the charge-accu-
mulating layer of the imaging pixel and that of the charge-
accumulating layer of the focusing pixel is determined in
consideration of a variation in ratio between the light-recep-
tion efficiencies of the imaging pixel and the focusing pixel
with a change in at least one of the exit pupil distance and the
aperture value.
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IMAGE SENSOR AND IMAGE-CAPTURING
APPARATUS

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to an image sensor and
an image-capturing apparatus.

[0003] 2. Description of the Related Art

[0004] There has been proposed an image-capturing appa-
ratus which performs focus detection of an imaging lens by
the phase-difference detection method using a two-dimen-
sional image sensor including pixels each having a microlens
formed in it.

[0005] Japanese patent Laid-Open No. 2000-156823 dis-
closes an image-capturing apparatus including a plurality of
pairs of focusing pixels arranged on a two-dimensional image
sensor including a plurality of pixels. One pair of focusing
pixels are configured to receive light fluxes from different
areas in the exit pupil of the imaging lens using a light-
shielding layer including an opening, thereby performing
pupil division. Imaging signals are obtained by imaging pix-
els arranged in most parts of the two-dimensional image
sensor, and a defocus amount is obtained based on signals
from focusing pixels arranged in some parts of this image
sensor, thereby allowing focus detection.

[0006] Also, Japanese Patent Laid-Open No. 2004-320270
discloses a CCD (image sensor) including low- and high-
sensitivity photodiodes. In Japanese Patent Laid-Open No.
2004-320270, the capacitance of a floating diffusion (charge-
accumulating layer) of a source follower circuit (amplifier
circuit) is varied between the low- and high-sensitivity pho-
todiodes, thereby reducing the difference in signal strength.

[0007] The focusing pixels described in Japanese Patent
Laid-Open No. 2000-156823 partially shield light fluxes hav-
ing passed through the exit pupil of the imaging lens using the
light-shielding layer formed in the image sensor, thereby
performing pupil division. Because the light-shielding layer
does not influence any imaging pixel, the imaging pixel has a
transmittance and light-reception efficiency higher than the
focusing pixels. Therefore, a difference in saturation capaci-
tance is generated between the imaging pixel and the focusing
pixel.

[0008] To cope with this difference, the capacitances of
floating diffusions of source follower circuits formed in the
imaging pixel and the focusing pixel, respectively, can be
made different.

[0009] However, the position of center of gravity of an area
(pupil area) exhibiting a given pupil intensity distribution
varies between the focusing pixel and the imaging pixel.
Hence, the light-reception efficiency ratio between the focus-
ing pixel and the imaging pixel is not constant, and varies
considerably depending on, for example, the exit pupil dis-
tance (the distance from the exit pupil to the imaging surface)
and a change in setting (aperture value) of an imaging optical
system. This means that the difference in saturation capaci-
tance between the imaging pixel and the focusing pixel can-
not be sufficiently reduced simply by varying the capacitance
of a floating diffusion in each individual type of pixel.

SUMMARY OF THE INVENTION

[0010] The present invention has been made in consider-
ation of the above-mentioned conventional problem, and pro-
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vides an image sensor which includes imaging pixels and
focusing pixels having saturation capacitances with less dif-
ferences.

[0011] The first aspect of the present invention provides an
image sensor comprising: an imaging pixel which includes a
first charge-accumulating layer and receives a light flux that
passes through a first pupil area of an imaging optical system,
and a focusing pixel which includes a second charge-accu-
mulating layer and receives a light flux that passes through a
second pupil area of the imaging optical system, wherein the
focusing pixel further comprises a light-shielding layer which
includes an opening and is formed therein so that the first
pupil area is larger than the second pupil area, and the first
pupil area has a position of center of gravity different from a
position of center of gravity of the second pupil area, and
wherein a ratio between a capacitance of the first charge-
accumulating layer and a capacitance of the second charge-
accumulating layer has a value determined in accordance
with one of an average value and a value closest to one, of a
ratio between light-reception efficiency of the imaging pixel
and light-reception efficiency of the focusing pixel, the ratio
varies depending on a change in at least one of an exit pupil
distance and an aperture value of the imaging optical system.
[0012] The second aspect of the present invention provides
an image-capturing apparatus comprising an image sensor
defined as the first aspect of the present invention.

[0013] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1is ablock diagram illustrating an example of
the functional configuration of a digital still camera which
exemplifies an image-capturing apparatus using an image
sensor according to the first embodiment of the present inven-
tion;

[0015] FIG. 2 is a view illustrating an example of the pixel
array of the image sensor in the first embodiment of the
present invention;

[0016] FIGS. 3A and 3B are a plan view and vertical sec-
tional view, respectively, of a focusing pixel 220SA of the
image sensor in the first embodiment of the present invention;
[0017] FIGS. 4A and 4B are a plan view and vertical sec-
tional view, respectively, of a focusing pixel 220SB of the
image sensor in the first embodiment of the present invention;
[0018] FIGS. 5A and 5B are a plan view and vertical sec-
tional view, respectively, of an imaging pixel of the image
sensor in the first embodiment of the present invention;
[0019] FIG. 6 is a schematic circuit diagram of the pixel of
the image sensor in the first embodiment of the present inven-
tion;

[0020] FIGS. 7A to 7C are views for explaining the rela-
tionships between the exit pupil plane of an imaging optical
system and vertical cross-sections of the imaging pixel and
the two types of focusing pixels of the image sensor in the first
embodiment of the present invention;

[0021] FIGS. 8A and 8B are views illustrating examples of
the overview of pupil division and the pupil intensity distri-
bution of the image sensor in the first embodiment of the
present invention;

[0022] FIG. 9 is a graph illustrating an example of the
relationship between the aperture value and the light-recep-
tion efficiency ratio between the imaging pixel and the focus-
ing pixel;
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[0023] FIG. 10 is a graph illustrating another example of
the relationship between the aperture value and the light-
reception efficiency ratio between the imaging pixel and the
focusing pixel;

[0024] FIG. 11 is a graph illustrating still another example
of the relationship between the aperture value and the light-
reception efficiency ratio between the imaging pixel and the
focusing pixel;

[0025] FIG. 12 is a graph illustrating still another example
of the relationship between the aperture value and the light-
reception efficiency ratio between the imaging pixel and the
focusing pixel;

[0026] FIGS. 13A and 13B are a plan view and vertical
sectional view, respectively, of a focusing pixel 220SA in the
second embodiment of the present invention; and

[0027] FIG.14is aschematic circuit diagram of the pixel of
the image sensor in the third embodiment of the present
invention.

DESCRIPTION OF THE EMBODIMENTS

[0028] Exemplary embodiments of the present invention
will now be described in detail in accordance with the accom-
panying drawings.

First Embodiment

[0029] FIG.1is a block diagram illustrating an example of
the functional configuration of a digital still camera 100 (to be
simply referred to as a camera 100 hereinafter) which exem-
plifies an image-capturing apparatus using an image sensor
according to the first embodiment of the present invention.
[0030] A first lens group 101 is placed at the distal end of an
image-capturing optical system (imaging optical system) and
held to be movable back and forth along the optical axis. A
shutter 102 functions not only as a shutter which controls the
exposure time in capturing a still image, but also as an aper-
ture stop which adjusts the opening size to adjust the amount
of light in capturing an image. A second lens group 103
placed on the back side (image sensor side) of the shutter 102
can move back and forth along the optical axis together with
the shutter 102, and implements a zoom function together
with the first lens group 101.

[0031] A thirdlens group 105 serves as focus lenses and can
move back and forth along the optical axis. An optical low-
pass filter 106 is placed in front of an image sensor 107 and
reduces any false color and moire generated in a captured
image. The image sensor 107 is formed by a two-dimensional
CMOS image sensor and its peripheral circuit. In this
embodiment, the image sensor 107 is a two-dimensional
single-plate color image sensor formed by two-dimensionally
arraying m (horizontal)xn (vertical) light-receiving elements
(pixels) including primary color mosaic filters arranged in a
Bayer pattern. The color filters limit the wavelengths of trans-
mitted light incident on the light-receiving elements for each
pixel.

[0032] A zoom actuator 111 pivots a cam cylinder (not
shown) to drive at least one of the first lens group 101 and the
third lens group 105 in accordance with control of a zoom
driving circuit 129, thereby implementing a zoom (scaling)
function. A shutter actuator 112 controls the opening size of
the shutter 102 to adjust the amount of image-capturing light
in accordance with control of a shutter driving circuit 128, and
controls the exposure time in capturing a still image.
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[0033] A focus actuator 114 drives the third lens group 105
along the optical axis in accordance with control of a focus
driving circuit 126.

[0034] An electronic flash 115 can serve as an electronic
flush illumination device which uses a xenon tube, but may
serve as an illumination device including an LED which
continuously emits light. An AF auxiliary light output unit
116 projects an image of a mask having a predetermined
opening pattern to the field via a light-projecting lens to
improve the focus detection capability for low-luminance
objects and low-contrast objects.

[0035] A CPU 121 controls the operation of the overall
camera 100 and includes, for example, an arithmetic unit,
ROM, RAM, A/D converter, D/A converter, and communi-
cation interface circuit (none is shown). The CPU 121
executes programs stored in the ROM to control various cir-
cuits provided in the camera 100, thereby implementing the
functions of the camera 100, such as AF, AE, image process-
ing, and recording.

[0036] An electronic flash control circuit 122 ON/OFF-
controls the electronic flash 115 in synchronism with the
image-capturing operation. An auxiliary light driving control
circuit 123 ON/OFF-controls the AF auxiliary light output
unit 116 in the focus detection operation. An image sensor
driving circuit 124 controls the operation of the image sensor
107, A/D-converts an image signal read out from the image
sensor 107, and outputs the obtained image signal to the CPU
121. An image processing circuit 125 applies various types of
image processing such as gamma conversion, color compen-
sation, and JPEG encoding to an image signal.

[0037] The focus driving circuit 126 drives the focus actua-
tor 114 based on the focus detection result to move the third
lens group 105 along the optical axis, thereby performing
focus adjustment. The shutter driving circuit 128 drives the
shutter actuator 112 to control its opening size and opening/
closing timing of the shutter 102. A zoom driving circuit 129
drives the zoom actuator 111 in accordance with a zoom
operation input from the photographer upon pressing of, for
example, a zoom operation switch included in operation
switches 132.

[0038] A display 131 serves as, for example, an LCD and
displays, for example, information associated with the image-
capturing mode of the camera 100, a preview image before
capturing an image, a confirmation image after capturing an
image, and information of the focus state in focus detection.
The operation switches 132 include, for example, a power
supply switch, release (image-capturing trigger) switch,
zoom operation switch, and image-capturing mode selection
switch. A recording medium 133 serves as, for example, a
detachable semiconductor memory card and records a cap-
tured image.

[0039] (Pixel Array of Image Sensor)

[0040] FIG. 2 is a view illustrating an example of the pixel
array of the image sensor 107 inthe range of 12 (columns)x12
(rows) pixels in this embodiment. Pixels are arranged on the
image-capturing screen of the image sensor 107 in the same
pattern. In this embodiment, the size of the image-capturing
screen of the image sensor 107 is 22.3 mm (horizontal)x14.9
mm (vertical), the pixel pitch is 4 pm, and the number of
effective pixels is 5575 (rows)x3725 (columns)=about 20
million.

[0041] The pixels of the image sensor 107 are formed by 2
(rows)x2 (columns) imaging pixels 210 and (rows)x2 (col-
umns) focusing pixels 220, as shown in FIG. 2. The imaging
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pixels 210 include imaging pixels 210G which are arranged
as two diagonal pixels and have a spectral sensitivity of G
(Green), an imaging pixel 210R which is arranged as one of
the remaining two pixels and has a spectral sensitivity of R
(Red), and an imaging pixel 210B which is arranged as the
other ofthe remaining two pixels and has a spectral sensitivity
of B (Blue). Also, the focusing pixels 220 include imaging
pixels 220G which are arranged as two diagonal pixels and
have a spectral sensitivity of G, and focusing pixels 220SA
and 220SB arranged as the remaining two pixels. The focus-
ing pixels 220SA and 220SB have a spectral sensitivity of G
(Green) in this embodiment, as will be described later.

[0042] FIG. 3A is aplan view of the focusing pixel 220SA
when viewed from the side of the light-receiving surface of
the image sensor 107 (+z side), and FIG. 3B is a sectional
view taken along a cross-section a-a in FIG. 3A when viewed
from the —y side. Also, FIG. 4A is a plan view of the focusing
pixel 220SB when viewed from the side of the light-receiving
surface of the image sensor 107 (+z side), and FIG. 4B is a
sectional view taken along a cross-section b-b in FIG. 4A
when viewed from the -y side. Moreover, FIG. 5A is a plan
view of one imaging pixel 220G of the image sensor 107
shown in FIG. 2 when viewed from the side of the light-
receiving surface of the image sensor 107 (+z side), and FIG.
5B is a sectional view taken along a cross-section c-c¢ in FIG.
5A when viewed from the -y side. Note that FIGS. 3B, 4B,
and 5B do not illustrate transfer gates 304 and n* floating
diffusions (n-type charge-accumulating layers) 303a, 3035,
and 303 for the sake of simplicity.

[0043] A photodiode (photoelectric conversion unit) PD
having a pin structure in which an n-intrinsic layer 302 is
sandwiched between a p-type layer 300 and an n-type layer
301 is formed in the focusing pixel 220S A, as shown in FIG.
3B. The photoelectric conversion unit PD of the focusing
pixel 220S A has the region of a depletion layer formed in the
n-intrinsic layer 302 shown in FIG. 3B and its surrounding
region corresponding to the distance across which minority
carriers diffuse, and therefore has a region nearly equal in area
to the total area of the n-intrinsic layer 302 and the n-type
layer 301. The n-intrinsic layer 302 may be replaced with a pn
junction photodiode as needed. The same applies to the focus-
ing pixel 220SB and imaging pixels 220G, 210R, 210G, and
210B.

[0044] A microlens 305 for converging incident light is
formed on the light-reception side of each pixel in this
embodiment, as shown in FIGS. 3B, 4B, and 5B. Also, a color
filter 306 for performing color separation by selecting a light-
reception wavelength is formed on the side of the microlens
305 with respect to the photoelectric conversion unit PD. As
described above, in this embodiment, G filters are formed in
the focusing pixels 220SA and 220SB and imaging pixel
220G. Similarly, an R filter is formed in the imaging pixel
210R, a G filter is formed in the imaging pixel 210G, and a B
filter is formed in the imaging pixel 210B. Filters of other
colors may be formed as needed. Alternatively, a W (White)
pixel may be used instead of forming a color filter.

[0045] Inthe focusing pixel 220SA shown in FIGS. 3A and
3B, a light-shielding layer 310a having an opening 3104' is
formed between the microlens 305 and the photoelectric con-
version unit PD for pupil division. The center of gravity of the
opening 3104' in the light-shielding layer 310« is shifted in
the -x direction with respect to that of the light-receiving

Oct. 4,2012

surface of the photoelectric conversion unit PD. The opening
310q' in the light-shielding layer 310q is indicated by a bro-
ken line in FIG. 3A.

[0046] On the other hand, in the focusing pixel 220SB
shown in FIGS. 4A and 4B, a light-shielding layer 3106
having an opening 3104' is formed between the microlens 305
and the photoelectric conversion unit PD for pupil division.
The center of gravity of the opening 3105' in the light-shield-
ing layer 3105 is shifted in the +x direction with respect to that
of the light-receiving surface of the photoelectric conversion
unit PD. The opening 3105' in the light-shielding layer 3105
is indicated by a broken line in FIG. 4A.

[0047] Although the light-shielding layers 310a and 3105
having the openings 310a' and 3105', respectively, also serve
as interconnection layers in the first embodiment, intercon-
nection layers and light-shielding layers may be formed sepa-
rately.

[0048] Also, in the focusing pixels 220SA and 220SB, the
n-type charge-accumulating layers 303« and 3035 serving as
second charge-accumulating layers are connected to the pho-
toelectric conversion units PD via the transfer gates 304, as
shown in FIGS. 3A and 4A. Similarly, in the imaging pixel
220G, the n-type charge-accumulating layer 303 serving as a
first charge-accumulating layer is connected to the photoelec-
tric conversion unit PD via the transfer gate 304, as shown in
FIG. 5A.

[0049] Light incident on the imaging pixel 220G shown in
FIGS. 5A and 5B is converged by the microlens 305 and
received by the photoelectric conversion unit PD. In the pho-
toelectric conversion unit PD, electron-hole pairs are gener-
ated in correspondence with the amount of incident light, and
are dissociated by a depletion layer. Then, the negatively
charged electrons are accumulated in the n-type layer 301,
while the positively charged holes are discharged outside the
image sensor 107 via the p-type layer 300 connected to a
constant voltage source (not shown).

[0050] On the other hand, light incident on the focusing
pixels 220S A and 220SB shown in FIGS. 3A and 3B and 4A
and 4B, respectively, is converged by the microlenses 305,
and a certain component of the converged light passes
through the openings in the light-shielding layers 310a and
31056 and is received by the photoelectric conversion units
PD. This means that the imaging pixel 220G has a light
transmittance higher than those of the focusing pixels 220SA
and 220SB, that is, a light-reception efficiency better than
those of the latter.

[0051] Therefore, when the imaging pixel 220G and focus-
ing pixels 220SA and 220SB include color filters having the
same spectral transmittance and receive the same amount of
incident light, charges Q,,- generated by the imaging pixel
220G are larger in amount than charges Q. generated by
each of the focusing pixels 220SA and 220SB.

[0052] Accumulation operation control of each pixel will
be described. FIG. 6 is a schematic circuit diagram of the
imaging pixel 220G shown in FIGS. 5A and 5B. The same
reference numerals as in FIGS. 5A and 5B denote the same
constituent elements in FIG. 6. Reference numeral 300
denotes a p-type layer; 301, an n-type layer; 302, an n-intrin-
sic layer; 303, an n-type charge-accumulating layer; and 304,
a transfer gate, and reference symbol Tsf denotes a source
follower MOS transistor. Also, reference symbols Vdd and
Vss (Vdd>Vss) denote power supply voltages; ¢ T, a transfer
gate voltage; ¢R, a reset gate voltage; ¢S, a pixel select gate
voltage; and ¢L, a line select gate voltage.
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[0053] First, to reset the photoelectric conversion unit PD
of each pixel, the transfer gate voltages ¢T and reset gate
voltages R on all rows are simultaneously turned on. The
moment the transfer gate voltages ¢ T and reset gate voltages
¢R are simultaneously turned off, an accumulation operation
starts so that charges are accumulated in the n-type layer 301
in correspondence with the amount of light received by the
photoelectric conversion unit PD of each pixel. After accu-
mulation has been performed for a desired time, the transfer
gate voltages ¢ T on all rows are turned on and turned oftf again
so that signal charges in each pixel are transferred at once
from the n-type layer 301 to the n-type charge-accumulating
layer 303 of this pixel. The select gate voltage ¢S is turned
on/off for each row so that the signal charges transferred to the
n-type charge-accumulating layer 303 are sequentially read
out for each row. Also, columns from which signals are to be
read can be sequentially selected by turning on/off the line
select gate voltages ¢L.. Accumulation operation control of
the focusing pixels 220S A and 220SB is done in the same way
upon replacement of the n-type charge-accumulating layer
303 in the above description with the n-type charge-accumu-
lating layers 303a and 3035, respectively.

[0054] The charges Q;;, accumulated in the n-type layer
301 of the imaging pixel 220G are transferred to the n-type
charge-accumulating layer 303 under the control of the trans-
fer gate 304, amplified by a source follower circuit, and
converted into a voltage signal V. Similarly, the charges
Q_raccumulated in the n-type layer 301 of each of the focus-
ing pixels 220S A and 220SB are transferred to a correspond-
ing one of the n-type charge-accumulating layers 303a and
3035 under the control of the transfer gate 304, amplified by
a source follower circuit, and converted into a voltage signal
Vi

[0055] The correspondence between pupil division and the
opening 310a' or 3105' in the light-shielding layer 310a or
3106 of each pixel will be described with reference to FIGS.
7A to 7C. FIGS. 7A and 7B show the relationships between
the exit pupil plane of the imaging optical system and vertical
sectional views of the focusing pixels 220SA and 220SB
shown in FIGS. 3B and 4B, respectively. Also, FIG. 7C shows
the relationship between the exit pupil plane of the imaging
optical system and a vertical sectional view of the imaging
pixel 220G. Note that the x- and y-axes of the sectional views
in FIGS. 7A to 7C are interchanged in FIGS. 3A and 3B, 4A
and 4B, and 5A and 5B, respectively, for the sake of easy
viewing of the correspondences with the coordinate axes of
the exit pupil plane.

[0056] The exit pupil plane shown in FIGS. 7A to 7C has an
exit pupil 400 of the imaging optical system, a pupil intensity
distribution range 500 of the imaging pixel 220G, a pupil
intensity distribution range 511 of the focusing pixel 220SA,
and a pupil intensity distribution range 521 of the focusing
pixel 220SB.

[0057] A light flux from the object passes through the exit
pupil 400 of the imaging optical system, and enters each
pixel.

[0058] Referring to FIG. 7C, the pupil intensity distribution
range 500 of the imaging pixel 220G uses the microlens 305
to maintain an approximately conjugate relationship with the
light-receiving surface of the photoelectric conversion unit
PD, and represents a pupil area (first pupil area) in which the
imaging pixel 220G can receive light. The pupil distance is
several tens of millimeters, while the diameter of the micro-
lens 305 is several micrometers. Hence, the microlens 305 has
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anaperture value of several tens of thousands, thus generating
a diffraction blur on the order of several tens of millimeters.
When this happens, an image on the light-receiving surface of
the photoelectric conversion unit PD does not become clear
but has a given light-reception ratio distribution range.
[0059] The pupil intensity distribution range 500 of the
imaging pixel 220G is set so that the light-receiving region is
as wide as possible to allow the imaging pixel 220G to receive
a larger amount of light flux having passed through the exit
pupil 400, and the center of gravity of the pupil intensity
distribution range 500 of the imaging pixel 220G approxi-
mately coincides with the optical axis.

[0060] Referringto FIG. 7A, the pupil intensity distribution
range 511 of the focusing pixel 220S A uses the microlens 305
to maintain an approximately conjugate relationship with the
opening 3104' in the light-shielding layer 310a having a cen-
ter of gravity that is shifted in the —x direction, and represents
a pupil area in which the focusing pixel 220SA can receive
light. The pupil intensity distribution range 511 of the focus-
ing pixel 220SA has a light-receiving region narrower than
the pupil intensity distribution range 500 of the imaging pixel
220G, and has a center of gravity that is shifted in the +x
direction.

[0061] On the other hand, referring to FIG. 7B, the pupil
intensity distribution range 521 of the focusing pixel 220SB
uses the microlens 305 to maintain an approximately conju-
gate relationship with the opening 3104' in the light-shielding
layer 3105 having a center of gravity that is shifted in the +x
direction, and represents a pupil area in which the focusing
pixel 220SB can receive light. The pupil intensity distribution
range 521 of the focusing pixel 220SB has a light-receiving
region narrower than the pupil intensity distribution range
500 ofthe imaging pixel 220G, and has a center of gravity that
is shifted in the —x direction on the pupil plane, that is, in the
direction opposite to that in the focusing pixel 220SA. The
pupil areas of the imaging optical system, which correspond
to the focusing pixels 220SA and 220SB, will be collectively
referred to as a second pupil area hereinafter.

[0062] FIG. 8A shows the relationships among the pupil
intensity distribution range 511 of the focusing pixel 220SA,
the pupil intensity distribution range 521 of the focusing pixel
220SB, and the pupil intensity distribution range 500 of the
imaging pixel 220G. Also, FIG. 8B illustrates an example of
the pupil intensity distribution range along the x-axis in the
exit pupil using a broken curve for the focusing pixel 220SA,
an alternating long and short dashed curve for the focusing
pixel 220SB, and a solid curve for the image sensor 107. Each
of the pupil intensity distribution range of the focusing pixel
220SA and that of the focusing pixel 220SB is obtained by
dividing the exit pupil in the x-axis direction. Similarly, when
the center of gravity of the opening 3104' or 3104' in the
light-shielding layer 310a or 3104 is shifted in the y-axis
direction, the exit pupil can be divided in the y-axis direction.
[0063] As shown in FIG. 2, an object image obtained from
focusing pixels 220S A regularly arrayed in the x-axis direc-
tion is defined as image A. Similarly, an object image
obtained from focusing pixels 220SB regularly arrayed in the
x-axis direction is defined as image B. By detecting the defo-
cus amount (relative position) between images A and B, the
defocus amount (focus offset amount) of an object image
having a luminance distribution in the x-axis direction can be
detected.

[0064] The center of gravity of the pupil intensity distribu-
tion range 511 of the focusing pixel 220SA shown in FIG. 7A,
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which is inside the exit pupil 400 of the imaging optical
system, is defined as CA, and that of the pupil intensity
distribution range 521 of the focusing pixel 220SB shown in
FIG. 7B, which is inside the exit pupil 400, is defined as CB.
The base line length is defined as an interval CA-CB between
these two centers of gravity. As the absolute value of the base
line length increases, the defocus amount between images A
and B with respect to the defocus amount of the object image
increases, thus improving the focus detection accuracy.
[0065] [Method of Determining Capacitance of N-Type
Charge-Accumulating Layer]|

[0066] In the first embodiment, G filters identical to that of
the imaging pixel 220G are formed in both the focusing pixels
220SA and 220SB, so the color filters of these pixels have the
same spectral transmittance. The imaging pixel 220G has a
pupil area larger than those of the focusing pixels 220SA and
220SB. Therefore, when these pixels receive the same
amount of incident light, charges Q- generated by the
imaging pixel 220G are larger in amount than charges Q
generated by each of the focusing pixels 220SA and 220SB.
[0067] Assume that a capacitance Qy,; of the n-type
charge-accumulating layer 303 of the imaging pixel 220G is
equal to a capacitance C_ . of each of the n-type charge-
accumulating layers 303a and 3034 of the focusing pixels
220SA and 220SB, respectively. In this case, the n-type
charge-accumulating layer 303 of the imaging pixel 220G is
saturated earlier, thus generating a difference in saturation
capacitance between the imaging pixel 220G and each of the
focusing pixels 220SA and 220SB.

[0068] A condition to equalize the saturation capacitances
of the imaging pixel and focusing pixel is described by:

Qmac _ Qar M

Cmc  Car

[0069] From equation (1), we have:

Car _ Qar _ nar @
Cmc Qe NMimc

where M, 1s the light-reception efficiency of the imaging
pixel 220G, and n - is the light-reception efficiency of each
of the focusing pixels 220SA and 220SB.

[0070] Hence, to reduce the difference in saturation capaci-
tance between the imaging pixel 220G and each of the focus-
ing pixels 220SA and 220SB,

[0071] a capacitance ratio Q ,/Q;,,; obtained by dividing
the capacitance of each of the n-type charge-accumulating
layers 303a and 30356 of the focusing pixels 220SA and
220SB, respectively, by that of the n-type charge-accumulat-
ing layer 303 of the imaging pixel 220G need only be nearly
equal to a light-reception efficiency ratio 1 ,z/M ;4 Obtained
by dividing the light-reception ratio of each of the focusing
pixels 220SA and 220SB by that of the imaging pixel 220G.

[0072] Upon the above-mentioned operation, in this
embodiment, the capacitance C,; of the n-type charge-ac-
cumulating layer 303 of the imaging pixel 220G is made
different from the capacitance C . of each of the n-type
charge-accumulating layers 303a and 3035 of the focusing
pixels 220S A and 220SB, respectively. This makes it possible
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to reduce the difference in saturation capacitance between the
imaging pixel 220G and each of the focusing pixels 220SA
and 220SB.

[0073] More specifically, in the first embodiment, the
capacitance C,,,; of the n-type charge-accumulating layer
303 of the imaging pixel 220G is set higher than the capaci-
tance C - of each of the n-type charge-accumulating layers
303a and 3035 of the focusing pixels 220SA and 220SB,
respectively.

[0074] However, in the first embodiment, to perform focus
detection of the phase-difference detection method, the posi-
tion of center of gravity of the pupil intensity distribution area
(pupil area) of the imaging pixel 220G is different from those
of the pupil areas of the focusing pixels 220SA and 220SB.
Due to the difference in position of center of gravity of the
pupil area, the light-reception efficiency ratio M /MG
between the imaging pixel 220G and each of the focusing
pixels 220SA and 220SB considerably varies with changes in
image height, exit pupil distance, and aperture value of the
imaging optical system.

[0075] FIGS. 9 to 11 show detailed examples of the rela-
tionships between the aperture value F and the light-reception
efficiency ratio M /M, between the imaging pixel 220G
and each of the focusing pixels 220S A and 220SB atan image
height around 5 mm from the sensor center. The aperture
value F is shown on the abscissa, the light-reception effi-
ciency ratio M ="My, is shown on the ordinate, the light-
reception efficiency ratio between the imaging pixel 220G
and the focusing pixel 220SA (a focusing pixel for image A)
is indicated by a solid curve, and the light-reception efficiency
ratio between the imaging pixel 220G and the focusing pixel
220SB (a focusing pixel for image B) is indicated by a broken
curve. FIG. 9 shows the case wherein the exit pupil distance of
the imaging optical system is 50 mm, FIG. 10 shows the case
wherein the exit pupil distance of the imaging optical system
is 100 mm, and FIG. 11 shows the case wherein the exit pupil
distance of the imaging optical system is 200 mm.

[0076] As is obvious from FIG. 9, the light-reception effi-
ciency ratio between the imaging pixel 220G and the focusing
pixel 220SB considerably varies from about 0.3 to about 0.8
with a change in aperture value F. Also, as is obvious from
FIGS. 9 to 11, the light-reception efficiency ratio between the
imaging pixel 220G and the focusing pixel 220SB consider-
ably varies from about 0.2 to about 0.8 with a change in exit
pupil distance of the imaging optical system. Furthermore, as
is obvious from FIGS. 9 and 11, the light-reception efficiency
ratio between the imaging pixel 220G and the focusing pixel
220SA and that between the imaging pixel 220G and the
focusing pixel 220SB vary in opposite patterns with a change
in aperture value F depending on the exit pupil distance.

[0077] Assume that the ratio between the capacitance of the
n-type charge-accumulating layer 303 and that of each of the
n-type charge-accumulating layer 303a (30356) Q,-/Q/c 18
determined in accordance with the above-mentioned equa-
tion (2) based on the minimum value at which the light-
reception efficiency ratio M /M. between the imaging
pixel 220G and the focusing pixels 220SA(220SB) is closest
to zero. In this case, as the light-reception efficiency ratio
increases with changes in exit pupil distance and aperture
value F of the imaging optical system, excessive correction in
which the focusing pixels 220SA and 220SB are saturated
earlier than the imaging pixel 220G occurs. If excessive cor-
rection is done in a large amount, the difference in saturation
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capacitance between the imaging pixel 220G and each of the
focusing pixels 220SA and 220SB may become larger than
that before correction.

[0078] Therefore, among the values of the light-reception
efficiency ratio between the imaging pixel 220G and each of
the focusing pixels 220SA and 220SB within predetermined
ranges of the exit pupil distance and the aperture value F of the
imaging optical system, a value (maximum value) closest to
one is obtained. In accordance with this value of the light-
reception efficiency ratio and equation (2), the ratio between
the capacitance Cp,; of the n-type charge-accumulating
layer 303 and the capacitance C . of each of the n-type
charge-accumulating layers 303a and 3035 is determined.
This makes it possible to avoid excessive correction of the
saturation capacitances if the light-reception efficiency ratio
has varied.

[0079] FIG. 12 illustrates a detailed example of the rela-
tionship between the aperture value and the light-reception
efficiency ratio between the imaging pixel 220G and each of
the focusing pixels 220SA and 220SB at an image height
around 10 mm from the sensor center when the exit pupil
distance of the imaging optical system is 200 mm. The aper-
ture value is shown on the abscissa, the light-reception effi-
ciency ratio is shown on the ordinate, the light-reception
efficiency ratio between the imaging pixel 220G and the
focusing pixel 220SA (a focusing pixel for image A) is indi-
cated by a solid curve, and the light-reception efficiency ratio
between the imaging pixel 220G and the focusing pixel
220SB (a focusing pixel for image B) is indicated by a broken
curve. As is obvious from FIGS. 11 and 12, the light-receiving
efficiency ratios before and after the sensor image height
alone is changed can be compared.

[0080] As can be seen from a comparison between FIGS.
11 and 12, the light-reception efficiency ratio MM
between the imaging pixel and the focusing pixel consider-
ably varies with a change in sensor image height as well.
[0081] A variation in light-reception efficiency ratio with a
change in image height can even be coped with by determin-
ing the ratio between the capacitance C,,,; of the n-type
charge-accumulating layer 303 and the capacitance C . of
each of the n-type charge-accumulating layers 303a and 3035
in accordance with the sensor image height on the predicted
imaging surface of the imaging optical system. More specifi-
cally, the capacitance ratio need only be determined in accor-
dance with a value closest to one among the values of the
light-reception efficiency ratio when the aperture value and
the exit pupil distance are changed within predetermined
ranges for each sensor image height. The interval at which the
capacitance ratio is changed for a given sensor image height
can be appropriately determined. This interval may remain
the same or be changed depending on the image height.
[0082] The method of determining a detailed capacitance
value from the capacitance ratio is not limited. However, as
the capacitance of each of the n-type charge-accumulating
layers 303a and 3035 of the focusing pixels is reduced to
enhance the sensitivity, the S/N ratio of each focusing pixel in
a low-illuminance region can be improved, and the focus
detection accuracy, in turn, can be improved.

[0083] As described above, according to this embodiment,
the ratio between the capacitance of the charge-accumulating
layer of the imaging pixel and that of the charge-accumulat-
ing layer of the focusing pixel is determined in consideration
of'avariation in light-reception efficiency ratio due to changes
in at least aperture value and exit pupil distance. This makes
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it possible to satisfactorily reduce the difference in saturation
capacitance due to the difference between the light-reception
efficiencies of the imaging pixel and focusing pixel.

[0084] Further, a greater reduction effect can be obtained
by determining this capacitance ratio in accordance with the
image height.

Second Embodiment

[0085] In the first embodiment, G filters are formed in the
focusing pixels 220SA and 220SB shown in FIG. 2, as in the
imaging pixel 220G. In contrast to this, in the second embodi-
ment, focusing pixels 220SA and 220SB serve as W (White)
pixels, instead of forming color filters in them.

[0086] FIG.13A isaplanview of the focusing pixel 220SA
of the second embodiment when viewed from the side of the
light-receiving surface of an image sensor 107 (+z side), and
FIG. 13B is a sectional view taken along a cross-section a-a in
FIG. 13A when viewed from the -y side. Because no color
filter is formed in the focusing pixel 220SA in this embodi-
ment, light-reception efficiency can be improved. Note that
the focusing pixel 220SB has the same structure as the focus-
ing pixel 220S A except that a light-shielding layer 3105 in the
former has an opening position different from a light-shield-
ing layer 3104 in the latter.

[0087] Inthis embodiment, a G filter is formed in an imag-
ing pixel 220G, while no color filters are formed in the focus-
ing pixels 220SA and 220SB. This means that the focusing
pixels 220SA and 220SB have a light transmittance higher
than the imaging pixel 220G. Accordingly, the imaging pixel
220G has a larger pupil area, but each of the focusing pixels
220SA and 220SB may generate a larger amount of charges
when these pixels receive the same amount of incident light.
[0088] Hence, in this embodiment, a capacitance C,,,; of
ann-type charge-accumulating layer 303 of the imaging pixel
220G is set lower than a capacitance C . of each of n-type
charge-accumulating layers 303a and 3035 of the focusing
pixels 220SA and 220SB.

[0089] In this embodiment, with changes in exit pupil dis-
tance and aperture value F of the imaging optical system, the
light-reception efficiency ratio between the focusing pixel
and the imaging pixel becomes both not less than and not
more than one. Therefore, the average value of the light-
reception efficiency ratios between the focusing pixel and the
imaging pixel can be used in place of the value of the light-
reception efficiency ratio, which is closest to one. Except for
this respect, a capacitance ratio C ,/C;, . can be determined
in the same way as in the first embodiment.

[0090] According to this embodiment, it is possible not
only to obtain the effect according to the first embodiment but
also to enhance the light-reception efficiency of each focusing
pixel and therefore to improve the S/N ratio of this focusing
pixel, thereby improving the focus detection accuracy.

Third Embodiment

[0091] FIG. 14is aschematic circuit diagram of an imaging
pixel 220G according to the third embodiment. The same
reference numerals as in FIG. 6 denote the same constituent
elements in FIG. 14, and a repetitive description thereof will
not be given. The imaging pixel 220G according to this
embodiment has a feature in that an n-type charge-accumu-
lating layer 303 is connected to an additional n-type charge-
accumulating layer 307 via a capacitance adjusting gate 308.
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[0092] Hence, an effective charge-accumulating layer of a
source follower circuit in this embodiment is formed by com-
bining the n-type charge-accumulating layer 303 and the
additional n-type charge-accumulating layer (additional
charge-accumulating layer) 307. When a capacitance adjust-
ing gate voltage ¢F is turned off, only the n-type charge-
accumulating layer 303 is enabled, so the combined capaci-
tance of all the charge-accumulating layers decreases. On the
other hand, when the capacitance adjusting gate voltage ¢F is
turned on, the n-type charge-accumulating layer 307 is also
enabled, so the combined capacitance of all the charge-accu-
mulating layers increases.

[0093] The pixel arrangement shown in FIG. 14 is similarly
applicable to focusing pixels 220SA and 220SB. In this case,
the n-type charge-accumulating layer 303 is replaced with
n-type charge-accumulating layers 303a and 3034.

[0094] In this manner, the imaging pixel 220G and the
focusing pixels 220SA and 220SB in this embodiment have
the following feature. That is, n-type charge-accumulating
layers are formed by a plurality of n-type charge-accumulat-
ing layers 303/3034/30356 and 307 and a gate electrode (ca-
pacitance adjusting gate 308) which varies the capacitances
of these layers. With this arrangement, the capacitance of
each n-type charge-accumulating layer is made variable.
[0095] Note that to keep pace with pixel miniaturization, it
is possible to set the light-receiving area of the photoelectric
conversion unit of each of the focusing pixels 220SA and
220SB smaller than that of the photoelectric conversion unit
of the imaging pixel 220G, and apply the arrangement shown
in FIG. 14 to only the focusing pixels 220SA and 220SB. In
other words, neither a capacitance adjusting gate 308 nor an
n-type charge-accumulating layer 307 is formed in the imag-
ing pixel 220G (or the n-type charge-accumulating layer 307
serving as an additional charge-accumulating layer is not
enabled).

[0096] Although the ratio between the capacitance of the
charge-accumulating layer of the imaging pixel 220G and
that of each of the focusing pixels 220SA and 220SB cannot
be dynamically varied in the first and second embodiments,
this can be done in this embodiment.

[0097] Hence, capacitance ratios like those determined in
the first and second embodiments are determined in a number
equal to the number of combinations of capacitance ratios
that can be attained by control of the capacitance adjusting
gate 308 for one of the aperture value F, the exit pupil dis-
tance, and the image height and, for example, for the aperture
value F. The capacitances of the n-type charge-accumulating
layers 303 and 307 are determined so as to attain the deter-
mined capacitance ratios, and the capacitance adjusting gate
308 is controlled in accordance with the aperture value F by a
control circuit (not shown).

[0098] When the arrangement shown in FIG. 14 is applied
to, for example, only the focusing pixels 220SA and 220SB,
two capacitance ratios C,/C, - can be attained. When the
method according to the first embodiment is employed, two
capacitance ratios are determined within the variable range of
the aperture value F. For example, two capacitance ratios are
determined from the values of the light-reception efficiency
ratio, which are closest to one within first and second ranges,
respectively, of the aperture value F, and specific values of the
capacitances of the n-type charge-accumulating layers 303
and 307 are determined so that the individual capacitance
ratios can be attained. The capacitance adjusting gate 308 is
turned on/off in accordance with the aperture value in actual
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use, thereby attaining the capacitanceratio between the imag-
ing pixel 220G and each of the focusing pixels 220SA and
220SB corresponding to this aperture value. The capacitance
ratio may be varied in accordance with the exit pupil distance
in place of the aperture value F.

[0099] Note that when the capacitance ratio is varied in
accordance with the image height as well, a plurality of
capacitance ratios can be determined using the above-men-
tioned method for each image height.

[0100] In the above-mentioned example, one set of a
capacitance adjusting gate 308 and an additional n-type
charge-accumulating layer 307 is provided for the sake of
easy explanation and understanding. However, as can be eas-
ily understood, it is theoretically possible to provide two or
more sets of a capacitance adjusting gates 308 and an addi-
tional n-type charge-accumulating layer 307 to allow control
with higher accuracy. It is also possible to set a variable
capacitance value even in the imaging pixel 220G, thereby
attaining a larger number of combinations of capacitance
ratios.

[0101] Also, in this embodiment, it can be arbitrarily deter-
mined whether color filters are to be formed in the focusing
pixels 220SA and 220SB. If no color filters are formed in
these pixels, the capacitance ratio can be determined using the
method described in the second embodiment.

[0102] Inthis manner, according to this embodiment, when
the capacitance of the charge-accumulating layer is made
dynamically variable, it is possible not only to obtain the
effect according to the first or second embodiment but also to
more satisfactorily reduce the difference in saturation capaci-
tance due to the difference between the light-reception effi-
ciencies of the imaging pixel and the focusing pixel.

[0103] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0104] This application claims the benefit of Japanese
Patent Application No. 2011-079799, filed on Mar. 31, 2011,
which is hereby incorporated by reference herein in its
entirety.

What is claimed is:

1. An image sensor comprising:

an imaging pixel which includes a first charge-accumulat-
ing layer and receives a light flux that passes through a
first pupil area of an imaging optical system, and

a focusing pixel which includes a second charge-accumu-
lating layer and receives a light flux that passes through
a second pupil area of the imaging optical system,

wherein the focusing pixel further comprises a light-
shielding layer which includes an opening and is formed
therein so that the first pupil area is larger than the
second pupil area, and the first pupil area has a position
of center of gravity different from a position of center of
gravity of the second pupil area, and

wherein a ratio between a capacitance of the first charge-
accumulating layer and a capacitance of the second
charge-accumulating layer has a value determined in
accordance with one of an average value and a value
closest to one, of a ratio between light-reception effi-
ciency of the imaging pixel and light-reception effi-
ciency of the focusing pixel, the ratio varies depending
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on a change in at least one of an exit pupil distance and electrode which adjusts a combined capacitance of the

an aperture value of the imaging optical system. plurality of charge-accumulating layers, and
2 Th dine to claim 1. wherein the rati a ratio between the capacitance of'the first charge-accumu-
- Hhe sensor according to claim 1, wherein the ratio lating layer and the combined capacitance of the second
between the capacitances of the first and second charge- charge-accumulating layer has the same numbers of val-
accumulating layers is determined in accordance with an ues as the number of combinations of the combined
image height of the image sensor. capacitance, which can be realized by controlling of the
3. The sensor according to claim 1, wherein the capacitance gate electrode, in a variable range of one of the exit pupil

distance and the aperture value of the imaging optical
system.
5. Animage-capturing apparatus comprising an image sen-
sor, as defined in claim 1.

of the first charge-accumulating layer is higher than the
capacitance of the second charge-accumulating layer.

4. The sensor according to claim 1, wherein

the second charge-accumulating layer comprises a plural-
ity of charge-accumulating layers and at least one gate ok ow R



