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(57) ABSTRACT

An optical-detection element includes a p-type supporting-
layer, an n-type buried charge-generation region to imple-
ment a photodiode with the supporting-layer, a p-type shield
region buried in the buried charge-generation region, a gate
insulating-film contacted with the shield region, a transpar-
ent electrode on the gate insulating-film, a p-type well region
buried in the supporting-layer, and an n*-type charge-read-
out region buried in the supporting-layer at an edge of the
well region toward the buried charge-generation region.
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OPTICAL-DETECTION ELEMENT,
SOLID-STATE IMAGING DEVICE, AND
METHOD FOR DRIVING SOLID-STATE

IMAGING DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to Japanese Patent
Application No. 2017-078851, filed Apr. 12, 2017. The
contents of this application are incorporated herein by
reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to an optical-detec-
tion element having radiation immunity, a solid-state imag-
ing device in which a plurality of optical-detection elements
is arranged, and a method for driving the solid-state imaging
device.

2. Description of the Related Art

[0003] WO 2016/013227 discloses a specific transparent
electrode for a gate electrode of a MOS structure, which
serves as a photo-electric converter (hereinafter, the photo-
electric converter is referred as a “photogate”) in a pixel
used for a radiation tolerant solid-state imaging device. The
photogate includes an n-type buried charge-generation
region buried in an upper portion of a p-type supporting-
layer. The transparent electrode is provided on the buried
charge-generation region via an insulating-film. A channel is
formed in the buried charge-generation region.

[0004] In the solid-state imaging device (the photogate
image sensor) having the photogate, which is disclosed in
WO 2016/013227, charges generated by photo-electric con-
version in the photogate are accumulated in a charge-readout
region (a charge-detection portion) buried adjacent to the
buried charge-generation region, and a potential change in
the charge-readout region is read out as a signal. When the
signal charges are electrons, a pinning operation by holes is
carried out in order to suppress a generation of a dark current
in the photogate. In the pinning operation, to deactivate a
surface of a semiconductor layer, the surface is filled by
holes of minority carriers. In the invention disclosed in WO
2016/013227, a fixed negative voltage is constantly applied
10 the transparent electrode implementing the photogate for
achieving the pinning operation. In addition, the potential in
the charge-readout region, serving as a drain in the photo-
gate, is required to be kept at a sufficiently high positive
voltage in order to ensure a charge-detection operating-
margin in the solid-state imaging device.

[0005] The inventors of the present invention found out
that, when the photogate image sensor is driven, while the
surface potential is constantly pinned under the above-
described conditions, a significantly strong electric field is
caused at a boundary between the charge-readout region and
the photogate to generate a large dark current.

SUMMARY OF THE INVENTION

[0006] In view of the foregoing problem, an object of the
present invention is to provide an optical-detection element
having radiation immunity capable of capturing images with
a high sensitivity and a wide dynamic range, while mini-
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mizing an electric field concentration in a charge-readout
region to suppress a generation of a dark current, a solid-
state imaging device using the optical-detection element as
a pixel, and a method for driving the solid-state imaging
device.

[0007] In order to attain the object, a first aspect of the
present invention inheres in an optical-detection element
encompassing (a) a supporting-layer of a first conductivity
type, (b) a buried charge-generation region of a second
conductivity type buried in an upper portion of the support-
ing-layer to implement a photodiode with the supporting-
layer, (¢) a shield region of the first conductivity type having
a higher impurity concentration than the supporting-layer
and buried at an upper surface of the buried charge-genera-
tion region, (d) a gate insulating-film contacted with an
upper surface of the shield region, (e) a transparent electrode
provided on the gate insulating-film, (f) a well region of the
first conductivity type having a higher impurity concentra-
tion than the supporting-layer and buried in the upper
portion of the supporting-layer, and (g) a charge-readout
region of the second conductivity type having a higher
impurity concentration than the buried charge-generation
region and buried in the upper portion of the supporting-
layer at an edge of the well region toward the buried
charge-generation region. The shield region according to the
first aspect of the present invention is occasionally referred
to as a “virtual electrode” in an optical-detection element
having a structure other than a photogate structure. Thus,
conventionally, an arrangement of a transparent electrode on
such a virtual electrode was considered inappropriate
according to technical common knowledge in the art. In
contrast to the technical common knowledge in the art that
in which an arrangement of the shield region and the
transparent electrode on the upper surface of the buried
charge-generation region is inappropriate, the optical-detec-
tion element according to the first aspect employs the shield
region and the transparent electrode to exert an electrostatic
potential induced by a potential of the transparent electrode
on the surface of the shield region via the gate insulating-
film, so that a surface potential of the shield region can be
pinned by charges of the first conductivity type.

[0008] A second aspect of the present invention inheres in
a solid-state imaging device in which a plurality of pixels is
arranged, each pixel corresponding to the optical-detection
element according to the first aspect. Thus, the solid-state
imaging device according to the second aspect can also
exert, in each of the pixels, an electrostatic potential induced
by a potential of the transparent electrode on the surface of
the shield region via the gate insulating-film, so that a
surface potential of the shield region can be pinned by
charges of the first conductivity type.

[0009] A third aspect of the present invention inheres in a
method for driving a solid-state imaging device in which a
plurality of pixels each having a photogate structure is
arranged, so as to solve the conventional problem described
above. In the method for driving the solid-state imaging
device according to the third aspect, a first voltage for
pinning charges having reverse polarity reverse to signal
charges and a second voltage shifted from the first voltage
in a direction in which a channel potential of a buried
charge-generation region deepens, are applied to a transpar-
ent electrode implementing the photogate structure in each
of the pixels at a timing of each of divided periods of one
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frame, so as to suppress electric field concentration in a
charge-readout region in each of the pixels having the
photogate structure.

BRIEF DESCRIPTION OF DRAWINGS

[0010] FIG. 1 is a circuit diagram illustrating a schematic
structure of an entire photogate image sensor according to a
first embodiment of the present invention;

[0011] FIG. 2 is a schematic plan view illustrating an
optical-detection element of one pixel included in the pho-
togate image sensor according to the first embodiment;
[0012] FIG. 3A is a cross-sectional view of the optical-
detection element taken from the direction A-A in FIG. 2;
[0013] FIG. 3B is a cross-sectional view of the optical-
detection element taken from the direction B-B in FIG. 2;
[0014] FIG. 4 is a diagram for describing a potential
profile in a depth direction in a photogate of the optical-
detection element according to the first embodiment;
[0015] FIG. 5 is a potential profile illustrating an operation
of the optical-detection element according to the first
embodiment;

[0016] FIG. 6 is a chart for describing a drive timing of the
photogate image sensor according to the first embodiment;
[0017] FIG. 7 is a diagram illustrating a change in dark
current at a plurality of photogate voltages using a cumu-
lative frequency distribution in a photogate image sensor
according to a comparative example;

[0018] FIG. 8 is a schematic view illustrating a phenom-
enon in which an excessive dark current is generated at a
boundary between a photogate and a charge-detection por-
tion in the photogate image sensor according to the com-
parative example;

[0019] FIG. 9 is a circuit diagram illustrating a schematic
structure of an entire photogate image sensor according to a
second embodiment of the present invention;

[0020] FIG. 10A is a diagram for describing a potential
profile during charge storage in an optical-detection element
according to the second embodiment;

[0021] FIG. 10B is a diagram for describing a potential
profile during reset and sigmal detection in the optical-
detection element according to the second embodiment;
[0022] FIG. 11 is a chart for describing a drive timing of
the photogate image sensor according to the second embodi-
ment;

[0023] FIG. 12 is a schematic plan view illustrating an
optical-detection element of one pixel included in a photo-
gate image sensor according to a third embodiment of the
present invention;

[0024] FIG. 13 is a cross-sectional view of the optical-
detection element taken from the direction C-C in FIG. 12;
[0025] FIG. 14 a circuit diagram illustrating a schematic
structure of an entire photogate image sensor according to a
fourth embodiment of the present invention;

[0026] FIG. 15 is a schematic plan view illustrating an
optical-detection element of one pixel included in the pho-
togate image sensor according to the fourth embodiment;
[0027] FIG. 16A is a cross-sectional view of the optical-
detection element taken from the direction D-D in FIG. 15;
[0028] FIG. 16B is a cross-sectional view of the optical-
detection element taken from the direction E-E in FIG. 15;
[0029] FIG. 17 is a potential profile illustrating an opera-
tion of the optical-detection element according to the fourth
embodiment;
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[0030] FIG. 18 is a chart for describing a drive timing of
the photogate image sensor according to the fourth embodi-
ment;

[0031] FIG. 19A is a diagram for describing a potential
profile during charge storage in the optical-detection ele-
ment according to the fourth embodiment;

[0032] FIG. 19B is a diagram for describing a potential
profile during reset and signal detection in the optical-
detection element according to the fourth embodiment;
[0033] FIG. 20 is a schematic plan view illustrating an
optical-detection element of one pixel included in a photo-
gate image sensor according to a fifth embodiment of the
present invention;

[0034] FIG. 21 is a cross-sectional view of the optical-
detection element taken from the direction F-F in FIG. 20;
[0035] FIG. 22 is a circuit diagram illustrating level shift-
ers for generating a first voltage and a second voltage of a
photogate scanner in the photogate image sensor according
to the fifth embodiment;

[0036] FIG. 23 is a chart for describing a drive timing of
the photogate image sensor according to the fifth embodi-
ment;

[0037] FIG. 24A is a diagram for describing a potential
profile during reset and signal detection in the optical-
detection element according to the fifth embodiment;
[0038] FIG. 24B is a diagram for describing a potential
profile during charge storage in the optical-detection ele-
ment according to the fifth embodiment;

[0039] FIG. 25 is a diagram for describing a potential
profile in a depth direction in a photogate of the optical-
detection element according to the fifth embodiment;
[0040] FIG. 26 is a schematic plan view illustrating an
optical-detection element of one pixel included in a photo-
gate image sensor according to a sixth embodiment of the
present invention,

[0041] FIG. 27 is a cross-sectional view of the optical-
detection element taken from the direction G-G in FIG. 26;
[0042] FIG. 28A is a diagram for describing a potential
profile during reset and signal detection in the optical-
detection element according to the sixth embodiment; and
[0043] FIG. 28B is a diagram for describing a potential
profile during charge storage in the optical-detection ele-
ment according to the sixth embodiment.

DESCRIPTION OF THE EMBODIMENTS

[0044] Hereinafter, first to sixth embodiments of the pres-
ent invention will be described with reference to the Draw-
ings. Note that, in the following description of the Drawings,
the same or similar reference numerals denote the same or
similar elements and portions. In addition, it should be noted
that the Drawings are schematic and the relationship
between thickness and planar dimensions, the ratios of
dimensions, and the like are different from actual ones.
Therefore, specific thicknesses and dimensions should be
determined in consideration of the following description.
Moreover, the Drawings also include portions having dif-
ferent dimensional relationships and ratios from each other.
[0045] The following first to sixth embodiments each
illustrate a device or method embodying the technical ideas
of the present invention. The technical ideas of the present
invention are not intended to be limited to the following
materials, shapes, structures, or arrangements of the respec-
tive elements described below. Various modifications will be
apparent to those skilled in the art within the technical ideas
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of the present invention. Moreover, in the following descrip-
tion, the directions “left-right” and “up-down” are defini-
tions used for the sake of convenience, and such definitions
do not limit the technical ideas of the present invention.
Thus, for example, when the orientation of the paper is
rotated by 90 degrees, “left-right” and “up-down” shall be
read mutually exchanged. When the paper is rotated by 180
degrees, naturally, “the left” is changed to “the right” and
“the right” is changed to “the lefi”.

[0046] Tt is apparent to those skilled in the art that a region
or layer provided with a mark “n” or “p” in the Drawings
denotes a polarity of element made of a semiconductor such
as a semiconductor region or semiconductor layer. The
superscript “+” added to the mark “n” or “p” denotes that the
corresponding semiconductor region has a higher impurity
concentration than a region without the superscript “+”
added, and the superscript “~” added to the mark “n” or “p”
denotes that the corresponding semiconductor region has a
lower impurity concentration than a region without the
superscript “~” added.

First Embodiment

[0047] As illustrated in FIG. 1, a photogate image sensor
according to a first embodiment of the present invention
includes a pixel area in which a plurality of photogate-pixels
(optical-detection elements) Q,, is arranged in a matrix form,
and a peripheral circuit including a reset-transistor scanner
22, a select-transistor scanner 23, and a readout circuit 24
disposed at the periphery of the pixel area.

[0048]  As illustrated in FIGS. 2, 3A, and 3B, the pixel Q,
according to the first embodiment is an optical-detection
element having a photogate structure including a supporting-
layer 1 of a first conductivity type (p-type), a buried charge-
generation region 5 of a second conductivity type (n-type)
buried in an upper portion of the supporting-layer 1 to
implement a photodiode with the supporting-layer 1, a
p-type shield region 6 having a higher impurity concentra-
tion than the supporting-layer 1 and provided on an upper
surface of the buried charge-generation region 5, a gate
insulating-film 4 contacted with an upper surface of the
shield region 6, and a transparent electrode 14 provided on
the gate insulating-film 4. The shield region 6 is occasionally
referred to as “a virtual electrode” in an optical-detection
element having a structure other than the photogate struc-
ture, and an arrangement of the transparent electrode 14 on
such a virtual electrode does not follow the technical com-
mon knowledge in the art. Thus, in earlier technology, an
arrangement of the p-type shield region 6 on the upper
surface of the buried charge-generation region 5 shall be
considered inappropriate for the photogate structure.
[0049] In contrast to the conventional technical common
knowledge, the pixel Q;; of the first embodiment uses posi-
tively the shield region 6 in the photogate structure, such that
the pixel Q,, further includes a p-type well region 11, which
has a higher impurity concentration than the supporting-
layer 1 and is buried in the upper portion of the supporting-
layer 1. An n*-type charge-readout region 8 having a higher
impurity concentration than the buried charge-generation
region 5 is buried at an edge of the well region 11 and in
contact with the buried charge-generation region 5 and the
shield region 6. An n*-type reset-drain region 7 having a
higher impurity concentration than the buried charge-gen-
eration region 5 is also buried in the upper portion of the well
region 11 separately from the charge-readout region 8. The
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pixel Q,; according to the first embodiment further includes
a reset-gate electrode 12 stacked on the gate insulating-film
4 and allocated above the well region 11 between the
charge-readout region 8 and the reset-drain region 7.
[0050] A photogate PG, , of the pixel Q,; according to the
first embodiment cotresponds to a region in which the
transparent region 14 is allocated immediately above the
buried charge-generation region 5 and the shield region 6 via
the thin gate insulating-film 4.

[0051] The transparent electrode 14 may be made of a
material transparent to a wavelength of light hv incident on
the photogate PG, ;. When the transparent electrode 14 is
formed using a polycrystalline silicon (hereinafter, referred
to as a “doped-polysilicon (DOPOS)”) film doped with
n-type impurity atoms such as phosphor (P) or arsenic (As),
from the viewpoint of the manufacturing process, the use of
DOPOS film is convenient, because the boundary between
the transparent electrode 14 and the charge-readout region 8
can be self-aligned. Instead of the DOPOS film, an oxide
thin film including a transparent conductive oxide such as tin
oxide (Sn0,), indium (In)-doped tin oxide (ITO), aluminum
(Al)-doped zinc oxides (AZ0O), gallium (Ga)-doped zinc
oxide (GZO), or indium (In)-doped zinc oxide (IZO) may be
used.

[0052] When the DOPOS film doped with an impurity of
the second conductivity type is used for the reset-gate
electrode 12, from the viewpoint of the manufacturing
process, the use of DOPOS film is also convenient, because
the boundary between the reset-gate electrode 12 and the
charge-readout region 8 and the boundary between the
reset-gate electrode 12 and the reset-drain region 7 can be
self-aligned; however, any other film may be used instead of
the DOPOS film.

[0053] The optical-detection element is not limited to a
simple MOS transistor in which a silicon oxide film is used
as the gate insulating-film 4. That is, the optical-detection
element may be implemented by MIS transistors, in which
a single-layer film of at least one of a strontium oxide (SrO)
film, a silicon nitride (SiyN,) film, an aluminum oxide
(ALLO;) film, a magnesium oxide film (MgO) film, a yttrium
oxide (Y,0,) film, a hafhium oxide (HfO, ) film, a zirconium
oxide (ZrQ,) film, a tantalum oxide (Ta,Os) film, and a
bismuth oxide (Bi,0;) film other than the silicon oxide film
or a composite film obtained by stacking a plurality of these
films is used as the gate insulating-film 4. However, these
gate insulating-film materials need to have radiation immune
characteristics.

[0054] FIGS. 3A and 3B illustrate a case in which a p-type
semiconductor substrate (Si substrate) is used as the “sup-
porting-layer 1”. However, a p-type epitaxial growth layer
having a lower impurity concentration than the p-type
semiconductor substrate may be grown on the semiconduc-
tor substrate and the epitaxial growth layer may be used as
the supporting-layer 1 instead of the semiconductor sub-
strate. Alternatively, a p-type epitaxial growth layer may be
grown on the n-type semiconductor substrate and the epi-
taxial growth layer may be used as the supporting-layer 1.
Alternatively, a p-type SOI semiconductor layer is used as
the supporting-layer 1 so as to form a silicon on insulator
(SOI) structure.

[0055] As illustrated in FIG. 2, the pixel Q,; according to
the first embodiment may be designed to have a rectangular
shape in a planar pattern, for example. FIG. 2 illustrates an
upper surface of the pixel Q, when the gate insulating-film
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4 is omitted. The pixel Q,; has a photogate structure imple-
mented by a p*-type joint-region 3, the transparent electrode
14, the n*-type charge-readout region 8, the reset-gate
electrode 12, and the n*-type reset-drain region 7 arranged
from the right to the left in the right-left direction in FIG. 2.
FIG. 2 omits an amplification-transistor SF, ,, and a select-
transistor SL, , illustrated in FIG. 1.

[0056] As illustrated in FIGS. 3A and 3B, a p-type buried
pixel-isolation region 2 is buried in the upper portion of the
supporting-layer 1 so as to surround the pixel Q. An
element-isolation insulating-film 9 is buried in an upper
portion of the buried pixel-isolation region 2 so as to isolate
the respective pixels Q,; from each other. The buried pixel-
isolation region 2 is located between the buried charge-
generation region 5 and the element-isolation insulating-film
9. The p*-type joint-region 3 having a higher impurity
concentration than the buried pixel-isolation region 2 is
buried in a part of the upper portion of the buried pixel-
isolation region 2 between the shield region 6 and the
element-isolation insulating-film 9 and in contact with the
gate insulating-film 4. The joint-region 3 is electrically
connected to the p-type buried pixel-isolation region 2. That
is, the shield region 6 at the end on the right side is
electrically connected to the p-type buried pixel-isolation
region 2 via the p*-type joint-region 3. Accordingly, the end
of the p-type shield region 6 is electrically short-circuited by
the p-type supporting-layer 1 via the p*-type joint-region 3
to have a ground potential.

[0057] As illustrated on the left sides of FIGS. 2 and 3A,
the p-type well region 11 having the same impurity concen-
tration as the buried pixel-isolation region 2 is buried in the
upper portion of the supporting-layer 1 in the pixel Q,; at the
same depth as the buried pixel-isolation region 2. The n-type
reset-drain region 7 having a higher impurity concentration
than the buried charge-generation region 5 is buried in a part
of the upper portion of the well region 11 and in contact with
the gate insulating-film 4. The p-type well region 11 and the
p-type buried pixel-isolation region 2 may be buried as a
common region by the same process. The p-type well region
11 and the p-type buried pixel-isolation region 2 merged into
a common region may serve as a “pixel-isolation region”.
The p-type buried pixel-isolation region 2 and the p-type
well region 11 are not necessarily buried at the same depth
or do not necessarily have the same impurity concentration,
but are preferably buried at the same depth and preferably
have the same impurity concentration; otherwise the manu-
facturing process is complicated.

[0058] As illustrated in FIG. 3A, the n*-type charge-
readout region 8 having a higher impurity concentration than
the buried charge-generation region 5 is buried in the region
at the boundary between the well region 11 and the buried
charge-generation region 5 and in contact with the gate
insulating-film 4. The reset-gate electrode 12 is stacked on
the gate insulating-film 4 and allocated above the well
region 11 between the reset-drain region 7 and the charge-
readout region 8 so as to implement a reset-transistor RT;
» having a structure equivalent to an nMOS transistor. The
reset-transistor RT, , applies a higher-level voltage to the
reset-gate electrode 12 to exhaust charges of the charge-
readout region 8 to the reset-drain region 7.

[0059] The pixel Q,; according to the first embodiment is
illustrated in a representation of equivalent circuit in a
region of (i-row)x(j-column) surrounded by the dotted line
as a part of the matrix in FIG. 1. The pixel Q, has a structure
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implemented by the photogate PG, , a charge-detection
portion FD,; , provided adjacent to the photogate PGy, ), the
reset-transistor RT, , which resets a potential of the charge-
detection portion FD,, ,,, the amplification-transistor SF;
which amplifies a potential change of the charge-detection
portion FD, ,, and the select-transistor SL;, , which selects
an output of the amplification-transistor SF,, ,, (i=1 to m;
j=1 to n:m and n are each a positive integer of 2 or greater).
Although FIG. 1 illustrates simplified four pixels Q,; for
illustration purposes, the present embodiment is not limited
to the 2x2 matrix pattern. An arbitrary number of pixels can
be arranged in a two-dimensional matrix depending on
design requirements so as to have an mxn matrix pattern
(min=approximately 300 to 10000 and n=approximately 200
to 8000).

[0060] The m-number reset drive-lines corresponding to
the m-number rows in the matrix are distributed from the
reset-transistor scanner 22. For example, the reset drive-
lines DRT ,, and DRT,;,, are connected to the gates of the
reset-transistors RT, ; and RT,,, , in the pixels Q, and
Q,,1, ; belonging in the i-th and (i+1)-th rows, respectively,
in the matrix. The reset-transistor scanner 22 controls, in
units of rows, voltages applied to the reset-transistors RT,
and RT,,, , inthe pixels Q, and Q,,, belonging in thei-th
and (i+)-th rows via the reset drive-lines DRT,, and DRT
¢+ 10 the i-th and (i+j)-th rows. Although not illustrated in
FIG. 1, voltages applied to reset-transistors belonging in
other rows, such as (i-1)-th and (i+2)-th rows in the matrix,
are also controlled in units of rows. Ahigher-level voltage V
(H) of the reset-transistor scanner 22 used may be a typical
power-supply voltage, for example. As a lower-level voltage
of the reset-transistor scanner 22, a ground voltage can be
used, for example.

[0061] The m-number of selection drive-lines correspond-
ing to the m-number of rows in the matrix are distributed
respectively from the select-transistor scanner 23. For
example, the selection drive-lines DSL,) and DSL,, ,, are
connected to the gates of the select-transistors SL, , and
SLi41 5 in the pixels Q, and Q,,, , belonging in the i-th and
(i4))-th rows, respectively, in the matrix. The select-transis-
tor scanner 23 controls, in units of rows, voltages applied to
the select-transistors SL; , and SL;,, ; in the pixels Q;; and
Q,.. ; belonging in the i-th and (i+j)-th rows via the selection
drive-lines DSL,y and DSL,,, ,, in the i-th and (i+j)-th rows.
Although not illustrated in FIG. 1, voltages applied to
select-transistors belonging in other rows, such as (i-1)-th
and (i+2)-th rows in the matrix, are also controlled in units
of rows. Like the reset-transistor scanner 22, a higher-level
voltage V (H) used in the select-transistor scanner 23 may be
assigned to an output voltage of a typical power-supply, for
example. A lower-level voltage of the select-transistor scan-
ner 23 may be assigned to a ground voltage, for example.

[0062] The drain of the reset-transistor RT,, , is connected
to a voltage supply-line so that a reset-drain voltage VRD of
a DC voltage can be applied to the reset-transistor RT; .
The drain of the amplification-transistor SF,, , is connected
to a voltage supply-line so that an amplification drain
voltage VDD of a DC voltage can be applied to the ampli-
fication-transistor SF, ,. The source of the photogate PG, ,,,
the source of the reset-transistor RT,, ,, and the gate of the
amplification-transistor SF,  are connected together, and
the cathode of the charge-detection portion FD,, , indicated
as a diode in the equivalent circuit is connected to the
connection point of the photogate PG, ,,, the reset-transistor
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RT;, and the amplification-transistor SFe - The anode of
the charge-detection portion FD, ,, of the diode is grounded.
There is no drain side of the photogate PG 5.

[0063] The source of the amplification-transistor SF; ;) is
connected to the drain of the select-transistor SL, ;. The
select-transistors SL; ;) and SLy,,, , on the source side are
provided with an output signal-line V., connected to the
readout circuit 24. An output signal of the selected pixel Q,,
orQ,,, s transmitted to the readout circuit 24 via the output
signal-line V. Similarly, the select-transistors SL;; , |,
and SL,, .1, on the source side are provided with an output
signal-line V., connected to the readout circuit 24. An
output signal of the selected pixel Q, ,,; or Q,,; ., is trans-
mitted to the readout circuit 24 via the output signal-line
Viggw1)- The transmitted signals are subjected to predeter-
mined processing in the readout circuit 24, and the processed
output signals are finally sent to the outside of a semicon-
ductor chip.

[0064] In the pixel Q,; according to the first embodiment,
the signal charges generated by photo-electric conversion in
the photogate PG, , during a storage period are read out
from the charge-readout region 8 during a readout period. In
the pixel Q;; according to the first embodiment, a photogate
voltage VPG of a constant value (DC) approximate to zero
volt is applied to the transparent electrode 14, so that the
surface potential of the shield region 6 is pinned by holes of
majority carriers in the shield region 6 allocated immedi-
ately below the gate insulating-film 4, which is shown in
FIG. 4. That is, when the shield region 6 is a p-type, the
surface potential of the shield region 6 is pinned by the holes
of the majority carriers in the shield region 6 allocated
immediately below the transparent electrode 14, so that the
interface states at the interface between the gate insulating-
film 4 and the shield region 6 are deactivated.

[0065] As used herein, the phrase “voltage approximate to
zero volt” means a span of voltages encompassing a slightly
shifted value from zero volt in the negative direction or the
positive direction, since a voltage when the surface of the
p-type shield region 6 is filled with the holes practically
fulfills flat band conditions, and the gate voltage under the
flat band conditions depends on the impurity concentration
of the shield region 6, the material of the transparent
electrode 14, the charges in the gate insulating-film 4, and
the like. Accordingly, electric field concentration between
the charge-detection portion FD,; , and the photogate PGy, ,
is suppressed even when the potential of the charge-readout
region 8 is set at a high value, so as to suppress a generation
of a dark current, ensure a radiation-tolerant performance,
and sufficiently ensure a signal detection margin.

[0066] As indicated by the curved broken line in FIG. 4,
when the photogate voltage VPG applied to the transparent
electrode 14 is a positive value (VPG >zero volt), the shield
region 6 is depleted. When the photogate voltage VPG
applied to the transparent electrode 14 is zero volt
(VPG=zero volt) as indicated by the curved solid line in
FIG. 4, the surface potential of the p-type shield region 6 is
pinned by majority carriers (holes) by electrostatic potentials
induced by the potential of the transparent electrode 14 on
the surfaces of the buried charge-generation region 5 and the
shield region 6 via the gate insulating-film 4. A channel
potential of the buried charge-generation region 5 is shal-
lower than the case in which the photogate voltage VPG is
a positive value, but has a depth sufficient to hold the
charges, as illustrated in FIG. 4. The interface states at the
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semiconductor surface are increased by irradiation of
gamma rays but deactivated because the surface is filled
with a large number of holes when the photogate voltage
VPG is zero volt, so as to suppress an increase in dark
current.

[0067] When the gamma rays are irradiated to the semi-
conductor element, a large number of electron-hole pairs are
generated in an oxide film on the semiconductor surface, and
therefore, slow holes remain and positive charges concen-
trate in the oxide film on the semiconductor surface. As a
result, the semiconductor surface is depleted to cause a large
dark current. As the interface states at the semiconductor
interface is greater, a larger dark current is generated. In
contrast, as illustrated in FIGS. 3A and 3B, only the thin gate
insulating-film 4 having a thickness of approximately 4 nm
to 10 nm is present above the buried charge-generation
region 5, and an absolute quantity of the holes generated in
the gate insulating-film 4 is small, as compared with a
regular p-n junction photo-electric converter in which a
thick oxide film is provided on a semiconductor surface.
Further, in association with the deactivation of the interface
states described above, the radiation hardening is greatly
improved.

[0068] FIG. 5 is a potential profile illustrating the opera-
tion of the pixel Q,; according to the first embodiment. The
photogate voltage VPG of the constant value (DC) approxi-
mate to zero volt is applied to the transparent electrode 14
so that the surface potential of the p-type shield region 6 is
pinned by majority carriers (holes). When the reset-drain
voltage VRD is sufficiently deeper than the channel potential
upon the pinning, the signal charges (electrons) photo-
electrically converted by the photogate PG, ;, canconstantly
be transferred to the charge-readout region 8, and the signal
charges are thus not accumulated in the photogate PG, ;.
Accordingly, it is possible to decrease the capacitance of the
charge-detection portion FD,; ; during the charge readout
and to increase the charge voltage conversion gain, so as to
achieve higher-level voltage-sensitivity.

[0069] FIG. 6 is a timing chart illustrating a drive timing
focusing on the reset drive-lines DRT ,, and DRT,, ,, and the
selection drive-lines DSL;, and DSL,,, in the i-th and
(i+1)-th rows, among the drive-lines extending in the hori-
zontal direction in FIG. 1. The symbol “1H” represents a
row-readout period, and the symbol “1V” represents a
frame-readout period, on the assumption that the readout
operation is carried out in order of row by row.

[0070] In the pixel Q, in the i-th row, a photo-electric
conversion and storage operation is carried out in the storage
period Storage(i). Although not illustrated in FIG. 6, the
photogate voltage VPG of the constant value (DC) approxi-
mate to zero volt is applied to the transparent electrode 14
in the respective pixels Q,; in the storage period Storage(i) so
that the semiconductor surface is pinned.

[0071] Subsequently, in the pixel Q, in the i-th row, the
photogate voltage VPG of the constant value (DC) approxi-
mate to zero volt is applied to the transparent electrode 14
in the respective pixels Q, in the readout period Read(i)
continued from the storage period Storage(i) so that the
semiconductor surface is pinned, although not illustrated in
FIG. 6. The selection drive-line DSL,;, of the select-transis-
tor scanner 23 is shifted to a higher-level voltage in the
readout period, so that the pixel signal is read out to the
output line. When the reset drive-line DRT  of the reset-
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transistor scanner 22 is shifted to a higher-level voltage at
the intermediate stage of the readout period, the charge-
readout region 8 is reset.

[0072] Immediately before the reset operation, a signal
Sig; of the signal charges having been accumulated in the
charge-detection portion FD,, , is read out from the charge-
readout region 8. Immediately after the reset operation, a
signal Res,, at a reset level in which the signal charges of the
charge-detection portion FDy, , are exhausted is read out
from the charge-readout region 8. The signals are then
subjected to correlated double sampling (CDS) in the read
out circuit 24 which reads a difference between the signal
Sig, of the signal charges accumulated and the signal Res,,,
at the reset level, so as to obtain net signals in which
threshold variation of the amplification-transistor SF, y or
the like is removed.

[0073] Thereafter, the same operation as in the i-th row is
repeated sequentially in the (i+1)-th row, the (i+2)-th row,
the (i+3)-th row, . . . per horizontal scanning period in the
time direction, so as to carry out the readout operation for the
entire pixel area in the photogate image sensor. The potential
difference between the charge-readout region 8 and photo-
gate PG, ;, is kept at a small value in each row, so as to
prevent electric field concentration.

Comparative Example

[0074] A comparative example is described below with
reference to FIGS. 7 and 8, in which the shield region 6 is
omitted from the structure of the pixel Q,, of the photogate
image sensor illustrated in FIGS. 1 to 3B, while the photo-
gate voltage VPG is kept constant. The axis of abscissas in
FIG. 7 is an output level of pixels during dark time in the
comparative example, and the axis of ordinates is cumula-
tive frequency of occurrence of a dark current. The value of
the reset-drain voltage VRD is set at approximately 2 volts.
While the fixed photogate voltage VPG applied constantly is
used as a parameter, the photogate voltage VPG 1is varied
from zero volt to -2 volts.

[0075] In the photogate image sensor according to the
comparative example, as illustrated in FIG. 7, as the pho-
togate voltage VPG applied constantly is shifted to a value
in the negative direction, the dark current is greatly
increased. The reason for this is probably the trap-assisted
tunneling (TAT) or the band-to-band tunneling (BTBT)
caused at the boundary between the charge-readout region 8,
which is the charge-detection portion FD,, ,, and the pho-
togate PGy, . The TAT or the BTBT generates excessive
electrons, as the electric field concentration is generated
between the charge-detection portion FD,, ;, and the photo-
gate PGy, , as illustrated in FIG. 8, in association with the
shift of the photogate voltage VPG increased in the negative
direction, while the voltage of the charge-detection portion
FD,, ; is kept at a high positive value.

[0076] It is necessary to decrease the voltage of the
charge-detection portion FDy, , namely, the reset-drain volt-
age VRD to a value as low as 1 volt, for example, in order
to prevent the electric field concentration. However, possible
signal amplitude in the charge-detection portion FD, , is
reduced in the photogate image sensor according to the
comparative example. That is, in the photogate image sensor
according to the comparative example, because the photo-
gate voltage VPG 1is kept constant, the charge-detection
margin is greatly reduced, and accordingly, the dynamic
range is decreased.
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[0077] In contrast, the photogate image sensor according
to the first embodiment can suppress a generation of a dark
current because the voltage applied to the transparent elec-
trode 14 is not a negative voltage, and even when the voltage
is approximate to zero volt, the surface potential of the
shield region 6 can be pinned by charges (holes) of majority
carriers due to the electrostatic potentials induced by the
transparent electrode 14 on the shield region 6 via the gate
insulating-film 4. Further, since the electric field concentra-
tion between the charge-detection portion FDy, , and the
photogate PG, , can be suppressed without a decrease in the
voltage of the charge-detection portion FDy, ,, namely, the
reset-drain voltage VRD, the charge-detection margin can be
ensured. Accordingly, the radiation-hardened image sensor
with high sensitivity and wide dynamic range can be
achieved.

Second Embodiment

[0078] A photogate image sensor according to a second
embodiment is illustrated with a case in which the photogate
voltage VPG applied to the photogate PG, , is not a
constant value but is subjected to a clocking operation
between two values. The photogate image sensor according
to the second embodiment differs from the photogate image
sensor according to the first embodiment illustrated in FIG.
1 in the circuit structure further including a photogate
scanner 21 for binary drive. The photogate scanner 21 for
binary drive is provided at the periphery of the pixel area, in
which a plurality of photogate-pixels Q,; is arranged in a
matrix form, as illustrated in FIG. 9.

[0079] The photogate scanner 21 applies, to the transpar-
ent electrode 14 of the respective pixels Q, illustrated in
FIGS. 2, 3A, and 3B, a first voltage at which the surface
potential at the interface between the shield region 6 and the
gate insulating-film 4 is pinned by majority carriers in the
shield region 6 and a second voltage shifted from the first
voltage in a direction in which the channel potential of the
buried charge-generation region 5 deepens. And then, the
photogate scanner 21 executes a clocking operation between
the first and second voltages. In particular, according to the
timing chart as illustrated in FIG. 11, the photogate scanner
21 divides one frame into a “storage period” and a “readout
period” at each row (i), and applies, to the transparent
electrode 14 of the respective pixels Q,, the first voltage in
the storage period and the second voltage in the readout
period so as to implement the clocking operation.

[0080] As illustrated in FIG. 9, the m-number of photogate
drive-lines corresponding to the m-number of rows in the
matrix are distributed from the photogate scanner 21. For
example, photogate drive-lines DPG,, and DPG,,, are
connected to the gates of the photogates PG, , and PG, ,
in the pixels Q; and Q,,, ; belonging in the i-th and (i+1)-th
rows, respectively. The photogate scanner 21 controls, in
units of rows, voltages applied to the photogates PGy, , and
PGy, ;inthepixels Q, and Q,,, , belonging in the i-th and
(i+))-th rows in the matrix via the photogate drive-lines
DPGy;, and DPG,,,,,. Although not illustrated in FIG. 9,
voltages applied to photogates belonging in other rows, such
as (i-1)-th and (i+2)-th rows in the matrix, are also con-
trolled in units of rows.

[0081] The photogate scanner 21 includes a first voltage
apply-terminal 211 and a second voltage apply-terminal 212.
The first voltage apply-terminal 211 is a node for applying
the first voltage V,,,, in the storage period to accumulate
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charges generated in the photogate PGy, , due to a photo-
electric conversion and storage effect. When the first voltage
V iy 18 applied, the pinning is carried out so that charges
with reverse polarity reverse to charges of an output signal
are accumulated in the shield region 6 immediately below
the photogate PG, ,,. The first voltage V., is applied to the
photogate PGy, , so that the photogate channel potential for
the charges of the output signal is shallow.

[0082] The second voltage apply-terminal 212 is a node
for applying the second voltage V., in the readout period to
detect, as a signal, signal charges photo-electrically con-
verted in the storage period by the photogate PG, ;. The
second voltage V., is applied to the photogate PGy, , so
that the photogate channel potential for the signal charges of
the output signal is deepened. During the application of the
second voltage V., in the readout period, the charge-
readout region 8 implementing the charge-detection portion
FD,, , is reset to the reset-drain voltage VRD. Since the
signal charges are accumulated before the reset operation,
and the signal charges are exhausted after the reset opera-
tion, a net signal component due to the photo-electric
conversion is read out from a potential difference between
the potentials before and after the reset operation at the
charge-readout region 8.

[0083] As described below, because the potential of the
charge-readout region 8 implementing the charge-detection
portion FDy; , can be increased so as to ensure the charge-
detection margin, and the voltage of the transparent elec-
trode 14 in the photogate PG, ;, can also be increased to the
second voltage V.. the potential difference between the
charge-readout region 8 implementing the charge-detection
portion FD, , and the transparent electrode 14 in the
photogate PG, ;, will be kept at a low value in the readout
period.

(0084] When the first voltage V. is applied to the
photogate PG, ;, in the storage period, because the charge-
readout region 8 implementing the charge-detection portion
FD; ;, is in a floating state, in association with the decrease
of the photogate voltage VPG from the second voltage V.,
to the first voltage V. the potential of the charge-readout
region 8 is also decreased due to capacitive coupling
between the transparent electrode 14 in the photogate PG,
» and the charge-readout region 8 implementing the charge-
detection portion FD; ,. Accordingly, the potential differ-
ence between the charge -readout region 8 implementing the
charge-detection portion FDy, ;, and the transparent electrode
14 in the photogate PG, , can be kept at a low value also in
the storage period.

[0085] The first voltage V,,,,, is set at a lower voltage than
the second voltage V. The first voltage V,;,, and the
second voltage V,,, are determined in view of a reset level
of the reset-drain voltage VRD applied to the reset-drain
region 7. In the photogate image sensor according to the
second embodiment, as a result of a simulation of the
potential of the buried charge-generation region 5 for the
signal charges by a one-dimensional calculation, it has been
found out that the reset level can be set at approximately 2
to 3 volts, and the second voltage V,,, applied to the
photogate PG, ) can be set at approximately 0 to 1 volt.
Since the voltage Vyp;, of the charge-detection portion
FD,, ,, is a value decreased from the reset level by a reset
feedthrough (typically, a positive value of 0.5 volt or less),
the following condition is fulfilled in the readout period:

@)

Vepgy~VPG=2 to 3 volts 1
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[0086] The potential relationship ascribable to the relation
prescribed by Eq. (1) will be described below.

[0087] In the storage period, the first voltage V,,,
applied to the photogate PG, , can be set at approximately
zero volt according to the one-dimensional calculation
described above as a value capable of the pinning operation.
The potential difference between the voltage Vi, of the
charge-detection portion FD,, , and the photogate voltage
VPG is further decreased, since the value in the readout
period is kept at the beginning of the storage period, and the
potential Vi, of the charge-detection portion FD,, , is
decreased in association with the subsequent accumulation
of the signal charges. The second voltage V., and the first
voltage V,,,, may be other values at which the charge-
detection margin can be ensured during the readout opera-
tion, and the pinning operation can be implemented during
the storage operation, other than the values as described
above. Both of the first voltage V ., and the second voltage
Vi transmitted from the photogate scanner 21 can be
generated by a scheme with a gradual shift, which is
accomplished using conventionally-known level shifters.
[0088] In the photogate image sensor according to the
second embodiment illustrated in FIG. 9, the drive signals
for controlling the photogate voltage VPG are delivered to
the photogate drive-lines DPG;, and DPGy,,,, in units of
rows so as to change the voltage applied to the photogate
PGy, , per readout row. The respective photogate drive-lines
DPG(Z) and DPG,,, are selected by a vettical scanning
circuit, and the all photogates PG(Z , are driven so as to be
shifted to a higher-level Voltage in the readout period and
shifted to a lower voltage in the storage period than the
voltage in the readout period.

[0089] FIG. 11 is a timing diagram illustrating a drive
timing focusing on the photogate drive-lines DPGy,) and
DPGy, ), the reset drive-lines DRT ;) and DRT,,,, and the
selection drive-lines DSL; and DSL,,, in the i-th and
(i+1)-th rows, among the drive-lines extending in the hori-
zontal direction in FIG. 9. The symbol “1H” represents a
row-readout period, and the symbol “1V” represents a
frame-readout period, on the assumption that the readout
operation is carried out in order of row by row.

[0090] First, in the pixel Q, in the i-th row, the photo-
electric conversion and storage operation in which the
photogate PGy, , is set at the first voltage V., is carried out
in the storage period Storage(i). The selection drive-line
DSL;, of the select-transistor scanner 23 is then shifted to a
higher-level voltage in the readout period Read(i), so that the
pixel signal is read out to the output line in the readout
period Read(i) in the pixel Q;; in the i-th row. The photogate
drive-line DPGy,, of the photogate scanner 21 is shifted to
the second Voltage V() slightly before the readout opera-
tion, and the reset drive-line DRT;, of the reset-transistor
scanner 22 is shifted to a higher-level voltage at the inter-
mediate stage of the readout period, so that the charge-
readout region 8 is reset.

[0091] Immediately before the reset operation, a signal
Sig;, of the signal charges having been accumulated in the
charge-detection portion FD,, , is read out from the charge-
readout region 8. Immedlately after the reset operation, a
signal Res,,, at the reset level in which the signal charges of
the charge-detection portion FD,, , are exhausted is read out
from the charge-readout region 8. The signals are then
subjected to correlated double sampling (CDS) in the read-
out circuit 24 which reads a difference between the signal
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Sig; of the signal charges accumulated and the signal Res
at the reset level, so as to obtain net signals. Although the
surface potential of the shield region 6 cannot be pinned
during the readout period Read(i), the readout period Read(i)
is significantly shorter than the frame period (1V), so that an
influence of a dark current generated during the readout
period Read(i) can be ignored as described above.

[0092] The readout period is transferred to the storage
period after the readout operation, and the photogate drive-
line DPG;, of the photogate scanner 21 is changed to the first
voltage V., at which the potential of the photogate PGy, ,
is pinned. The charge-readout region 8 of the charge-
detection portion FDy, ; is in the floating state during the
period other than the interval in which the reset drive-line
DRT , of the reset-transistor scanner 22 is at the higher-level
voltage in the readout period. Therefore, when the photogate
drive-line DPGy,, of the photogate scanner 21 is changed
from the second voltage V,,, at the higher-level voltage in
the readout period to the first voltage V/,,, at the lower-level
voltage in the storage period, the voltage level of the
charge-readout region 8 is also shifted to the lower-level
voltage. Accordingly, the potential difference between the
charge-detection portion FD,, , and the charge-readout
region 8 remains a small value, so as to prevent electric field
concentration and suppress a generation of a dark current.
The timing at which the photogate drive-line DPGy, is
shifted between the first voltage V,;,, and the second
voltage V, , is preferably in a period in which the selection
drive-line DSL, is in an off state (at the lower-level volt-
age), as illustrated in FIG. 11, in order to prevent such a shift
from having an influence on the signal-line.

[0093] Thereafter, the same operation as in the i-th row is
repeated sequentially in the (i+1)th row, the (i+2)th row, the
(i+43)th row, . . . per horizontal scanning period in the time
direction, so as to carry out the readout operation for the
entire pixel area in the photogate image sensor. The potential
difference between the charge-readout region 8 and photo-
gate PG, , is kept at a small value in each row so as to
prevent electric field concentration.

[0094] A change in the potential state of the respective
pixels Q,; in each of the readout period during the reset
operation and the signal detection operation and the storage
period during the photo-electric conversion and storage
operation is described below with reference to FIGS. 10A
and 10B. As illustrated in FIG. 101B, the second voltage
Vg Of the transparent electrode 14 of the photogate PG,
is relatively high and the potential is deep during the readout
period in which the signal is detected and read out. When the
reset-transistor RT,; ;) is turned on, the potentials of the
charge-detection portion FD,, , and the buried charge-gen-
eration region § below the photogate PGy, , are reset to a
deep potential level ®pd (H) corresponding to the high
potential.

[0095] When the second voltage V., of the transparent
electrode 14 of the photogate PG, , and the reset-drain
voltage VRD of the reset-transistor RT,, , are set to appro-
priate values with appropriate timing, the charges are accu-
mulated also in the buried charge-generation region 5 below
the photogate PG, ;. The reset-transistor RT, , is then
turned off, so that the charges of the charge-detection portion
FD; , and the buried charge-generation region 5 below the
photogate PG, , are changed to a floating state. Although
the following is the case in which the charges are also

accumulated in a channel below the photogate PGy, ,, the
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present invention can be applicable to a case in which the
charges are accumulated only in the charge-detection por-
tion FD 5

[0096] The pixel Q; is then changed to the photo-electric
conversion and storage operation in the storage period. The
photogate voltage VPG applied to the transparent electrode
14 of the photogate PG,  is shifted to the first voltage V.
until the shield region 6 is pinned to be covered with holes.
As illustrated in FIG. 10iA, in the storage period in which
the signal charges are accumulated, since the charges accu-
mulated in the charge-detection portion FD,, ,, and the buried
charge-generation region 5 below the photogate PG, ; are in
the floating state, the potential of the buried charge-genera-
tion region 5 is shifted to a relatively shallow level ®pd (L)
in association with the potential change in the gate voltage
of the photogate PG,, , due to the capacitive coupling
between the photogate PG, , and the buried charge-gen-
eration region 5 and the charge-detection portion FD, .
Although not illustrated in FIG. 10A, when the charges are
accumulated only in the charge-detection portion FD, the
potential of the charge-detection portion FD,,, can be
shifted to a lower potential due to the capacitive coupling
between the photogate PG ) and the charge-detection por-
tion FD, .

[0097] Since the potential difference between the charge-
detection pottion FD, , and the photogate PG, ;, can remain
small, a dark current caused on the surface of the shield
region 6 in the photogate PG , is suppressed, the dark
current is ascribable to the pinning state. And simultane-
ously, a dark current due to electric field concentration is
also suppressed during the photo-electric conversion and
storage operation. Then, as the potential returns to the state
illustrated in FIG. 10B, the signal is read out at the beginning
of the subsequent readout period and immediately before the
reset operation and the net signal amount is obtained from
the shift amount of the potential, which is changed from the
reset level ®pd (H) due to the signal charges. The rest level
®pd (H) is obtained after the reset operation.

[0098] When the photogate voltage VPG is reset to the
second voltage V,, as illustrated in FIG. 10B, the charges
can be accumulated in the channel of the photogate PG, .
Although the surface potential of the shield region 6 cannot
be pinned when the photogate voltage VPG is the second
voltage V. the readout period in which the photogate
voltage VPG is at the second voltage V., is significantly
shorter than the frame period, so that an influence of a dark
current generated during the readout period can be ignored.
The signal charges (electrons) photo-electrically converted
in the photogate PG , are accumulated in the charge-
readout region 8 and the photogate PG, . Therefore, while
the charge-voltage conversion gain is low and the voltage
sensitivity is low because of a large capacitance of the
detection portion, the amount of the charges to be accumu-
lated can be increased.

[0099] The potential of the charge-readout region 8 after
the reset operation in the readout period is finished is in the
floating state. When the photogate voltage VPG is shifted to
a lower-level voltage capable of the pinning operation after
the readout period, as illustrated in FIG. 10A, the potential
of the charge-readout region 8 is also shifted to a low
potential. That is, the pinning operation is carried out in the
photogate PGy, ;, during the photo-electric conversion and
storage operation after the readout period, and the potential
difference between the photogate PGy, and the charge-

()



US 2018/0302581 Al

detection portion FD; , results in a small value. Accord-
ingly, a dark current generated during the photo-electric
conversion and storage operation can greatly be reduced.
[0100] As described above, the photogate image sensor
according to the second embodiment can prevent electric
field concentration in the charge-detection portion FD,, ;, to
suppress a generation of a dark current while the charge-
detection margin is ensured in the storage period even when
the first voltage V. approximate to zero volt is applied to
the gate of the photogate PGy, ,, for pinning the potential, as
in the case of the photogate image sensor according to the
first embodiment.

[0101] Further, the pixel Q,; according to the second
embodiment uses the photogate scanner 21 to vary the
photogate voltage VPG and divide one frame into the two
periods at each row (i), so that the photogate voltage VPG
is set at the second voltage V,,, at a higher-level voltage
during the readout period. Further, the voltage at the reset
level is set at a higher-level voltage to reset the charge-
readout region 8, so as to shift the charge-readout region 8
to a high potential. Accordingly, the charge-detection margin
can be ensured, the potential difference between the photo-
gate PG, and the charge-detection portion FD,, ;) can be
decreased, electric field concentration during the readout
period can be prevented, and an excessive dark current
generated during the readout period can be suppressed.
[0102] The scheme of the second embodiment, in which
the photogate voltage VPG is subjected to the clocking
operation between the two voltage values, is also applicable
10 a case excluding the shield region 6 from the pixel Q,, the
schemes of omitting the shield region 6 will be described in
fifth and seventh embodiments below. The reason why the
shield region 6 can be omitted from the pixel Q,, is that the
potential difference between the charge-readout region 8 and
the photogate PG, , can be decreased since the photogate
PG, is at a higher-level voltage during the charge readout
for higher-level voltage of the charge-readout region 8, and
the potential of the charge-readout region 8 in the floating
state can also be decreased even when the photogate voltage
VPG is decreased to a lower level during the charge storage,
and therefore the potential difference between the charge-
readout region 8 and the photogate PG, , is kept at a small
value.

Third Embodiment

[0103] A photogate-pixel Qa,, according to a third embodi-
ment differs from the pixel Q,; pertaining to the first embodi-
ment in that the photogate PGy, ,, and the charge-detection
portion FD;; , are each delineated into an annular form in a
planar pattern, as illustrated in FIG. 12. As illustrated in
FIGS. 12 and 13, a reset-drain region 7a, a reset-gate
electrode 12¢, a charge-readout region 8a, a buried charge-
generation region 5a, a shield region 6a, and a transparent
electrode 14a above the buried charge-generation region 5a
and the shield region 64 are concentrically arranged sequen-
tially from the center toward the outside.

[0104] The pixel Qa,; according to the third embodiment
includes the transparent electrode 14a implementing the
photogate PGy, ,, the charge-readout region 8a implement-
ing the charge-detection portion FD,, , arranged adjacent to
the photogate PG, ,, and the reset-gate electrode 12a and
the reset-drain region 7a serving as a reset-transistor for
resetting a potential of the charge-readout region 8a.
Although not illustrated in FIG. 12 or FIG. 13, the pixel Qa,,
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according to the third embodiment includes an amplifica-
tion-transistor for amplifying a potential change of the
charge-readout region 8a, and a select-transistor for select-
ing an output of the amplification-transistor.

[0105] As illustrated in FIG. 13, the pixel Qa,, according
to the third embodiment includes a p-type supporting-layer
la, and a gate insulating-film 4a contacted with an upper
surface of the supporting-layer la. The n-type buried
charge-generation region 5a is buried in a part of an upper
portion of the base-body portion 1a. The shield region 6a is
buried in an upper portion of the buried charge-generation
region 5a and in contact with the gate insulating-film 4a. The
transparent electrode 14a delineated into an annular form in
a planar pattern is stacked on the gate insulating-film 4a and
allocated above the buried charge-generation region 5a and
the shield region 6¢.

[0106] As illustrated in FIG. 12, the pixel Qa,; according
to the third embodiment has a rectangular shape in a planar
pattern, and the annular photogate PG, ,, is arranged in the
rectangular pixel Qa,. FIG. 12 illustrates the upper surface
of the pixel Qa,;, while the illustration of the gate insulating-
film 4a is omitted. As illustrated in FIG. 13, a p-type buried
pixel-isolation region 2a is buried in the upper portion on the
peripheral side of the supporting-layer 1a in the pixel Qa,,
and a p*-type joint-region 3@ having a higher impurity
concentration than the buried pixel-isolation region 2a is
buried in a part of an upper portion of the buried pixel-
isolation region 2a and in contact with the gate insulating-
film 4a to serve as a channel-stop region. Since the respec-
tive pixels Qa,, are isolated from each other by the p-type
buried pixel-isolation regions 2a¢ and the p*-type joint-
regions 3a, a pixel-isolation oxide film (not illustrated),
which tends to be deteriorated by irradiation of gamma rays,
can be isolated from the buried charge-generation region Sa.
[0107] A p-type well region 11a having the same impurity
concentration as the buried pixel-isolation region 2a is
buried in the upper portion at a central area of the support-
ing-layer 1a in the pixel Qa;; at the same depth as the buried
pixel-isolation region 2a. The n*-type reset-drain region 7a
having a higher impurity concentration than the buried
charge-generation region 5a is buried in a part of an upper
portion at the central area of the well-region 11a¢ and in
contact with the gate insulating-film 4a. The n*-type charge-
readout region 8¢ having a higher impurity concentration
than the buried charge-generation region 5a is buried in the
region across a part of the upper portion of the well region
11a and a part of the upper portion of the buried charge-
generation region Sa and in contact with the gate insulating-
film 4a. The p-type well region 11a and the p-type buried
pixel-isolation region 2a may be buried as a common region
by the same process, so as to simplify the manufacturing
process. The p-type buried pixel-isolation region 2a and the
p-type well region 11a are not necessarily buried at the same
depth or do not necessarily have the same impurity concen-
tration if the simplification of the manufacturing process is
not taken into account.

[0108] The reset-gate electrode 12a delineated into an
annular form in a planar pattern is stacked on the gate
insulating-film 4a and allocated above the well region 11a
between the reset-drain region 7¢ and the charge-readout
region 8a. The structures of the layers or regions in the
photogate image sensor according to the third embodiment
are identical to the structures of the layers or regions denoted
by the same reference numerals in the photogate image
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sensor pertaining to the first embodiment, and overlapping
explanations thereof are thus not repeated below.

[0109] The pixel Qa,; according to the third embodiment
can be substituted for the pixel Q, pertaining to the first
embodiment illustrated in FIG. 1, and the operations of the
photogate image sensor according to the third embodiment
are similar to the operations of the photogate image sensor
pertaining to the first embodiment as described with refer-
ence to I'1G. 6. Alternatively, the pixel Qa,; according to the
third embodiment can be substituted for the pixel Q,; per-
taining to the second embodiment illustrated in FIG. 9, and
the operations of the photogate image sensor according to
the third embodiment are similar to the operations of the
photogate image sensor pertaining to the second embodi-
ment as described with reference to FIG. 11.

[0110] The photogate image sensor according to the third
embodiment applies the voltage approximate to zero volt to
the gate of the photogate PG, , so that the potential is pinned
while the charge-detection margin is ensured, so as to
prevent electric field concentration in the charge-detection
portion FD; ;, to suppress a generation of a dark current, as
in the case of the photogate image sensors of the first and
second embodiments.

Fourth Embodiment

[0111] As illustrated in FIG. 14, a photogate image sensor
according to a fourth embodiment of the present invention
includes a pixel area in which a plurality of photogate-pixels
Qb,, each including a charge-transfer mechanism is arranged
in a matrix form, and a peripheral circuit including a
transfer-transistor scanner 31, a reset-transistor scanner 32,
a select-transistor scanner 33, a readout circuit 34, and the
like disposed at the periphery of the pixel area.

[0112] As illustrated in FIGS. 15, 16A, and 16B, the pixel
Qb,; according to the fourth embodiment is similar to the
pixel Q,; pertaining to the first embodiment in the photogate
structure including a p-type supporting-layer 15, an n-type
buried charge-generation region 5b buried in an upper
portion of the supporting-layer 1 to implement a photo-
diode with the supporting-layer 15, a p-type shield region 65
buried at an upper surface of the buried charge-generation
region 5b, a gate insulating-film 4b contacted with an upper
surface of the shield region 64, and a transparent electrode
145 provided on the gate insulating-film 44. Similar to the
structure of the pixel Q,; pertaining to the first embodiment,
the pixel Qb; of the fourth embodiment further includes an
n-type charge-readout region 856 having a higher impurity
concentration than the buried charge-generation region 55
and buried in the upper portion of the base-body portion 15,
an n-type reset-drain region 75 having a higher impurity
concentration than the buried charge-generation region 55
and buried separately from the charge-readout region 85,
and a reset-gate electrode 124 stacked on the gate insulating-
film 44 and allocated above the supporting-layer 15 between
the charge-readout region 85 and the reset-drain region 7b.
[0113] However, the pixel Qb, according to the fourth
embodiment differs from the pixel Q,; pertaining to the first
embodiment, in a feature such that the pixel Qb,, of the
fourth embodiment further includes a transfer-gate electrode
156 allocated above the supporting-layer 15 and the gate
insulating-film 45 between the transparent electrode 145 and
the charge-readout region 86 and adjacent to the transparent
electrode 145 with a gap d provided between the transfer-
gate electrode 156 and the transparent electrode 145. As
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described below, when a voltage applied to the transfer-gate
electrode 154 is shifted from a lower-level voltage to a
higher-level voltage, signal charges are transferred from the
buried charge-generation region 56 to the charge-readout
region 85. The gap d between the transfer-gate electrode 1556
and the transparent electrode 146 may be designed as small
as possible.

[0114] The n-type buried charge-generation region 54 is
isolated from an element-isolation insulating-film 95 via a
p-type buried pixel-isolation region 2b, and a p*-type joint-
region 3b having a higher impurity concentration than the
buried pixel-isolation region 24 is buried in a part of the
upper portion of the buried pixel-isolation region 25. That 1s,
the end portion of the p-type shield region 65 is electrically
connected to the p-type buried pixel-isolation region 2b
buried at the pixel periphery via the p*-type joint-region 3b.
Accordingly, the end portion of the p-type shield region 65
is electrically short-circuited by the p-type supporting-layer
15 via the p*-type joint-region 3b. FIG. 17 is a diagram
illustrating a potential distribution of the pixel Qb,; accord-
ing to the fourth embodiment in cross section corresponding
to FIG. 16A.

[0115] The transfer-transistor scanner 31 illustrated in
FIG. 14 applies, to the transfer-gate electrode 155 in the
respective pixels Qb,, a first voltage set at a lower-level
voltage for accumulating signal charges generated by photo-
electric conversion in the buried charge-generation region
5b, and a second voltage set at a higher-level voltage for
transferring the charges accumulated in the buried charge-
generation region 55 to the charge-readout region 85. A
voltage VPG of a constant value (DC) approximate to zero
volt is applied to the transparent electrode 145 in the
respective pixels Qb,; so that the surface potential of the
p-type shield region 65 is pinned by majority carriers
(holes).

[0116] FIG. 18 is a timing chart illustrating a drive timing,
focusing on the transfer drive-lines DTX ,, and DTX,,,,, the
reset drive-lines DRT,, and DRT,,,,, and the selection
drive-lines DSL.; and DSL,, ;, in the i-th and (i+1)-th rows,
among the drive-lines extending in the horizontal direction
in FIG. 14. The symbol “1H” represents a row-readout
period, and the symbol “1V” represents a frame-readout
period, on the assumption that the readout operation is
carried out in order of row.

[0117] In the pixel Qb,; in the i-th row, the photo-electric
conversion and storage operation, in which the selection-
gate signal DSL, is set at a lower-level voltage to separate
the pixel from the signal-line, is carried out in the storage
period Storage(i). Simultaneously, in the storage period
Storage(), the transfer-gate signal DTX(1) is set at a lower-
level voltage so as to carry out the photo-electric conversion
and storage operation. When the signal charges are accu-
mulated in the photogate PG, ,,, the voltage VPG of the
constant value (DC) approximate to zero volt is applied to
the transparent electrode 144 so that the surface potential of
the p-type shield region 64 is pinned by majority carriers
(holes), as in the case illustrated in FIG. 5.

[0118] The selection-gate signal DSL(i) is sifted to a
higher-level voltage so that the pixel is read out to the
signal-line in the readout period Read(i), and a reset-gate
signal DRT(i) is shifted to the higher-level voltage at the
beginning of the readout period Read(i) to read out the signal
Res(i). Subsequently, the transfer-gate signal DTX(i) is
shifted to the higher-level voltage at the intermediate stage
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of the readout period Read(i), and the signal Sig(i) is read
out immediately after the transfer-gate signal DTX() is
shifted to the higher-level voltage. The signals are then
subjected to correlated double sampling (CDS) in the read-
out circuit 34 which reads a difference between the signal
Res,, at the reset level and the signal Sig,,, of the signal
charges accumulated, so as to obtain net signals in which
reset noise as well as threshold variation of the amplifica-
tion-transistor SF;  is removed.

[0119] As illustrated in FIG. 19A, the voltage applied to
the transfer-gate electrode 15/ is shifted to a lower-level
voltage during the photo-electric conversion, and the signal
charges generated by the photo-electric conversion are accu-
mulated in the buried charge-generation region 5b. As
illustrated in FIG. 19B, the voltage applied to the transfer-
gate electrode 154 is shified to the higher-level voltage
during the charge transfer, and the charges accumulated in
the buried charge-generation region 55 are transferred to the
charge-readout region 85.

[0120] In the photogate image sensor according to the
fourth embodiment, the voltage approximate to zero volt is
applied to the gate of the photogate PG, , so that the
potential is pinned while the charge-detection margin is
ensured, so as to suppress a generation of a dark current, as
in the case of the first to third embodiments.

[0121] A structure in which the transparent electrode 145
is not provided on the upper surface of the shield region 65
in the pixel Qb,; according to the fourth embodiment illus-
trated in FIGS. 15, 16A, and 16B, is known as “a buried
photodiode structure”. As in the case of the pixel Qb
according to the fourth embodiment, the specific structure
characterized in that the transparent electrode 145 is pro-
vided on the upper surface of the shield region 65 via the
gate insulating-film 45 is not preferably applied to a generic
image sensor used under normal conditions, because poly-
silicon typically used for an electrode material tends to
absorb a shorter wavelength light such as blue light to
degrade color reproducibility. In addition, as described in the
first embodiment, the shield region 64 itself is occasionally
referred to as “a virtual electrode”, and an arrangement of a
transparent electrode on such a virtual electrode does not
follow the conventional technical common knowledge in the
art. Further, when the transparent electrode 144 is provided,
another problem with the gap d provided between the
transfer-gate electrode 15 and the transparent electrode 145
1s brought up upon processing,. In contrast, although the light
sensitivity for the shorter wavelength is reduced, the pixel
Qb,; of the fourth embodiment can prevent from the deple-
tion in the surface of the shield region 65 caused by
radiation. That is, the pixel Qb,, of the fourth embodiment
can solve the problem of earlier technology, such that the
dark current suddenly and greatly increases by radiation,
ascribable to the depletion in the surface of the shield region
60 by the radiation. Because the object of the pixel Qb;; of
the fourth embodiment is addressing to obtain a very high
radiation immunity, while solving the technical problem
upon processing of the gap due to the specific structure in
which the transparent electrode 144 is provided above the
shield region 6b. Therefore, the pixel Qb,; according to the
fourth embodiment can ensure the high radiation immunity,
achieving the significant effectiveness.
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Fifth Embodiment

[0122] As described above, each of the shield regions 6,
6a, and 65 as described in the first to fourth embodiments is
occasionally referred to as “the virtual electrode” in an
optical-detection element having a structure other than the
photogate structure, and the arrangement of the transparent
electrode 14, 14a. or 145 on such the virtual electrode does
not follow the conventional technical common knowledge in
the art. Thus, conventionally, the arrangement of the p-type
shield region 6, 6a, or 65 on the upper surface of the buried
charge-generation region 5, 5a, or 56 was considered an
inappropriate scheme for the photogate structure.

[0123] Before arriving at the invention as described in the
first to fourth embodiments, the inventors of the present
invention had tried to find a solution to the problem of a
significantly strong electric field caused at the boundary
between the photogate and the charge-readout region 8, 8a,
or 86 in a structure not including the shield region 6, 6a, or
65 by devising a design of the photogate scanner 21 as a
peripheral circuit. A photogate image sensor according to a
fifth embodiment includes a pixel area in which a plurality
of photogate-pixels Qc,, is artanged in a mattix form, and a
peripheral circuit having the photogate scanner 21, the
reset-transistor scanner 22, the select-transistor scanner 23,
and the like disposed at the periphery of the pixel area, as in
the case of the photogate image sensor pertaining to the
second embodiment illustrated in FIG. 9.

[0124] As illustrated in FIGS. 20 and 21, the pixel Qc;
according to the fifth embodiment includes a photogate PG,
7 including a p-type supporting-layer 1¢, an n-type buried
charge-generation region 5¢ buried in an upper portion of the
supporting-layer 1c, a gate insulating-film 4¢ contacted with
the buried charge-generation region 5¢, and a transparent
electrode 14¢ provided on the gate insulating-film 4¢, and an
n-type charge-readout region 8¢ having a higher impurity
concentration than the buried charge-generation region 5¢
and connected to the buried charge-generation region 5c.
The pixel Qc,; according to the fifth embodiment differs from
the pixel Q,, pertaining 1o the first embodiment in excluding
the shield region 6, which is provided in the upper portion
of the buried charge-generation region 5 and in contact with
the gate insulating-film 4 in the pixel Q,, illustrated in FIGS.
2, 3A, and 3B. The photogate PG,  in the pixel Qc;
according to the fifth embodiment is implemented by a
region in which the transparent electrode 14c¢ is allocated
immediately above the buried charge-generation region 5¢
via the thin gate insulating-film 4c.

[0125] The photogate scanner 21 illustrated in FIG. 9
applies, to the transparent electrode 14¢ of the respective
pixels Qc,; illustrated in FIGS. 20 and 21, a first voltage at
which the surface potential at the interface between the
buried charge-generation region 5¢ and the gate insulating-
film 4c is pinned by minority carriers in the buried charge-
generation region 5¢ and a second voltage shifted from the
first voltage in a direction in which the channel potential of
the buried charge-generation region 5¢ deepens. In particu-
lar, according to the timing chart as illustrated in FIG. 23, the
photogate scanner 21 divides one frame into a “storage
period” and a “readout period”, and applies, to the trans-
parent electrode 14c of the respective pixels Qc,, the first
voltage in the storage period and the second voltage in the
readout period.

[0126] In the pixel Qc,, signal charges generated in the
storage period due to photo-electric conversion in the pho-



US 2018/0302581 Al

togate PGy, , is read out from the charge-readout region 8¢
in the readout period. In the pixel Qc,; according to the fifth
embodiment, as illustrated in FIG. 21, when the first voltage
is applied to the transparent electrode 14c¢ in the storage
period, an inversion layer 51c¢ is induced by holes of
minority carriers immediately below the gate insulating-film
4c.

[0127] As described above, when gamma rays are irradi-
ated to the semiconductor element, a large number of
electron-hole pairs are generated in the oxide film on the
semiconductor surface, and positive charges concentrate in
the oxide film on the semiconductor surface. As a result, the
semiconductor surface is depleted to cause a large dark
current. In the pixel Qc;; according to the fifth embodiment,
since the buried charge-generation region Sc is the n-type,
the inversion layer 51c¢ is induced by a large number of holes
on the surface of the buried charge-generation region Sc¢
immediately below the transparent electrode 14c¢ in the
storage period. Since the surface potential of the buried
charge-generation region 5¢ is pinned by the holes in the
storage period, the interface states at the interface between
the gate insulating-film 4¢ and the buried charge-generation
region Sc¢ are deactivated. As illustrated in FIG. 21, since the
thin gate insulating-film 4¢ is only provided above the
buried charge-generation region 5S¢ in the photogate struc-
ture according to the fifth embodiment, an absolute quantity
of the holes generated in the gate insulating-film 4¢ is small.
Accordingly, the pixel Qc,; according to the fifth embodi-
ment can greatly improve the radiation immunity in asso-
ciation with the deactivation of the interface states described
above, as in the case of the pixels Q,, Qa,, and Qb,
according to the first to fourth embodiments.

[0128]  As illustrated in FIG. 20, the pixel Qc, according
to the fifth embodiment may be designed to have a rectan-
gular shape in a planar pattern, for example. FIG. 20
illustrates an upper surface of the pixel Qc;, while the
illustration of the gate insulating-film 4¢ is omitted. The
FIG. 20 omits the amplification-transistor SF, , and the
select-transistor SL(1, j) illustrated in FIG. 9. Although a part
of a p-type buried pixel-isolation region 2¢ is exposed on the
left side in cross section illustrated in FIG. 21, the buried
pixel-isolation region 2¢ is buried in the upper portion of the
supporting-layer 1c at the periphery of the pixel Qc, as
illustrated in FIG. 20. A p-type joint-region 3¢ having a
higher impurity concentration than the buried pixel-isolation
region 2¢ is buried in a part of the upper portion of the buried
pixel-isolation region 2¢ and in contact with the gate insu-
lating-film 4c so as to surround the pixel Qc,,.

[0129] As illustrated on the right side in FIGS. 20 and 21,
a p-type well region 11¢ is buried in the upper portion of the
supporting-layer 1c in the pixel Qc,; at the same depth as the
buried pixel-isolation region 2¢. An n-type reset-drain
region 7c¢ having a higher impurity concentration than the
buried charge-generation region Sc is buried in a part of an
upper portion of the well region 11¢ and in contact with the
gate insulating-film 4¢. In general, the p-type well region
11¢ and the p-type buried pixel-isolation region 2¢ are
buried as a common region.

[0130] The n-type charge-readout region 8¢ having a
higher impurity concentration than the buried charge-gen-
eration region 5¢ is buried between the well region 11¢ and
the buried charge-generation region 5¢ and in contact with
the gate insulating-film 4¢. A reset-gate electrode 12¢ is
stacked on the gate insulating-film 4¢ and allocated above

i
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the well region 11¢ between the reset-drain region 7¢ and the
charge-readout region 8¢ so as to implement a reset-transis-
tor RT,, , having a structure equivalent to an nMOS tran-
sistor. The higher-level voltage is applied to the reset-gate
electrode 12¢ in the reset-transistor RT(i, j) to exhaust
charges of the charge-readout region 8¢ to the reset-drain
region 7c.

[0131] Inthe storage period in the photogate image sensor
according to the fifth embodiment, the first voltage V
applied to the photogate PG, , is set at approximately -1
volt to -2 volts according to the one-dimensional calculation
as described in the photogate image sensor pertaining to the
second embodiment. At the beginning of the storage period,
the potential difference between the voltage of the charge-
detection portion FDy, ;, and the photogate voltage VPG is
kept the value at the readout period as described above, and
the potential of the charge-detection portion FD,; , is further
decreased in association with the subsequent accumulation
of the signal charges. The second voltage V,;, and the first
voltage V., may be other values at which the charge-
detection margin can be ensured during the readout opera-
tion, and the pinning operation can be implemented during
the storage operation, other than the values as described
above.

[0132] Both of the first voltage V,,,,, and the second
voltage V., which are transmitted from the photogate
scanner 21, can be generated in a stepwise shift by use of
conventionally-known level shifters. The level shifters
included in the photogate scanner 21 can be implemented by
a logic circuit in which a plurality of nMOS transistors and
pMOS transistors are combined, as illustrated in FIG. 22.
The circuit in FIG. 22 is illustrated with a case of generating
the second voltage V(rd) set at zero volt and the first voltage
V im s€t at =2 volts.

[0133] When a pulse in which a lower-level voltage is zero
volt and the higher-level voltage is 1.5 volts is entered to the
input side of the circuit on the left side as illustrated in FIG.
22, for example, the level shifter (1) shifts the lower-level
input voltage from zero volt to -2 volts, so that a pulse in
which the lower-level voltage is the first voltage V, » can
be transferred to the output side of the circuit on the right
side as illustrated in F1G. 22. The voltage on the higher-level
voltage side remains 1.5 volts at this stage. Subsequently, the
level shifter (2) shifts the higher-level input voltage from 1.5
volts to zero volt, so as to transmit a pulse in which the
higher-level voltage is the second voltage V., while the
lower-level voltage side remain the first voltage V.
[0134] In the lower half region on the nMOS transistor
side in the circuit illustrated in FIG. 22, a first p-well region
PW1 on the preceding side and a second p-well region PW2
on the following side are aligned in the lateral direction.
Since the second p-well region PW2 is -2 volts while the
first p-well region PW1 is zero volt, a deep n-well region
DNW is provided between the nMOS transistor and a p-type
substrate having a ground voltage of zero volt. In the upper
half region on the pMOS transistor side in the circuit
illustrated in FIG. 22, a normal n-well region NW corre-
sponding to 1.5 volts is provided.

[0135] FIG. 23 is a timing chart illustrating a drive timing
focusing on the photogate dtive-lines DPG,, and DPG,
the reset drive-lines DRT ;, and DRT,, , and the selection
drive-lines DSL;,, and DSL;, , in the i-th and (i+1)-th rows,
among the drive-lines extending in the horizontal direction
in FIG. 9. First, in the pixel Qc,, in the i-th row, the selection
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drive-line DSL,, of the select-transistor scanner 23 is shifted
to the higher-level voltage in the readout period so that the
pixel signal is read out to the output line. The photogate
drive-line DPG,,, of the photogate scanner 21 is shifted to
the higher-level voltage slightly before the readout opera-
tion, and the reset drive-line DRT,, of the reset-transistor
scanner 22 is shifted to the higher-level voltage at the
intermediate stage of the readout period, so that the charge-
readout region 8¢ is reset.

[0136] Immediately before the reset operation, a signal
Sig; of the signal charges having been accumulated in the
charge-detection portion FD, , is read out from the charge-
readout region 8c. Immediately after the reset operation, a
signal Res, at the reset level in which the signal charges of
the charge-detection portion FD,; ,, are exhausted is read out
from the charge-readout region 8c. The signals are then
subjected to correlated double sampling (CDS) in the read-
out circuit 24 which reads a difference between the signal
Sig; of the signal charges accumulated and the signal Res,,,
at the reset level, so as to obtain net signals.

[0137] The readout period is changed to the storage period
after the readout operation, and the photogate drive-line
DPGy; of the photogate scanner 21 is changed to a value at
a lower-level voltage at which the potential of the photogate
PGy, , is pinned. FIG. 25 is a diagram illustrating a potential
profile in a case in which a negative potential as the
photogate voltage VPG is applied to the transparent elec-
trode 14c in the pixel Qc,; according to the fifth embodiment
in the storage period, and the surface potential of the
photogate PG, , is pinned. The inversion layer 51c below
the photogate PG, is in the pinned state in the storage
period, so as to suppress a generation of a dark current at the
surface and improve the radiation immunity. The portion
having the deepest potential in the buried charge-generation
region Sc serves as a channel 52¢.

[0138] The charge-readout region 8¢ of the charge-detec-
tion portion FD; , is in the floating state during the period
other than the period in which the reset drive-line DRT(i) of
the reset-transistor scanner 22 is at the higher-level voltage
in the readout period. Therefore, when the photogate drive-
line DPG(i) of the photogate scanner 21 is shifted from the
higher-level voltage in the readout period to the lower-level
voltage in the storage period, the voltage level of the
charge-readout region 5c¢ is also shifted to the lower-level
voltage. Accordingly, the potential difference between the
charge-detection portion FD(i, j) and the charge-readout
region 8¢ remains a small value, so as to prevent electric
field concentration and suppress a generation of a dark
current. The timing at which the photogate drive-line DPG(i)
is shifted between the first voltage V,,,, and the second
voltage V(rd) is preferably in a period in which the selection
drive-line DSL(i) is in an off state (at the lower-level
voltage), as illustrated in FIG. 23, in order to prevent such
a shift from having an influence on the signal-line.

[0139] Subsequently, the pixel Qc;; in the (i+1)th row is
driven in the same manner as in the i-th row per horizontal
scanning period in the time direction. Similarly, the same
operation as in the i-th row is repeated sequentially in the
(i+2)th row, the (i+3)th row, . . . per horizontal scanning
period in the time direction, so as to carry out the readout
operation for the entire pixel area in the photogate image
sensor. The potential difference between the charge-readout
region Sc and photogate PG, ;, is kept at a small value in
each row, so as to prevent electric field concentration.
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[0140] A change in the potential state of the respective
pixels Qc; in each of the readout period during the reset
operation and the signal detection operation and the storage
period during the photo-electric conversion and storage
operation is described below with reference to FIG. 24. As
illustrated in FIG. 24A, the voltage of the transparent
electrode 14c of the photogate PG, , is relatively high and
the potential is deep during the readout period in which the
signal is detected and read out. When the reset-transistor
RT(,j) is turned on, the potentials of the charge-detection
portion FD,, , and the channel 52¢ generated in the buried
charge-generation region 5c below the photogate PG, are
reset to a deep level ®pd (H) When the gate voltage of the
photogate PG, ;, and the reset-drain voltage VRD of the
reset-transistor RT(i,j) are set as appropriate values at an
appropriate timing, the charges are also accumulated in the
channel 52¢ below the photogate PGy, . The reset-transistor
RT(, j) is then turned off, so that the charges of the
charge-detection portion FD,  and the channel 52¢ below
the photogate PG, , are changed to a floating state. Although
the following is the case in which the charges are also
accumulated in the channel 52¢ below the photogate PG, ,,,
the present invention can be applicable to a case in which the
charges are accumulated only in the charge-detection por-
tion FD, ).

[0141] Subsequently, the photogate voltage VPG applied
to the transparent electrode 14c of the photogate PG,  is
then shifted to a lower-level voltage until the inversion layer
51c induced at the surface of the buried charge-generation
region Sc is pinned to be covered with holes. The pixel Qc;,
is then shifted to the photo-electric conversion and storage
operation. As illustrated in FIG. 24B, in the storage period
in which the signal charges are accumulated, since the
charges accumulated in the charge-detection portion FDy,
and the channel 52¢ below the photogate PG, , are in the
floating state, the potential of the channel 52¢ 1s shifted to a
relatively shallow level ®pd (L) in association with the
potential change in the gate voltage of the photogate PGy, ,,
due to the capacitive coupling between the photogate PG,
» and the channel 52¢ and the charge-detection portion FD(Z.’
7. Although not illustrated in FIG. 24B, when the charges are
accumulated only in the charge-detection portion FD,, ,, the
potential of the charge-detection portion FD,,, can be
shifted to a lower potential due to the capacitive coupling
between the photogate PG, , and the charge-detection por-
tion FD, .

[0142] Since the potential difference between the charge-
detection portion FD,, , and the photogate PG, ,, can temain
small, a dark current caused at the surface of the channel 52¢
below the photogate PG, , derived from the pinning state is
suppressed, and a dark current due to electric field concen-
tration is also suppressed during the photo-electric conver-
sion and storage operation. The signal is read out at the
beginning of the subsequent readout period and immediately
before the reset operation. That is, the potential returns to the
state illustrated in FIG. 24A, so as to obtain the net signal
amount from the shift amount of the potential shifted from
the reset level ®pd (H) due to the signal charges.

[0143] In the pixel Qc,, according to the fifth embodiment,
the photogate voltage VPG is varied, and the photogate
voltage VPG is set at the higher-level voltage during the
readout period. Further; the voltage at the reset level is set
at the higher-level voltage to reset the charge-readout region
8¢, so as to shift the charge-readout region 8¢ to a high
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potential. Accordingly, while the shield field 6, 6a, or 64
described in the first to fourth embodiments is excluded in
the pixel Qc;, the charge-detection margin can be ensured,
the potential difference between the photogate PG, and the
charge-detection portion FDy, ; can be decreased, electric
field concentration during the readout period can be pre-
vented, and an excessive dark current generated during the
readout period can be suppressed.

[0144] The potential of the charge-readout region 8¢ after
the reset operation in the readout period is finished is in the
floating state. When the photogate voltage VPG is shifted to
a lower-level voltage capable of the pinning operation after
the readout period, the potential of the charge-readout region
8¢ is also shifted to a low potential. That is, the pinning
operation is carried out in the photogate PG, , during the
photo-electric conversion and storage operation after the
readout period, and the potential difference between the
photogate PGy, , and the charge-detection portion FD,,
results in a small value. Accordingly, a dark current gener-
ated during the photo-electric conversion and storage opera-
tion can greatly be reduced.

[0145] The photogate image sensor according to the fifth
embodiment does not include the shield field 6, 6a, or 65
illustrated in the first to fourth embodiments, but uses the
photogate scanner 21 to divide one frame into the two
periods so as to prevent electric field concentration in the
charge-detection portion FD, ;, to suppress a generation of
a dark current while the charge-detection margin is ensured
even when the negative voltage is applied to the gate of the
photogate PG, , for pinning the potential.

Sixth Embodiment

[0146] A photogate image sensor according to a sixth
embodiment includes a pixel area in which a plurality of
photogate-pixels Qd,; is arranged in a matrix form, and a
peripheral circuit having the photogate scanner 21, the
reset-transistor scanner 22, the select-transistor scanner 23,
and the like disposed at the periphery of the pixel area, as in
the case of the photogate image sensor pertaining to the
second embodiment illustrated in FIG. 9. As illustrated in
FIGS. 26 and 27, the photogate image sensor according to
the sixth embodiment differs from the photogate image
sensor of the fifth embodiment in that the photogate PG, ,,
and the charge-detection portion FDy, ;, are each delineated
into an annular form in a planar pattern, but has the same
structure as the photogate image sensor pertaining to the
fifth embodiment not including the shield region 6, 64, or 65
described in the first to fourth embodiments.

[0147] The pixel Qd; according to the sixth embodiment
includes a transparent electrode 144 implementing the pho-
togate PG, , a charge-readout region 84 implementing the
charge-detection portion FD,, ,, arranged adjacent to the
photogate PG, ,, and a reset-gate electrode 124 and a
reset-drain region 7d serving as a reset-transistor for reset-
ting a potential of the charge-readout region 84. The pixel
Qd,; according to the sixth embodiment further includes an
amplification-transistor for amplifying a potential change of
the charge-readout region 84, and a select-transistor for
selecting an output of the amplification-transistor, although
not illustrated in FIG. 26 or FIG. 27.

[0148] As illustrated in FIG. 27, the pixel Qd,; according
to the sixth embodiment includes a p-type supporting-layer
1d, and a gate insulating-film 44 contacted with an upper
surface of the supporting-layer 1d. An n-type buried charge-
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generation region 54 is buried in an upper portion of the
supporting-layer 1d and in contact with the gate insulating-
film 4d4. An inversion layer 514 is induced at an upper
portion of the buried charge-generation region 5d. A trans-
parent electrode 144 delineated into an annular form in a
planar pattern is deposited on the gate insulating-film 44 and
allocated above the buried charge-generation region 5d.
[0149] As illustrated in FIG. 26, the pixel Qd,; according
to the sixth embodiment has a rectangular shape in a planar
pattern, and the annular photogate PG, ;, is arranged in the
rectangular pixel Qd,. FIG. 26 illustrates the upper surface
of the pixel Qd,;, while the illustration of the gate insulating-
film 4d is omitted. As illustrated in FIG. 27, a p-type buried
pixel-isolation region 24 is buried in the upper portion on the
peripheral side of the supporting-layer 14 in the pixel Qd,,.
A p-type joint-region 3d having a higher impurity concen-
tration than the buried pixel-isolation region 24 is buried in
a part of an upper portion of the buried pixel-isolation region
2d and in contact with the gate insulating-film 4d to serve as
a channel-stop region.

[0150] A p-type well region 114 is buried in the upper
portion at a central area of the supporting-layer 14 in the
pixel Qd,; at the same depth as the buried pixel-isolation
region 2d. The n-type reset-drain region 74 having a higher
impurity concentration than the buried charge-generation
region 5d is buried in a part of an upper portion at a central
area of the well-region 114 and in contact with the gate
insulating-film 4d. The n-type charge-readout region 84
having a higher impurity concentration than the buried
charge-generation region 5d is buried in the region across a
part of the upper portion of the well region 114 and a part of
the upper portion of the buried charge-generation region 54
and in contact with the gate insulating-film 4d. The p-type
well region 114 and the p-type buried pixel-isolation region
2d may be buried as a common region.

[0151] The reset-gate electrode 12d delineated into an
annular form in a planar pattern is stacked on the gate
insulating-film 4d and allocated above the well region 11d
between the reset-drain region 7d and the charge-readout
region 8d4. The structures of the layers or regions in the
photogate image sensor according to the sixth embodiment
are identical to the structures of the layers or regions denoted
by the same reference numerals in the photogate image
sensor pertaining to the fifth embodiment, and overlapping
explanations thereof are thus not repeated below.

[0152] The operations of the photogate image sensor
according to the sixth embodiment are similar to the opera-
tions of the photogate image sensor pertaining to the fifth
embodiment as described with reference to FIG. 23. As
illustrated in FIG. 28A, in the pixel Qd,; according to the
sixth embodiment, the voltage of the transparent electrode
144 of the photogate PG  is relatively high and the
potential is deep during the readout period in which the
signal is detected and read out. When the reset-transistor is
turned on, the potentials of the charge-detection portion
FD, ; and a channel 52d below the photogate PGy, ,, are reset
to a deep level @pd (H), as in the case of the pixel Qc,
according to the fifth embodiment.

[0153] The reset-transistor is then turned off, so that the
charges of the charge-detection portion FD(, j) and the
channel 524 below the photogate PGy, ; are changed to a
floating state. In the storage period, the photogate voltage
VPG applied to the transparent electrode 144 of the photo-
gate PG, , is shifted to a lower-level voltage until the
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inversion layer 514 induced at the surface of the buried
charge-generation region 5d is pinned to be covered with
holes, and the pixel Qd,; is then shifted to the photo-electric
conversion and storage operation.

[0154] As illustrated in FIG. 28B, in the storage period in
which the signal charges are accumulated, the potential of
the channel 524 is shifted to a relatively shallow level ®pd
(L), and the potential difference between the charge-detec-
tion portion FD,, ,, and the photogate PGy, ,, is kept at a small
value, as in the case of the pixel Qc,; according to the fifth
embodiment. The photogate image sensor according to the
sixth embodiment thus can achieve the effectiveness similar
1o the fifth embodiment, since the photogate image sensor
according to the sixth embodiment not including the shield
field 6, 64, or 65 illustrated in the first to fourth embodiments
uses the photogate scanner to divide one frame into the two
periods, so as to prevent electric field concentration in the
charge-detection portion FD; ;, to suppress a generation of
a dark current while the charge-detection margin is ensured
even when the negative voltage is applied to the gate of the
photogate PG, . for pinning the potential.

Other Embodiments

[0155] While the present invention has been described
above with reference to the first to sixth embodiments, it
should be understood that discussion and Drawings which
are incorporated herein are not intended to limit the present
invention. Various alternative embodiments, examples, and
operational techniques will be apparent to those skilled in
the art from the description above.

[0156] For example, although the photogate PG, , and the
charge-detection portion IDy,;, each delineated into an
annular form in a planar pattern which is substantially
octagonal are illustrated in the pixel Qa,; or Qd,; according to
the third or sixth embodiment, the annular form may be a
tetragonal shape, a hexagonal shape, a decagonal shape, or
other polygonal shapes. Alternatively, the annular form may
be a circular or elliptic shape.

[0157] While the first to sixth embodiments above are
illustrated with the case in which the signal charges are
electrons and the transistor in the pixel Qa,, Qb,, Qc,, or
Qd,, is the n-type, the present invention is not intended to be
limited to the case in which the signal charges are electrons.
The present invention is also applicable to a case in which
the signal charges are holes and the transistor in the pixel
Qa,, Qb,, Qe , or Qd,, is the p-type when the polarity is
reversed.

[0158] In the description of the first to sixth embodiments,
although the two-dimensional photogate image sensor (area
sensor) has been described as an example, the photogate
image sensor of the present invention is not intended to be
limited to the two-dimensional photogate image sensor only.
For example, it can be easily understood from the contents
of the disclosure that a one-dimensional photogate image
sensor (line sensor) in which the pixels Q,; are one-dimen-
sionally aligned (i=1 or j=1) may be implemented using the
array of one line, which is changed from the two-dimen-
sional matrix illustrated in FIG. 1.

[0159] Naturally, the present invention includes many
other embodiments not described herein. Therefore, the
technical scope of the present invention is determined only
by the present invention identification matters according to
claims reasonable from the foregoing description.
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What is claimed is:

1. An optical-detection element comprising:

a supporting-layer of a first conductivity type;

a buried charge-generation region of a second conductiv-
ity type buried in an upper portion of the supporting-
layer to implement a photodiode with the supporting-
layer;

a shield region of the first conductivity type having a
higher impurity concentration than the supporting-layer
and buried at an upper surface of the buried charge-
generation region;

a gate insulating-film contacted with an upper surface of
the shield region;

a transparent electrode provided on the gate insulating-
film;

a well region of the first conductivity type having a higher
impurity concentration than the supporting-layer and
buried in the upper portion of the supporting-layer; and

a charge-readout region of the second conductivity type
having a higher impurity concentration than the buried
charge-generation region and buried in the upper por-
tion of the supporting-layer at an edge of the well
region toward the buried charge-generation region,

wherein a surface potential of the shield region is pinned
by charges of the first conductivity type by an electro-
static potential induced by a potential of the transparent
electrode on the surface of the shield region via the gate
insulating-film.

2. The optical-detection element of claim 1, further com-

prising:

a reset-drain region of the second conductivity type
having a higher impurity concentration than the buried
charge-generation region and buried in an upper por-
tion of the well region separately from the charge-
readout region; and

a reset-gate electrode stacked on the gate insulating-film
and allocated above the well region between the
charge-readout region and the reset-drain region.

3. The optical-detection element of claim 2, wherein when

a voltage is applied to the reset-gate electrode, charges
accumulated in the charge-readout region are exhausted to
the reset-drain region so as to reset the charge-readout
region.

4. The optical-detection element of claim 1, wherein the
charge-readout region is in contact with the buried charge-
generation region and the shield region.

5. The optical-detection element of claim 1, wherein

the charge-readout region is separated from the buried
charge-generation region and the shield region,

a transfer-gate electrode is further stacked on the gate
insulating-film and allocated above the supporting-
layer between the buried charge-generation region and
the shield region and the charge-readout region, and

when a voltage is applied to the transfer-gate electrode,
signal charges are transferred from the buried charge-
generation region to the charge-readout region.

6. A solid-state imaging device in which a plurality of

pixels is arranged, each of the pixel comprising:

a supporting-layer of a first conductivity type;

a buried charge-generation region of a second conductiv-
ity type buried in an upper portion of the supporting-
layer to implement a photodiode with the supporting-
layer;
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a shield region of the first conductivity type having a
higher impurity concentration than the supporting-layer
and buried at an upper surface of the buried charge-
generation region,;

a gate insulating-film contacted with an upper surface of
the shield region;

a transparent electrode provided on the gate insulating-
film;

awell region of the first conductivity type having a higher
impurity concentration than the supporting-layer and
buried in the upper portion of the supporting-layer; and

a charge-readout region of the second conductivity type
having a higher impurity concentration than the buried
charge-generation region and buried in the upper por-
tion of the supporting-layer at an edge of the well
region toward the buried charge-generation region,

wherein a surface potential of the shield region is pinned
by charges of the first conductivity type by an electro-
static potential induced by a potential of the transparent
electrode on the surface of the shield region via the gate
insulating-film.

7. The solid-state imaging device of claim 6, wherein each

of the pixels further comprises:

a reset-drain region of the second conductivity type
having a higher impurity concentration than the buried
charge-generation region and buried in an upper por-
tion of the well region separately from the charge-
readout region; and

a reset-gate electrode stacked on the gate insulating-film
and allocated above the well region between the
charge-readout region and the reset-drain region.

8. The solid-state imaging device of claim 7, wherein in
each of the pixels, when a voltage is applied to the reset-gate
electrode, charges accumulated in the charge-readout region
are exhausted to the reset-drain region so as to reset the
charge-readout region.

9. The solid-state imaging device of claim 6, wherein in
each of the pixels, the charge-readout region is in contact
with the buried charge-generation region and the shield
region.

10. The solid-state imaging device of claim 6, wherein in
each of the pixels,

the charge-readout region is separated from the buried
charge-generation region and the shield region,
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a transfer-gate electrode is further stacked on the gate
insulating-film and allocated above the supporting-
layer between the buried charge-generation region and
the shield region and the charge-readout region, and

when a voltage is applied to the transfer-gate electrode,
signal charges are transferred from the buried charge-
generation region to the charge-readout region.

11. The solid-state imaging device of claim 6, further
comprising a photogate scanner provided at a periphery of a
pixel region in which the pixels are arranged, and configured
to apply, to the transparent electrode in each of the pixels, a
first voltage at which a surface potential at an interface
between the shield region and the gate insulating-film is
pinned by the charges of the first conductivity type and a
second voltage shifted from the first voltage in a direction in
which a channel potential of the buried charge-generation
region deepens, each of the first voltage and the second
voltage being applied at a timing of each of divided periods
of one frame.

12. The solid-state imaging device of claim 11, further
comprising a reset-transistor scanner provided at the periph-
ery of the pixel region, and configured to apply, to the
reset-gate electrode in each of the pixels, a reset voltage for
exhausting charges from the charge-readout region to the
reset-drain region so as to reset the charge-readout region in
a period in which the second voltage is applied, the charges
having polarity shifted in an identical direction in which the
second voltage is shifted.

13. A method for driving a solid-state imaging device in
which a plurality of pixels, each of the pixels having a
photogate structure, is arranged, the method comprising:

applying a first voltage to a transparent electrode imple-
menting the photogate structure in each of the pixels,
for pinning charges having reverse polarity reverse to
signal charges; and

applying a second voltage shifted from the first voltage to
the transparent electrode, in a direction in which a
channel potential of a buried charge-generation region
deepens,

wherein each of the first voltage and the second voltage
being applied at a timing of each of divided periods of
one frame.
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