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SOLID-STATE IMAGING DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is based upon and claims the ben-
efit of priority from prior Japanese Patent Application No.
2009-297658 filed on Dec. 28, 2009 in Japan, the entire
contents of which are incorporated herein by reference.

FIELD

[0002] Embodimentsdescribedhereinrelate to a solid-state
imaging device.

BACKGROUND

[0003] In recent years, pixel sizes are rapidly becoming
smaller, in response to demands for solid-state imaging ele-
ments that are smaller in size and include a larger number of
pixels. Particularly, since there is a need to satisty the
demands for smaller camera modules and camera modules
with a larger number of pixels, there are strong demands for
finer pixels in the imaging elements for portable telephone
devices with camera functions.

[0004] However, as pixels become finer, the tendency of the
S/N ratio to be lower becomes inevitable. The noises gener-
ated in the photodiodes in the pixels can be divided into the
components that are generated in proportion to their volumes,
and the components that are generated in the interface
between each photodiode and its peripheral structures. How-
ever, it is well known that the latter is the dominant compo-
nents. Also, it is known that, of the components generated in
the interface between each photodiode and its peripheral
structures, the pixel separation face components or the com-
ponents that are proportional to the product of the peripheral
length of the photodiode and the depth of the photodiode
observed when the photodiode is cut along a plane perpen-
dicular to incident light are the dominant components. Only
the noises in the pixel separation face components are pro-
portional to the pixel pitch, and the other noises and signal
amounts are proportional to the square of the pixel pitch.
Accordingly, when only the inside of each photodiode is
taken into consideration, the noises in the pixel separation
face components relatively increase, and the S/N ratio
becomes lower, as the pixels become finer.

[0005] In reality, most of the noise components outside the
photodiodes are not aftected directly by the reduction in size
of pixels. However, there are noise components that increase
as the pixels become finer, such as the noises in analog tran-
sistors in the pixels. Even if the noises in the pixel separation
face components can be ignored, and the S/N ratio inside the
photodiodes does not depend on the pixel pitch, the S/N ratio
becomes lower as the pixels become finer.

[0006] To reduce the pixel separation face component
noises that become dominant at the time of miniaturization of
pixels, the separation structure of each photodiode or a so-
called pixel separation structure has an impurity separation
structure unique to solid-state imaging elements, and differs
from a device separation structure of a general miniaturized
LSI

[0007] A device separation structure of a miniaturized LSI
is normally a trench separation structure that has an oxide film
buried in a trench structure. When this trench separation
structure is applied to pixel separations in a solid-state imag-
ing element, the dark current generated from the interface
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state between Si and SiO, existing in the sidewalls of the
trench separation structure generates large noises, and causes
the S/N ratio to rapidly deteriorate. It is known that, to avoid
the influence of the interface state between Si and SiO,, a
high-density p*-type impurity diffused region is effectively
formed in the sidewalls of the trench.

[0008] However, it is not necessarily easy to form such a
high-density p*-impurity region. Furthermore, a trench sepa-
ration and the formation of a high-density p*-type impurity
diffused region around a trench lead to an increase in pixel
serration area occupancy, and hinder miniaturization of pix-
els.

[0009] Also,itis known that there is a trade-off relationship
between the width and depth of each pixel separation struc-
ture. Therefore, in fine pixels each having an impurity sepa-
ration structure, there is the problem of a decrease in the
volume of each photodiode due to a relative increase in pixel
separation width, or a decrease in the depth of each pixel
separation structure and a decrease in the depth of each pho-
todiode.

[0010] When the depths of pixel separations and photo-
diodes become smaller, the amount of long-wavelength light
that can be absorbed becomes smaller, and the signal amount
also becomes smaller. The charges generated due to light
absorption in regions deeper than the pixel separations and
the photodiodes enter adjacent pixels, and so-called electrical
crosstalk occurs. Although it is apparent that the former
causes the S/N ratio to become lower, the latter not only
lowers the spatial resolution but also lowers the S/N ratio.

[0011] Electrical crosstalk also occurs for some reasons
other than the depths of pixel separations and photodiodes.
Electrical crosstalk occurs in a case where the signal charges
generated inside a photodiode enter adjacent pixels via a pixel
separation structure. To form a high-density p*-impurity
region that is a general pixel separation structure among
solid-state imaging elements, it is necessary to perform low-
acceleration to high-acceleration ion implantation several
times. However, in a case where the depth of the bottom of the
profile of injected and activated impurities or the height of the
potential barrier in the portion having a low impurity density
in the depth direction is not sufficiently large, electrical
crosstalk might occur through that portion. To prevent the
crosstalk, it is necessary to perform ion implantation many
times at various acceleration voltages, and simplification of
the manufacturing procedures is hindered. The electrical
crosstalk through the pixel separation is formed with the
components that are proportional to the pixel pitch, and the
ratio of electrical crosstalk to the signal components that are
proportional to the square of the pixel pitch tends to become
higher as the pixels become finer.

[0012] Furthermore, it is important to restrain not only the
electrical crosstalk but also optical crosstalk. In the peripheral
portions of the imaging region, incident light enters the sub-
strate not in a vertical direction but in an oblique direction.
Particularly, in a solid-state imaging element for portable
telephone devices with camera functions that have small-
sized, low-height camera modules, the maximum incidence
angle is large. The light that enters in an oblique direction cuts
across a photodiode cross section obliquely. As a result, the
components that are not sufficiently absorbed inside the pho-
todiode pass through the photodiode, and reach the pixel
separation structure. The main component of a high-density
p*-impurity region that is a standard pixel separation struc-
ture among solid-state imaging elements is single-crystal sili-
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con that is a semiconductor substrate material. When opti-
cally observed, there is not a boundary with the photodiode
region, and the transmitted light that has reached the pixel
separation region travels straight ahead. Further, the compo-
nents that are not absorbed in the pixel separation region pass
through the pixel separation region, and reach an adjacent
photodiode. The components are then absorbed in the adja-
cent photodiode, and optical crosstalk occurs.

[0013] To restrain occurrences of optical crosstalk, a sepa-
ration with a trench in which a material to reflect incident light
is buried is effectively performed.

[0014] When the pixel separation with a trench structure is
applied to a solid-state imaging element, it is necessary to
form an additional high-density p*-type impurity diffused
region for restraining generation of dark current, and as a
result, the photodiode aperture size is restricted.

[0015] In a structure that does not require a high-density
p*-type impurity diffused region, a conductive material bur-
ied in a trench structure is biased at a negative voltage, to form
a hole storage layer in the vicinity of the boundary face
between a photodiode and a pixel separation structure. In this
manner, noises of pixel separation face components can be
reduced.

[0016] However, when a negative voltage is applied to a
conductive material buried in a trench structure, an electric
field is always formed in the insulating material formed
between the conductive material and the photodiode. If there
is a defect in the insulating material, a local electric field
concentration occurs, and a leakage current generated by the
breakdown flows into the photodiode. As a result, defects
such as white scars in an image might be caused. Further-
more, it is necessary to add a structure for applying the nega-
tive voltage.

[0017] Asatechnique for avoiding a decrease in the amount
of'incident light entering a photodiode due to a pixel-region
metal interconnect layer that is another cause of a decrease in
the S/N ratio in miniaturization of pixels, so-called back-
illuminated solid-state imaging elements that have light
entering from the back face side of a semiconductor substrate,
which is the opposite side from the metal interconnect layer,
are being actively developed.

[0018] After incident light passes through the microlenses
and color filter array of such a back-illuminated solid-state
imaging element, the light does not pass through the metal
interconnect layer but directly enters the photodiodes.
Accordingly, high light use efficiency is achieved, and the
sensitivity becomes higher.

[0019] Also, as the distance that incident light travels to
reach a silicon substrate is shortened, obliquely incident light
is refracted when entering the silicon substrate having a high
refractive index. Accordingly, this structure is also effective
against optical crosstalk.

[0020] However, where the pixel pitch is reduced to
approximately 1 pm, the depth of each photodiode is approxi-
mately 3 um. Therefore, obliquely incidentlight reaches adja-
cent pixels, and optical crosstalk still occurs.

[0021] Toachieve sufficiently high red sensitivity, the depth
of'each photodiode should preferably be 5 um or greater. With
such a depth, however, the above-mentioned optical crosstalk
increases, or it is difficult to form a high-density p*-type
impurity diffusionregion ata deep location. For such reasons,
the thickness of the silicon substrate in each back-illuminated
solid-state imaging element is approximately 3 uM, and suf-
ficiently high red sensitivity is not achieved.
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[0022] Asdescribedabove, to restrain a decrease in the S/N
ratio (sensitivity) in the course of miniaturization of pixels, it
is essential to reduce the noise components generated in the
vicinity of each photodiode, and reduce optical crosstalk and
electrical crosstalk.

[0023] To do so, pixel separation structures that can be
formed in a very small size and can be formed at sufficiently
deep locations are needed, so as not to compress the volumes
of photodiodes.

[0024] Particularly, to reduce optical crosstalk, trench-type
pixel separation structures are desired.

[0025] With trench-type pixel separation structures, how-
ever, the structures necessary for reducing noises of pixel
separation components compress the volumes of photo-
diodes, or cause white scars, or the like.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1is aplan view of a solid-state imaging device
according to a first embodiment;

[0027] FIG. 2 is a circuit diagram of a pixel of the solid-
state imaging device according to the first embodiment;
[0028] FIG. 3 is a cross-sectional view of a pixel of the
solid-state imaging device according to the first embodiment;
[0029] FIG.4 s across-sectional view of a pixel separation
structure according to a first modification of the first embodi-
ment;

[0030] FIG. S is a cross-sectional view of a solid-state
imaging device according to a second embodiment;

[0031] FIG. 6 is a cross-sectional view of a solid-state
imagingdeviceaccording to a first modification of the second
embodiment;

[0032] FIG. 7 is a cross-sectional view of a solid-state
imaging device according to a second modification of the
second embodiment;

[0033] FIG. 8 is a cross-sectional view of a solid-state
imaging device according to a third modification of the sec-
ond embodiment;

[0034] FIG. 9 is a cross-sectional view of a solid-state
imaging device according to a third embodiment;

[0035] FIG. 10 is a cross-sectional view of a solid-state
imaging device according to a fourth embodiment;

[0036] FIG. 11 is a cross-sectional view of a solid-state
imaging device according to a fifth embodiment;

[0037] FIG. 12 is a cross-sectional view of a solid-state
imaging device according to a sixth embodiment;

[0038] FIG. 13 is a cross-sectional view of a solid-state
imaging device according to a seventh embodiment;

[0039] FIG. 14 is a cross-sectional view of a solid-state
imaging device according to an eighth embodiment;

[0040] FIG. 15 is a cross-sectional view of a solid-state
imaging device according to a ninth embodiment;

[0041] FIG. 16 is a cross-sectional view of a solid-state
imaging device according to a tenth embodiment;

[0042] FIG. 17 is a cross-sectional view of a solid-state
imaging device according to an eleventh embodiment; and
[0043] FIG. 18 is a cross-sectional view of a solid-state
imaging device according to a twelfth embodiment.

DETAILED DESCRIPTION

[0044] Certain embodiments provide a solid-state imaging
device including: a semiconductor substrate of a first conduc-
tivity type, including a first face, a second face being opposite
to the first face, and a trench extending from the first face into
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the semiconductor substrate; a plurality of pixels provided in
the semiconductor substrate, each of the pixels having a semi-
conductor region of a second conductivity type that converts
incident light from the first face of the semiconductor sub-
strate into signal charges and stores the signal charges; a
readout circuit provided on a side of the second face of the
semiconductor substrate, and reading out the signal charges
stored in the pixels; and a pixel separation structure provided
between adjacent ones of the pixels in the semiconductor
substrate, the pixel separation structure including a stack film
that is buried in the trench in the semiconductor substrate, the
stack film including a first insulating film provided along side
faces and a bottom face of the trench, and a fixed charge film
provided in the trench to cover the first insulating film and
retains fixed charges that are non-signal charges.

[0045] Hereafter, solid-state imaging devices according to
the present invention will be described more specifically with
reference to the drawings.

First Embodiment

[0046] FIG.1 shows asolid-state imaging device according
to a first embodiment. The solid-state imaging device 100
according to this embodiment includes photoelectric conver-
sion pixels 200 that are arranged in a matrix fashion in an
imaging region 101. The photoelectric conversion pixels 200
convert incident light signals into electrical signals through
photoelectric conversions. A load transistor unit 102, a CDS
(Correlated Double Sampling) circuit unit 103, a Vertical
selection circuit 104, a Horizontal selection circuit 105, an
AGC (automatic gain control) circuit 106, an ADC (A-D
converter) 107, a digital amplifier 108, a TG (timing genera-
tor) circuit 109, and the likes are provided to surround the
imaging region 101. The ADC 107 is integrally formed with
the CDS circuit 103, and can be formed as a column-type
CDS-ADC circuit structure. Alternatively, the TG circuit 109,
the AGC circuit 106, the ADC 107, the digital amplifier 108,
and the likes may be formed on a separate chip.

[0047] FIG. 2 shows the inner circuit structure of one of the
pixels 200 forming the imaging region 101. In FIG. 2, the
portion surrounded by a solid line on the lower side is the
circuit structure of the pixel 200. A photodiode that performs
photoelectric conversions is connected to a floating diffusion
layer 203 via a transfer transistor 202. The floating diffusion
layer 203 is formed with a high-density n*-type impurity
diffused region, for example, and is connected to Vdd via a
reset transistor 204 that resets the floating diffusion layer 203.
The floating diffusion layer 203 is connected to the gate of an
amplifier transistor 205. The drain of the amplifier transistor
205 is connected to a drive voltage Vdd, and the source of the
amplifier transistor 205 is connected to a vertical signal line
207 via a select transistor 206. One end of the vertical signal
line 207 is connected to the ground via a load transistor 208
that is surrounded by a broken line in the upper portion of
FIG. 2 and is located outside the imaging region 101. The
other end of the vertical signal line 207 is connected to the
CDS circuit 103 (see FIG. 1) located outside the imaging
region 101. The load transistor 208 and the amplifier transis-
tor 205 that are connected in series via the vertical signal line
207 constitute a source-follower circuit, and output a signal
voltage generated in the floating diffusion layer 203 to the
CDS circuit 103.

[0048] InFIG. 2, the unit pixel 200 has all the functions for
photoelectric conversions, signal charge storage, charge-volt-
age conversions, and formation of the source-follower circuit.
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However, two or more photodiodes 201 and transfer transis-
tors 202 may be connected to a single floating diffusion layer
203 as needed, so as to share the other components forming
the circuit in the pixel, such as the floating diffusion layer 203,
the reset transistor 204, the amplifier transistor 205, and the
select transistor 206. In other words, miniaturization of the
pixels 200 can be more easily realized by forming two pixels
with one cell, or forming four pixels with one cell. In the
structure shown in FIG. 2, the positions of the amplifier
transistor 205 and the select transistor 206 may be switched.

[0049] FIG. 3 shows a cross-section structure of the solid-
state imaging device according to the first embodiment. An
n-type impurity region (hereinafter also referred to as a PD_n-
region) 201a forming the photodiode 201 is formed in a
p-type silicon substrate 150. Signal electrons generated
through photoelectric conversions in the photodiode 201 hav-
ing a pn junction formed with the PD_n-region 201a and the
p-type semiconductor substrate 150 are stored in the PD_n-
region 201a. When the transfer transistor 202 formed in the
silicon substrate 150 is switched on, the signal electrons are
transferred to the floating diffusion layer 203. The floating
diffusion layer 203 and the amplifier transistor 205 (see FIG.
2) to which the gate of the floating diftusion layer 203 is
connected are modulated, so that signals in accordance with
the amount of incident light are read out. The transfer tran-
sistor 202 and the amplifier transistor 205 are covered with an
interlayer insulating film 230, and metal interconnect layers
235 connected to those transistors or the floating diffusion
layer 203 are formed in the interlayer insulating film 230. A
color filter 237 is provided on the interlayer insulating film
230, and a microlens 239 is provided on the color filter 237. A
p*-type impurity diftused region 210 is provided on the por-
tion of the semiconductor substrate 150 between the PD_n-
type region 2014 and the interlayer insulating film 230, so as
to prevent dark current from flowing into the PD_n-region
201a. A constant potential (0'V, for example) is applied to this
p*-type impurity diffused region 210.

[0050] The PD_n-region 201a has a so-called buried pho-
todiode structure, being completely buried inside the silicon
substrate 150 for lower noise. A trench-type pixel separation
structure 160 is provided as a pixel separation structure for
element separation from adjacent pixels. This pixel separa-
tion structure 160 has a fixed charge film 162 buried in a
trench formed in the silicon substrate 150. The fixed charge
film 162 retains fixed charges. A silicon oxide layer 164 of an
extremely small thickness equivalent to several atomic layers
is provided between the fixed charge film 162 and the trench.
The silicon oxide layer 164 is provided along the side faces
and the bottom face of the trench. Therefore, the pixel sepa-
ration structure 160 is designed to include the fixed charge
film 162 and the silicon oxide layer 164. As the fixed charge
film 162, an oxide dielectric film containing at least one
element selected from the group consisting of hatnium (Hf),
zirconium (Zr), and titanium (T1) is used, for example. Where
a hafnium oxide is used, it is possible to bury the hafnium
oxide film by ALD (Atomic Layer Deposition) using TDEAH
(Tetrakis-DiEthylAmino-Hafnium) as a raw material.

[0051] Since signal charges are electrons in this embodi-
ment, the fixed charge film 162 retains negative charges, to
form a hole storage region in the vicinity of the pixel separa-
tion structure 160 on the side of the PD_n-region 201a or in
the vicinity of the interface between the fixed charge film 162
and the silicon oxide layer 164 on the side of the PD_n-region
201a. Specifically, after a hafnium oxide film is formed by
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ALD, annealing is performed in a hydrochloric acid atmo-
sphere, to terminate the dangling bonds of hafnium atoms
existing in the interface between the hatnium oxide film and
the silicon oxide layer with chlorine atoms. In this manner,
negative fixed charges are formed and can be retained. At this
point, the fixed charge area density is adjusted to 1.0x10'?
cm™ orhigher, so that a sufficient hole storage layer is formed
in the vicinity of the interface, and generation of dark current
is restrained. Also, the fixed charge area density is adjusted to
1.0x10** cm™ or higher, so that the dark current can be
reduced in a more stable manner, which is more preferable.
[0052] According to this embodiment, even if obliquely
incident light directed toward the photodiode 201 reaches the
pixel separation structure 160, the light is reflected and does
not enter the adjacent pixels. This is because the refractive
index of each of the silicon oxide layer 164 and the hafnium
oxide film is lower than the refractive index of silicon. In other
words, this is because, where n, represents the refractive
index of silicon (=3.9), and n, represents the refractive index
of silicon oxide (=1.4) or the refractive index of hafnium
oxide (=2.0), the light that enters at a smaller angle than the
critical angle Oc defined by the following equation (1) is
total-reflected:

Oc=arcsin(s,/n,) (€8]

[0053] Accordingly, optical crosstalk is remarkably
reduced. At this point, the pixel separation structure 160 has
a so-called tapered shape, with the aperture size of its bottom
face being smaller than the aperture size of its light incidence
side. With this arrangement, the incident light enters the pixel
separation structure 160 at a smaller angle, and the optical
crosstalk can be reduced over a wider range, which is more
preferable.

[0054] Further, with the pixel separation structure 160, a
deeper pixel separation can be formed. Accordingly, the sen-
sitivity to red is made higher, and electrical crosstalk is also
remarkably reduced. The problems with conventional arts are
also solved. This will be described in the following.

[0055] First, as the structure to reduce the noise generated
in the vicinity of the interface that separates pixels, the fixed
charge film 162 buried inside the pixel separation structure
160 is used to make a high-density p*-type impurity diffused
region unnecessary. A high-density p*-type impurity diffused
region is essential in conventional arts, and is formed next to
a trench-type pixel separation layer. With the high-density
p*-type impurity diffused region being unnecessary, the vol-
ume of the PD_n-region is not compressed, and at the same
time, the open aperture of each photodiode does not become
smaller. Accordingly, a decrease in sensitivity due to the pixel
separation structure is not caused.

[0056] Furthermore, even if there is a defect existing in the
silicon oxide layer 164 between the fixed charge film 162 and
the silicon substrate 150, charges are not injected from the
fixed charge film 162, and white scars are not formed.
[0057] As described above, according to this embodiment,
the pixel separation structure 160 performs pixel separations.
Accordingly, a solid-state imaging device that has less optical
crosstalk and less electrical crosstalk can be obtained.
[0058] Electrons are used as signal charges in this embodi-
ment. However, in a case where holes are used as signal
charges, an electron storage layer is formed in the vicinity of
the interface by retaining positive charges in the fixed charge
film 162. In that case, the same effects as above can be
achieved. In a case where a hafnium oxide film is used as the
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fixed charge film 162, for example, the fixed charge film 162
can be formed by the above described ALD, and the dangling
bonds of the hatnium atoms existing in the interface between
the hafnium oxide and the silicon oxide layer retain positive
charges.

(First Modification)

[0059] Referring now to FIG. 4, a solid-state imaging
device according to a first modification of the first embodi-
ment is described. The solid-state imaging device of the first
modification differs from the solid-state imaging device of
the first embodiment in that the trench-type pixel separation
structure 160 is replaced with a trench-type pixel separation
structure 160A shown in FIG. 4. The pixel separation struc-
ture 160A according to the first modification has a structure in
which stacked films of a silicon oxide layer 164, a charge
fixed film 162 formed with a silicon nitride film, a silicon
oxide layer 166, and a polycrystalline silicon film 168 are
formed in this order inside a trench. This pixel separation
structure 160A can achieve the same effects as those of the
first embodiment. Here, the silicon oxide layer 166 applies a
voltage of 10to 20V to the polycrystalline silicon film 168, so
as to adjust the film thickness to approximately 2 nm, which
allows a tunnel current to flow. The silicon nitride film 162 has
such a composition as to retain fixed charges inside. For
example, the silicon nitride film 162 has a silicon-rich com-
position such as SigN, 4, and its film thickness is approxi-
mately 10 nm. The silicon oxide layer 164 has a film thickness
of approximately 2 nm, for example, so as to form a hole
storage layer inside the silicon substrate 150.

[0060] In the pixel separation structure 160A of the first
modification, such a voltage as to allow a tunnel current to
flow in the silicon oxide layer 166 is applied to the polycrys-
talline silicon film 168 buried in the trench structure, so that
electrons can be injected from the polycrystalline silicon film
168 into the silicon nitride film 162. The electrons injected
into the silicon nitride film 162 are trapped, and fixed charges
can be obtained.

[0061] According to this modification, the same effects as
those of the first embodiment are achieved, and a highly-
sensitive solid-state imaging device that has less optical
crosstalk and less electrical crosstalk can be obtained.
[0062] Furthermore, the above-described procedure to
form fixed charges inside the silicon nitride film 162 may be
carried out during the device manufacture or immediately
after the device manufacture, to achieve a sufficient effect.
After that, there is no need to apply a voltage to the polycrys-
talline silicon film 168. Also, since the above described stack
structure formed with the silicon oxide layer 164, the silicon
nitride film 162, and the silicon oxide layer 166 is formed
between the polycrystalline silicon film 168 and the semicon-
ductor substrate 150, the probability of formation of white
scars due to a gate leak becomes remarkably lower.

Second Embodiment

[0063] FIG.S shows a solid-state imaging device according
to a second embodiment. Like the solid-state imaging device
of'the first embodiment, the solid-state imaging device of the
second embodiment has a trench-type pixel separation struc-
ture 160 provided between adjacent pixels, and a p*-pixel
separation region 220 is provided between each floating dif-
fusion layer 203 and the corresponding pixel separation struc-
ture 160 on the sides on which the floating diffusion layers
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203 are provided between adjacent pixels. The p*-type pixel
separation regions 220 are not provided on different sides
from the sides on which the floating diffusion layers 203 are
provided between adjacent pixels. In this second embodi-
ment, each pixel separation structure 160 has a silicon oxide
layer 164 and a fixed charge film 162 containing hafnium
oxide that are buried in a trench formed in a semiconductor
substrate 150, as described with reference to FIG. 3. In FIG.
5, a p*-type impurity diffused region 210 for preventing dark
current from flowing into each PD_n-region201a is provided
on each PD_n-region 201a. A color filter 237 provided on
each pixel is placed so that its color is different from that of
the color filter placed on each adjacent pixel.

[0064] According to this embodiment, the above described
pixel-circuit sharing method can be implemented. Specifi-
cally, in a case where pixels are laid out in a pixel-circuit
sharing manner, the two photodiodes sharing one floating
diffusion layer 203 are formed by arranging a photodiode
201, a transfer transistor 202, a floating diffusion layer 203, a
transfer transistor 202, and a photodiode 201 in this order on
the surface of the silicon substrate 150 on the wiring side.
Inside the silicon substrate 150, however, a photodiode 201, a
p*-type pixel separation region 220, and a photodiode 201 are
formed and arranged in this order. In this case, each pixel
separation structure 160 for separating pixels between two
photodiodes 201 is buriedinside the silicon substrate 150, and
each p*-type pixel separation region 220 formed with a high-
density p*-type impurity diffused region in contact with the
wiring-side end face of the corresponding pixel separation
structure 160 is formed. A transfer transistor 202, a floating
diffusion layer 203, and a transfer transistor 202 are further
formed on the front face side of the silicon substrate 150, to
obtain the separated structure illustrated in FIG. §.

[0065] Next, an example of the method for manufacturing
the separated structure illustrated in FIG. § is described.
[0066] First, the pixel separation structures 160 are formed
in the silicon substrate 150. Etching of a desired depth is then
performed on portions of the pixel separation structures 160,
with the portions corresponding to the regions in which the
high-density p*-pixel separation regions 220 are to be
formed. Concave portions are formed at the etched portions of
the pixel separation structures 160. Through an epitaxial
growth, the concave portions are filled with a single-crystal
silicon film. At this point, planarization is performed on the
surface of the silicon substrate 150 as needed.

[0067] After that, according to the regular procedures for
manufacturing a solid-state imagingdevice, the p*-type pixel
separationregions 220, the floating diffusion layers 203, and
the transfer transistor 202 are formed. Further, the interlayer
insulating film 230, metal interconnect layers 235, the color
filters 237, and the microlenses 239 are formed.

[0068] In this embodiment, each p*-type pixel separation
region 220 exists in a region inside the silicon substrate 150
located below the region on which a transfer transistor 202, a
floating diffusion layer 203, and a transfer transistor 202 are
provided. In this embodiment, however, the p*-type pixel
separation regions 220 are formed in a sufficiently shallow
region, compared with a conventional structure in which each
entire pixel separation structure is formed with a p*-type pixel
separation region. Therefore, there is not a problem in terms
of fine processing, and electrical crosstalk can be sufficiently
reduced. At the same time, light leakage from obliquely inci-
dent light into adjacent pixels that causes optical crosstalk can
be remarkably reduced.
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[0069] According to this embodiment, a pixel layout
according to the pixel-circuit sharing method can be used, and
finer pixels can be obtained. Also, combined with the high
sensitivity characteristically achieved by the pixel-circuit
sharing method, a solid-state imaging device with higher
sensitivity can be obtained.

(First Modification)

[0070] FIG. 6 shows a solid-state imaging device according
to a first modification of the second embodiment. The solid-
state imaging device of the first modification differs from the
solid-state imaging device illustrated in FIG. § in that p*-type
pixel separation regions 221 are provided on pixel separation
structures 160 on the different sides from the sides on which
floating diffusion layers 203 between adjacent pixels are pro-
vided. Specifically, between adjacent pixels, a pixel separa-
tion structure 160 and a p*-type pixel separation region 220 or
221 are provided. As in this first modification, all the pixel
separation structures on the front face side of the silicon
substrate 150 between the adjacent pixels may have a struc-
ture that includes a p*-type pixel separation region 220 or 221
and a pixel separation structure 160 provided below this
p*-type pixel separation region 220 or 221.

[0071] Toobtain the pixel separation structureaccording to
this first modification, the same procedures as the manufac-
turing procedures described in the second embodiment are
carried out.

[0072] This first modification can achieve the same effects
as those of the second embodiment, and a pixel layout accord-
ing to the pixel-circuit sharing method can be used to achieve
finer pixels. Also, combined with the high sensitivity charac-
teristically provided by the pixel-circuit sharing method, a
solid-state imaging device with higher sensitivity can be
obtained.

(Second Modification)

[0073] FIG.7 shows a solid-state imaging device according
to a second modification of the second embodiment. The
solid-state imaging device of the second modification difters
from the solid-state imaging device illustrated in FIG. § in
that each trench-type pixel separation structure 160 is
replaced with the trench-type pixel separation structure 160A
shown in FIG. 4. The solid-state imaging device of the second
modification can also achieve the same effects as those of the
second embodiment.

[0074] Also, a highly sensitive solid-state imaging device
that has less optical crosstalk and less electrical crosstalk can
be obtained.

[0075] Furthermore, the above-described procedure to
form fixed charges inside each silicon nitride film 162 may be
carried out during the device manufacture or immediately
after the device manufacture, to achieve sufficient effects.
After that, there is no need to apply a voltage to the polycrys-
talline silicon films 168. Also, since the above described stack
structure formed with a silicon oxide layer 164, a silicon
nitride layer 162, and a silicon oxide layer 166 is formed
between each polycrystalline silicon film 168 and the semi-
conductor substrate 150, the probability of formation of white
scars due to a gate leak becomes remarkably lower.

(Third Modification)

[0076] FIG. 8 shows a solid-state imaging device according
to a third modification of the second embodiment. The solid-
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state imaging device of the third modification differs from the
solid-state imaging device of the first modification illustrated
in FIG. 6 in that each trench-type pixel separation structure
160 is replaced with the trench-type pixel separation structure
160A shown in FIG. 4.

[0077] The solid-state imaging device of the third modifi-
cation can also achieve the same effects as those of the first
modification of the second embodiment.

[0078] Also, a highly-sensitive solid-state imaging device
that has less optical crosstalk and less electrical crosstalk can
be obtained.

[0079] Furthermore, the above-described procedure to
form fixed charges inside each silicon nitride film 162 may be
carried out during the device manufacture or immediately
after the device manufacture, to achieve sufficient effects.
After that, there is no need to apply a voltage to the polycrys-
talline silicon films 168. Also, since the above described stack
structure formed with a silicon oxide layer 164, a silicon
nitride layer 162, and a silicon oxide layer 166 is formed
between each polycrystalline silicon film 168 and the semi-
conductor substrate 150, the probability of formation of white
scars due to a gate leak becomes remarkably lower.

Third Embodiment

[0080] FIG.9 shows a solid-state imaging device according
to a third embodiment. Each of the solid-state imaging
devices according to the first and second embodiments and
their modifications is a front-illuminated solid-state imaging
device. Incident light enters a front-illuminated solid-state
imaging device from the front face side. On the other hand,
the solid-state imaging device of the third embodiment is of a
back-illuminated type.

[0081] In this solid-state imaging device of the third
embodiment, each trench-type pixel separation structure 160
is provided between adjacent pixels in a silicon substrate 150
in which photodiodes 201 each having a PD_n-region 201a
are formed. This pixel separation structure 160 has a trench
that penetrates through the silicon substrate 150 from the
back face side to the front face side. A silicon oxide layer 164
and a fixed charge film 162 made of a dielectric oxide are
buried in the trench. In other words, this pixel separation
structure 160 has the same structure as each pixel separation
structure 160 described in the first and second embodiments
and their modifications.

[0082] Also, as described in the first and second embodi-
ments, a transfer transistor 202, a floating diffusion layer 203,
a reset transistor (not shown), and an amplifier transistor (not
shown) are provided on the front face side of the silicon
substrate 150. Further, an interlayer insulating film 230 is
provided on the front face of the silicon substrate 150, and
metal interconnect layers 235 are provided in the interlayer
insulating film 230. The different aspects from the first
embodiment are that the fixed charge film 162 is provided on
the back face side of the silicon substrate 150, and an insu-
lating film 236 that transmits incident light is provided on the
fixed charge film 162 (below the fixed charge film 162 in the
drawing). A microlens 239 is provided on the insulating film
236 (below the insulating film 236 in the drawing). In the
region of the insulating film 236 corresponding to the pixel
separation structure 160, a light shield 240 is provided to
overlap with or cover the pixel separation structure 160. A
p*-type impurity diffused region 210 for preventing dark
current from flowing into a PD_n-region 201a is provided in
a region on the front face side of the silicon substrate 150
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between the PD_n-region 201a and the interlayer insulating
film 230. A p*-type impurity diftused region 210a for pre-
venting dark current from flowing into the PD_n-region201a
is provided in a region on the back face side of the silicon
substrate 150 between the PD_n-region 201a and the fixed
charge film 162. Since a constant potential is applied to the
fixed charge film 162, the p*-type impurity diffused region
210a may not be required in this embodiment.

[0083] A method for manufacturing the solid-state imaging
device of the third embodiment is as follows.

[0084] According to the procedures for manufacturing a
conventional back-illuminated solid-state imaging device,
the structure on the side of the metal interconnect layers 235
is completed on the silicon substrate 150. After that, the
structure is bonded to a supporting substrate (not shown).
Polishing or the like is then performed on the light incidence
side face of the silicon substrate 150, to process the silicon
substrate 150 into a structure of a desired thickness and
remove the damaged layer from the surface of the silicon
substrate 150.

[0085] A trench extending from the light incidence side is
then formed, and a fixed charge film is formed in the trench.
For example, the silicon oxide layer 164 and the hafnium
oxide film 162 to be the fixed charge film are formed in this
order. When thesiliconoxidelayer 164 and the hafhium oxide
film 162 are buried in the trench, the fixed charge film 162 is
also formed on the surface of the silicon substrate 150 on the
light incidence side. At this point, the fixed charge film 162
can be formed at such a low temperature that hardly damages
the metal interconnect layers 235 and the portions in contact
with the metal interconnect layers 235. Accordingly, the fixed
charge film 162 can also be formed to extend from the back
face side.

[0086] After that, according to the procedures for manufac-
turing a conventional back-illuminated solid-state imaging
device, an insulating film layer, the light shield 240 for pre-
venting light from entering between pixels, the insulating film
236, and the microlens 239 are formed to obtain the structure
illustrated in FIG. 9.

[0087] According to this embodiment, combined with the
high-sensitivity effect that is characteristic of a back-illumi-
nated solid-state imaging device, a solid-state imaging device
with higher fineness and higher sensitivity can be obtained.

[0088] The refractive index of the hafnium oxide as the
fixed charge film is 2.0, which is a value close to the square
root of the product of the refractive index of single-crystal
silicon as the silicon substrate, which is 3.9, and the refractive
index of theair, which is 1. By taking advantage of this aspect,
an antireflection structure for incident light can be formed,
and such a structure is more preferable. Where d, represents
the film thickness required for an antireflection structure, and
d, represents the film thickness required for burying a pixel
separation structure, it is ideal that d, and d, are equal to each
other (d,=d,). However, evenifd, and d, are notequal to each
other (d,=d,), appropriate processing can be performed.

[0089] Ifd, is larger than d, (d,>d,), the film thickness on
the light incidence face side is still insufficient even when the
filling of the pixel separation structure 160 is completed. In
such a case, after the filling of the trench portion is completed,
film formation is performed on the trench region at the same
speed as the film formation on the light incidence face.
Strictly speaking, the portion on the trench region has such a
thickness that a slightly concave portion is formed, as
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opposed to the flat portion on the incidence face side. How-
ever, this does not cause a problem, as the light shield 240 is
formed in that region.

[0090] If d, is smaller than d, (d,<d,), the filling of the
inside of the pixel separation structure 160 has not been
completed when the film thickness of the light incidence face
side becomes sufficiently large. In that case, the following
two types of measures can be taken.

[0091] According to one of the two types of measures, the
film formation is further continued, and the film thickness d,
necessary for the filling is achieved. After that, a so-called
etchback process is carried out to perform etching on the
entire surface, so that the film thickness of the flat portion
becomes d,. Strictly speaking, the portion located on the
trench has such a thickness that a slightly concave portion is
formed, as opposed to the flat portion on the incidence face
side. However, this does not cause a problem, as the light
shield 240 is formed in that region.

[0092] According to the other one ofthe two types of mea-
sures, the film formation is ended when the film thickness of
the flat portion on the light incidence face side becomes d,
and the inside of the trench is then filled with some other
material. In this case, etchback can be performed on the last
filling material as needed. The last filling material may be a
silicon oxide film having a refractive index of 1.4, which is
between the refractive index of the hafnium oxide, which is
2.0, and the refractive index of the air, which is 1.0, for
example. By taking advantage of this relationship in refrac-
tive index, a greater effect can be achieved from the antire-
flection structure, which is more preferable. Also, by taking
this measure, a structure according to the later described
fourth embodiment is obtained. Accordingly, optical
crosstalk is further reduced, and higher sensitivity can be
achieved.

[0093] Furthermore, since a trench-type pixel separation
structure is formed also on the back face side, a different
effect is also achieved, and even higher sensitivity can be
achieved. This is because the alignment precision during the
lithography processing becomes higher when the light shield
240 is formed, and the optical aperture improves as will be
described below.

[0094] The light shield 240 prevents optical crosstalk
before light enters the silicon substrate 150, by shielding each
region between photodiodes from light emitted between pix-
els. Therefore, it is necessary to establish and control the
positional relationship with the PD_n-region 201a forming
each photodiode or with each pixel separation structure 160
with high precision. As is apparent from the structure illus-
trated in FIG. 9, the pixel separation structure 160 opens
through the light incidence face of the silicon substrate 150.
Accordingly, an alignment mark having the same cross-sec-
tion structure as the pixel separation structure 160 is formed,
and lithography processing is performed based on the mark.
In this manner, high alignment precision can be achieved. Itis
difficult to optically detect a conventional high-density
p*-pixel separation structure, and therefore, an alignment
mark is formed with some other structure located on a surface
on the wiring side. It is also difficult to recognize this align-
ment mark through an optically non-transparent silicon sub-
strate in visible light or light of shorter wavelengths. At the
same time, the alignment precision becomes poorer. It is also
possible to perform the alignment with infrared rays of 1.1 um
or higher in wavelength with which the silicon substrate
become transparent, but the alignment precision still becomes
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poorer. To absorb the decrease in the alignment precision, the
width of each light shield is made greater in a conventional
structure, so as to realize a stable light shield structure.
[0095] However, with the improved alignment precision in
the structure of this embodiment, the aperture of each photo-
diode can be made larger, without an unnecessary increase in
the width of each optical shield. Accordingly, higher sensi-
tivity can be achieved.

[0096] Further, in a conventional back-illuminated solid-
state imaging device, depth and fineness cannot be secured
for each pixel separation structure at the same time. Also, to
prevent an increase in optical crosstalk, the thickness of the
siliconsubstrate or the depth of each photodiode that absorbs
incident light is limited to approximately 2.5 microns or 3
microns. With the structure of this embodiment, however,
those problems are eliminated. Accordingly, a larger amount
of infrared rays that cannot be sufficiently absorbed in a
conventional structure can be absorbed, and higher sensitivity
can be achieved.

[0097] In this embodiment, each pixel separation structure
160 can be formed to extend from the wiring side surface, and
a structure that includes the fixed charge film on the surface of
the silicon substrate 150 on the light incidence side can be
formed to extend from the back face side. However, to sim-
plify the manufacturing procedures and lower the production
costs involved in the manufacturing procedures, it is prefer-
able to form those structures at the same time.

Fourth Embodiment

[0098] FIG. 10 shows a solid-state imaging device accord-
ing to a fourthembodiment. The solid-state imaging device of
the fourth embodiment is the same as the solid-state imaging
device of the third embodiment illustrated in FIG. 9, except
that the trench-type pixel separation structure 160 is replaced
with a trench-type pixel separation structure 160B.

[0099] This pixel separation structure 160B has a structure
in which a silicon oxide layer 164, a fixed charge film 162, and
a film 169 made of a low refractive index material are buried
in a trench formed in a silicon substrate. The manufacturing
procedures for obtaining the pixel separation structure 160B
according to the fourth embodiment are the same as those of
the third embodiment, except that the low refractive index
film 169 is buried after the silicon oxide layer 164 and the
fixed charge film 162 made of hafnium oxide are buried
during the process to fill the inside of the pixel separation
structure 160B.

[0100] The low refractive index material here means a
material having a lower refractive index than that of the semi-
conductor substrate 150. Where the semiconductor substrate
150 is made of single-crystal silicon, its refractive index is
3.9. Therefore, the low refractive index material is a material
having a lower refractive index than 3.9. Alternatively, as
described in the third embodiment, the low refractive index
material should preferably be a material having a lower
refractive index than the refractive index of hafnium oxide,
which is 2.0, so as to improve the efficiency of the antireflec-
tion structure on the light incidence side and achieve higher
sensitivity. Further, to improve the effect to reduce optical
crosstalk, it is more preferable to use a material having a
lower refractive index than 1.4, which is the refractive index
of silicon oxide.

[0101] According to this embodiment, the effect to reduce
optical crosstalk caused by obliquely incident light entering
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adjacent pixels is improved, and a solid-state imaging device
with higher sensitivity can be obtained. The reason for that is
as follows.

[0102] Optical crosstalkis reduced by each pixel separation
structure as described above, and obliquely incident light is
total-reflected by a structure that is filled with a material
having a lower refractive index than 3.9, which is the refrac-
tive index of the single-crystal silicon of the semiconductor
substrate.

[0103] At this point, to reduce optical crosstalk, it is essen-
tial to make the critical angle 8¢ for total reflection smaller.
According to the above described equation (1) that defines the
critical angle, the refractive index n. of the exit-side material
needs to be lower than the refractive index n, of the incidence-
side material. In other words, it is necessary to use a material
having a lower refractive index than the refractive index n,
(=3.9) of the single-crystal silicon.

[0104] The interface that faces obliquely incident light first
is the interface between the single-crystal silicon having a
refractive index of 3.9 and the silicon oxide layer having a
refractive index of 1.4, and the critical angle at this point is 21
degrees. Accordingly, obliquely incident light thatenters the
solid-state imaging device at an incident angle of 69 degrees
or smaller is total-reflected by this interface, and occurrences
of optical crosstalk are restrained. In reality, the behavior of
obliquely incident light entering the pixel separation structure
160 designed to have a smallersize than the wavelengthrange
(400 nm through 700 nm) of incident light is complicated due
to influence of its wave nature, and the obliquely incident
light might seep through the thin silicon oxide layer 164.
[0105] Insucha case, the critical angle is determined by the
relationship in refractive index between the hafnium oxide
film 162 having a higher refractive index than the silicon
oxide layer 164 and the single-crystal silicon. As a result, the
critical angle becomes as large as 30 degrees.

[0106] Toavoid theinfluence of the seeping due to the wave
nature of incident light, the hafnium oxide film 162 is
designed to have a smaller film thickness than the film thick-
ness necessary for filling the inside of the trench, and the
trench is then filled with a low refractive index material. In
this manner, an increase of'the critical angle can be prevented,
and the range of the reduction of optical crosstalk can be
widened.

[0107] For example, the trench is filled with a silicon oxide
layer after the formation of a hafnium oxide film of such a film
thickness that cannot fill the trench. By doing so, a critical
angle of 21 degrees can be maintained, and the critical angle
can be made even smaller by forming a so-called low-k film (a
low dielectric constant material film) having an even lower
refractive index. The material of the low-k film having a low
refractive index may be silicon oxide, porous silica, a poly-
meric material, or the like.

[0108] This embodiment can achieve not only the effect to
reduce optical crosstalk but also the eftect to lower the pro-
duction costs through the shortening of the manufacturing
time.

[0109] The film formation of a hatnium oxide film as a fixed
charge film is performed through procedures according to
ALD orthelike, as described above. Since the hafnium oxide
film is conformally formed inside a trench structure having a
high aspect ratio, the throughput of the manufacturing pro-
cess is low. However, as described above, fixed charges are
eccentrically located in the interface between the hafnium
oxide film and the silicon oxide layer. Therefore, even if the
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film thickness of the hafnium oxide film is small, it is possible
to achieve the effect to retain fixed charges. Accordingly, by
filling the trench with a low refractive index material follow-
ing a thin hafnium oxide film in a high-throughput procedure,
the structure of this embodiment can be realized.

[0110] The low refractive index material may be any of
various kinds of coating films other than a silicon oxide film.
In that case, a great effect to increase the throughput is
achieved, and the production costs can be remarkably low-
ered.

Fifth Embodiment

[0111] FIG. 11 shows a solid-state imaging device accord-
ing to a fifth embodiment. In the solid-state imaging device of
the fifth embodiment, each trench-type pixel separation struc-
ture 160 is provided between adjacent pixels, and each
p*-pixel separation region 220 is provided between a floating
diffusion layer 203 and the pixel separation structure 160 on
the side on which the floating diffusion layer 203 is provided
between adjacent pixels, as in the third embodiment. Also,
each p*-pixel separation region 221 is provided on a different
side from the side on which the floating diffusion layer 203 is
provided between the adjacent pixels. In the fifth embodi-
ment, each pixel separation structure 160 has a structure in
which a silicon oxide layer 164 and a fixed charge film 162
containing hafnium oxide, for example, are buried in a trench
formed in a semiconductor substrate 150, as described with
reference to FIG. 3.

[0112] In the fifth embodiment, the supporting substrate
300 described in relation to the method for manufacturing the
solid-state imaging device of the third embodiment is pro-
vided on the interlayerinsulating film 230. This fifth embodi-
ment differs from the third embodiment in that each fixed
charge film 162 is not formed on the back face side of the
silicon substrate 150, but an insulating film 236 that transmits
incident light is provided on the back face side. Color filters
237 are provided on this insulating film 236 (below the insu-
lating film 236 in FIG. 11), and microlenses 239 are provided
onthe color filters 237 (below the color filters 237 in FIG. 11).
In the regions in the insulating film 236 corresponding to the
pixel separation structures 160, light shields 240 are provided
to overlap with or cover the pixel separation structures 160. A
p*-type impurity diffused region 210 for preventing dark
current from flowing into a PD_n-region 201a is provided in
a region on the front face side of the silicon substrate 150
located between each PD_n-region 201« and the interlayer
insulating film 230, and a p*-type impurity diffused region
210a for preventing dark current from flowing into a corre-
sponding PD_n-region 201a is provided in a region on the
back face side of the silicon substrate 150 located between
each PD_n-region 201a and the insulating film 236. The color
filter 237 provided for each pixel is placed so that its color is
different from that of the colorfilter placed on each adjacent
pixel. In other words, the fifth embodiment has the same
structure as the first modification of the second embodiment,
except that the solid-state imaging device is of a back-illumi-
nated type, instead of a front-illuminated type.

[0113] According to the fifth embodiment, the pixel-circuit
sharing method described in the second embodiment can be
implemented. Specifically, in a case where pixels are laid out
in a pixel-circuit sharing manner, the two photodiodes sharing
one floating diffusion layer 203 are formed by arranging a
photodiode 201, a transfer transistor 202, a floating diffusion
layer 203, a transfer transistor 202, and a photodiode 201 in
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this order on the surface of the silicon substrate 150 on the
wiring side. Inside the silicon substrate 150, however, a pho-
todiode 201, a p*-pixel separation region 220, and a photo-
diode 201 are formed and arranged in this order. In this case,
each pixel separation structure 160 for separating pixels
between two photodiodes 201 is formed and buried inside the
silicon substrate 150, and each p*-pixel separation region 220
formed with a high-density p*-type impurity diffused region
in contact with the wiring-side end face of each correspond-
ing pixel separation structure 160 is formed. A transfer tran-
sistor 202, a floating diffusion layer 203, and a transfer tran-
sistor 202 are further formed on the front face side of the
silicon substrate 150. Also, each p*-type pixel separation
region 221 is formed on a different side from the side on
which the corresponding floating diffusion layer 203 is pro-
vided between the adjacent pixels. With this arrangement, the
solid-state imaging device of this embodiment having the
separated structure illustrated in FIG. 11 is obtained.

[0114] This embodiment can also reduce electrical
crosstalk to a sufficiently low level, like the first modification
of the second embodiment. Also, the light leakage from
obliquely incident light into adjacent pixels that causes opti-
cal crosstalk is also remarkably reduced.

[0115] As described above, according to this embodiment,
a pixel layout according to the pixel-circuit sharing method
can be used, and finer pixels can be obtained. Also, combined
with the high sensitivity characteristically provided by the
pixel-circuit sharing method, a solid-state imaging device
with higher sensitivity can be obtained.

Sixth Embodiment

[0116] FIG. 12 shows a solid-state imaging device accord-
ing to a sixth embodiment. The solid-state imaging device of
the sixth embodiment is the same as the solid-state imaging
device of the fifth embodiment illustrated in FIG. 11, except
that each pixel separation structure 160 is replaced with the
pixel separation structure 160A used in the fourth embodi-
ment illustrated in FIG. 10.

[0117] This sixth embodiment can also achieve the same
effects as those of the fifth embodiment, and, like the fourth
embodiment, can increase the effect to reduce optical
crosstalk caused by obliquely incident light entering adjacent
pixels. Accordingly, a solid-state imaging device with higher
sensitivity can be obtained.

Seventh Embodiment

[0118] FIG. 13 shows a solid-state imaging device accord-
ing to a seventh embodiment. The solid-state imaging device
of the seventh embodiment is the same as the solid-state
imaging device of the fifth embodimentillustrated in FIG. 11,
except that the fixed charge film 162 and the silicon oxide
layer 164 buried in the trench of each pixel separation struc-
ture also extend to the lower face side of each corresponding
PD_n-region 201a. Unlike the fifth embodiment illustrated in
FIG. 11, this embodiment does not involve the p*-regions
210a for preventing dark current from flowing into the PD_n-
regions 201a. This is because a constant potential is applied to
the fixed charge film 162, to prevent dark current from flow-
ing into the PD_n-regions 201a.

[0119] According to this embodiment, the procedure to
provide the p*-regions 210a for preventing dark current from
flowing into the PD_n-regions 201a can be eliminated. By
virtue of the simplification of the manufacturing procedures,
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the production yield can be improved, and the production
costs are lowered. Accordingly, only lower costs are required.
[0120] The seventh embodiment can also achieve the same
effects as those of the fifth embodiment.

Eighth Embodiment

[0121] FIG. 14 shows a solid-state imaging device accord-
ing to an eighth embodiment. The solid-state imaging device
of the eighth embodiment is the same as the solid-state imag-
ing device of the sixth embodiment illustrated in FIG. 12,
except that the fixed charge film 162, the silicon oxide layer
164, and the low refractive index film 169 buried in the trench
of each pixel separation structure are designed to also extend
on the lower face side of each corresponding PD_n-region
201a. Unlike the sixth embodiment illustrated in FIG. 12, this
embodiment does not involve the p*-type impurity diffused
regions 210a for preventing dark current from flowing into
the PD_n-regions 201a. This is because a constant potential is
applied to the fixed charge film 162, to prevent dark current
from flowing into the PD_n-regions 201a.

[0122] According to this embodiment, the procedure to
form the p*-type impurity diffused regions 210a for prevent-
ing dark current from flowing into the PD_n-regions 201a can
be eliminated, as in the seventh embodiment. By virtue of the
simplification of the manufacturing procedures, the produc-
tion yield is improved, and the production costs are lowered.
Accordingly, only lower costs are required.

[0123] This eighth embodiment can also achieve the same
effects as those of the sixth embodiment.

Ninth Embodiment

[0124] FIG. 15 shows a solid-state imaging device accord-
ing to a ninth embodiment. The solid-state imaging device of
the ninth embodiment is the same as the solid-state imaging
device of the fifth embodiment illustrated in FIG. 11, except
that each pixel separation structure 160 is replaced with the
pixel separation structure 160A used in the first modification
of the first embodiment illustrated in FIG. 4.

[0125] The ninth embodiment can also achieve the same
effects as those of the fifth embodiment. Also, as in the case of
the first modification of the first embodiment, generation of
white scars due to a gate leak can be remarkably reduced.

Tenth Embodiment

[0126] FIG. 16 shows a solid-state imaging device accord-
ing to a tenth embodiment. The solid-state imaging device of
the tenth embodiment is the same as the solid-state imaging
device of the ninth embodiment illustrated in FIG. 15, except
that each pixel separation structure 160A is replaced with a
trench-type pixel separation structure 160C. This pixel sepa-
ration structure 160C further includes a low refractive index
material film 169 provided in the polycrystalline silicon film
168 of each pixel separation structure 160A. In other words,
the pixel separation structure 160C has a stack film buried in
a trench, with the stack film being formed with the silicon
oxide layer 164, the fixed charge film 162, the silicon oxide
layer 166, the polycrystalline silicon film 168, and the low
refractive index material film 169.

[0127] The tenth embodiment can also achieve the same
effects as those of the ninth embodiment. Also, the effect to
reduce optical crosstalk caused by obliquely incident light
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entering adjacent pixels can be increased, and accordingly, a
solid-state imaging device with higher sensitivity can be
obtained.

Eleventh Embodiment

[0128] FIG. 17 shows a solid-state imaging device accord-
ing to an eleventh embodiment. The solid-state imaging
device of the eleventh embodiment is the same as the solid-
state imaging device of the ninth embodiment illustrated in
FIG. 15, except that the silicon oxide layer 164, the fixed
charge film 162, the silicon oxide layer 166, and the polycrys-
talline silicon film 168 buried in the trench of each pixel
separation structure 160A are designed to also extend on the
lower face side of each corresponding PD_n-region 201a.
Unlike the ninth embodiment illustrated in FIG. 15, this
embodiment does not involve the p*-type impurity diffused
regions 210a for preventing dark current from flowing into
the PD_n-regions 201a. This is because a constant potential is
applied to the fixed charge film 162, to prevent dark current
from flowing into the PD_n-regions 201a.

[0129] According to this embodiment, the procedure to
form the p*-type impurity diffused regions 210a for prevent-
ing dark current from flowing into the PD_n-regions 201a can
be eliminated, as in the seventh embodiment. By virtue of the
simplification of the manufacturing procedures, the produc-
tion yield is improved, and the production costs are lowered.
Accordingly, only lower costs are required.

[0130] This eleventh embodiment can also achieve the
same effects as those of the ninth embodiment.

Twelfth Embodiment

[0131] FIG. 18 shows a solid-state imaging device accord-
ing to a twelfth embodiment. The solid-state imaging device
of the twelfth embodiment is the same as the solid-state
imaging device of the tenth embodiment illustrated in FIG.
16, except that the silicon oxide layer 164, the fixed charge
film 162, the silicon oxide layer 166, the polycrystalline sili-
con film 168, and the low refractive index material film 169
buried in the trench of each pixel separation structure 160C
are designed to also extend on the lower face side of each
corresponding PD_n-region 201a. Unlike the tenth embodi-
ment illustrated in FIG. 16, this embodiment does not involve
the p*-type impurity diffused regions 210a for preventing
dark current from flowing into the PD_n-regions 201a. This is
because a constant potential is applied to the fixed charge film
162, to prevent dark current from flowing into the PD_n-
regions 201a.

[0132] According to this embodiment, the procedure to
form the p*-type impurity diffused regions 210a for prevent-
ing dark current from flowing into the PD_n-regions 201a can
be eliminated, as in the seventh embodiment. By virtue of the
simplification of the manufacturing procedures, the produc-
tion yield is improved, and the production costs are lowered.
Accordingly, only lower costs are required.

[0133] This twelfth embodiment can also achieve the same
effects as those of the tenth embodiment.

[0134] Ineach of the back-illuminated solid-state imaging
devices according to the ninth through twelfth embodiments,
a polycrystalline silicon film existing on the light incidence
side might absorb incident light and lower the sensitivity.
However, this polycrystalline silicon film is a structure that
needs to be operated only when electrons are injected into a
silicon nitride film in the process to initialize fixed charges,
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and is not necessarily required to have low resistance. There-
fore, to avoid the problem of a decrease in sensitivity due to
light absorption, the polycrystalline silicon film can be made
thinner. For example, in a buried photodiode structure in a
conventional front-illuminated solid-state imaging device,
the invalid region that does not contribute to the sensitivity of
the photodiodes normally has a greater depth than 0.1 um, and
in the circumstances, it is difficult to make the film thinner for
reasons related to the thermal process or a reduction in surface
component noise.

[0135] Therefore, where the film thickness of the polycrys-
talline silicon film as a fixed charge film is adjusted to 0.1 pm
or smaller, only a decrease in sensitivity that is almost the
same as the decrease insensitivity observed in a conventional
buried photodiode is caused. On the other hand, the thickness
ofthepolycrystallinesiliconlayercan be adjusted to approxi-
mately 100 nm, and accordingly, it is safe to say that even
higher sensitivity than that of a buried photodiode can be
achieved.

[0136] As described above, according to each embodiment,
even in miniaturized pixels, interfacial shield charges of the
opposite conductivity type of signal charges are induced in
the vicinity of the pixel separation region of each photodiode
by each fixed charge film that retains fixed charges and is
buried in a trench structure. Accordingly, generation of dark
current can be restrained, and pixel separation structures that
do not compress the volumes of photodiodes are realized.
Thus, a highly sensitive solid-state imaging device can be
obtained.

[0137] Also, obliquely incident light entering each pixel
separation structure is reflected by the incidence face.
Accordingly, the obliquely incident light does not enter adja-
cent pixels, and optical crosstalk can be reduced. Thus, a
highly sensitive solid-state imaging device can be obtained.
[0138] Further, pixel separation structures and photodiodes
each having such a depth as to absorb a sufficient amount of
incident light of “red” or long wavelengths can be realized.
Accordingly, the red sensitivity is improved, and electrical
crosstalk isreduced. Thus, a highly sensitive solid-state imag-
ing device can be obtained.

[0139] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions.
Indeed, the novel methods and systems described herein may
be embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the meth-
ods and systems described herein may be made without
departing from the sprit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
ormodifications as would fall within the scope and spritof'the
invention.

What is claimed is:

1. A solid-state imaging device comprising:

a semiconductor substrate of a first conductivity type,
including a first face, a second face being opposite to the
first face, and a trench extending from the first face into
the semiconductor substrate;

a plurality of pixels provided in the semiconductor sub-
strate, each of the pixels having a semiconductor region
of'a second conductivity type that converts incident light
from the first face of the semiconductor substrate into
signal charges and stores the signal charges;
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areadoutcircuit provided on a side of the second face of the
semiconductor substrate, and reading out the signal
charges stored in the pixels; and

a pixel separation structure provided between adjacent
ones of the pixels in the semiconductor substrate, the
pixel separation structure including a stack film that is
buried in the trench in the semiconductor substrate, the
stack film including a first insulating film provided along
side faces and a bottom face of the trench, and a fixed
charge film provided in the trench to cover the first
insulating film and retains fixed charges that are non-
signal charges.

2. The device according to claim 1, further comprising

an impurity region of the first conductivity type that is
provided in the semiconductor substrate to be in contact
with a bottom face of the pixel separation structure, and
has a higher density than the semiconductor substrate.

3. The device according to claim 1, wherein

the stack film of the pixel separation structure further
includes a second insulating film provided in the trench
to cover the fixed charge film, and a polycrystalline
silicon electrode film provided in the trench to cover the
second insulating film and having a voltage applied
thereto.

4. The device according to claim 1, wherein

the stack film of the pixel separation structure further
includes a low refractive index film provided in the
trench to cover the fixed charge film and having a lower
refractive index than the semiconductor substrate.

5. The device according to claim 1, wherein the stack film

of the pixel separation structure extends to a light incidence
face side of each of the pixels.

6. The device according to claim 1, wherein

the semiconductor substrate is a silicon substrate,

the first insulating film is a silicon oxide film, and

the fixed charge film is an oxide dielectric film containing
at least one of hafhium (Hf), zirconium (Zr), and tita-
nium (T1).

7. A solid-state imaging device comprising:

a semiconductor substrate of a first conductivity type,
including a first face, a second face being opposite to the
first face, and a trench extending from the first face into
the semiconductor substrate;
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a plurality of pixels provided in the semiconductor sub-
strate, each of the pixels having a semiconductor region
of'a second conductivity type that converts incident light
from a side of the first face of the semiconductor sub-
strate into signal charges and stores the signal charges;

areadout circuit provided on the side of the first face of the
semiconductor substrate, and reading out the signal
charges stored in the pixels; and

a pixel separation structure provided between adjacent
ones of the pixels in the semiconductor substrate, the
pixel separation structure including a stack film that is
buried in the trench in the semiconductor substrate, the
stack film including a first insulating film provided along
side faces and a bottom face of the trench, and a fixed
charge film provided in the trench to cover the first
insulating film and retaining fixed charges that are non-
signal charges.

8. The device according to claim 7, further comprising

an impurity region of the first conductivity type that is
provided in the semiconductor substrate to be in contact
with an upper face of the pixel separation structure, and
has a higher density than the semiconductor substrate.

9. The device according to claim 7, wherein

the stack film of the pixel separation structure further
includes a second insulating film provided in the trench
to cover the fixed charge film, and a polycrystalline
silicon electrode film provided in the trench to cover the
second insulating film and having a voltage applied
thereto.

10. The device according to claim 7, wherein

the stack film of the pixel separation structure further
includes a low refractive index film provided in the
trench to cover the fixed charge film and having a lower
refractive index than the semiconductor substrate.

11. The device according to claim 7, wherein

the semiconductor substrate is a silicon substrate,

the first insulating film is a silicon oxide film, and

the fixed charge film is an oxide dielectric film containing
at least one of hafnium (Hf), zirconium (Zr), and tita-
nium (T1).
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