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CLAIMS

1. A semiconductor device, which comprises a light-receiving part and a circuit part that are formed on a
semiconductor substrate that is common thereto, comprising:

a high specific resistance region, which is provided on a principle surface of the semiconductor
substrate and is formed with high specific resistance owing to a low impurity concentration;

wherein:
the light-receiving part comprises:
a first electrode region, which is disposed in contact with the high specific resistance region, is
a first conductive semiconductor region having a higher impurity concentration than the high specific resistance
region, and to which a first voltage is applied; and
a second electrode region, which is disposed in contact with the high specific resistance
region, is a second conductive semiconductor region having a higher impurity concentration than the high
specific resistance region, and to which a second voltage is applied;
between the first electrode region and the second electrode region is placed in a reverse-bias state
owing to the first voltage and the second voltage, and thereby a depletion layer is formed in the high specific
resistance region; and
the circuit part comprises:
a circuit-element region, which is provided on the principle surface and is a first conductive
semiconductor region on which a circuit element is formed in the interior; and
a junction-boundary region, which constitutes the boundary between the high specific
resistance region and the circuit-element region and is a second conductive semiconductor region having a
higher impurity concentration than the high specific resistance region.
2. The semiconductor device according to claim 1, wherein the high specific resistance region is the second
conductive semiconductor region.
3. The semiconductor device according to claim 1 or 2, wherein the high specific resistance region has a specific
resistance of 200 Q-cm or more.
4. The semiconductor device according to any one of claims 1-3, wherein the high specific resistance region is
an epitaxial growth layer.
5. The semiconductor device according to any one of claims 1-4, wherein:
the second electrode region is an underlayer of the high specific resistance region; and
the first electrode region and the circuit-element region are each formed on surface-layer portions of
the high specific resistance region.
6. The semiconductor device according to any one of claims 1-4, wherein the first electrode region, the second
electrode region, and the circuit-element region are each formed on surface-layer portions of the high specific
resistance region.
7. The semiconductor device according to claim 6, wherein another second electrode region is an underlayer of
the high specific resistance region.
DETAILED DESCRIPTION OF THE INVENTION
TECHNICAL FIELD
[0001]
The present invention relates to a semiconductor device that comprises a light-receiving part, which
utilizes a depletion layer extending across a semiconductor region of high specific resistance, and generates
signals by way of photoelectric conversion.

BACKGROUND ART
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[0002]

Optical discs, such as CDs (compact disks) and DVDs (digital versatile disks) have, in recent years,
come to occupy a major position in the marketplace as information recording media. Playback devices for these
optical discs radiate laser light along a track of the optical disc via an optical pickup mechanism and detect the
reflected light thereof. Furthermore, recorded data is played back based on the variation of the reflected light
intensity.

[0003]

An optical disc-playback device performs servo control to control the positional relationship between
the optical pickup mechanism and the optical disc while detecting data based on the reflected light. Specifically,
tracking servo is performed for radiating the laser light along the center line of the track, and focusing servo is
performed to maintain a constant distance between the optical disc and the optical pickup mechanism. In
focusing servo control, for example, variable control is performed to vary the location of the optical pickup
mechanism, using an actuator, based on an output signal from a photodetector that detects the laser reflected
light, thereby maintaining a constant distance d to the optical disc. Thereby, fluctuation in the reflected light
quantity in response to shifts in the focus of the radiated light on the front surface of the optical disc is curtailed,
and thereby noise superimposed on the received-light signals is suppressed.

[0004]

To obtain information for this kind of servo control, something that partitions a reflected-light image
into a plurality of blocks and receives light is used as the photodetector. FIG. 9 includes schematic diagrams that
show a light-receiving part of the photodetector and the reflected-light image on the light-receiving part. The
laser reflected light passes through a cylindrical lens and impinges on the photodetector. According to the
principle of astigmatism, the dimensional proportions of the image of reflected light that has impinged a circular
cross-section on the cylindrical lens and then passed through the lens will vary in two orthogonal directions in
accordance with distance d between the optical pickup mechanism and the optical disc. Specifically, in the
situation in which distance d is a target value, distance d is set so that the reflected-light image becomes a
perfect circle 30 as shown in FIG. 9(b). In contrast, for example, in the situation in which distance d is over, the
reflected-light image becomes an ellipse 32, which is vertically long as shown in FIG. 9(a), and in the situation
in which distance d is under, the reflected-light image becomes an ellipse 34, which is horizontally long as
shown in FIG. 9(c).

[0005]

The photodetector comprises, for example, the light-receiving part, which is divided into four blocks
36, 2x2, where each of the blocks constitutes a light-receiving element that outputs received-light signals. The
photodetector is disposed such that each diagonal direction along the 2x2 square array of light-receiving
elements coincides with an axis of the vertically long ellipse 32 and an axis of the horizontally long ellipse 34,
respectively. By such an arrangement, in FIG. 9, the shapes of the reflected-light images can be distinguished on
the basis of the difference between the sum of the output signals of the two light-receiving elements aligned
along the diagonal line in the vertical direction and the sum of the output signals of the two light-receiving
elements aligned along the diagonal line in the horizontal direction, and thereby can be used to control distance
d. In contrast, the reflected light intensity, in accordance with data, can be derived from the sum total of the
output signals of the four light-receiving elements.

[0006]

Because the rate at which data is read from the optical disc is extremely high, the photodetector is
configured from semiconductor elements in which PIN photodiodes having a fast response speed are used. FIG.
10 is a schematic, cross-sectional view of one light-receiving element that constitutes a conventional
photodetector. This diagram shows the vertical cross-sectional structure of a PIN photodiode, which is the light-
receiving element. In this semiconductor element, a p-type semiconductor substrate 40 becomes the anode
region 42 of the photodiode, and an i-layer 44, which has a low impurity concentration and high specific
resistance, is formed on the anode region 42 via epitaxial growth. The impurity concentration of the i-layer 44 is
extremely low, and the specific resistance thereof is on the order of 100 Q-cm and is higher, by an order of
magnitude, than that of a semiconductor substrate used in other generic semiconductor elements. An n* region,
which becomes a cathode region 48, is formed on the front surface of the i-layer 44. By disposing the low
concentration i-layer 44 between the anode region 42 and the cathode region 48, a depletion layer can be formed
in the i-layer 44 even when a reverse-bias voltage applied between the anode and the cathode becomes low,
thereby enabling low-voltage driving of the photodetector.

[0007]

The anode region 42, the i-layer 44, and the cathode region 48 constitute the PIN photodiode that
becomes each light-receiving element of the photodetector. The anode region 42 and the cathode region 48 of
the PIN photodiode are each connected to a voltage terminal, and a reverse-bias voltage is applied between the
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terminals. The depletion layer is formed in the i-layer 44 between the anode region 42 and the cathode region 48
in the reverse-bias state, and the electrons emitted owing to absorption of the incident light within the depletion
layer move toward the cathode region 48 owing to the electrical field within the depletion layer and are output
as the received-light signal.

[0008]

The thickness of the i-layer 44 is set to approximately the absorption length or more within the
semiconductor for the light to be detected. For example, the absorption length in silicon with respect to light in
the 780 nm band or the 650 nm band, which is employed in CDs and DVDs, is approximately 10-20 pm.
DISCLOSURE OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION
[0009]

The weak photo-electrical conversion signals generated by the light-receiving parts are amplified by an
amplifier and output to a later-stage signal-processing circuit. Here, from the viewpoint of curtailing attenuation
of the photo-electrical conversion signals and suppressing the superimposition of noise, the length of wiring
between the light-receiving parts and the amplifier is configured to be as short as possible. Based on this
viewpoint, and from the viewpoint of reducing the manufacturing cost of the photodetector, it would be ideal to
form the circuits—such as the light-receiving parts, each of which has the PIN photodiode structure, and the
amplifie—on the same semiconductor chip. In this situation, as shown in the schematic, cross-sectional view in
FIG. 11, an N-well 50, which is an n-type impurity region, is formed in the front surface of the i-layer 44, which
is formed on the low-concentration p-type region, and within this N-well 50, for example, a p-channel MOSFET
(Metal Oxide Semiconductor Field Effect Transistor: MOS-type field effect transistor) 52 and an n-channel
MOSFET 54 can be formed to constitute a CMOS (Complementary Metal Oxide Semiconductor). However,
due to the impurity concentration of the i-layer 44 being extremely low, this configuration has the problem that
the leakage current at the pn junction between the i-layer 44 and the N-well becomes large.

[0010]

The present invention was conceived in order to solve the above-mentioned problems, and an object of
the present invention is to provide a semiconductor element for photodetection that can be driven at low voltage
and high speeds and can achieve a reduction in cost.

MEANS FOR SOLVING THE PROBLEMS
[0011]

A semiconductor device of the present invention, which comprises a light-receiving part and a circuit
part that are formed on a semiconductor substrate that is common thereto, comprising: a high specific resistance
region, which is provided on a principle surface of the semiconductor substrate and is formed with high specific
resistance owing to a low impurity concentration; wherein the light-receiving part comprises: a first electrode
region, which is disposed in contact with the high specific resistance region, is a first conductive semiconductor
region having a higher impurity concentration than the high specific resistance region, and to which a first
voltage is applied; and a second electrode region, which is disposed in contact with the high specific resistance
region, is a second conductive semiconductor region having a higher impurity concentration than the high
specific resistance region, and to which a second voltage is applied; between the first electrode region and the
second electrode region is placed in a reverse-bias state owing to the first voltage and the second voltage, and
thereby a depletion layer is formed in the high specific resistance region; and the circuit part comprises: a
circuit-element region, which is provided on the principle surface and is a first conductive semiconductor region
on which a circuit element is formed in the interior; and a junction-boundary region, which constitutes the
boundary between the high specific resistance region and the circuit-element region and is a second conductive
semiconductor region having a higher impurity concentration than the high specific resistance region.

EFFECTS OF THE INVENTION
[0012]

According to the present invention, a junction-boundary region of a concentration higher than that of
the high specific resistance region is provided at the boundary between the high specific resistance region and
the circuit-element region to have a conductivity type that is the reverse of the circuit-element region. The
expansion of a depletion layer that can generate electric charges due to thermal excitation or the like is curtailed
and leakage current is inhibited at the pn junction portion that is formed by this junction-boundary region and
this circuit-element region. As a result, a circuit part that includes a circuit element such as a CMOS can be
provided together with the light-receiving part and formed on the same substrate, and thereby a low voltage and
high-speed driven photodetection semiconductor element can be realized while curtailing costs.

BEST MODES FOR CARRYING OUT THE INVENTION
[0013]

Modes for implementing the present invention (referred to below as embodiments) are explained below
on the basis of the drawings.
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[0014]
[First Embodiment]

FIG. 1 is a schematic plan view of a photodetector, which is a semiconductor element of the
embodiment. A photodetector 60 is formed on a semiconductor substrate composed of silicon, and a light-
receiving part 62 is disposed in an opening portion (not shown) provided in a protective film that is layered on
the front surface of the semiconductor substrate. The light-receiving part 62 comprises, for example, four PIN
photodiodes (PD) 64, which are arrayed 2x2, and partitions light incident from an optical system onto the
substrate front surface into four blocks, 2x2, and receives that light. A signal-processing circuit part 66, as well
as the light-receiving part 62, is formed on the semiconductor substrate. The signal-processing circuit part 66 is
disposed, for example, around the light-receiving part 62. The signal-processing circuit part 66 comprises, for
example, circuit elements, such as CMOSs 68, and these circuit elements can be used to form, on the same
semiconductor chip as the light-receiving part 62: an amplifier circuit for the output signals from the light-
receiving part 62; or another signal-processing circuit.

[0015]

FIG. 2 is a more detailed plan view of the light-receiving part 62. Each of the PDs 64 is demarcated by
an isolation region 70, which is formed on the front surface of the semiconductor substrate surrounding the PDs
64. The isolation region 70 is formed, for example, as a p* region in which a high concentration of p-type
impurities is diffused. The absorption of light generates electrons and electron holes in portions on the silicon
substrate that correspond to the light-receiving part. A cathode region 72, in which electrons from among the
generated electric charges are collected, is disposed in each of the PDs 64 as the cathode. Each of the cathode
regions 72 is formed, for example, as an n* region in which a high concentration of n-type impurities is diffused.

[0016]

The isolation region 70 and each of the cathode regions 72 is connected via a contact to a wiring
formed in, for example, an aluminum (Al) layer or the like. A ground potential is applied to the isolation region
70, for example, via a wiring 74. In addition, the signal charges collected in the cathode regions 72 are read out
via wirings 76.

[0017]

FIG. 3 is a schematic, cross-sectional view that shows the structure of the light-receiving part 62 and
the signal-processing circuit part 66 in a vertical cross section of the semiconductor substrate through a straight
line A-A', which is shown in FIG. 1 and FIG. 2, respectively. Two of the PDs 64 of the light-receiving part 62
and the CMOS 68 of the signal-processing circuit part 66 appear in this cross section.

[0018]

The present photodetector 60 is formed by employing a semiconductor substrate onto which a
semiconductor layer, having a lower impurity concentration than a P-sub layer 80 and a high specific resistance,
is layered onto one principle surface of the P-sub layer 80, which is a p-type silicon substrate into which p-type
impurities have been introduced. The P-sub layer 80 constitutes the anode, which is common to all the PDs 64;
and, for example, a ground potential from the substrate rear surface is applied to the P-sub layer 80. The
semiconductor layer, which has high specific resistance and is layered onto the P-sub layer 80, is formed, for
example, by epitaxial growth. This epitaxial layer 82 (high specific resistance region) constitutes the i-layer of
each of the PDs 64 in the light-receiving part 62. The low-concentration impurity introduced into the epitaxial
layer 82 is, for example, a p-type impurity. In addition, specific resistance p of the epitaxial layer 82 is at least
200 Q-cm or more, and here, p is approximately 500 Q-cm. In addition, the thickness of the epitaxial layer 82
that constitutes the i-layer is set to approximately the absorption length or more within the semiconductor for the
light to be detected. For example, the absorption length of silicon with respect to light in the 780 nm band or the
650 nm band, which is employed in CDs and DVDs, is approximately 10-20 um. Accordingly, here, the
thickness of the epitaxial layer 82 is set to 10-20 pm.

[0019]

The isolation region 70 and the cathode regions 72 described above are formed on the front surface of
the epitaxial layer 82 in the light-receiving part 62. The introduction of impurities into the isolation region 70
and the cathode regions 72, respectively, is achieved by forming a mask, which is formed by photolithographic
techniques, on the front surface of the silicon substrate on which this epitaxial layer 82 is formed, and
employing this mask to selectively perform ion implantation of target regions.

[0020]

Incidentally, the impurities introduced by ion implantation at each of the locations at which the
isolation region 70 and the cathode regions 72 are formed are further subject to a thermal diffusion process, as
necessary, such that the impurities are pushed further in the depth direction of the substrate. That push amount
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can be separately controlled for the isolation region 70 and the cathode regions 72, respectively. As described
below, the isolation region 70, for example, functions to suppress crosstalk, among the PDs 64, of the signal
charges collecting in the cathode regions 72. Therefore, the depth of the isolation region 70 can be set, for
example, to deeper than the cathode regions 72. In contrast, by making the depth of the cathode regions 72
shallow, the depletion layer formed in the i-layer beneath each of the cathode regions 72 expands from
proximate to the substrate front surface, and thereby an improvement in photoelectric conversion efficiency can
be expected at each of the PDs 64. In this manner, in the situation in which the cathode regions 72 are to be
formed shallower than the isolation region 70, it is ideal to perform the ion implantation and thermal diffusion of
impurities into the isolation region 70 prior to ion implantation into the cathode regions 72.

[0021]

It is noted that, in the configuration of the present photodetector 60, the epitaxial layer 82 of high
specific resistance exists as the i-layer between the isolation region 70 and the P-sub layer 80, without the
isolation region 70 reaching as far as the P-sub layer 80. In addition, a ground potential is applied to the
isolation region 70 via the wiring 74, which is provided on the substrate front-surface side as described above,
and the isolation region 70 together with the P-sub layer 80 constitutes an anode.

[0022]

In contrast, in the signal-processing circuit part 66, a P-well 84 and an N-well 86 are formed in a
surface-layer portion of the epitaxial layer 82 corresponding to a formation region for the CMOS 68. Here, the
N-well 86 is a circuit-element region in which a circuit element is formed in the interior as described below, and
the P-well 84 is a junction-boundary region that forms the boundary between the N-well 86 and the epitaxial
layer 82. The P-well 84 and the N-well 86 are each formed, for example, by ion implantation. Specifically, ion
implantation that forms the P-well 84 is performed first, then, the N-well 86 is formed, by ion implantation, in
the interior of the P-well 84 such that the N-well 86 is shallower than the P-well 84. The depths of the P-well 84
and the N-well 86 can be made different from each other by adjusting the ion implantation energy or by
selecting the ion type for each of the P-well 84 and the N-well 86. The concentration of the N-well 86 can be
established in accordance with its relationship to the CMOS 68 formed within that region. The P-well 84 is
configured to have a higher concentration than that of the epitaxial layer 82, and thereby inhibits junction
leakage current between the epitaxial layer 82 and the N-well 86.

[0023]

A p-channel MOSFET 88 and an n-channel MOSFET 90, which constitute the CMOS 68, are formed
inside the N-well 86. The p-channel MOSFET 88 is formed, for example, by additionally forming an N-well 92
inside the N-well 86 and forming a source region 94 and a drain region 96, which are p* regions, on the front
surface of the N-well 92. A gate electrode 100 is disposed above a channel region, which is between the source
region 94 and the drain region 96, with a gate oxide film 98 interposed therebetween. The n-channel MOSFET
90 is formed by additionally forming a P-well 102 inside the N-well 86 and forming a source region 104 and a
drain region 106, which are n* regions, on the front surface of the P-well 102. A gate electrode 110 is disposed
above a channel region, which is between the source region 104 and the drain region 106, with the gate oxide
film 98 interposed therebetween. The gate electrodes 100, 110 are formed, for example, by using polysilicon,
tungsten (W), or the like.

[0024]

It is noted that, LOCOSs (local oxidation film) 112 are formed, on the front surface of the epitaxial
layer 82, at the boundary between the formation region of the CMOS 68 and the epitaxial layer 82 for the
purpose of isolating the regions. In addition, a LOCOS 114 is formed at the boundary between the p-channel
MOSFET 88 and the n-channel MOSFET 90 for the purpose of isolating elements.

[0025]

An anti-reflection film 116 is layered onto the substrate front surface on which the light-receiving part
62 and the signal-processing circuit part 66 are formed as described above. The anti-reflection film 116 is
composed of, for example, a silicon nitride film. Furthermore, although a planarized film, a wiring layer, and a
light-shielding layer are formed thereon, these are not shown in FIG. 3 for simplicity.

[0026]

FIG. 4 is a schematic view that shows a circuit configuration during operation of the present
photodetector 60 and shows an electric potential distribution at a cross section of the light-receiving part.
Similar to FIG. 3, the cross section of the light-receiving part 62 shown in FIG. 4 is along the straight line A-A',
which is shown in FIG. 1 and FIG. 2. A reverse-bias voltage is applied, by a voltage source 120, between the

Samsung Exhibit 1005, Page 6 of 29



10

20

30

40

50

(7) JP 2007-129024 A 2007.5.24

cathode regions 72 and the isolation region 70 and between the cathode regions 72 and the P-sub layer 80.
Specifically, the wiring (the wirings 76 in FIG. 2) from each of the cathode regions 72 is connected to one of the
input terminals of an op amp 122, and a positive voltage Vb is input from the voltage source 120 into the other
input terminal of that op amp 122. The output terminal of each of the op amps 122 is connected to the
corresponding cathode region 72 via a resistor, thereby constituting a current detector device. According to this
configuration, positive voltage Vb is applied to the cathode regions 72 using the electrical potential of the
isolation region 70 and the P-sub layer 80 as a reference, and a voltage that corresponds to the cathode current is
extracted from the output terminal of each of the op amps 122. Incidentally, the current detector devices, which
each includes the op amp 122, can be formed on the signal-processing circuit part 66.

[0027]

A number of equipotential lines are depicted in the cross-sectional view using dotted lines. This cross-
sectional view indicates that the depletion layer expands in the epitaxial layer 82, which constitutes the i-layer,
owing to a reverse-bias voltage being applied to the anode and cathode of each of the PIN photodiodes. The
potential deepens, i.e., increases, with proximity to one of the cathode regions 72, and a potential well is formed
for the electrons centered on each of the cathode regions 72.

[0028]

The potential at a boundary region 124—which is between the isolation region 70 and the P-sub layer
80—of the epitaxial layer 82 becomes less by applying a ground potential, which becomes a reverse bias, to the
cathode regions 66, with the isolation region 70 and the P-sub layer 80 serving as the anode. That is, by
providing a ground potential with the P-sub layer 80 as well as the isolation region 70 serving as the anode, the
potential of the boundary region 124 beneath the isolation region 70 is pulled in a direction in which it become
shallow. Thereby, a potential barrier is formed, against the movement of the electrons, between the potential
wells corresponding to adjacent PDs 64 that sandwich the isolation region 70.

[0029]

For example, in FIG. 4, the electrons emitted by the i-layer beneath the left-side cathode region 72-1
owing to the light incident on the left-side PD 64 are able to move easily toward the cathode region 72-1 along
the electric field of the left-side potential well; however, it is difficult for those electrons to move toward the
right-side cathode region 72-2 because of the potential barrier that exists therebetween in the region 124.
Consequently, the signal charges corresponding to the light incident on the left-side PD 64 collect primarily in
the cathode region 72-1. Similarly, it is difficult for the signal charges corresponding to the light incident on the
right-side PD 64 to move to the cathode region 72-1 owing to the existence of the potential barrier, and
therefore, the signal charges collect primarily in the cathode region 72-2. The amount of electrons that collect in
each of the cathode regions 72 is detected as the cathode current via the corresponding op amp 122.

[0030]

Thus, by making the P-sub layer 80 and the isolation region 70 serve as the anode, element isolation
can be achieved between the PDs 64 regardless of whether the i-layer of the adjacent PDs 64 are connected
beneath the isolation region 70, and thereby a received-light signal, in which crosstalk is suppressed, can be
obtained.

[0031]

In addition, in the configuration of the present photodetector, the P-sub layer 80 serves as the anode,
and this P-sub layer 80 extends beneath the signal-processing circuit part 66 as well. Here, the impurity
concentration in the epitaxial layer 82 is extremely low. Consequently, in a configuration in which the epitaxial
layer 82 contacts the N-well 86, the lower the electric potential in the P-sub layer 80, the easier it is for the
depletion layer to expand into a junction portion at which the epitaxial layer 82 and the N-well 86 are joined. In
the depletion layer, it is easier for electric charges to be emitted by thermal excitation or the like, which can
cause leakage current to be generated. That is, in a configuration of a photodetector in which the common P-sub
layer 80 is disposed beneath the light-receiving part 62 and the signal-processing circuit part 66, and a ground
potential is applied with this P-sub layer 80 serving as the anode of the light-receiving part 62, it becomes easier
for leakage current to be generated if the N-well 86 of the signal-processing circuit part 66 directly contacts the
epitaxial layer 82. Given that point, in the present photodetector 60, the P-well 84, which has a higher impurity
concentration than the epitaxial layer 82, is provided at the boundary between the N-well 86 and the epitaxial
layer 82, and thereby the expansion of the depletion layer into the pn junction becomes small and curtailment of
leakage current is achieved.

[0032]

In addition, the depletion layer in the epitaxial layer 82, which is the boundary with the N-well 86,
expands not only at the lower-surface side of the N-well 86 but also at the side surfaces. At a boundary portion
between the light-receiving part 62 and the signal-processing circuit part 66 in particular, because the isolation
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region 70, which is the anode, is grounded and made to have a low electric potential, it is easy for the depletion
layer to expand, and thereby it is easy for leakage current to be generated. However, by having a structure in
which the P-well 84 is disposed at side portions of the N-well 86 as well, expansion of the depletion layer in the
horizontal direction such that it enters the boundary portion between the light-receiving part 62 and the signal-
processing circuit part 66 is also curtailed, and thereby a decrease in leakage current is achieved.

[0033]

It is noted that, in the light-receiving part 62 described above, the PDs 64 are disposed adjacent to each
other with the isolation region 70 placed between them. Here, as one conventional technique for element
isolation, the LOCOS method is known. According to that technique, for example, a thick oxide film that
penetrates the substrate similar to the LOCOSs 112, 114 formed on the signal-processing circuit part 66 is
caused to grow selectively in a p* region similar to the one in which the separation region 70 is formed. While
on the one hand this technique can be applied to the light-receiving part 62 as well, this technique is not adopted
in the present embodiment. Thus, by not forming a LOCOS oxide film on the isolation region 70, the light
incident on the isolation region 70 from above is no longer attenuated by the LOCOS oxide film. Here, beneath
the isolation region 70 is the i-layer, which can be depleted. Consequently, attenuation of the light is curtailed
and the light incident on the isolation region 70 from above reaches the i-layer beneath the isolation region 70
and can generate the signal charge; thereby, detection efficiency for light that is incident on the light-receiving
part 62 improves.

[0034]

In addition, the isolation region 70 can become a non-sensitive region with respect to detecting
incidence light. Here, by not forming the LOCOS oxide film, diffusion in the horizontal direction of the
isolation region 70 during that formation process is avoided. As a result, because the proportion of the isolation
region 70 taking up the light-receiving part is curtailed, an improvement in the detection efficiency for the light
incident on the light-receiving part is achieved even at this point.

[0035]

The structure of the light-receiving part 62 of the photodetector 60 is not limited to the configuration
described above. FIG. 5 is a schematic, cross-sectional view that shows another structure of the light-receiving
part 62 and shows a vertical cross section of the semiconductor substrate along the straight line A-A', which is
shown in FIG. 1 and FIG. 2. It is noted that the plan view of this light-receiving part 62 is in common with that
shown in FIG. 2. A feature of the light-receiving part 62 shown in FIG. 5 is that it has a lower-portion isolation
region 150, which is a p* region that protrudes from the P-sub layer 80 at locations opposing the isolation region
70. This lower-portion isolation region 150 receives the voltage applied to the P-sub layer 80 and, together with
the P-sub layer 80, functions as a substrate-side anode. Owing to the lower-portion isolation region 150, the
distance between the anode that is constituted by the isolation region 70 and the substrate-side anode is reduced
at the boundaries of the PDs 64. As a result, the potential barriers for the electrons are more suitably formed in
the epitaxial layer 82 at the boundaries of the PDs 64, thereby improving the element isolation performance
between the PDs 64.

[0036]

The lower-portion isolation region 150 is formed, for example, by introducing p-type impurities,
through ion implantation, etc., at locations on the epitaxial layer 82 corresponding to the boundaries between the
PDs 64 in the stage in which the epitaxial layer 82 is layered onto the P-sub layer 80 to a partial thickness. Thus,
after the lower-portion isolation region 150 is formed, the epitaxial layer 82 is caused to grow to the remaining
thickness. Thereafter, similar to the light-receiving part 62, which exhibits the cross-sectional structure shown in
FIG. 3, the structure on the substrate front surface having the isolation region 70, the cathode regions 72, etc., is
formed.

[0037]

In the situation in which the structure of the light-receiving part 62 shown in FIG. 5 is adopted instead
of the structure of the light-receiving part 62 shown in FIG. 3, here, as well, the expansion of the depletion layer
into the epitaxial layer 82 from the boundary with the N-well 86 can be curtailed by providing the P-well 84 on
the signal-processing circuit part 66. As a result, the photodetector 60 is achieved in which junction leakage
current at the junction between the epitaxial layer 82 and the N-well 86 is curtailed.

[0038]
[Second Embodiment]

Except for points where the structure of the light-receiving part 62 is different from the above-
mentioned first embodiment, the photodetector 60, which is a second embodiment explained below, has a
configuration that is basically the same as the above-mentioned first embodiment; in the present embodiment,
constituent elements having the same functions and properties as those of the first embodiment are assigned
reference numerals identical to those of the first embodiment. A schematic plan view of the photodetector 60 of
the present embodiment is identical to that of FIG. 1, which is referenced here.

[0039]
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FIG. 6 is a schematic plan view of the light-receiving part 62 of the present photodetector 60. Similar
to the photodetector of the first embodiment, the present photodetector 60 is formed on the semiconductor
substrate, which is composed of silicon, and the light-receiving part 62 is disposed in the opening portion (not
shown) that is provided in the protective film layered on the front surface of the semiconductor substrate. The
light-receiving part 62 partitions light incident on the substrate front surface into four blocks, 2x2, and receives
that light.

[0040]

Cathode regions 200 are disposed, corresponding to the PDs 64, on the front surface of the
semiconductor substrate on the outer periphery of the light-receiving part 62. In addition, an anode region 202 is
disposed on the front surface of the semiconductor substrate between adjacent PDs 64 to provide element
isolation between the PDs 64.

[0041]

Each of the cathode regions 200 is formed as an n* region along the outer periphery of the light-
receiving part, for example, by diffusing a high concentration of n-type impurities from the front surface of a
trench 204 that is L-shaped in planar form. In contrast, the anode region 202 is formed as a p* region between
adjacent PDs 64, for example, by diffusing a high concentration of p-type impurities from the front surface of a
trench 206 that is plus-shaped in planar form. Each of the cathode regions 200 is connected via a contact to
wiring (not shown) formed from, for example, an aluminum (Al) layer or the like, and functions as the cathode
of the corresponding PD 64, which is a PIN photodiode. In contrast, the anode region 202 is connected via a
contact to wiring (not shown), and functions as an anode that is common to all the PIN photodiodes.

[0042]

FIG. 7 is a schematic, cross-sectional view that shows the structure of the light-receiving part 62 and
the signal-processing circuit part 66 in a vertical cross section of the semiconductor substrate through a straight
line A-A', which is shown in FIG. 1 and FIG. 6, respectively. Two of the PDs 64 of the light-receiving part 62
and the CMOS 68 of the signal-processing circuit part 66 appear in this cross section. The epitaxial layer 82
having high specific resistance and layered onto one principle surface of the P-sub layer 80, which is a p-type
silicon substrate, constitutes the i-layer of the PIN photodiodes. The trenches 204, 206, the cathode regions 200,
and the anode region 202 described above are formed on the front surface of the epitaxial layer 82. The trenches
204, 206 are formed by etching the front surface of the semiconductor substrate. After forming the trenches 204,
206, a resist is applied to the front surface of the semiconductor substrate, the resist is patterned, and apertures
are formed surrounded by the trenches 204. Ion implantation of n-type impurities is performed with this resist
serving as a mask. By making the implantation direction inclined, ion implantation also occurs at the wall
surfaces of the trenches 204, and the cathode regions 200 are formed on the front surface of each of the trenches
204, i.e., the wall surfaces and the bottom surface of each of the trenches 204. Similarly, a mask having an
aperture corresponding to the trench 206 is formed using the resist, ion implantation of p-type impurities is
performed, and thereby the anode region 202 is formed on the front surface of the trench 206, i.e., on the wall
surfaces and bottom surface of the trench 206.

[0043]

It is noted that the processes for forming the cathode regions 200 and the anode region 202 can include
a thermal diffusion step, as necessary, which is performed after the ion implantation described above. In
addition, after forming the cathode regions 200 and the anode region 202, the trenches 204, 206 can be filled
with an insulating film to achieve a structure in which the front surface of the light-receiving part is planarized.
[0044]

While the cathode regions 200 and the anode region 202 formed using the trenches 204, 206,
respectively, as described above, constitute the anode and the cathode of each of the PIN photodiodes, they also
surround the PDs 64 and function to isolate each of the PDs 64 from the outside thereof. Incidentally, this kind
of configuration is known as the STI (Shallow Trench Isolation) technique.

[0045]

The epitaxial layer 82 appears on the front surface at the inner-side portions surrounded by the cathode
regions 200 and the anode region 202 of the PDs 64. As described below, each of these portions becomes a
semiconductor region (a light-receiving semiconductor region 208) that is sensitive to the light incident on the
light-receiving part.

[0046]

FIG. 8 is a schematic view that shows a circuit configuration during operation of the present
photodetector 60 and shows an electric potential distribution at a cross section of the light-receiving part 62.
Similar to FIG. 7, the cross section of the light-receiving part 62 shown in FIG. 8 is along the straight line A-A',
which is shown in FIG. 1 and FIG. 6. Each of the cathode regions 200 is placed in a reverse-bias state in relation
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to the anode region 202 and the P-sub layer 80, which are made a ground potential using the voltage source 120.
Specifically, the wiring from each of the cathode regions 200 is connected to one of the input terminals of the
corresponding op amp 122, and the positive voltage Vb from the voltage source 120 is input to the other input
terminal of that op amp 122. The output terminal of each of the op amps 122 is connected to the corresponding
cathode region 200 via a resistor, to thereby constitute a current detector device. According to this configuration,
Vb is applied to the cathode regions 200, and a voltage that corresponds to the cathode current is extracted from
the output terminal of each of the op amps 92. Incidentally, the current detector devices, which each includes the
op amp 122, can be formed on the signal-processing circuit part 66.

[0047]

A number of equipotential lines are depicted in the cross-sectional view using dotted lines. This cross-
sectional view indicates that the depletion layer expands in the epitaxial layer 82, which constitutes the i-layer,
owing to the reverse-bias voltage being applied to the cathode and the anode of each of the PIN photodiodes.
The cathode regions 200 and the anode region 202 are both disposed on the front surface of the semiconductor
substrate, and the light-receiving semiconductor regions 208 located in the vicinity of the front surface of the
semiconductor substrate between the cathode regions 200 and the anode region 202 constitute the i-layer.
According to this configuration, the depletion layer likewise expands to the vicinity of the front surface of the
semiconductor substrate in correspondence to the light-receiving semiconductor regions 208 when the reverse-
bias voltage is applied.

[0048]

The potential within the depletion layer increases from the anode region 202 toward the respective
cathode region 200. That is, a potential well is formed at a location corresponding to each of the cathode regions
200. In addition, the potential becomes low at the boundary portions between adjacent PDs 64, which
correspond to the location of the anode region 202, a potential barrier with respect to the movement of electrons
is formed, and thereby element isolation between adjacent PDs 64 is achieved.

[0049]

The light incident on each of the PDs 64 generates electron—electron hole pairs, which function as the
signal charges absorbed by the depletion layer, and the electrons of these pairs collect in the neighboring
cathode regions 200. The amount of electrons that collect in each of the cathode regions 200 is detected by the
corresponding op amp 122 as the cathode current. The signal charges are generated in each of the PDs 64 of the
present photodetector 60 also owing to the light absorbed in the vicinity of the front surface of the
corresponding light-receiving semiconductor region 208, and those signal charges can be detected from the
corresponding cathode region 200. Thereby, it becomes possible to extract the signal charges generated by
short-wavelength light absorbed in the vicinity of the front surface of the semiconductor substrate as the
received-light signal, and thereby sensitivity to short-wavelength light can be obtained.

[0050]

Incidentally, by employing an anisotropic etching technique, such as RIE (Reactive Ion Etching), as the
etching method for forming the trenches 204, 206, for example, the trenches 204, 206 can be finely formed, and
thereby the proportion of the light-receiving semiconductor region 208 that takes up the surface area of the front
surface of the semiconductor substrate at each of the PDs 64 can be made large. Thereby, an improvement in the
sensitivity of the PDs 64 is achieved.

[0051]

In addition, because the junction surface area of the junctions between the cathode regions 200 and the
epitaxial layer 82 and the junction between the anode region 202 and the epitaxial layer 82 can be made small,
the inter-terminal capacitance between the cathode and anode of each of the PIN photodiodes is curtailed, and
thereby it becomes possible to secure satisfactory responsiveness.

[0052]

In the configuration of the present photodetector 60, the N-well 86, in which the circuit elements are
formed in the signal-processing circuit part 66, is formed inside the epitaxial layer 82, which has an extremely
low impurity concentration. Consequently, the depletion layer expands easily to the epitaxial layer 82 at the
boundary with the N-well 86, and thereby leakage current is easily generated. When the PIN photodiodes are
used in the reverse-bias state in particular, the P-sub layer 80, which is the anode therefor, expands also to
beneath the signal-processing circuit part 66. Although the epitaxial layer 82 is more easily depleted when the
potential difference between the N-well 86 and the P-sub layer 80 is small (or is reverse biased), in the present
photodetector 60, the P-well 84, which has a higher impurity concentration than the epitaxial layer 82, is
provided at the boundary between the N-well 86 and the epitaxial layer 82, and thereby expansion of the
depletion layer into the pn junction portion with the N-well 86 is reduced, and leakage current is curtailed.

[0053]
In addition, by having the structure in which the P-well 84 also covers the side surfaces of the N-well
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86, the depletion layer in the horizontal direction from the N-well 86 is also curtailed, and a decrease in leakage
current is achieved. There are also situations in which the PDs 64 are laid out such that the anode region 202 is
adjacent to the N-well 86, and in that situation in particular, the depletion layer, which expands in the horizontal
direction, is easily formed in the epitaxial layer 82 therebetween. However, in the present photodetector 60, by
having the structure in which the P-well 84 is also disposed at the side portions of the N-well 86 as described
above, in this situation as well, it becomes possible for the depletion layer to be suitably curtailed and the
leakage current to be suitably inhibited.

BRIEF DESCRIPTION OF THE DRAWINGS

[0054]
FIG. 1 is a schematic plan view of a photodetector, which is an embodiment of the present invention.
FIG. 2 is a plan view of a light-receiving part of the photodetector according to the first embodiment.
FIG. 3 is a cross-sectional view of the photodetector according to the first embodiment.

FIG. 4 is a schematic view that shows a circuit configuration during operation of the photodetector
according to the first embodiment and shows an electric potential distribution at a cross section of the light-
receiving part.

FIG. 5 is a cross-sectional view of another light-receiving part of the photodetector according to the
first embodiment.

FIG. 6 is a plan view of a light-receiving part of a photodetector according to a second embodiment.

FIG. 7 is a cross-sectional view of the light-receiving part of the photodetector according to the second
embodiment.

FIG. 8 is a schematic view that shows a circuit configuration during operation of the photodetector
according to the second embodiment and shows an electric potential distribution at a cross section of the light-
receiving part.

FIG. 9 includes schematic diagrams that show a light-receiving part of the photodetector and the
reflected-light image on the light-receiving part.

FIG. 10 is a schematic, cross-sectional view of one light-receiving element that constitutes a
conventional photodetector.

FIG. 11 is a cross-sectional view of an element and is for explaining the problems of a photodetector in
which circuits, such as the light-receiving part having a PIN photodiode structure, an amplifier, and the like, are
formed on the same semiconductor chip.

EXPLANATION OF THE REFERENCE NUMBERS

[0055]

60 Photodetector

62 Light-receiving part

64 PIN photodiode (PD)

66 Signal-processing circuit part
68 CMOS

70 Isolation region

72,200 Cathode regions
74,76 Wirings

80 P-sub layer
82 Epitaxial layer
84 P-well

86, 92 N-wells

88, 102 p-channel MOSFETs
90 n-channel MOSFET
94, 104 Source regions

96, 106 Drain regions

98 Gate oxide film

100, 110 Gate electrodes

112 LOCOS

116 Anti-reflection film

120 Voltage source

122 Op amp

202 Anode region

204,206  Trenches

208 Light-receiving semiconductor region
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I, Nadine A. Edwards, declare as follows:

1. I am over 21 years of age and am competent to make this declaration.
2. I am a native speaker of English.

3. I am fluent in Japanese.

4. I have 14 years of experience translating Japanese to English.

5. I translated the attached patent document "JP2007129024A" from
Japanese to English.

6. I certify that the above-mentioned translation of the document
"JP2007129024A" is, to the best of my knowledge, a true and accurate translation
from Japanese to English.

7. In signing this declaration, I understand that the translation and this
declaration may be filed as evidence in a contested case. I acknowledge that I may
be subject to cross-examination within the United States.

8. I declare under penalty of perjury that all statements made herein are
true and accurate to the best of my knowledge and belief, and that these statements
were made with the knowledge that willful false statements and the like so made
are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of

the United States Code.

Executed: April 2, 2025 By: -/
I[Iadine A. Edwards
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