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LIGHT-RECEIVING ELEMENT
(57) Abstract (a)
Problem
To achieve a balance between high sensitivity and 20
high response speed in a light-receiving element 1N
compatible with short-wavelength light.
Solution
A light-receiving element 20 comprises: a el
semiconductor substrate 1; a light-absorbing layer that is
formed on the semiconductor substrate 1, includes a low- S -
concentration impurity layer, and absorbs light of a
prescribed wavelength band; and a high-concentration
impurity layer 4 that is formed on the light-absorbing layer (b)
and has a higher impurity concentration than the low-
concentration impurity layer. A plurality of low-refractive-
index regions 6 having a lower refractive index than the
high-concentration impurity layer with respect to light is I{

arrayed with a constant spacing in at least the high-
concentration impurity layer, thereby forming a photonic
crystal portion 21 that transmits light of the prescribed
wavelength band as a result of having a periodic refractive
index distribution in a principal-plane direction of the
semiconductor substrate 1.
Selected Figure

FIG. 1
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CLAIMS
1. A light-receiving element comprising:

a semiconductor substrate;

a light-absorbing layer that is formed on the semiconductor substrate, includes a low-concentration
impurity layer, and absorbs light of a prescribed wavelength band; and

a high-concentration impurity layer that is formed on the light-absorbing layer and has a higher
impurity concentration than the low-concentration impurity layer;

wherein a plurality of low-refractive-index regions having a lower refractive index than the high-
concentration impurity layer with respect to light of the prescribed wavelength band is arrayed with a constant
spacing in at least the high-concentration impurity layer, thereby forming a photonic crystal portion that
transmits light of the prescribed wavelength band as a result of having a periodic refractive index distribution in
a main-plane direction of the semiconductor substrate.
2. The light-receiving element according to claim 1, wherein the plurality of low-refractive-index regions is
formed so as to pass through the high-concentration impurity layer to reach the light-absorbing layer so that the
photonic crystal portion reaches the light-absorbing layer.

3. The light-receiving element according to claim 1 or 2, wherein the plurality of low-refractive-index regions is
a plurality of cavities provided at least in the high-concentration impurity layer.

4. The light-receiving element according to claim 1 or 2, wherein the plurality of low-refractive-index regions
has a structure in which a plurality of recesses provided at least in the high-concentration impurity layer is filled
with a material having a lower refractive index than the high-concentration impurity layer with respect to light
of the prescribed wavelength band.

5. The light-receiving element according to claim 4, wherein an anti-reflective film composed from the material
filling the plurality of recesses is formed on the high-concentration impurity layer.

6. The light-receiving element according to claim 1 or 2, wherein the low-refractive-index regions are regions of
the same conductivity type as the high-concentration region that have a lower impurity concentration than the
high-concentration region.
7. The light-receiving element according to any one of claims 1-6, wherein each of the plurality of low-
refractive-index regions has a circular planar shape.
8. The light-receiving element according to any one of claims 1-7, wherein:

the light-absorbing layer includes, as the low-concentration impurity layer, a first-conductivity-type
low-concentration impurity layer and a second-conductivity-type low-concentration impurity layer formed
thereon; and

the high-concentration impurity layer is of the second conductivity type.
9. The light-receiving element according to any one of claims 1-8, wherein the plurality of low-refractive-index
regions has a planar shape of dimensions corresponding to a wavelength of light in the prescribed wavelength
band.
10. The light-receiving element according to any one of claims 1-9, wherein:

when the refractive index of the high-concentration impurity layer with respect to light of the
prescribed wavelength band is nj,the refractive index of the plurality of low-refractive-index regions with
respect to light of the prescribed wavelength band is n,the central wavelength of the prescribed wavelength

band is A, and the spacing between the plurality of low-refractive-index regions is D, the following equation
holds:
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D = (M2m) + (M2ny).
DETAILED DESCRIPTION OF THE INVENTION
TECHNICAL FIELD
[0001]

The present invention relates to a light-receiving element used in an optical pickup device or the like.
BACKGROUND ART
[0002]

At present, light-receiving elements for optical pickup used in optical disc devices, as represented by
CD-R (Compact Disc-Recordable) drives, DVD (Digital Versatile Disc) drives, and the like, are mainly made up
of a photodiode, which is for receiving laser light that has been reflected by an optical disc and returned

therefrom, and a signal processing circuit region, which is for processing an electrical signal generated by the
light-receiving element, such as a photodiode, on the basis of the received laser light.

[0003]

In recent years, there has been a demand for higher-speed operation and increased storage capacity in
optical disc devices. For this reason, even in DVD optical pickup systems, the wavelengths of the semiconductor
lasers that serve as light sources have become increasingly shorter for the purpose of increasing the storage
capacity of optical discs. In other words, while red semiconductor lasers that radiate light at a wavelength of 650
nm were used in the past, a transition is underway to systems employing blue semiconductor lasers that radiate
light at a wavelength of 405 nm.

[0004]

As the light source shifts to shorter wavelengths, the light-receiving element also requires
characteristics suited to blue wavelengths. The shorter the wavelength of the received light, the greater the
absorption coefficient of the light by silicon becomes. For this reason, the shorter the wavelength of light
irradiated by the photodiode, the nearer to the surface of the semiconductor layer the light is absorbed and
photocarriers are generated.

[0005]

The depth to which the light penetrates the semiconductor layer—for example, the distance from the
surface of the semiconductor to the location at which the optical intensity of the laser light is attenuated 60% by
optical absorption—is approximately 4.0 um in the case of conventional red light (wavelength: 650 nm) as
opposed to approximately 0.3 pum in the case of blue light (wavelength: 405 nm). That is, most of the blue light
is absorbed in shallower regions of the semiconductor.

[0006]

The higher the impurity concentration in the impurity region of the semiconductor layer, the shorter the
lifetimes of photocarriers become. That is, even if photocarriers are generated by optical absorption, they are
eliminated through recombination and are less likely to contribute to the photocurrent extracted as an external
current. As a result, sensitivity to incoming light decreases. As discussed above, the shorter the wavelength of
incoming light, the nearer to the surface of the semiconductor substrate it is absorbed; thus, reductions in
sensitivity due to a high impurity concentration in the vicinity of the surface become more prominent the shorter
the wavelength of the incoming light is.

[0007]

In contrast, the lower the impurity concentration near the surface of the semiconductor substrate, the
greater parasitic resistance becomes. This is known to be a cause of reductions in the response speed of light-
receiving elements.

[0008]

In this manner, the requirements for realizing improvements in sensitivity and the requirements for
realizing improvements in response speed are diametrically opposed in terms of the impurity concentration in
the semiconductor layer of a light-receiving element.

[0009]

As an example of a technique for managing this, light-receiving elements and the like in which low-
concentration regions and high-concentration regions are formed periodically at a constant spacing in a lattice
pattern have been proposed (for example, see Patent Document 1).

Patent Document 1

Japanese Laid-open Patent Publication 2003-158251
DISCLOSURE OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION
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[0010]

However, in the light-receiving element of Patent Document 1, some of the light enters the high-
concentration regions, and such light is absorbed into regions having low light reception sensitivity. For this
reason, a decrease in sensitivity still occurs when considering the light-receiving element as a whole.
Conversely, light irradiating the low-concentration regions ends up being absorbed in regions of high light
reception sensitivity; however, because the low-concentration regions are present on the surface of the substrate,
parasitic resistance on the surface of the substrate increases, thereby causing lags in response speed. Thus, a
balance between high sensitivity and high response speed has not been sufficiently realized.

[0011]

Accordingly, the present invention was conceived to solve such a problem and has an object of
providing a light-receiving element that satisfies the characteristics of both high sensitivity, especially to blue
lasers, and high response speed.

MEANS FOR SOLVING THE PROBLEMS
[0012]

To achieve the aforementioned object, the inventors of the present application conceived of forming a
high-concentration impurity layer, to which a high impurity concentration has been imparted in order to reduce
parasitic resistance, on a light-absorbing layer, to which a low impurity concentration has been imparted to
prevent the elimination of photocarriers through recombination, and, furthermore, curtailing the absorption of
incoming light in the high-concentration impurity layer by forming, in the high-concentration impurity layer, a
photonic crystal that transmits incoming light.

[0013]

Specifically, the light-receiving element of the present invention comprises: a semiconductor substrate;
a light-absorbing layer that is formed on the semiconductor substrate, includes a low-concentration impurity
layer, and absorbs light of a prescribed wavelength band; and a high-concentration impurity layer that is formed
on the light-absorbing layer and has a higher impurity concentration than the low-concentration impurity layer;
wherein a plurality of low-refractive-index regions having a lower refractive index than the high-concentration
impurity layer with respect to light of the prescribed wavelength band is arrayed with a constant spacing in at
least the high-concentration impurity layer, thereby forming a photonic crystal portion that transmits light of the
prescribed wavelength band as a result of having a periodic refractive index distribution in a principal-plane
direction of the semiconductor substrate.

[0014]

According to the light-receiving element of the present invention, a photonic crystal that transmits light
of a prescribed wavelength band is formed in the high-concentration impurity layer formed on the light-
absorbing layer. For this reason, light of a prescribed wavelength incident upon the light-receiving element is
subjected to Bragg reflection due to the periodic refractive index distribution in the photonic crystal portion of
the high-concentration impurity layer, and thus is not absorbed. That is, the incoming light is transmitted
through the photonic crystal portion without being attenuated, with the result that more light reaches the light-
absorbing layer.

[0015]

Light reaching the light-absorbing layer is absorbed, thereby generating photocarriers (electrons and
electron holes). At this time, there is little elimination of photocarriers through recombination owing to the
impurity concentration being low in the low-concentration impurity layer, resulting in high sensitivity (the
impurity concentration of the low-concentration impurity layer is set so as to achieve this). Furthermore,
because the high-concentration impurity layer, which has low parasitic resistance owing to the impurity
concentration being high in the vicinity of the surface of the light-receiving element, has been provided,
response speed is high (the impurity concentration of the high-concentration impurity layer is set to an impurity
concentration that is higher than that of the low-concentration impurity layer so as to achieve this). In this
manner, the light-receiving element of the present invention realizes a balance between high sensitivity and high
response speed.

[0016]

It is preferable that the plurality of low-refractive-index regions be formed so as to pass through the
high-concentration impurity layer to reach the light-absorbing layer so that the photonic crystal portion reaches
the light-absorbing layer.

[0017]

Through this, light entering the light-receiving element is capable of reaching the light-absorbing layer
without passing through the portions of the high-concentration impurity layer in which the photonic crystal
portion has not been formed. Further improvement in response speed and optical sensitivity is thereby realized.

[0018]
First, the further improvement in response speed will be explained.
[0019]
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When electrons and electron holes, which are photocarriers, are generated by the incidence of light, the
electrons migrate to the cathode and the electron holes migrate to the anode, thereby contributing to the
photocurrent. When electrons and electron holes are generated in the light-absorbing layer, these electrons and
electron holes are rapidly transported out of the light-absorbing layer through electric field drift, and
subsequently migrate to the cathode and anode, respectively.

[0020]

In contrast, when photocarriers are generated in the high-concentration impurity layer provided on the
light-absorbing layer, either electrons or electron holes migrate to the light-absorbing layer through diffusion
and are then transported to the cathode or anode in the same manner as described above. At this time, the
migration of photocarriers through diffusion in the high-concentration impurity layer is significantly slower than
the migration thereof through electric field drift in the light-absorbing layer. As a result, the time for both
electrons and electron holes that are photocarriers generated as pairs in the high-concentration impurity layer to
reach the cathode or anode is longer than in the case of photocarriers generated in the light-absorbing layer. That
is, photocarriers generated in the high-concentration impurity layer are a cause of reductions in response speed.
[0021]

Accordingly, by providing the photonic crystal portion in such a way that it reaches the light-absorbing
layer, as described above, it is possible to prevent the generation of photocarriers in the high-concentration
impurity layer and improve response speed.

[0022]

Next, the further improvement in optical sensitivity is due to the fact that absorption in the high-
concentration impurity layer, in which photocarriers tend to be eliminated by recombination, can be avoided,
thereby preventing reductions in sensitivity. In this manner, further improvement in response speed and optical
sensitivity is realized.

[0023]

In addition, the plurality of low-refractive-index regions in the light-receiving element of the present
invention is preferably a plurality of cavities provided at least in the high-concentration impurity layer.
[0024]

The refractive index of the cavities is lower than that of the high-concentration impurity layer, which is
formed from silicon or the like. Therefore, by disposing the plurality of cavities in the high-concentration
impurity layer, it is possible to realize a periodic refractive index distribution, thereby creating a photonic crystal
portion.

[0025]

In addition, the plurality of low-refractive-index regions preferably has a structure in which a plurality
of recesses provided at least in the high-concentration impurity layer is filled with a material having a lower
refractive index than the high-concentration impurity layer with respect to light of the prescribed wavelength
band.

[0026]

By doing this, it is possible to realize a periodic refractive index distribution through the difference in
refractive index between the material that constitutes the high-concentration impurity layer and the material
having the lower refractive index, thereby creating a photonic crystal portion. At this time, any refractive index
difference can be produced by selecting a material of the desired refractive index and filling the recesses
therewith, thereby making it possible to more easily obtain a photonic crystal portion that transmits light of the
prescribed wavelength band.

[0027]

In addition, in such a structure, an anti-reflective film composed from the material filling the plurality
of recesses is preferably formed on the high-concentration impurity layer.
[0028]

By doing this, it is possible, in addition to the aforementioned effect of providing a low-refractive-
index region having a structure in which the recesses are filled with a material having a low refractive index, to
improve the sensitivity of the light-receiving element by curtailing the reflection of light on the surface of the
light-receiving element with the anti-reflective film, thereby increasing the amount of incoming light. In
particular, it is possible to simultaneously realize both anti-reflective characteristics with respect to long-
wavelength light and the optical transmissiveness of the photonic crystal portion with respect to short-
wavelength light, thereby making it possible to strike a balance between high sensitivity and high response
speed over a wide wavelength range.

[0029]

In addition, the low-refractive-index regions are preferably regions of the same conductivity type as the
high-concentration region that have a lower impurity concentration than the high-concentration region.
[0030]
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That is, it is preferable to take advantage of the fact that a difference in refractive index arises owing to
the difference in concentration of impurities of the same conductivity type to realize a periodic refractive index
distribution, thereby creating a photonic crystal portion. Here, it is possible to set the difference in refractive
indices by setting a difference in impurity concentrations, whereby it is possible to create a photonic crystal
portion that transmits light of a desired wavelength band.

[0031]
Each of the plurality of low-refractive-index regions preferably has a circular planar shape.
[0032]

Using circular low-refractive-index regions results in high reproducibility in the formation of uniform
patterns as well as high symmetry. This is desirable in order to realize a photonic crystal portion that transmits
light of the desired wavelength band.

[0033]

In addition, the light-absorbing layer preferably includes, as the low-concentration impurity layer, a
first-conductivity-type low-concentration impurity layer and a second-conductivity-type low-concentration
impurity layer formed thereon; and the high-concentration impurity layer is preferably of the second
conductivity type.

[0034]

By doing this, light absorption can be effected in a depletion layer formed at the interface between the
first-conductivity-type low-concentration impurity layer and the second-conductivity-type low-concentration
impurity layer.

[0035]

In addition, the plurality of low-refractive-index regions preferably has a planar shape of dimensions
corresponding to a wavelength of light in the prescribed wavelength band. Furthermore, it is preferable that,
when the refractive index of the high-concentration impurity layer with respect to light of the prescribed
wavelength band is ni, the refractive index of the plurality of low-refractive-index regions with respect to light
of the prescribed wavelength band is n», the central wavelength of the prescribed wavelength band is A, and the
spacing between the plurality of low-refractive-index regions is D, the following equation holds: D = (A/2n;) +
(AM2ny).

[0036]

By doing this, a photonic crystal portion that transmits light of the prescribed wavelength band is
reliably formed by the high-concentration impurity layer and the low-refractive-index regions.

EFFECTS OF THE INVENTION
[0037]

According to the light-receiving element according to the present invention, as described above, a
photonic crystal portion that transmits light of a prescribed wavelength band is formed in the high-concentration
impurity layer formed in the vicinity of the surface of the light-receiving element, with the result that incoming
light reaches the light-absorbing layer, which includes the low-concentration impurity layer under the high-
concentration impurity layer, without being absorbed in the high-concentration impurity layer. Through this,
both the recombination of carriers in the high-concentration impurity layer and parasitic resistance in the
vicinity of the surface of the light-receiving element are curtailed, resulting in a light-receiving element that
realizes a balance between high sensitivity and high response speed. In particular, it is possible to provide a
high-performance light-receiving element suitable for short-wavelength light, such as a blue laser, which is
easily absorbed in the vicinity of the surface of the element.

MODES FOR CARRYING OUT THE INVENTION
[0038]
Light-receiving elements according to various embodiments of the present invention will be described

below with reference to the drawings. It is noted that similar constituent elements appearing across multiple
drawings will be assigned the same reference numerals, and detailed descriptions thereof may thus be omitted.
[0039]

(First Embodiment)

FIG. 1(a) and FIG. 1(b) are diagrams schematically illustrating the essential parts of a light-receiving
element according to a first embodiment and are a plan view and a cross-sectional view, in that order. It is noted
that FIG. 1(a) is a cross section along line Ia-Ia' in FIG. 1(b).

[0040]

As shown in FIG. 1(a), a light-receiving element 20 according to the present embodiment is configured
as a PIN photodiode. Specifically, the light-receiving element 20 is formed using a high-concentration P+-type
silicon substrate 1, and a low-concentration P-type silicon layer 2 (film thickness: 15 pm), a low-concentration
N-type silicon layer 3 (film thickness: 5 um), a high-concentration N+-type silicon layer 4, and a silicon oxide
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film 5 are layered on the high-concentration P+-type silicon substrate 1 in that order from the bottom. In
addition, a cathode electrode wire 7 is provided so as to pass through the silicon oxide film 5 to reach the high-
concentration N+-type silicon layer 4, and an anode electrode wire 8 is provided on the rear surface of the high-
concentration P+-type silicon substrate 1 (the surface on the opposite side from the surface on which the low-
concentration P-type silicon layer 2, etc., are formed).

[0041]

The interface between the N-type layer and the P-type layer—i.e., the interface between the low-
concentration P-type silicon layer 2 and the low-concentration N-type silicon layer 3—forms a P-N junction;
thus, a depletion layer is formed in this portion. The depletion layer mainly functions as a light-absorbing layer.

[0042]

In addition, a plurality of cavities 6, each of which passes through the high-concentration N+-type
silicon layer 4 (and the silicon oxide film 5) to reach the low-concentration N-type silicon layer 3, is formed.
The cavities 6 may be formed deeper than the lower surface of the high-concentration N+-type silicon layer. The
light-receiving element 20 in FIG. 1(a) is such an example, in which the thickness of the silicon oxide film 5 is
approximately 100 nm, whereas the depth of the cavities 6 is approximately 500 nm.

[0043]

As shown in FIG. 1(b), the cavities 6 have a circular planar shape and are regularly provided
equispaced. It is noted that, in FIG. 1(b), the silicon oxide film 5 is omitted from the illustration.

[0044]

The refractive index of the cavities 6 (1.0) is lower than the refractive index of the high-concentration
N+-type silicon layer 4 (5.6), and the plurality of cavities 6, each of which has the same diameter A1, is
provided equispaced. For this reason, a periodic refractive index distribution in the principal-plane direction of
the high-concentration P+-type silicon substrate 1 is produced by the high-concentration N+-type silicon layer 4
and the plurality of cavities 6, thereby forming a photonic crystal portion 21.

[0045]

The light-receiving element 20 according to the present embodiment is for receiving a blue laser
(wavelength: 405 nm). Accordingly, the diameter A1 of the cavities 6 is 400 nm, approximately the same as the
wavelength of the incoming light (laser light). In addition, the spacing D1 between the cavities 6 is 240 nm, and
the cavities 6 are independently arrayed. In this manner, the plurality of low-refractive-index cavities 6 is
disposed as a pattern of comparable size to the wavelength of the incoming light so as to effect functioning as a
photonic crystal.

[0046]

In the thus-configured light-receiving element 20 according to the present embodiment, when laser
light reflected by, for example, an optical disc is irradiated onto the surface of the light-receiving element 20, the
light is subjected to Bragg reflection at the photonic crystal portion 21 owing to the periodic refractive index
distribution in the principal-plane direction (the direction intersecting the direction of incidence). As a result, the
laser light is not absorbed within the photonic crystal portion 21, which has an optical band gap in the optical
wavelength range of the laser light, and is transmitted through the cavities 6 or the N+-type silicon layer 4 that
constitute the photonic crystal. As a result, the laser light reaches the low-concentration N-type silicon layer 3,
which is formed in a region deeper than the high-concentration N+-type silicon layer 4 and has a low impurity
concentration, without attenuation.

[0047]

Thereafter, blue light having a large light absorption coefficient is absorbed in the low-concentration N-
type silicon layer 3 and the low-concentration P-type silicon layer 2 and is converted into photocarriers
(electrons and electron holes) in the depletion layer at the interface therebetween. The electrons among the
generated photocarriers are rapidly drawn, via electric field drift, into the high-concentration N+-type silicon
layer 4 on the surface of the light-receiving element. Because the cavities 6 are independent of (not connected
to) each other, as shown in FIG. 1(b), the high-concentration N+-type silicon layer 4 is continuous in the
principal-plane direction of the light-receiving element 20, and the drawn-in electrons can easily pass through
the interior of the high-concentration N+-type silicon layer 4 to reach the cathode electrode wire 7. It is noted
that the electron holes among the generated photocarriers migrate to the anode electrode wire 8 side and
contribute to a photocurrent.

[0048]

According to the light-receiving element 20 of the present embodiment, by forming the photonic
crystal portion 21 in this manner, light of a wavelength corresponding to the optical band gap is not absorbed by
the high-concentration N+-type silicon layer 4 and reaches the low-concentration N-type silicon layer 3 and the
low-concentration P-type silicon layer 2 therebeneath. That is, it is possible to avoid the absorption of light in
the high-concentration impurity layer, in which there is significant recombination that causes reductions in
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sensitivity, and to cause light to be absorbed in the low-concentration impurity layer.
[0049]

Furthermore, the low-parasitic-resistance high-concentration N+-type silicon layer 4 is provided in the
vicinity of the surface of the light-receiving element 20, and generated photocarriers diffuse through the high-
concentration N+-type silicon layer 4, thereby improving response speed.

[0050]

Accordingly, the light-receiving element 20 according to the present embodiment realizes a balance
between high sensitivity and high response speed and is a light-receiving element suitable for a blue laser
(wavelength: 405 nm), which is light of a short wavelength at which absorption coefficient with respect to
silicon becomes large.

[0051]

As a specific example, a light-receiving element 20 was obtained such that the light-receiving element
20 exhibited a sensitivity of 0.3 A/W and a frequency characteristic of 220 MHz at —1 dB with respect to an
incoming light wavelength A = 405 nm. With a conventional light-receiving element, for example, sensitivity
was 0.26 A/W and the frequency characteristic was —1 dB at 200 MHz with respect to the same incoming light
wavelength A = 405 nm. In this manner, the light-receiving element 20 according to the present embodiment
reliably realizes a balance between high sensitivity and high response speed.

[0052]

It is noted that an example of the present embodiment in which the diameter A1 of the cavities 6 is 400
nm, which is approximately equivalent to the wavelength of the incoming light (laser light wavelength: 405
nm), is a preferred configuration for the pattern size of the low-refractive-index regions. However, taking into
account the fact that laser light has a wavelength distribution, the diameter of the cavities 6 should be set to
dimensions of approximately £50 nm of the central wavelength of the incoming light. In this manner, it is also
possible to create a configuration that is not limited to incoming light of a single wavelength, such as 405 nm,
but takes the wavelength distribution of incoming light into account, and thus accounts for variation and is
suitable for light of various wavelengths.

[0053]

In addition, although an example in which the high-concentration P+-type silicon substrate 1 is used
has been described in the present embodiment, the present invention is not limited thereto, and any of the
various components can also be configured to have the opposite conductivity type. Furthermore, although an
example in which the anode electrode wire 8 is formed on the rear surface of the high-concentration P+-type
silicon substrate 1 has been described, the present invention is not limited thereto. For example, a configuration
is also possible in which an insulating isolation layer is provided between the anode and the cathode, a contact
layer connected to the high-concentration P+-type silicon substrate 1 is formed from the front-surface side (the
side of the light-receiving element 20 on which the silicon oxide film 5 is formed), and the anode electrode is
led to the front surface.

[0054]

Next, a method of manufacturing the light-receiving element 20 according to the present embodiment
will be described with reference to the drawings. FIG. 2(a) through FIG. 2(f) are cross-sectional views for
explaining the method of manufacturing the light-receiving element 20, especially the process of forming the
light-receiving region.

[0055]

First, as shown in FIG. 2(a), the low-concentration P-type silicon layer 2, which has a specific
resistance of approximately 100 Q-cm and a thickness of approximately 20 um, is formed on the high-
concentration P+-type silicon substrate 1, which has an impurity concentration of approximately 1 x 10'%/cm3,
via an epitaxial growth method. Next, the same epitaxial growth method is used to form the low-concentration
N-type silicon layer 3, which has a specific resistance of approximately 100 Q-cm and a film thickness of
approximately 10 um, on the low-concentration P-type silicon layer 2. It is noted that the impurity
concentrations of the low-concentration P-type silicon layer 2 and the low-concentration N-type silicon layer 3
are set so as to avoid the recombination-induced loss of photocarriers generated by the depletion of the two
layers.

[0056]

Next, as shown in FIG. 2(b), the silicon oxide film 5 (e.g., a thermal oxide film) is formed on the low-
concentration N-type silicon layer 3.

[0057]

Thereafter, as shown in FIG. 2(c), impurity implantation is performed on the low-concentration N-type
silicon layer 3 over the required range using a masking process. The high-concentration N+-type silicon layer 4
is thereby formed on the upper portion of the low-concentration N-type silicon layer 3. In this case, As (arsenic),
for example, is used as the impurity, and doping conditions of, for example, an ion implantation energy of 20
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keV and an ion implantation dose of 5 x 10'%/cm? are used. Such doping conditions (the impurity concentration
of the high-concentration N+-type silicon layer 4) are set so that the parasitic resistance of the high-
concentration N+-type silicon layer 4 is sufficiently low in order to achieve high response speed on the part of
the light-receiving element.

[0058]

Next, as shown in FIG. 2(d), a contact hole is provided in the silicon oxide film 5 formed on the high-
concentration N+-type silicon layer 4. The cathode electrode wire 7 is formed so as to connect to the high-
concentration N+-type silicon layer 4 via the contact hole.

[0059]

In addition, as shown in FIG. 2(e), the anode electrode wire 8 is formed on the rear surface of the high-
concentration P+-type silicon substrate 1.

[0060]

Next, the process shown in FIG. 2(f) is performed. That is, after the formation of the anode electrode
wire 8 and the cathode electrode wire 7, a mask of a prescribed pattern is formed using a lithographic technique
and the plurality of cavities 6 is formed via anisotropic dry etching so as to pass through the high-concentration
N+-type silicon layer 4.

[0061]

Here, the cavities 6 are arranged and formed in the high-concentration N+-type silicon layer 4 without
contacting each other, as shown in FIG. 1(b). In addition, each of the cavities 6 has a circular planar shape
having a diameter A1 of 400 nm, substantially the same as the wavelength of the incoming light. The spacing
D1 between the cavities 6 is 240 nm.

[0062]

In addition, the depth of the cavities 6 is approximately 500 nm from the surface of the silicon oxide
film 5. This means that, given that the depth of the high-concentration N+-type silicon layer 4 is approximately
400 nm, the cavities 6 are formed deeper than this, as shown in FIG. 2(f). As will be described later, the
photonic crystal portion 21 preferably reaches the low-concentration N-type silicon layer 3; in addition, there is
no major problem with the cavities 6 being formed deeper than the upper surface of the low-concentration N-
type silicon layer 3. For this reason, from the perspective of fabrication precision, etc., the cavities 6 should be
formed deeper than the upper surface of the low-concentration N-type silicon layer 3.

[0063]

By forming the cavities 6, the relatively low-refractive-index cavities 6 are regularly arrayed in the
relatively high-refractive-index high-concentration N+-type silicon layer 4 in a pattern of a size comparable to
the wavelength of the incoming light. The photonic crystal portion 21 is thereby formed, and, as previously
explained, the laser light passes through the photonic crystal portion 21 unabsorbed, reaches the low-
concentration N-type silicon layer 3, which has a low impurity concentration, and is then absorbed. In this
manner, it is possible to manufacture a light-receiving element 20 that realizes a balance between high
sensitivity and high response speed with respect to the reception of blue laser light.

[0064]

It is noted that, here, the cavities 6 were formed in a state in which the silicon oxide film 5 is formed on
the high-concentration N+-type silicon layer 4. However, another film, such as an SiN film or the like, layered
on the silicon oxide film 5 may be formed, or yet another film may be formed.

[0065]

In addition, in the present embodiment, the cavities 6 all pass through the high-concentration N+-type
silicon layer 4 to reach the low-concentration N-type silicon layer 3, whereby the photonic crystal portion 21
also reaches the low-concentration N-type silicon layer 3. This is a preferred configuration for improving the
sensitivity and improving the response speed of the light-receiving element. However, it is also possible to
create a configuration in which the cavities 6 do not pass through the high-concentration N+-type silicon layer 4,
i.e., are formed to fit within the high-concentration N+-type silicon layer 4.

[0066]

In this situation, the photonic crystal portion is formed in the range in which the cavities 6 are formed,
and the absorption of incoming light is prevented in the region of the photonic crystal portion. Photocarriers are
reduced through recombination in the portion of the high-concentration N+-type silicon layer 4 outside the range
of the photonic crystal portion. In addition, photocarriers that are not eliminated by recombination and
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contribute to the photocurrent are also a cause of reductions in response speed.
[0067]

As stated previously, the photocarriers generated in the depletion layer arising at the interface between
the low-concentration N-type silicon layer 3 and the low-concentration P-type silicon layer 2 rapidly migrate via
electric field drift. At this time, the electron holes in the photocarriers migrate to the anode electrode wire 8 side.
In contrast, if photocarriers are generated in the portion of the high-concentration N+-type silicon layer 4 outside
the range of the photonic crystal portion 21, then the electron holes therein must migrate to the depletion layer
via diffusion. The migration speed at this time is significantly slower than that of migration via electric field
drift. Therefore, the time to reach the anode electrode wire 8 is longer compared to electron holes generated in
the depletion layer, which is a cause of reductions in response speed.

[0068]

For reasons such as these, the effect of improving sensitivity is exhibited even with a structure in which
the cavities 6 do not reach the low-concentration N-type silicon layer 3; however, a structure in which the
cavities 6 reach the low-concentration N-type silicon layer 3, as shown in FIG. 1(a), is more preferable.

[0069]
(Second Embodiment)

Next, a light-receiving element 20a according to a second embodiment of the present invention will be
described with reference to the drawings. FIG. 3(a) through FIG. 3(f) are cross-sectional views showing the
process of manufacturing the light-receiving element 20a, especially the light-receiving region thereof.

[0070]

A cross-section of the light-receiving element 20a according to the present embodiment is shown in
FIG. 3(f). This may be thought of as a configuration for the light-receiving element 20 according to the first
embodiment shown in FIG. 1(a), in which the cavities 6 are a plurality of low-refractive-index portions 9a filled
with a low-refractive-index material such as SOG (Spin on Glass). Accordingly, the low-refractive-index
portions 9a have a circular planar shape similar to that shown in FIG. 1(b) and are arrayed independently of each
other and equispaced. Note that "low-refractive-index material" refers to a material having a lower refractive
index than the high-concentration N+-type silicon layer 4 with respect to incoming light.

[0071]

However, although the diameter A2 of the pattern of the low-refractive-index portions 9a is 400 nm
(comparable to the wavelength of the contemplated incoming light, i.e., 405 nm), the same as that of the cavities
6 of the light-receiving element 20, the spacing D1 between the cavities 6 of the light-receiving element 20 is
240 nm, whereas the spacing D2 between the low-refractive-index portions 9a is 180 nm.

[0072]

In the light-receiving element 20a as well, the high-concentration N+-type silicon layer 4 and the low-
refractive-index portions 9a regularly disposed therein give rise to a periodic refractive index distribution in a
direction intersecting the direction of incidence of the laser light, thereby forming the photonic crystal portion
21. For this reason, as in the case of the first embodiment, incoming light is subjected to Bragg reflection in the
photonic crystal portion 21, which has an optical band gap in the optical wavelength range of the incoming light,
and transmitted therethrough unabsorbed to reach the low-concentration N-type silicon layer 3. Thereafter, the
incoming light is absorbed in the depletion layer formed by the interface between the low-concentration N-type
silicon layer 3 and the low-concentration P-type silicon layer 2, thereby generating photocarriers.

[0073]

As aresult, improvement in the sensitivity of the light-receiving element 20a is realized and, as a result
of the low parasitic resistance resulting from the high-concentration N+-type silicon layer 4 formed on the low-
concentration N-type silicon layer 3, response speed is improved, as in the case of the first embodiment.

[0074]

It is noted that the low-refractive-index material that fills the cavities 6 is not limited to being SOG and
may be selected according to the wavelength of the incoming light and the spacing of the periodic pattern.
Conversely, the pattern spacing of the photonic crystal portion 21 can be set by using a material having a fixed
refractive index. For example, a material should be used that has a lower refractive index, with respect to light
of wavelength 405 nm, than the refractive index n = 5.42 of the high-concentration N+-type silicon layer 4 and
that transmits light of wavelength 405 nm. By using such a material, the photonic crystal portion 21 can be
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formed to create an optical band gap.
[0075]

In photonic crystals, the refractive index of the material and the pattern spacing have the following
relationship. That is, when the wavelength of the incoming light (or, if the wavelength distribution of the
incoming light is being considered, the central wavelength thereof) is A, the refractive indices of the high-
refractive-index material and the low-refractive-index material with respect to the incoming light are n; and n»,
in that order, and the periodic spacing (here, the spacing between low-refractive-index portions 9a) is D, if the
relationship in equation (1) below is satisfied,

D = (M2n;) + (M2n1)(n; > ny)...... (1)

then a photonic crystal will be realized and an optical band gap can be produced. In the case of the
present embodiment, the refractive index of the SOG is approximately 1.42, and, based on equation (1), the
spacing D2 is 180 nm, as indicated previously.

[0076]

It is noted that, based on the relationship in this equation (1), the lower the refractive index of the
material used, the larger the periodic spacing D can be made. Given that pattern formation is easier with a large
periodic spacing D, a material having a lower refractive index is preferably used.

[0077]

The light-receiving element 20a according to the present embodiment can be manufactured, for
example, in the following manner. First, the structure shown in FIG. 3(a) is similar to the structure shown in
FIG. 2(c) in the first embodiment and is formed by the process shown in FIG. 2(a) and FIG. 2(b).

[0078]

Next, as shown in FIG. 3(b), the plurality of cavities 6, which pass through the low-concentration N-
type silicon layer 3, is formed. To this end, a masking process was performed via lithography and an anisotropic
dry etching process was performed. The planar shape and arrangement are similar to those shown in FIG. 1(b),
except that the diameter A2 of the cavities 6 is 400 nm and the spacing D2 therebetween is 180 nm, as stated
above.

[0079]

Next, as shown in FIG. 3(c), an SOG layer 9, which fills the cavities 6 and covers the silicon oxide film
5, is formed via a spin-coating method.

[0080]

Next, as shown in FIG. 3(d), the portion of the SOG that protrudes from the cavities 6 is removed using
a CMP (Chemical Mechanical Polishing) method. The low-refractive-index portions 9a, in which the cavities 6
are filled with SOG, are thereby formed.

[0081]

Next, as shown in FIG. 3(e), a contact hole that passes through the silicon oxide film 5 is formed and
the cathode electrode wire 7, which connects to the high-concentration N+-type silicon layer 4 via the contact
hole, is formed. Thereafter, as shown in FIG. 3(f), the anode electrode wire 8 is formed on the rear surface of the
high-concentration P+-type silicon substrate 1.

[0082]
(Third Embodiment)

A light-receiving element 20b according to a third embodiment of the present invention will be
described below with reference to the drawings. FIG. 4(a) through FIG. 4(f) are cross-sectional views showing
the process of manufacturing the light-receiving element 20b, especially the light-receiving region thereof.
[0083]

A cross section of the light-receiving element 20b according to the present embodiment is shown in
FIG. 4(f). This can be thought of as a structure for the light-receiving element 20 according to the first
embodiment shown in FIG. 1(a), wherein the cavities 6 are filled with SiN to form low-refractive-index portions
10a and an SiN film 10b is formed from the same SiN. However, while the reception of light of wavelength 405
nm is contemplated here as well and the diameter A3 of the pattern of the low-refractive-index portions 10a is
thus 400 nm, the same as in the light-receiving element 20, the spacing D3 between the low-refractive-index
portions 10a is 140 nm. Such a value for the spacing D3 is determined using equation (1) above because the
refractive index of SiN is 2.00.

[0084]
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Because SiN has a lower refractive index than the high-concentration N+-type silicon layer 4, the low-
refractive-index portions 10a constituted by the cavities 6 filled with the SiN are regularly arranged in a pattern
of a size comparable to the wavelength of the incoming light, thereby producing a periodic refractive index
distribution in a direction intersecting the incoming light. The photonic crystal portion 21, which has an optical
band gap in the optical wavelength range of the incoming light, is thereby formed, and incoming light is
subjected to Bragg reflection and thus transmitted unabsorbed to reach the low-concentration N-type silicon
layer 3. Thereafter, the generation and migration of photocarriers occur as also described in the previous
embodiment, and the light-receiving element 20b realizes both improved sensitivity and improved response
speed.

[0085]

Furthermore, in the light-receiving element 20b according to the present embodiment, the SiN film 10b
is formed from the same SiN as in the low-refractive-index portions 10a so as to cover the silicon oxide film 5
and the low-refractive-index portions 10a. The layered film constituted by the SiN film 10b and the silicon
oxide film 5 functions as an anti-reflective film for red to infrared light. For this reason, the light-receiving
element 20b has excellent transmissiveness of short-wavelength light because of the photonic crystal portion 21
and has excellent anti-reflective properties with respect to long-wavelength light.

[0086]

Accordingly, the light-receiving element 20b is capable of efficiently receiving a wide range of
wavelengths, ranging from short wavelengths such as blue light to long wavelengths such as infrared light, and
exhibits high-performance characteristics that realizes a balance between high sensitivity and high response
speed.

[0087]

Because the low-refractive-index portions 10a formed inside the high-concentration N+-type silicon
layer 4 are independent of each other, the high-concentration N+-type silicon layer 4 is continuous in the
principal-plane direction of the light-receiving element. Accordingly, although the low-refractive-index portions
10a can be considered to be connected to each other by the SiN film 10b, which is formed from the same
material, a path for carriers to migrate through the interior of the high-concentration N+-type silicon layer 4 in
the principal-plane direction is nonetheless secured.

[0088]

The light-receiving element 20a according to the present embodiment can be manufactured, for
example, in the following manner. First, the structure shown in FIG. 4(a) is similar to the structure shown in
FIG. 2(c) in the first embodiment and is formed by the process shown in FIG. 2(a) and FIG. 2(b).

[0089]

Next, as shown in FIG. 4(b), the plurality of cavities 6, which pass through the low-concentration N-
type silicon layer 3, is formed. To this end, a masking process was performed via lithography and an anisotropic
dry etching process was performed. The planar shape and arrangement are similar to those shown in FIG. 1(b),
except that the diameter A3 of the cavities 6 is 400 nm and the spacing D3 therebetween is 140 nm, as stated
above.

[0090]

Next, as shown in FIG. 4(c), an SiN film 10, which fills the cavities 6 and covers the silicon oxide film
5, is formed via a plasma CVD method or the like. The low-refractive-index portions 10a, in which the cavities
6 are filled with SiN, are thereby formed. Thereafter, as shown in FIG. 4(d), the SiN film 10 is polished using a
CMP method to leave the SiN film 10b at a desired thickness. As a result, the layered film constituted by the
SiN film 10b and the silicon oxide film 5 functions as an anti-reflective film.

[0091]

By forming the low-refractive-index portions 10a and the SiN film 10b, which is for obtaining the anti-
reflective film, from the same material in this manner, it is possible to simplify the process of manufacturing the
light-receiving element 20b.

[0092]

Thereafter, as shown in FIG. 4(e), the cathode electrode wire 7, which passes through the SiN film 10b
and the silicon oxide film 5 and connects to the high-concentration N+-type silicon layer 4, is formed.
Furthermore, as shown in FIG. 4(f), the anode electrode wire 8 is formed on the rear surface of the high-
concentration P+-type silicon substrate 1.

[0093]

Through the process described above, the light-receiving element 20b according to the present
embodiment is manufactured. It is noted that, although the SiN film 10b, which constitutes the low-refractive-
index portions 10a and is part of the anti-reflective film, was formed using SiN as a material, it is not limited
thereto.
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[0094]
(Fourth Embodiment)

Next, a light-receiving element 20c according to a fourth embodiment of the present invention will be
described with reference to the drawings. FIG. 5(a) and FIG. 5(b) are cross-sectional views showing the process
of manufacturing the light-receiving element 20c, especially the light-receiving region thereof. In addition, a
plan view of the light-receiving element 20c is shown in FIG. 5(c).

[0095]

A cross section of the light-receiving element 20c according to the present embodiment is shown in
FIG. 5(b). Here, the high-concentration P+-type silicon substrate 1, the low-concentration P-type silicon layer 2,
the low-concentration N-type silicon layer 3, the silicon oxide film 5, the cathode electrode wire 7, and the
anode electrode wire 8 are the same as in the light-receiving element 20 according to the first embodiment. A
high-concentration N+-type silicon layer 4a, which has a higher impurity concentration, is formed in the low-
concentration N-type silicon layer 3 as the pattern shown in FIG. 5(c).

[0096]

In the light-receiving element 20c, the photonic crystal portion 21 is formed by taking advantage of the
fact that the low-concentration N-type silicon layer 3 and the high-concentration N+-type silicon layer 4a have
different refractive indices due to the difference in impurity concentrations therebetween. That is, as shown in
FIG. 4(b) and FIG. 4(c), the high-concentration N+-type silicon layer 4a is formed so as to leave the low-
concentration N-type silicon layer 3 as a pattern that has a circular planar shape and is regularly arrayed, and the
portions of the low-concentration N-type silicon layer 3 that are left behind among the high-concentration N+-
type silicon layer 4a become low-refractive-index portions 3a. A periodic refractive index distribution thereby
arises in a direction intersecting the direction of incidence of light, thereby functioning as a photonic crystal. It
is noted that, to give specific examples of refractive indices, the high-concentration N+-type silicon layer 4a is
5.6, and the low-concentration N-type silicon layer 3 (the low-refractive-index portions 3a) is 5.42.

[0097]

In addition, because light having a wavelength of 405 nm is contemplated for the incoming light in the
present embodiment as well, the low-refractive-index portions 3a have a comparable diameter A4 of 400 nm. In
addition, the spacing D4 between the low-refractive-index portions 3a is 73.5 nm on the basis of the above-
mentioned refractive indices and equation (1).

[0098]

In the light-receiving element 20c as well, incoming light is subjected to Bragg reflection and thus is
transmitted through the photonic crystal portion 21 unabsorbed. That is, although the high-concentration N+-
type silicon layer 4a and the low-refractive-index portions 3a, which are part of the low-concentration N-type
silicon layer 3, are disposed in the vicinity of the surface of the light-receiving element 20c (the portion
contacting the silicon oxide film 5), incoming light is not absorbed in this portion, and, therefore, no
photocarriers are generated either.

[0099]

Light passing through the photonic crystal portion 21 unattenuated because of not being absorbed is
subsequently absorbed in the light-absorbing layer formed below the photonic crystal portion 21, thereby
generating photocarriers. It is mainly the depletion layer formed at the interface between the low-concentration
N-type silicon layer 3 and the low-concentration P-type silicon layer 2 that functions as the light-absorbing
layer.

[0100]

Through the process described above, in the same manner as described in the first to third embodiments
of the present invention, the light-receiving element 20c realizes a balance between high sensitivity and high
response speed. In particular, it is a light-receiving element suitable for blue lasers.

[0101]

The light-receiving element 20c can be manufactured, for example, in the following manner.
[0102]

First, the steps of FIG. 2(a) and FIG. 2(b) described in the first embodiment are performed. A structure
in which the high-concentration P+-type silicon substrate 1, the low-concentration P-type silicon layer 2, the
low-concentration N-type silicon layer 3, and the silicon oxide film 5 are layered is thereby obtained.

[0103]

Next, as shown in FIG. 5(a), a photoresist 11 is provided as a mask, after which impurity implantation
is performed to form the high-concentration N+-type silicon layer 4a. At this time, the photoresist 11 is formed
so as to cover the portions of the low-concentration N-type silicon layer 3 left behind, as is, as the low-
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refractive-index portions 3a. In addition, As (arsenic), for example, is used as the impurity, the ion implantation
energy is 20 keV, and the ion implantation dose is 5 x 10'%/cm?. The high-concentration N+-type silicon layer
4a, which has a higher refractive index than the low-concentration N-type silicon layer 3, is thereby formed, as
shown in FIG. 5(b).

[0104]

Subsequently, the cathode electrode wire 7 and the anode electrode wire 8 are formed in the same
manner as in the other embodiments, whereupon the light-receiving element 20c according to the present
embodiment is formed.

[0105]
(Fifth Embodiment)

A light-receiving element 20d according to a fifth embodiment of the present invention will be
described below with reference to the drawings. FIG. 6(a) and FIG. 6(b) are diagrams schematically illustrating
the essential parts of the light-receiving element according to the first embodiment and are a plan view and a
cross-sectional view, in that order. It is noted that FIG. 6(a) is a cross section along line VIa-VIa' in FIG. 6(b).
[0106]

Whereas the cavities 6 in the light-receiving element 20 according to the first embodiment have
circular planar shapes, the light-receiving element 20d has a structure wherein cavities 6b have square planar
shapes. The dimension A5 of the sides of the squares is 400 nm, which is comparable to the wavelength 405 nm
of the incoming light also contemplated here; in addition, using the above-mentioned equation (1), the spacing
D5 between the cavities 6b is 240 nm.

[0107]

The light-receiving element 20d according to the present embodiment, like the light-receiving element
20 according to the first embodiment, is also a light-receiving element that realizes a balance between high
sensitivity and high response speed. That is, the cavities 6b and the high-concentration N+-type silicon layer 4
produce a periodic refractive index distribution, a photonic crystal portion 21 having an optical band gap
corresponding to the optical wavelength range of the incoming light is formed, and incoming light is transmitted
through the photonic crystal portion 21 unabsorbed. Because light absorption is performed by a layer that has a
low impurity concentration and is below the photonic crystal portion 21, optical sensitivity is high, and high
response speed is realized owing to the high-concentration N+-type silicon layer 4 being disposed in the vicinity
of the surface of the light-receiving element 20d.

[0108]

It is noted that, in the present embodiment, a square shape, instead of a circular shape, has been given
as an example of the planar shape of the cavities 6b, but it is not limited thereto. A polygonal shape is an
example of a non-circular shape that is preferable in order to obtain the function of a photonic crystal. However,
from the perspective of uniform pattern formation, reproducibility during fabrication, symmetry, and the like, a
circular shape is preferable.

[0109]

In addition, not only in the first embodiment, but also in the light-receiving elements according to the
second through fourth embodiments, it is naturally possible to use a shape other than a circular shape as the
planar shape of the low-refractive-index portions.

[0110]

In addition, although only the light-receiving element portion has been described in the first to fifth
embodiments described above, application is also possible to an optoelectronic integrated circuit, or a so-called
OEIC, in which a transistor and the like are monolithically integrated therewith on the same substrate.

[0111]

In addition, although silicon-based photodiodes have been described, application to compound
semiconductor materials is also possible. Furthermore, the light-receiving element is not limited to being a PIN-
type element, and other light-receiving elements, such as avalanche photodiodes, can also be used.
INDUSTRIAL APPLICABILITY
[0112]

The light-receiving element according to the present invention realizes a balance between high
sensitivity and high response speed and is also compatible with short-wavelength incoming light, and thus is
useful as a light-receiving element used in an optical pickup device, a light-receiving element used in an optical
communication element, or the like.

BRIEF DESCRIPTION OF THE DRAWINGS
[0113]

FIG. 1(a) and FIG. 1(b) are a cross-sectional view and a plan view of a light-receiving element 20

according to a first embodiment of the present invention.
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FIG. 2(a) through FIG. 2(f) are cross-sectional views showing a process of manufacturing the light-
receiving element 20.

FIG. 3(a) through FIG. 3(f) are diagrams illustrating a light-receiving element 20a according to a
second embodiment of the present invention and the process of manufacturing the same.

FIG. 4(a) through FIG. 4(f) are diagrams illustrating a light-receiving element 20b according to a third
embodiment of the present invention and a process of manufacturing the same.

FIG. 5(a) through FIG. 5(c) are diagrams illustrating a light-receiving element 20c according to the
third embodiment of the present invention and the process of manufacturing the same.

FIG. 6(a) and FIG. 6(b) are a cross-sectional view and a plan view of a light-receiving element 20d
according to a fifth embodiment of the present invention.
EXPLANATION OF THE REFERENCE NUMBERS

[0114]

1 High-concentration P+-type silicon substrate
2 Low-concentration P-type silicon layer
3 Low-concentration N-type silicon layer
3a Low-refractive-index portion

4 High-concentration N+-type silicon layer
4a -type silicon layer

5 Silicon oxide film

6, 6a Cavities

7 Cathode electrode wire

8 Anode electrode wire

9 SOG layer

9a Low-refractive-index portion

10 SiN film

10a Low-refractive-index portion

10b SiN film

11 Photoresist

20 Light-receiving element

20a Light-receiving element

20b Light-receiving element

20c Light-receiving element

20d Light-receiving element

21 Photonic crystal portion
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I, Jonathan Christian Merz, 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. [ am fluent in Japanese.

4 I have 15 years of experience translating Japanese to English.

5 I translated the attached patent document "JP2008311562A" from
Japanese to English.

6. I certify that the above-mentioned the translation of the document

"JP2008311562A" 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:

N A |
Jonathan Christian Merz
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