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5F049QA20

(57) [Abstract]

The present invention has the object of providing a semiconductor photoreceptor element
whereby light is received with high efficiency and at high speed in devices for optical
communications, optical information processing, optical measurement, and the like.
[Solution Means] Use of the semiconductor photoreceptor element of the present
invention enables high speed response without a reduction in optical coupling efficiency.
In the present invention, in a semiconductor photoreceptor element having an i-type light
absorption layer and a p-type window layer structure, multiple aperture regions are
formed, reaching from the p-type window layer to the i-type light absorption layer within
the photoreceptor surface. This enables a reduction in the pn junction surface area, i.e.,
element capacitance, without reducing the photoreceptor surface area. Photocarriers
generated in the aperture region are accelerated and travel by a tiny electric field, hence
there is no significant degradation in efficiency due to surface recoupling, and desired
high-speed characteristics can be obtained by designing the aperture width to take transit

time into account.
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[Selected Figure] Figure 1

14: Photoreceptor region
(diameter ¢)
. 1

15: Aperture region of the
~'invention (diameter ¢(h))

. /',-1 5: Aperture region of the
~~ invention (diameter ¢(h))
_“1 3: p-type semiconductor layer

_12:i-type semiconductor light
absorbing layer

s 11 n-type semiconductor layer

A-B Cross Sectional Diagram

[Claims]
[Claim 1]

In a semiconductor photoreceptor element composed of a semiconductor light
absorbing layer and a semiconductor layer stacked on a semiconductor substrate,

the semiconductor light absorbing layer and the semiconductor layer have different
conduction types, and have multiple aperture regions extending from the semiconductor

layer to the semiconductor light absorbing layer.

[Claim 2]

In a semiconductor photoreceptor element composed of a semiconductor light
absorbing layer and a semiconductor layer stacked on a semiconductor substrate,

a semiconductor window layer with a different conduction type from the
semiconductor layer is interposed between the semiconductor light absorption layer and
the semiconductor layer, and there are multiple aperture regions extending from the

semiconductor layer to the semiconductor window layer.
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[Claim 3]
In the semiconductor photoreceptor element of Claim 1 or Claim 2,
the aperture diameter of the aperture region varies within the surface of the

photoreceptor region.

[Claim 4]
In the semiconductor photoreceptor element of any one of Claims 1-3, the aperture

region has a circular, elliptical or polygonal shape.

[Claim 5]

The semiconductor photoreceptor element of Claim 1, whereby the semiconductor
materials constituting the semiconductor absorption layer, the semiconductor layer and
the semiconductor window layer in the semiconductor light absorbing element of any one

of Claims 1-4 are: In, Al, Ga, As, P, N, Sb, Si, Ge, Hg, Cd, Te, Zn, S, O, Fe, Cu or Se.
[Claim 6]

An optical communication, optical information processing, or optical measurement

device fitted with the semiconductor photoreceptor element of any one of Claims 1-5.
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Detailed Description of the Invention
[Technical Field]
[0001]

The present invention pertains to a semiconductor photoreceptor element applied
to devices for optical communications, optical information processing, or optical
measurement, and more particularly to a semiconductor photoreceptor element for
receiving light at high speed without reducing optical coupling efficiency.

2. Background Art
[0002]

Semiconductor photoreceptor elements are applied as photoelectric conversion
elements in the fields of optical communications, optical information processing, optical
measurement, and the like.

[0003]

In the optical communication wavelength bandwidth of 1 um or above, lattice-
matched InGaAsP systems on InP substrate predominate, while in the optical
communication wavelength bandwidth of 1 um or below used for optical information
processing and data communication applications, lattice-matched AlGaAs systems on Si-
type or GaAs-type substrates predominate.

[0004]

FIG. 11 shows the basic structure of a conventional surface-incident InGaAsP-type
semiconductor photoreceptor element. A lattice-matched i-type InGaAs light absorption
layer 112 and a p-type InP window layer 114 are formed on an InP substrate 111. Incident
signal light is absorbed by a light absorption layer and converted into photocarriers
(electron-hole pairs), which are then extracted by drift travel caused by an external electric
field. Here the photoreceptor element high frequency bandwidth fc is expressed by

Equation 1, which accounts for carrier transit time and the CR circuit constant.

[Eq. 1]
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P 1
c 2ﬂ\/[%]z+[CR]2

[0005]

tis the thickness of the light absorption layer, v is the average velocity of the
photocarriers, C is element capacitance, and R is load resistance. For this reason,
increasing the speed requires a reduction in the light absorption layer thickness or
capacitance. Generally, however, reducing the thickness of the light absorption layer
means reducing the depletion thickness, which leads to an increase in capacitance and
furthermore to a decrease in quantum efficiency. FIG. 12 shows a predicted high frequency
bandwidth fc versus the photoreceptor diameter (pn junction diameter) in a semiconductor
photoreceptor element (corresponding to FIG. 11), with the thickness t of the i-type InGaAs
light absorbing layer used as a parameter. Here the high frequency bandwidth deteriorates
due to expansion of the photoreceptor diameter; at a photoreceptor diameter of 30 pm or
less, the rate limiting factor is the optical carrier absorption layer transit time, whereas at
30 um or above, the rate limiting factor is the CR constant. Thus reducing the
photoreceptor diameter is sufficient for receiving high-speed optical signals, but in reality
optical coupling with fiber or the like is insufficient, and coupling efficiency deteriorates. To
expand the photoreceptor diameter requires finding a way to reduce the increase in
junction capacitance that accompanies that expansion, while optimizing the thickness of
the absorption layer.
[0006]

A metal Schottky metal (MSM) structure or selective diffusion structure (e.g., Patent
Document 1) have been proposed as semiconductor photoreceptor elements for reducing
element capacitance. FIG. 13 shows an MSM type semiconductor photoreceptor element,

wherein a comb-shaped electrode region (photoreceptor region) 135 having a Schottky
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junction is formed in an n-type InP substrate 131 and i-type InGaAs light absorbing layer
132 structure. Element capacitance is here determined by the Schottky junction and is
therefore reduced, but since the comb-shaped electrode is exposed in the photoreceptor
region, light is blocked in a surface incidence structure, raising the problem that sufficient
optical coupling efficiency cannot be obtained. FIG. 14 shows the latter selective diffusion
type semiconductor photoreceptor element. In an n(+)-type semiconductor layer 141, n-
type semiconductor light absorbing layer 142 structure, the semiconductor photoreceptor
element forms a p-type semiconductor light absorbing layer 143 by selective diffusion. In
this structure, the pn junction surface area is reduced by partially forming a pn junction
region by selective diffusion, which is expected to reduce capacitance; in reality, however,
junction capacitance on the side portion of the diffusion becomes a problem and cannot
be sufficiently reduced.

[Patent Document 1] Japanese Unexamined Patent Publication No. 182274/1983

[Disclosure of the Invention]
[Problem to be Solved by the Invention]
[0007]

Devices for optical communications, optical information processing, optical
measurement, and the like require optimal semiconductor photoreceptor element design
suited to high frequency bands, and optical coupling methods. In recent optical
communication systems, in particular, multimode fiber (MMF) has begun to be adopted
from a cost cutting perspective for optical transmission devices in the high speed region
above 20 Gbps, and is being considered for optical transmission devices and even inter-
rack optical transmission devices for super high speed computers. In such cases, a
photoreceptor diameter of 50 um or above is required to obtain optical coupling with a
wide propagation beam diameter MMF, but the photoreceptor diameter limitis 30 pm from
the high frequency (20 Gbps) bandwidth, making it impossible to achieve both optical
coupling efficiency and bandwidth. Reducing element capacitance and expanding the
photoreceptor diameter are important for attaining sufficient performance in MMF

applications. In optical pickups for DVDs and the like, an IC amplifier with high input
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resistance (up to several kilo-Ohms) is connected to a subsequent stage of a
semiconductor photoreceptor element (Si type) to increase photoelectric conversion
efficiency (V/W). This means an excessive reduction of the semiconductor photoreceptor
capacitance is required to obtain the high frequency bandwidth of several hundred MHz
required by the system. Hence high-performance semiconductor photoreceptor elements
with reduced element capacitance are in demand for devices for optical communications,
optical information processing, optical measurement, and the like.

[Means for Solving the Problem]

[0008]

To solve the problem above, the semiconductor photoreceptor element of Claim 1
of the invention is a semiconductor photoreceptor element formed by stacking a
semiconductor light-absorbing layer and a semiconductor layer on a semiconductor
substrate, wherein the semiconductor light-absorbing layer and the semiconductor layer
have different conductive types, and there are also multiple aperture regions reaching from
one semiconductor layer to another semiconductor layer.

[0009]

In a semiconductor photoreceptor element formed by stacking a semiconductor
light-absorbing layer and a semiconductor layer on a semiconductor substrate, the
semiconductor photoreceptor element according to Claim 2 of the invention interposes a
semiconductor window layer of a different conductivity type from the semiconductor layer
between the semiconductor light-absorbing layer and the semiconductor layer, and has
multiple aperture regions extending from the semiconductor layer to the semiconductor
window layer.

[0010]

The semiconductor photoreceptor element of Embodiment 3 of the invention,
whereby in the semiconductor photoreceptor element of Claims 1 or 2, the aperture
diameter in the aperture region varies within the photoreceptor region surface.

[0011]

A semiconductor photoreceptor element according to Embodiment 4 of the
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invention is the semiconductor photoreceptor element of any one of Claims 1-3, wherein
the aperture region may be circular, elliptical, or polygonal in shape.
[0012]

The semiconductor photoreceptor element according to Claim 5 of the invention is
the semiconductor photoreceptor element of any one of Claims 1 to 4, wherein the
semiconductor materials constituting the semiconductor absorption layer, the
semiconductor layer and the semiconductor window layer are: In, Al, Ga, As, P, N, Sb, Si,
Ge, Hg, Cd, Te, Zn, S, O, Fe, Cu or Se.

[0013]

The optical communications, optical information processing, and optical
measurement instrument of Claim 6, fitted with the semiconductor photoreceptor of any
one of Claims 1 through 5.

[Effect of the Invention]
[0014]

Using the semiconductor photoreceptor element of the invention, light can be
received over a wide bandwidth without loss in couplings with multimode fiber or the like in
optical communication devices or the like [operating] above 10Gbps. In optical information
processing such as for DVDs, as well, a response of several hundred MHz is possible
without reducing the photoreceptor surface area on a Si-based PD. That is because
effective pn junction surface area, and thus capacitance, is reduced by the provision of
multiple aperture regions across the pn junction within the photoreceptor surface.

[0015]

Moreover, light can be received at a high efficiency. This is because the influence of
surface recoupling and the like can be reduced by disposing a semiconductor window layer
directly below the aperture region.

[0016]

Furthermore, response characteristics relative to high input optical signals are

improved. That is because electric field drop effect can be reduced by changing the

aperture region width within the photoreceptor surface according to optical signal intensity
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distribution.
[0017]

The invention above was described based on a PIN type structure in which the
surface is a p-layer, but the inventive thinking can also be applied to an inverted structure
[thereof], an NIP type structure with an n-layer on the surface. While the shape of the
aperture region is shown as a circle, other shapes such as an ellipse and a polygon may
also be used. A semiconductor photoreceptor element receives light efficiently and at high
speed can thus be achieved.

[Best Mode to Practice the Invention]
[0018]

A semiconductor photoreceptor element according to an embodiment of the
present invention is described in detail with reference to drawings.
(Embodiment 1)

FIG. 1 is a structural diagram of a semiconductor photoreceptor element according
to the first embodiment. The semiconductor photoreceptor element of this embodiment
has an n-type semiconductor substrate layer (semiconductor substrate layer) 11 and an i-
type and p-type semiconductor layer (semiconductor layer) 13, stacked in that order. Here
multiple aperture regions 15, a feature of the invention, are formed within the surface of
photoreceptor region 14. Aperture area 15 is formed by chemical etching or the like, and
penetrates from p-type semiconductor layer 13 through to i-type semiconductor light
absorbing layer 12. This reduces the effective pn junction area, leading to a reduction in
capacitance. In the conventional structure described above (FIG. 14), junctions caused by
lateral depletion are non-negligible, and reduction in capacitance [there] is insufficient, but
the above-described excess capacitance does not exist, because the pn junction is
exposed in the structure of the invention.

[0019]

FIG. 2 is a diagram showing a calculated prediction of high frequency bandwidth fc

when multiple aperture regions 15 are provided in which the diameter of aperture region 15

(aperture diameter) ® (h) is 1 pm relative to the diameter of photoreceptor region

10
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(photoreceptor diameter) @ (the number of aperture regions increases as the
photoreceptor diameter increases).
[0020]

In the figure, a conventional structure (a device with no aperture regions present) is
compared with the structure of the invention. Here, the thickness (i-absorption layer
thickness) t of the i-semiconductor light absorption layer is setto 1.0 pym. With a
photoreceptor diameter of 50 um, capable of multimode fiber coupling, the high frequency
bandwidth will therefore be 15 GHz due to lowered capacitance, so a 50% increase is
predicted compared to a conventional structure. This is a high frequency bandwidth
capable of receiving a 20 Gbps signal light. In the structure of the present invention,
photocarriers generated at the bottom of aperture region 15 drift due to the slight electric
field, reaching high concentration region[s]. The aperture diameter ® (h) thus affects the
high frequency bandwidth as transit time. l.e., aperture diameter ® (h) should be optimized
to fit the target bandwidth (band). FIG. 3 shows the aperture diameter ®(h) limit for a target
bandwidth inferred from drift transit time. Thus for a desired bandwidth of 20 GHz, for
example, the aperture diameter @ (h) limitis 3 um.

(2nd Embodiment)

FIG. 4 is a structural diagram of a semiconductor photoreceptor element according
to a second embodiment.
[0021]

The semiconductor photoreceptor element of this embodiment has a structure in
which an i-type semiconductor light absorbing layer (semiconductor light absorbing layer)
42 and a p-type semiconductor layer (semiconductor layer) 43 are laminated in that order
onto an n-type semiconductor layer (semiconductor substrate layer) 41. Here, an i-type
semiconductor window layer (semiconductor window layer) 46, which is a feature of the
invention, is inserted between i-type semiconductor light absorption layer 42 and p-type
semiconductor layer 43, and multiple aperture regions 45 are formed within the
photoreceptor region 44 surface. Aperture region 44 penetrates from p-type semiconductor

layer 43 through i-type semiconductor window layer 46 . Here i-type semiconductor
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window layer 46 is a semiconductor layer with a bandwidth gap larger than the signal light
energy, and has a window layer effect.
[0022]

l.e., in the structure of the invention shown in FIG. 1, the i-type semiconductor light
absorbing layer is exposed in aperture region 45, raising a concern that efficiency will
degrade due to surface recoupling. In FIG. 4, the influence of surface recoupling described
above can be eliminated by covering aperture region 44 with a window layer. Here, the
capacitance reducing effect of aperture region region 44 and a determination of the
aperture diameter are based on the same concept asin FIG. 1
(3rd Embodiment)

FIG. 5is a structural diagram of a semiconductor photoreceptor element according to a
third embodiment.

[0023]

The semiconductor photoreceptor element of this embodiment has a structure in which
an i-type semiconductor light absorbing layer (semiconductor light absorbing layer) 52, an
i-type semiconductor window layer (semiconductor window layer) 56, and a p-type
semiconductor layer 53 are laminated in that order on an n-type semiconductor layer
(semiconductor substrate layer) 51. Here multiple aperture regions 55 are formed within
the photoreceptor region 54 surface, and aperture region 55 penetrates from the p-type
semiconductor layer 53 through to the i-type semiconductor window layer 56. In the
present invention the diameter of aperture region 55 (aperture diameter) varies within the
photoreceptor region surface 54. l.e., the aperture diameter ® (h) is small at the center of
the photoreceptor region and large at the edge of the photoreceptor region. This is because
the intensity distribution 57 of the input signal light is normally a Gaussian distribution, and
light intensity is high at the center of photoreceptor area 54. If high-power input light
exceeding [a] mW is incident thereon, a large number of photocarriers are generated just
beneath the aperture region 55 at the center of the photoreceptor region 54, which can be
predicted to weaken the electric field [in] the light absorbing layer. This is generally referred

to as the electric field drop phenomenon, and leads to degradation of the high frequency

12
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band. The present invention has the object of reducing the aperture diameter 55 at the
center of photoreceptor region 54 where the light intensity is strong, mitigating the electric
field drop by compensating the sufficient electric field directly beneath the pn junction,
thereby improving characteristics relative to high input light.

[0024]

In realizing the structure of the semiconductor photoreceptor element of the
invention, the semiconductor materials of the semiconductor photoreceptor element used
in devices for optical communication, optical information processing, optical
measurement, etc. are limited to In, Al, Ga, As, P, N, Sb, Si, Ge, Hg, Cd, Te, Zn, S, O, Fe, Cu,
Se, and the like. Incorporating the semiconductor photoreceptor element of the invention
into devices for optical communication, optical information processing, optical
measurement, etc. enables higher performance to be achieved.

[Examples]
[0025]

Below we describe examples of the present invention in detail, referring to drawings.
(Example 1)

Below, referring to FIG. 6, we describe a first example of a semiconductor
photoreceptor element according to the invention. FIG. 6 is a structural diagram of a
semiconductor photoreceptor element according to a first example.

[0026]

The structure and operating principle of the semiconductor photoreceptor element
of the first example are based on FIG. 1. A lattice-matched i-type InGaAs light absorption
layer (semiconductor light absorption layer) 62 (layer thickness 1 um) and a p-type InP
window layer (semiconductor window layer) 64 (layer thickness 0.5 pm) are formed on an
n-type InP substrate (semiconductor substrate) 61. Photoreceptor area 69 is intended for
multimode fiber coupling, and has a diameter (photoreceptor diameter) ® of 50 pm.
Multiple aperture regions 68, which are a feature of the invention, are formed within the
photoreceptor region surface. Here aperture region 68 has an aperture diameter of 3 uym

and a depth of 0.7 um, achieved by wet etching (dry etching is also possible), intended for
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applications at 20 Gbps. Optical coupling efficiency had been 60%, and the high frequency
bandwidth was 8 GHz in the conventional structure (without an aperture region), but with
this invention that is increased to 16 GHz, and 20 Gbps signal light can be received at high
efficiency. The reason for this performance improvement is that capacitance can be
substantially reduced through a reduction in pn coupling surface area, which leads to
higher speeds. 20 Gbps signal light can thus be received even in multimode fiber
couplings.

[0027]

In this example [the invention] is applied to a p-type InP window layer, i-type InGaAs
light absorption layer structure, but the same effect can be achieved with an n-type InP
window layer, i-type InGaAs light absorption layer structure.

(Example 2)

Below, referring to FIG. 7, we explain a second example of a semiconductor
photoreceptor element according to the invention. FIG. 7 is a structural diagram of a
semiconductor photoreceptor element according to a second example.

[0028]

The structure and principle of the semiconductor photoreceptor element of the
second example are based on FIG. 4. A lattice-matched i-type InGaAs light absorption
layer (semiconductor light absorption layer) 72 (layer thickness 1 um) and a p-type InP
window layer (semiconductor window layer) 74 (layer thickness 0.5 pm) are formed on an
n-type InP substrate (semiconductor substrate) 71; in addition an i-type InP window layer
710 (layer thickness 0.2 pm), which is a feature of the present invention, is inserted
between i-type InGaAs light absorption layer 72 and p-type InP window layer 74. The
photoreceptor area is intended for multimode fiber coupling, and has a diameter
(photoreceptor diameter) ® of 50 pm. Multiple aperture regions 78, which are a feature of
the present invention, are formed within the photoreceptor region surface. Here aperture
region 78, intended for 20 Gbps application, has a diameter (aperture diameter) of 3 um
and a depth of 0.9 um by wet etching (dry etching is also possible). Optical coupling

efficiency is thereby increased to 70%; the high frequency band, which in the conventional
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structure was 8 GHz, is increased up to 16 GHz in the invention, enabling efficient receiving
of 20 Gbps signal light. The factors behind this improvement are that the application of the
aperture region of the invention reduces the effective pn junction surface area, thereby
reducing capacitance and leading to higher speeds, and further that the interposition of i-
type InP window layer 710 reduces the effects of surface recoupling, improving efficiency.
This enables high efficiency reception of 20 Gbps signal light notwithstanding the
multimode fiber coupling.

[0029]

In this example the invention is applied to a p-type InP window layer, an i-type InP
window layer, and an i-type InGaAs light absorption layer structure, but similar effects can
be obtained with an n-type InP window layer, i-type InP window layer, and i-type InGaAs
light absorption layer structure.

(Example 3)

Below, referring to FIG. 8, we explain a semiconductor photoreceptor element
according to a third example of the present invention. FIG. 8 is a structural diagram of a
semiconductor photoreceptor element according to the third example.

[0030]

The structure and principle of the semiconductor photoreceptor element of the
third example are based on FIG. 5. A lattice-matched i-type InGaAs light absorption layer
(semiconductor light absorption layer) 82 (layer thickness 1 um), an i-type InP window layer
(semiconductor window layer) 810 (layer thickness 0.2 um), and a p-type InP window layer
84 (layer thickness 0.5 pm) are formed on an n-type InP substrate (semiconductor
substrate) 81. Photoreceptor region 89 is intended for multimode fiber coupling, and has a
diameter (photoreceptor diameter) ® of 50 um. Formed within the photoreceptor area
surface are multiple aperture regions 88, wherein the aperture diameter varies within the
photoreceptor surface, a feature of the present invention. To minimize bandwidth
degradation during a 20 Gbps high optical input, the aperture diameter gradually increases
from 1 um at the center of the photoreceptor area to 3 um at the edge of the photoreceptor

area. The depth was set to 0.9 um by wet etching (dry etching is also possible). As a result,

15
Samsung Exhibit 1020, Page 15 of 39



optical coupling efficiency was 70%, and the high frequency bandwidth was increased
from 8 GHz with the conventional structure (structure with no aperture region) to 15 GHz in
the structure of the present invention, enabling high efficiency reception of 20 Gbps signal
light. No remarkable bandwidth degradation was observed with this structure, even when a
+3 dB high input light was input. Factors behind this performance improvement are:
reduced capacitance achieved through substantially reduced pn surface area by the
application of aperture region 88 of the invention, which led to faster speed; the reduced
effect of surface recoupling by interposing i-type InP window layer 810; and also the fact
that bandwidth degradation caused by electric field drop could be suppressed by changing
the aperture diameter of aperture region 88 according to light intensity distribution. As a
result, even though it is coupled with multimode fiber, it is possible to receive 20 Gbps
signal light with high efficiency, and also achieve excellent high optical input
characteristics.

[0031]

In this example [the invention] is applied to a p-type InP window layer, i-type InP
window layer, and i-type InGaAs light absorption layer structure, but similar effects can be
obtained with an n-type InP window layer, i-type InP window layer, and i-type InGaAs light
absorption layer structure.

(Example 4)

Below, referring to FIG. 9, we explain Example 4 of the semiconductor photoreceptor
element of the invention. FIG. 9 is a structural diagram of a semiconductor photoreceptor
element according to the fourth example.

[0032]

The structure and principle of the semiconductor photoreceptor element of the
fourth example are based on FIG. 1. A p-type Si layer 91, i-type Si light absorbing layer
(semiconductor light absorbing layer) 92 (layer thickness 10 um), and n-type Si layer 94
(layer thickness 0.5 um) are formed on a Si substrate. The photoreceptor area is divided
into four parts to accommodate a DVD pickup system (100 MHz bandwidth); each

photoreceptor area is a 40 pum square. Multiple aperture regions 98, a feature of the
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invention, are formed within the photoreceptor region surface. Here an amplifier IC having
a 10 kQ input resistance is connected to the rear stage of the photoreceptor element of the
invention. The element capacitance required from the photoreceptor element to obtain a
bandwidth of 100 MHz is therefore 150 fF or less. In this example, the aperture region 98 is
a 2 ym square, and the p-type Si layer 91 is formed with a 1 1 pm width. The depth was
formed to 0.7 um by dry etching. Thus, element capacitance was 200 fF in the conventional
structure (without an aperture region), but is lowered down to 130 fF in the structure of the
present invention. [The system] can thus be driven at 100 MHz. This performance
improvement results from a reduction in capacitance through a substantial reduction in pn
coupling surface area by application of the aperture region of the invention.

[0033]

In this example, [the invention] is applied to an n-type Si layer, i-type Si light
absorbing layer, p-type Si layer structure, but the same effect can be obtained with a p-type
Si layer, i-type Si light absorbing layer, and n-type Si layer structure.

(Example 5)

Below, referring to FIG. 10, we explain Example 5 of a semiconductor photoreceptor
element according to the invention. FIG. 10 is a structural diagram of a semiconductor
photoreceptor element according to the fifth example. The present example seeks to apply
[the invention] to an avalanche multiplication-type semiconductor photoreceptor element
with an internal gain effect.

[0034]

The structure and principle of the semiconductor photoreceptor element of the fifth
example are based on FIG. 5. A lattice-matched i-type InGaAs light absorption layer
(semiconductor absorption layer) 102 (layer thickness 1 um), i-type InP window layer
(semiconductor window layer) 1010 (layer thickness 0.2 um), and p-type InP window 104
(layer thickness 0.5 um) are formed on an n-type InP substrate (semiconductor substrate)
101; in addition, an i-type InAlAs multiplication layer 1012 and a p-type InAlAs electric field
relaxation layer 1011 are added directly below the InGaAs light absorption layer 102. The

diameter of the photoreceptor region is ®=50 um, which is intended for multimode fiber
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coupling. Multiple aperture regions 108, which are a feature of the invention, are formed
within the photoreceptor area surface. Here, to satisfy the performance requirements for
20 Gbps and high optical input, the aperture diameter of aperture region 108 is 1 um at the
center of the photoreceptor region and gradually increases to 3 um at the edge of the
photoreceptor region. The depth was set to 0.9 um by wet etching (dry etchingis also
possible). As a result, optical coupling efficiency was 70%, and high frequency bandwidth
was 8 GHz at a multiplication factor of approximately 2 in the conventional structure
(structure without an aperture region), but in the structure of the invention this was
increased to 15 GHz, enabling reception of 20 Gbps signal light at a high efficiency. Also, no
notable bandwidth degradation was observed even under a +0 dBm high input light.
Factors behind this performance improvement are: reduced capacitance achieved through
substantially reduced pn surface area by the application of aperture region 108 of the
invention, which led to faster speed; the reduced effect of surface recoupling by
interposing i-type InP window layer 1010; and also the fact that bandwidth degradation
caused by electric field drop could be suppressed by changing the aperture diameter of
aperture region 108 according to light intensity distribution. As a result, an avalanche
multiplication type semiconductor photoreceptor has been realized that can receive 20
Gbps signal light with high efficiency even when coupled with multimode fiber, and also
has excellent high optical input characteristics.

[0035]

As described above, the invention enables realization of a semiconductor
photoreceptor element with which light can be received at high speeds without reducing
optical coupling efficiency. Also, high performance can be achieved by incorporating the
semiconductor photoreceptor element achieved by the invention into optical
communications, optical information processing, and optical measurement devices.
[Brief Description of Drawings]

[0036]
FIG. 1 is a structural diagram of a semiconductor photoreceptor element according to a

first embodiment.
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FIG. 2 is the high frequency bandwidth (dependence on photoreceptor diameter) of the
semiconductor photoreceptor according to the present invention.

FIG. 3 shows the diameter limit of the aperture region of the semiconductor photoreceptor
element according to the present invention.

FIG. 4 is a structural diagram of a semiconductor photoreceptor element according to a
second embodiment.

FIG. 5is a structural diagram of a semiconductor photoreceptor element according to a
third embodiment.

FIG. 6 is a structural diagram of a semiconductor photoreceptor element according to a
first example.

FIG. 7 is a structural diagram of a semiconductor photoreceptor element according to a
second example.

FIG. 8 is a structural diagram of a semiconductor photoreceptor element according to a
third example.

FIG. 9 is a structural diagram of a semiconductor photoreceptor element according to a
fourth example.

FIG. 10 is a structural diagram of a semiconductor photoreceptor element according to a
fiftth example.

FIG. 11 is a structural diagram of a semiconductor photoreceptor element having a
conventional structure.

FIG. 12 shows the high frequency bandwidth (dependence on photoreceptor diameter) of a
semiconductor photoreceptor having a conventional structure.

FIG. 13 is a structural diagram of a semiconductor photoreceptor element having a
conventional structure (metal Schottky metal type).

FIG. 14 is a structural diagram of a semiconductor photoreceptor element having a
conventional structure (selective diffusion type).

[Explanation of Reference Numerals]

[0037]

11 n-type semiconductor layer
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12 i-type semiconductor light absorbing layer

13 p-type semiconductor layer

14 photoreceptor area (diameter @)

15 aperture area according to the present invention (diameter ®(h))

41 n-type semiconductor layer

42 i-type semiconductor light absorbing layer

43 p-type semiconductor layer

44 photoreceptor area (diameter ®)

45 aperture area according to the present invention (diameter ®(h))

46 i-type semiconductor window layer according to the present invention
51 n-type semiconductor layer

52 i-type semiconductor light absorbing layer

53 p-type semiconductor layer

54 photoreceptor area (diameter @)

55 aperture region according to the present invention (aperture diameter ®(h) varies)
56 i-type semiconductor window layer according to the present invention
57 light intensity distribution of input signal light

61 n-type InP substrate

62 i-type InGaAs light absorption layer

63 n-type InP layer

64 p-type InP window layer

65 SiN film

66 p-type electrode

67 n-type electrode

68 aperture region (diameter ® (h))

69 photoreceptor area

71 n-type InP substrate

72 i-type InGaAs light absorption layer

73 n-type InP layer

20
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74 p-type InP window layer

75 SiN film

76 p-type electrode

77 n-type electrode

78 aperture region (diameter ® (h))
79 photoreceptor area

710 i-type InP window layer

81 n-type InP substrate

82 i-type InGaAs light absorption layer
83 n-type InP layer

84 p-type InP window layer

85 SiN film

86 p-type electrode

87 n-type electrode

88 aperture region (aperture diameter ® (h) changes)

89 photoreceptor area

1810 i-type InP window layer

91 p-type Si layer

92 i-type Si light absorbing layer
94 n-type Si layer

95 SiN film

96 n-type electrode

98 aperture region

99 photoreceptor area (4 divisions)
101 n-type InP substrate

102 i-type InGaAs light absorption layer
103 n-type InP

104 p-type InP window layer

105 SiN film
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106 p-type electrode
107 n-type electrode

108 aperture region (aperture diameter @ (h) changes)

109 photoreceptor area

1010 i-type InP window layer

1011 p-type InAlAs field relaxation layer
1012 i-type InAlAs multiplication layer
111 n-type InP substrate

112 i-type InGaAs light absorption layer
113 n-type InP

114 p-type InP window layer

115 SiN film

116 p-type electrode

117 n-type electrode

119 photoreceptor area

131 n-type InP substrate

132 i-type InGaAs light absorption layer
133 extraction electrode 1

134 extraction electrode 2

135 comb-shaped electrode area (photoreceptor area)

141 n(+)-type semiconductor layer

142 n-type semiconductor light absorbing layer

143 p-type semiconductor light absorbing layer (diffusion region)

144 n-type semiconductor light absorbing layer (non-diffusion region)

145 photoreceptor area
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[FIG. 8] [FIG. 9]
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[FIG. 13]
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HILICBD SO THE, TORD, IVFE-—FITI7AN—FELCBEVWTLE, 200G
bpsESXEZRNT S LAAREE> T,

[0027]

AEMBBPTE., p—MInPEBEB., i —8InGaAs EtRRNBEBEECEHINATVS
M. n—BInPAEE. i —®InGCaAsH¥HNEBEECEVCTLABEOMENEF LN

%,
(= 51 2)

DIF, M7TZHOTAFERICES FERZHARFORMBH 2ICODVTHIAT S, K7,
EHEH 2B ERZHERFOMENTDH %,

[0028]

HEH 2 OPEEZHETFOBESIUOCFEMEIE., M4 HEDILEDTHZ, n—H® 1 n
PR (CEEEHIEAR) 71 Lic, PEAELE 1T -8 1 nGaAsYWRUE CFEKEK
Wk 72 (ME1pm) . p—MInP&EM CEEERE) 74 (HEO. 5 pm) M
R, SHICARPORMTHZ i — I nPEM710 (FEO. 2pm) Ai—"HI1
nGaAsHRINET7 2, p—HInPEET7T4O0MICHFAITATVS, ZEHRE. <
WFE—RT7AN—HAEZENELTED, UHHBHOESR (ZNXEHE) &=50pm
ThadH, ZMHHEBHEANICE., ARFHORBTHL2MAEKT7 SHPEHRBEEHREIN TS,
CTCT. MAEMT7 8. 20Gbps TO@MMAEZEMNE L THABEKDER (B LER
) W3 pm, TER vz b v FiE (FSAZY FHETEARE) ICXDO0. 9pmelL
oo THICED, HHEENMRBT 0%, FemEEmEeEBE (HLHEZAE T RV
WiE) TE8GCHzTHo N ARHEEETIEI16GCHzETHKRK., 20GbpsEEHE

Samsung Exhibit 1020, Page 31 of 39

10

20

30

40

50



(7) JP 2007-165359 A 2007.6. 28

EGABRTRZNRTEZCLA A>T, COHREDO BRI, AR X B B AL fE I O
KX, ZFEMNAp nBAEEEBERENLTAREERBRIAINSNAGSELLICBN >z b, X
BICi — B InPEBT7TIO0ENEIRRECLICELY, REHEBEAOEENRKR I N =R
NREBENEEZDTDHZ, COH, SVFT—RI7AN—FETHLENS20GCDb
psEBAZEMEBETZHTEZILENAEEES 2,

[0029]

AEBEHTWE., p—BHInPRE, i — I nPEE. i —®1InGaAsXRINEH
BICEHINTVLSED, n—H®InPEB. i —®InPERBE. i —®InGaAsHtW
INEBHEELCLCBVWTEHAKROMENEEN S,

(i H3)

DT, M8ZHWTARHICKISYEEZNEFORMA ZICDODVWTHHAIT S, X8 .
EHH SIS YEEZNHNEFOMENTDH %,

[0030])

FHHEH 3OLERZHEZTOMEBLIOFMEZ, N5CHEDICEDTHS, n—H1In
PAAR (PEAKR) 81 Lic, WFEELEZI —8 I nGaAsEWUE (28 &HE%
NE) 82 (BE1um) . i — I nPRE (LEHAKAZEFE) 810 (BEO. 2pupm)

p—EInP&EES84 (BEO. 5um) EXINTVE, THXEHI I, IVLF
E—FT7 74N —EaZzENELTEDL., THEHOBER (ZXERF) 0=50pmTd
5, MCHEHEANICE., ARPOFHTHAMILERFRLZZ NHEETNTELET Y ZHILE
He8AWHEHBMEMEREINTWVWS, 2T, WIERE. 20GCbpshMDODENHANKEDN
HEbzZzMH T 50, THAEHOPLTEMAEREN 1 pm, TAEHOE T 3 p
MAERRICHERKTZEI2CE>TVSE, BT, Vv by FiE (FSAZ Yy FHET
EAHEE) IKEDO. 9umek Lz, ThickD, XHEENRIZITO%., ELERAEFEHD
MEREE (HAEEZESAVEE) CTRS8SGCHz THo TN AEHAEETIE 1 5GH z
ETHWR. 20CbpsEENZEMETRNTHIENARICK Kk, T HIC. REE
TRE+3dBmOEANNZANTE., HELAHEHELELPEHA SN GEN>Tz, TOHREYR
HOERIE, AP K AMHILHK 8 80w MIc k., RENZp nEAMBEEMZNL
TEREBRERIKS N mELCBN ek, i — B I nPEBES 1 OENEIY RN HH
GO ERM LI E, SHICHAEMS SOMAMBEENBIENSMICISEC TELE Y
ERBETICLZ2EEALILEMNHI CERCLICKE, CORH, IIVFE—RT 7 A4 N—#
ABTHOLHEDNH20GCbp sEENEZEIBTRHL., SHICENTENEATFELE D EK
Ehi,

[0031]

AERBEHTWE., p—BHInPRE, i — I nPEE. i —®1InGaAstRINEHK
BICEHINTVLSD, n—H®InPEB. | —®InPERE. i —®InGaAshHtWk
INEBHEEICBVWTEHAKROMENEEN S,

(i f4)

LR, MOZHWTARPICXSD2 VY ERZHRETFTOERMHIAICDOVTHAT S, K9 &
CRBEH A DB PEPERZNHRERFOMERTD 5.

(003 2]

FHIB 4 DY EEKZHEATOMBEBIUCEHITEZ, M1 KA bDTHB, S ik
e p—MS i 1. i =S i RN CEEAETRRE) 92 (JME1T0pm) .
n—"SiMo4 (JEO. 5pumn) HERINTVE, ZHEHKE, DVDEY I T v
THR (FEH 1 O00MHz) KRISETAEDICAnEENTHEL., 1 HOZEEKIZ 40
pmOELETH 2., ZHBEHBAIKCIE., AREHORB TH 2 HILEEK9 8 E ML K
TNTWVW53, TTT. AEHOZAEZETHERICE., ANEIN1O0OKkQOHEIETL CHERT
5, CORH, HIH 1 00MHzA2EB32DICZHEFCERINSZEFEREIE. 150
fFFUTFTTH S, AERMMHPITIZ, BAILEKI 82 pmDIEAERICLT, hDOp—HS
ifBoO1WE1l pmiETEMR L, BEWE., FIAZ Y FHEICXDO0. 7TpmTEKXL 2,
h
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KX ETARE, MG (MAHEKOAETRZVWED) TWE200fF FTholh., &
HHEMBECT1 30T FETHBINE, CThickD, 10OO0OMHz TOMENATEE &Ko
oo TOBRERBOERIZ, AHKBPICIIMAEBOBEHAICLD., EEMNX p n A HME
KRZNMLTARRBRAK SN, GELICEN > LICK S,

{003 3]

AREMBFITE., n—FS i B, i —BS i HRNEB, p—AS iBEECEHAINATY
DM, p—HSiE, i —HSiHBENE, n RS i BEEEICBELTERABEOMENE
5N5,

(S 5)

LR, M1 OZHOWTARPICXS LPERZNHEFOERMBSICDODVWTHHAT S, X1
0. EHH SICHNZ2 VY ERZHETFTOMENTHS., KAEMMBI TEINBAMNBDIRZH
TEHRTNTG VY o EEMULERZNHNRFNDEHEZN > EDTH S,

{003 4]

FHIE S O EEKSZHETFTOMBESIORMIFZ, 5K EDTHS, n—MIn
PO (CCEERER) 101 Eic, BTPRAELE I —® 1T nGaAsHBRIE (CFEARK
INfE) 102 (BE1pm) . i —BMInPREBE (CPEKEE) 1010 (BEO. 2pu
m) . p—HInP&104 (BEO. 5pm) PERINTED, TH51Ki —HIngG
aAsHBRINELO2OHE FiIcid, i — 8 InAlAsHEMEEIOLI2, pE—-—1InAl
AsBEREMBLIOL IAMAMEINATVLDS, TAEBHOEREE., SIVFE—RT 7 43—
BEEHMNELTED, BABEREO=50pmTH3., ZEEHEANICIE., KFEHOFHY
THHHLEB1 08N ERBERENTVWE, T, HAMEB1 081, 20Gbp
sHhOEHAEANKOMEZHLTEDIC., ZAXABEHOPLTEMAILERZRN 1y m. ZHH
BMOWMTWE 3 pmANERLICHEAKTEZES5CE>TWVE, BB, vy by FiE (R
SATYFETEAR) KED0. 9pme Lz, Thickb, XFBEEIRIEIT 0%, F
EmEEmEE RS (MAEREAE S RVEE) TREMELE~21CEBVWT8GCH2Zz T
BHOTMWAREHAMETIXI 1 5GCHzETHEAR, 20Cbp sEEATREMIRTRZ KT S
EMABEIC R, B, AMETE+O0OdBmDOGEANNEZANTE., W FHEHIES
el nanhof, TOMRBEREOERIE. AFEWICXZMHILFEBM 1 0 8 DI &
O, KEMNZpnHEAMMEMZNALTAEREBAK S mdbicBN e, 1 —H
InPEEBI1O1O0OZNEIRZ LIV EREMGEAOREZRBLEZ ., SHICH
LEEE 1 0O 8OMAERZABESMICIH L TEILIEERKR FTICX2HEHELILEMGH T
hllldsd, TOD, IVFE—FIT7AN—FHAETHOEDLH20G6GbpsEE
HEBMBETRZN., SHICENAANFEECENTZET NS VY o lERIPERZ R THE
HT&k,

{003 5]

DEo XS, REHICED, XMEEMELZRBT I A BHEICRZNKT ST &HA
REBEAYERZNHRFNRBTES, . AP IO ERHAIN L LERZHERTE. L
WAS. CEWMAE, tEHEBEICEH TSI LICED., BERLENELENS,

(X o> f L 7% 308 )

{00361
(K1) W1 OHRBMEELCHDZIEERZNHLETFOMEXRTH %,

(K2] RFEWPICKZLERZHELEFO S MK (ZAEERKANE) Ths,

(K3)] REPICXZPLEHEZNAXFOMAHKDOHEERRATDH 5.

(K 4] BE2O0RMILELCHLZ FERZAETORBERNTH 5.

(K5] BE3DHMILEICHLZ FERZAETOMERNTH 5.

(K6] RH1ICHNEPLPEERZHAEZTOHEXRTD 5,

(K7]) EZfEH 21D LPEERZHEEZTORERTD 5,

(K 8] LMK 3ICHhNBLEHEKZHNAZTOHENTDH 5,

(K9] EHMH 4ICh DB LERZHAEZTOHENTDH 5,

(K1 0] RMGEH SICHhHh 2L ERKZHNEZTOHRERTDH 5,
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(X13)] ERBECKSFERZARFOMEK (AZ)Vay bF-—XZ)E) TH
%

(K1 4] ERBECEDFPEEARERTOMER GERILHEA) TH 5.
(755 D]
(00371

n —HEEKE

i— B RO R I B

p — B G kB

ZomEE (H&FE )
AFEHICKBMAEE (BEFE0 (h) )
n — 08 K

io— R RO R U

p — MR

ZhEE (EF o)

AFEHIC K BMALHEE (EFO (h) )
AFERICKS i —HYEKREE

n — B8k

i— B8 (RO T I B

p — B EkE

2ot (H&%O)
AFEFHICKBMILEE (BILEZO (h) HE()
AFEIHIC KD i —HYEKEE
ANEBEOHRE N
n—"51nPHERK
i—"™1InGaAsYtRIHE
n—"1nP)

p—®InP&EE

@Cﬂdkwl\J'—'H@OC\lCDm%OJN'—‘@OO\]:DLﬂJ&QJ[\J'—'\ICDOT%OJN'—‘CDUI%QJNMW%OJN'—OHEO

0 00 00 X000 N NN NNNNNNNOOO00Oo o000 g OO Qs R R s s

S i N
p 5
n % & i
MALTEE (EZO (h) )
52 Ot 7H 15
n—"1nPEHK
i—" 1 nGaAsXHtRINE
n—%1nPJE
p—%I1nP&RE
S i NJ&
p & % i
n % 7 fi
b fL@it (EHZEO (h) )
52 0 #H I

0 1i—®InP&ERE
n—"1nPEK
i—" I nGCaAsYHtRIXE
n—"1nPJE
p—®InP&EE
S i N &
p & & M

Samsung Exhibit 1020, Page 34 of 39



e T R T T T T R R R (o B (o (o I (o B (o (o (o e s o s IINe s e o]

R R R R W W W W W R s e =R RO 0 0000000000 00O AN~ = O 0N

Qs W N = bk W= O N0 b W = = = = O 0 N O Ok W -

n

(10)

TR

A (FAEZO (h) HZEIL)
5 06 TR I

p—#S

i

n—%S

i —

o
o

=

—As

=

— e e

B £ W 5
=
S|

S i NJE
n & & i
F fL T 12K
ZotmE (478

—_

n—%1nPEK

i = I nGaAsYtRiE
n—"1nP
p—"T1nP&EHE

S i N
p T E M
n B % i
FILFEE (BALEZE O (h) AZEk)
2Ot
i =% nPREE
p—HInAlAsBEBREME
i =8I nAlAsHEMGRE
n—"1nPEK
i—A1nGaAsXRKINE

n—"1InP

p—"TnPZ&E

S i NJi

p M A

n % 25 i

52 Ot T 15

n—%1nPEK

i =81 nGaAsHtRINE
O HLUEMIL

oL EMm2

WP & M E s (32O i)

n (+) —&YEHKE

n — B8 RO T IV &

p — BB RO T I B CHE R D
n — B8 RO I (FE L AR D
32 ¢ I

JP 2007-165359 A 2007.6. 28

10

20

30

40

Samsung Exhibit 1020, Page 35 of 39



(X 1]

14: REASET )
\ 15 AREIZLD
o B EE e g

e
aee B
] ASERMILS
L mn R oy

i
i
i Ve
H s FpMFEER
T JEESCpER TE-T PR T

T I R

A-BEfTEE

(X 2]

L

FRYRREE .04 m

5 -

%
///

% ) FRIpEIS
N DN

| e S

—

O 10 20 % 40 0 80 O A O WO
FEEF(enRSED @ (um)

(X 51

54 i(tﬁﬁl(ﬁ'im)
5 ARRBCLD
MRS (4 AL fE h)nt k)
PR ereies B
h H 5 ARAC LD
oo / MAA(MAEED M)
! :
H 63 :p- B4 WAN
; "
- S8 KRR LD
bz R TN
T i SRR RN
—_— Ston BENER
ST:AHEE RN
/\// i

A-BEFE|

(X6]
68 FIFLAREEE S (h)

T
of  sammpsamERoc) &

A BRSO

(11)

JP 2007-165359 A 2007.6. 28

CED
[
=

5

=3

Br

2]

L

1l
S

ki)

]

s

€

(X 4]

44 Iﬂlﬂ[ﬂﬁﬁﬂ

-
(=
(=3

—y
[=]
T

R
1B AR B

i 10 10¢
BRI felGH)

Bk
BRI eh)

4 RRACLD
BAR RS (W E P

) i
//‘%:p—&*‘!ﬁl
L ASEREELD

o FRERAEN

t y/ 42:0- PEMRRRE N

e 4 B RN

A-BEFTEE

(X 71

78:BHLHAR (BE O

79: SRk 78

y %
71 7o:EHL AR GEE o)
A BitR TDE

Samsung Exhibit 1020, Page 36 of 39



(12) JP 2007-165359 A 2007.6. 28

(X 8] (X 9]
80:5 e itel B HHLAAT (FHLEE G (NHATE) WEARRADED oL
/
865
L f& -.=B
i g4
& " -’/:..:BG
RE 72 - 510
|~
1
82 j‘f
1 ; 87
81 oo BHILABS RILETE O (OBETE)
= 91 o8 - FILAARE
= i A BEFTEE
(K1 0] (K1 2]
108:§ koAt 108 FILHASE (FILEE © (hhiRik) 2
N 108 . » FinGardRIRER: =05 um
' X
" §” \\\ +=10pm
AN
-~ —104 . \Q:bx\
A~ 1010
1011 “o!om:owwaomaosom
1012 SHEEGrREED: 0 (um)
" 107
101 1 op:RRL A GIILEE S (HIE (L) D
ABIEE [ 13 ]
(X111
119: S5 e .
A o fimm, .
133

~,
aptfmE 7

NAOnNEnRan.ng
\Mw—-—-———n-""—/

s 32

g 131

A-BNIEA

Samsung Exhibit 1020, Page 37 of 39



(13)

(K1 4]

145

ABNEER

JP 2007-165359 A 2007.6. 28

Samsung Exhibit 1020, Page 38 of 39



Christopher Field
Japanese Technical Interpreting and Translation
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Verify at www.atanet org/verify

CERTIFICATION OF TRANSLATION

I, Christopher L. Field, residing at 52 Sherman Bridge Rd., Wayland MA, 01778,
United States of America, declare and state as follows:
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that all statements made on information and belief are believed to be true, and
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