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(571 ABSTRACT

A photodetector device includes a stack of a light-
absorbing layer, a window layer on a substrate, and a
region in the window layer formed by reversing the
conductivity type of the window layer extending to the
light-absorbing layer. A surface protecting film is dis-
posed on the window layer, with a light receiving area
being left uncovered. An electrode makes ohmic
contact with the reversed conductivity region and sur-
rounds the light receiving area. A metallic light-block-
ing film is disposed on the protecting film with an insu-
lating gap therebetween. The inner edge of the light-
absorbing film is located in alignment with or inward of
the p-n junction between the reversed conductivity
type region and the window layer.

12 Claims, 4 Drawing Sheets
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1
SEMICONDUCTOR PHOTODETECTOR DEVICE

This invention relates to a semiconductor photode-
tector device, and, more particularly, to a fast response
photodiode.

BACKGROUND OF THE INVENTION

FIG. 1 shows a cross-section of a typical example of
conventional InGaAs planar photodiode. On one sur-
face of an n+-type InP substrate 1, an n-type InP buffer
layer 2, an n—-type InGaAs light-absorbing layer 3, and
an n—-type InP window layer 4 are formed in a stack in
the named order with the layer 2 contacting the sub-
strate 1. A p-type impurity, such as Zn, is diffused from
a portion of the surface of the n—-type InP window
layer 4 to reverse the conductivity type of portions of
the window and light-absorbing layers 4 and 3 and to
thereby form a reversedconductivity type region, i.e.
pTt-type region 5. The bottom of the p+-type region §
extends into the n—-type InGaAs lightabsorbing layer
3. A broken line 12 in FIG. 1 represents the front of a
depletion layer 3a. In the illustrated case, the front 12
substantially provides a p-n junction between the p+-
type region 5, and the n—-type InP window layer 4 and
the n—-type InCaAs light-absorbing layer 3.

A surface protecting insulating film 6, such as a sili-
con nitride (SiN) film, is formed by, for example, plasma
CVD, to cover the n—-type InP window layer, leaving
uncovered at least the portion which provides a light
receiving area 11. A positive electrode 7 is formed in
ohmic contact with the pt-type region 5§ within the
opening in the insulating film 6 where the light receiv-
ing area 11 is provided. Also, a metallic light-blocking
film 8 is formed over the insulating film 6, with a gap 9
disposed between the positive electrode 7 and the light-
blocking film 6 to provide electrical insulation therebe-
tween. On the opposite surface of the n+-type InP sub-
strate 1, a negative electrode 10 is formed in ohmic
contact with the substrate 1.

In this planar photodiode light incident on the light
receiving area 11 passes through the window layer 4
and a substantial portion ofthe light is absorbed by the
light-absorbing layer 3, in particular, by the depletion
layer 3a. Carriers 31, indicated by dots, generated by
absorption of light by the depletion layer 3a, are accel-
erated by the electric field within the depletion region
3a. Thus, the carriers provide a drift current component
which responds very quickly to an input light signal and
is detected as a light-responsive electric signal flowing
between the electrodes 7 and 10.

Light incident on other portions, such as the gap 9
between the electrode 7 and the light-blocking film 8 of
the device is absorbed by portions of the light-absorbing
layer 3 other than the depletion layer 3a, which gener-
ates carriers 32 indicated by small circles. The carriers
32 diffuse and reach the depletion layer front 12 or p-n
junction and, therefore, are included in the detection
current as a diffusion current component. The diffusion
current component is generated due to the spatial den-
sity gradient of the carriers 12 and therefore the speed
of movement of the carriers 32 which provide the diffu-
sion current component is much slower than the carri-
ers 31 which provide the drift current component. This
speed decreases the response time of the device to the
input light signal.

A photodiode which is free of the above-described
drawback, i.e. a slow response to an input light signal,
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of the conventional device shown in FIG. 1is shown in,
for example, Japanese Published Patent Application
No. SHO 55-140275. FIG. 2 shows a cross-section of a
major portion of a photodiode shown in this Japanese
application. The same reference numerals are attached
to similar portions of the photodiodes of FIGS. 1 and 2,
and they are not described further. A positive electrode
71 makes an ohmic contact to the pt-type region §
within the opening in the insulating film 6 where the
light receiving area 11 is provided, as in the photodiode
of FIG. 1. A portion of the positive electrode 71 extends
beyond an opening 23 in a wire-bonding region to pro-
vide an extension 72. An insulating film 21 of, for exam-
ple, phosphosilicate glass (PSG) is disposed over the
insulating film 6 and the positive electrode 71. A metal-
lic light-blocking film 22 is formed over the insulating
film 21. The opening 23 for wire bonding is formed
through the insulating film 21 and the light-blocking
film 22. A connection wire is bonded to the positive
electrode 71 in the opening 23.

In the planar photodiode shown in FIG. 2, the bot-
tom of the opening 23 for wire bonding is closed by the
extension 72 of the positive electrode 71, and, therefore,
light incident on the opening 23 is entirely blocked
Accordingly, only light that is incident on the light
receiving area 11 passes through the window layer and
reaches the depletion layer 3a in the light-absorbing
layer 3, and, accordingly, only carriers 31 that substan-
tially contribute to the generation of a drift current
component are generated. Generation of carriers in the
portions of the light absorption layer 3 other than the
depletion layer 3a is avoided and therefore, substan-
tially no diffusion current component is generated Ac-
cordingly, the reduction in responsed time which other-
wise would be caused by a diffusion current component
is prevented.

Although the response degradation attributable to a
diffusion current component can be avoided, the planar
photodiode of FIG. 2 has a disadvantage in that it re-
quires additional steps for forming the insulating film 21
the metallic light-blocking film 22, and the opening 23
for the wire bonding. The addition of such manufactur-
ing steps raises manufacturing costs. Another disadvan-
tage of the structure of FIG. 2 is that a large parasitic
electrostatic capacitance is formed between the metallic
light-blocking film 22 and the positive electrode 71
which increases the time constant of the device. An
increase in the time constant decreases the response
speed of the output of the device to the input light
sxgnal :

It is, therefore, desired to have a semlconductor pho-
todetector device which is free of the above-described
disadvantages of conventional devices by completely
blocking light incident on portions of the device other
than a predetermined light receiving area, preventing a
light-blocking film from increasing parasitic capaci-
tance, and also avoiding increasing the number of the
manufacturing steps relative to the FIG. 1 device.

SUMMARY OF THE INVENTION

A semiconductor device according to the present
invention comprises a substrate of a first conductivity
type, a light-absorbing layer of the first conductivity
type formed directly, or with a buffer layer interposed,
over one major surface of the substrate, and a window
layer of the first conductivity type formed over the
light-absorbing layer. A region of a second conductivity
type is formed by reversing the conductivity type of at
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least a portion of the window layer and a portion of the
light-absorbing layer so that the region extends into the
light-absorbing layer. A surface protecting film is
formed over said window layer, leaving uncovered at
least that portion of the surface of the reversed conduc-
tivity type region where a light receiving area is pro-
vided. A first electrode is formed to overlie that portion
of the surface protecting film which surrounds the light
receiving area. The first electrode is in ohmic contact
with the reversed conductivity type region. A metallic

- light-blocking film is formed over the surface protect-
ing film. The light-blocking film surrounds the first
electrode with an isolation gap having a predetermined
width disposed between them. A second - electrode is
formed over the opposite major surface of the substrate
to make an ohmic contact therewith. The light-blocking
metallic film is formed in such a shape that the edge of
the light-blocking film facing the first electrode with
the gap disposed therebetween is not located outward
of the p-n junction between the reversed conductivity
type region and the window layer.

BRIEF DESCRIPTION OF THE DRAWINGS

. FIG. 1is a cross-sectional view of a first example of
a conventional semiconductor photodetector device.,

FIG. 2 is a cross-sectional view of a second example
of a conventional semiconductor photodetector device.,

FIG. 3 is a cross-sectional view of a photodetector
device according to one embodiment of the present
invention, showing a cross-section along the line III-
—IIl in FIG. 4;

FIG. 4 is a plan view of the semiconductor photode-
tector device shown in FIG. 3, observed from a light
receiving area side.

FIGS. 5 and 6 respectively illustrate the amount d of
overlap of a metallic light-blocking film with the por-
tion of the device of FIGS. 3 and 4 within the boundary
defined by a depletion layer front, and a schematic
circuit diagram of the stray parasitic capacitance pro-
duced; .

FIG. 7(a) is a response of the semiconductor photo-
detector device of the present invention to the input
light signal shown in FIG. 7(b); and

FIG. 8(a) shows a response of a semiconductor pho-
todetector device which does not include a metallic
light-blocking film to an input light signal shown in
FIG. 8(b). )

DESCRIPTION OF PREFERRED EMBODIMENT

Referring to FIGS. 3 and 4, a semiconductor photo-
detector device of the present invention is described in
terms of a planar photodiode. The same reference nu-
merals are used for similar components as in FIGS. 1, 3
and 4.

The planar photodiode of FIG. 3 comprises, as the
conventional photodiode shown in FIG. 1, an n-type
InP buffer layer 2, an n—-type InGaAs light-absorbing
layer 3 and an n—-type InP window layer 4 which are
stacked in the named order on one surface of an n+-
type InP substrate 1, with the n—-type buffer layer 2
contacting the substrate 1. A negative electrode 10
comprising Au is bonded to the opposite surface of the
substrate 1 by means of, for example, an AuGe eutectic
solder. A p-type impurity, such as Zn, is diffused from
a portion of the surface of the n—-type InP window
layer 4 into the layer stack to reverse the conductivity
type of portions of the window and light-absorbing
layers 4 and 3 for forming a reversed conductivity type,
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p+-type, region 5 which extends from the surface of the
window layer 4 through the window layer 4 into the
light-absorbing layer 3. A broken line 12 indicates the
front of a depletion layer 3a which provides a substan-
tial p-n junction between the reversed conductivity
type, p+-type, region 5, and the n—-type InP window
layer 4 and the n—-type InGaAs light-absorbing layer 3.

A surface protecting insulating film 6 which is a di-
electric film of, for example, silicon nitride (SiN) or
silicon oxide (SiO3), is formed by means of, for example,
plasma CVD to cover the surface of the n—-type InP
window layer 4, leaving at least a surface portion un-
covered which provides a light receiving area 11. In
other words, an opening is left in the insulating film 6,
for the light receiving area 11. In the opening, a Ti/Au
positive electrode 7 comprising a stack of Ti and Au
layers is formed to make an ohmic contact with the
reversed conductivity type p+t-type region 5. The posi-
tive electrode 7 may be in ochmic contact directly to the
reversed conductivity p*-type region 5, or may be in
ohmic contact through an.ohmic contact layer compris-
ing p-type InGaAs or InGaAsP so as to provide a good
ohmic contact.

A metallic film 8 for blocking light is formed over the
insulating film 6 with a gap 9 interposed between the
metallic film 8 and the positive electrode 7 so that they
are electrically isolated from each other. The metallic
light-blocking film 8 is formed in such a shape that.its
inner edge facing the positive electrode 7 is in vertical
alignment with or inward of the outer periphery of the
depletion layer 3a defined by the front 12. In other
words, the inner edge of the metallic light-blocking film
8 is closer to the light receiving area 11 than the deple-
tion layer front 12 is. That is the inner edge of the metal-
lic film 8 is not located outward of the depletion layer
front 12. In FIG. 3, a horizontal spacing d between the
inner edge of the metallic light-blocking film 8 and the
vertical broken line indicating the depletion layer front
12 represents the amount of overlap of the film 8 with
the portion of the device within the boundary defined
by the front 12. Thus, when the inner edge of the metal-
lic light-blocking film 8 is in vertical alignment with the
depletion layer front 12, the overlap amount d is zero. If
the inner edge of the metallic light-blocking film ‘is
within  the boundary defined by the depletion layer
front 12, d > O, i.e. the metallic lightblocking film 8
slightly overlaps the depletion layer 3a or both the
depletion layer 3a and the p+-type region 5. If the me-
tallic light-blocking film 8 overlaps with too large a
portion of the reversed conductivity type region 5, the
parasitic capacitance formed between them becomes
non-negligible. Accordingly, an appropriate value of d
is about 0-5 um.

FIG. 4 is a plan view of the planar photodiode of
FIG. 3. A part of the electrode 7 protrudes outwardly
to form a wire bonding pad 13. The reversed conductiv-
ity type region 5 and the depletion layer front 12 also
protrude outwardly accordingly.

Referring to FIGS. 5 and 6 the relationship between
the above-described overlap amount d and the stray
parasitic capacitance is briefly explained.

In FIG. 5, d is the total amount of overlap of the film
8 with the portion of layers within the boundary defined
by the depletion layer front 12, and dO is the amount of
overlap of the film 8 with the p+-type region 5. Cyis the
capacitance of the depletion layer 3a, C; is the capaci-
tance of the overall overlap, and C, is the capacitance of
the metallic light-blocking film 8. As is seen from FIG.
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6, the total capacitance Cyprovided by the combination
of the capacitances Cy, Ci and Cy is expressed as fol-
lows.

Ci-C2
™=oTa
The area of the overlap is small relative to the entire
area of the metallic light-blocking film 8, so C; <C;
and, therefore, the expression (1) can he modified to

RO

c +Cy

Cr=Ca+C 2
From the expression (2), it is understood that in order to
reduce the total capacitance Cr; it is necessary to re-
duce the capacitance C; exhibited by the overall over-
lap. In order to reduce the entire capacitance C7 and
also reduce the amount of light absorbed by the portion
of the light-absorbing layer 3 other than the depletion
layer 3a, it would be desirable for d to be zero (d =0).
In practice, however, it is thought to be appropriate
that dO =0 or 0=d =5 um, considering variations in
dimensions which could occur in the photolithographic
steps during the manufacturing process. If the diameter
a of the light receiving area 11 is less than the value in
the following example, for example, if it is about 50 um,
it is desirable to limit for d.

The dimension and impurity concentrations of vari-
ous portions of one example of the photodiode are
shown below.

Diameter a of Light Receiving 200 pm
Area H:

Diameter b of Wire Bonding 80 um
Pad 13:

Size ¢ of Chip:

Width d; of Electrode 7:
Width ds of Gap 9:

Carrier Concentration of
Substrate 1:

Carrier Concentration of Buffer
Layer 2:

Carrier Concentration of Light
Absorbing Layer 3:

500 pm X 500 pum

4 um

5 um

about 5 x 10'8cm—3 or so

about 5 X 105 em—3 or so

1 % 1016 cm—3 or less,
preferably
1 % 105 cm—3 or less

Carrier Concentration of 1 % 1016 cm—3 or less,

Window Layer 4: preferably
1 X 1015 em—3 or less
Carrier Concentration of about 1 X 1018~

Reversed Conductivity p+-type 1 X 1019 cm—3 or so

Region 5:

The planar photodiode of the present invention
shown in FIGS. 3 and 4 operates in substantially the
same manner as the conventional photodiode shown in
FIG. 1. Light incident on the light receiving area 11
passes through the reversed conductivity p+-type re-
gion 5 in the window layer 4 and is substantially ab-
sorbed by the depletion layer 3a of the light-absorbing
layer 3. Carriers 31 represented by dots generated
through the absorption of light by the depletion layer 3a
are accelerated by the electric field within the depletion
layer 3a and are detected between the electrodes 7 and
10 as an input light responsive drift current component.
According to the present invention since d is =0, light
incident on the gap 9 also passes through the p—-type
region 5 and is absorbed by the depletion layer 3a in the
light-absorbing layer 3, or it passes through the deple-
tion layer in the window layer 4 around the p+-type
region 5 to the depletion layer 3z in the light-absorbing
layer 3 and is absorbed by the depletion layer 3a. Thus
these carriers generated by the absorption of the light
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through the gap 9 are of the same type as the carriers 31,
and, therefore, they are also accelerated by the electric
field within the depletion layer 3a and detected between
the electrodes 7 and 10 as a drift current component,
too. In the photodiode of the present invention too
carriers like the ones 32, which are detected as a diffu-
sion current component, shown in FIG. 1 may be gener-
ated in portions of the light-absorbing layer 3 other than
the depletion layer 3a. However in the photodiode of
the present invention, substantially no light is absorbed
in portions other than the depletion layer 3z and there-
fore, the carriers 32 which may be detected as a diffu-
sion current, practically neglibible are very few relative
to the carriers 31 which are detected as the drift current
component. Accordingly, substantially no diffusion
current component which could cause decrease in the
response speed is contained in the current to be detected
between the electrodes 7 and 10. Consequently, the
response to the input light signal of the photodiode of
the present invention is very fast.

FIG. 7(a) shows the response of light-induced cur-
rent to an input light pulse signal shown in FIG. 7(b) of
the photodiode of the present invention shown in FIG.
3 in which the amount of overlap of the metallic light-
blocking film 8 with the reversed conductivity p+-type
region 5 or the depletion layer 3a is zero, i.e. d =0.
FIG. 8(a) shows the response of light-induced current
to a similar input light pulse signal, shown in FIG. 8(b),
of a photodiode which has the same structure as the
photodiode shown in FIG. 3 except that it does not
include the metallic light-blocking film 8. It has been
ascertained that a photodiode which has a structure that
is the structure the same as that of the planar photodi-
ode of FIG. 3 but does not include the metallic light-
blocking film 8 has substantially the same response
characteristic as the conventional planar photodiode
shown in FIG. 1. As shown in FIG. 7, the rise and fall
times are less than about 1 nanosecond, but the rise and
fall times in the planar photodiode without the metallic
light-blocking film 8 and hence those of the conven-
tional planar photodiode shown in FIG. 1 are about 150
nanoseconds as shown in FIG. 8.

In addition to diffusing a p-type impurity, such as Zn,
from the surface of the window layer 4 as in the above-
described embodiment, the reversed conductivity p+-
type region 5 may be formed by ion implantation. Alter-
natively, the region 5 may be formed through solid-
phase diffusion of, for example, Zn into the n—-type
InGaAs light-absorbing layer 3 from an epitaxially
grown p+-type InP layer containing Zn grown on the
layer 3.

As a modification an anti-reflection film of, for exam-
ple, SiN may be disposed on the surface of the light
receiving area 11. In such a case, the thickness t of the
anti-reflection SiN film should be set to such a value as
to satisfy an expression A/4 = n-t, where A is the wave-
length of light used and n is the index of refraction of
the SiN film.

As described above according to the present inven-
tion since the metallic light-blocking film 8 is so shaped
that light enters through the light receiving area 11 only
into the reversed conductivity p+-type region § sub-
stantially all of the carriers generated by the incident
light are detected as a drift current component and
accordingly, very fast response to an input light signal is
achieved Another advantage of the present invention is
that since the positive electrode 7 and the metallic light-
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blocking film 8 are in the same plane, they can be
formed simultaneously by patterning in a photolitho-
graphic process from a single metallic film which has
been formed by a single vapor deposition process. (Of
course, other techniques may be employed for forming
the single metallic film and for patterning it.) Accord-
ingly, the number of steps for manufacturing the photo-
detector of the present invention can he reduced rela-
tive to that for the conventional device shown in FIG.
2, and the manufacturing efficiency is high. Thus, ac-

- cording to the present invention semiconductor photo-
detector devices with very fast response to input light
signals can be manufactured at low costs with substan-
tially the same number of manufacturing steps as that
for manufacturmg the conventional planar photodlode
shown in FIG. 1.

What is claimed is:

1. A semiconductor photodetector device compris-
ing:

a substrate of a first conductivity type;

a light-absorbing layer of the first conductivity type

disposed on said substrate;

a window layer of the first conductivity type dis-
posed on said light-absorbing layer opposite said
substrate;

a region of a second conductivity type opposite the
first conductivity type disposed in a portion of said
window layer extending to said light-absorbing
layer and forming a conductivity type junction
with said window layer;

a surface-protecting film disposed directly on and
contacting said window layer including an aper-
ture leaving a portion of said second conductivity
type region exposed as a light-receiving area;
first electrode disposed on said surface-protecting
film surrounding said light-receiving area and in
ohmic contact with said second conductivity type
region;

a metallic light-blocking film disposed directly on and
contacting said surface-protecting film surround-
ing said first electrode with a gap therebetween
electrically insulating said metallic light-blocking
film from said first electrode, said metallic light-
blocking film having an inner edge at the gap oppo-
site said first electrode; and

a second electrode disposed on said substrate oppo-
site said light-absorbing layer in ohmic contact
therewith wherein the inner edge or said metallic
light-blocking film is located no farther outward
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from said light-receiving area than the conductiv-
ity type junction between said second conductivity
type region and said window layer.

2. A semiconductor photodetector device according
to claim 1 wherein the inner edge of said metallic light-
blocking film is aligned with the conductivity type
junction between second conductivity type region and
said window layer.

3. A semiconductor photodetector device according
to claim 1 wherein the inner edge of said metallic light-
blocking film is located inward, relative to said light-
receiving area, of the conductivity type junction be-
tween said second conductivity type region and said
window layer.

4. A semiconductor photodetector device according
to claim 1 including an anti-reflection film disposed on
said light-receiving area.

5. A semiconductor photodetector device according
to claim 3 mcludmg an anti-reflection film disposed on
said light-receiving area.

6. A semiconductor photodetector device according
to claim 1 including an anti-reflection film disposed on
said light-receiving area.

7. A semiconductor photodetector device according
to claim 1 including a buffer layer of the first conductiv-
ity type interposed between said light-absorbing layer
and said substrate. '

8. A semiconductor photodetector device according
to claim 7 wherein the inner edge of said metallic light-
blocking film is aligned with the conductivity type
junction between said second conductivity type region
and said window layer.

9. A semiconductor photodetector device according
to claim 7 wherein the inner edge of said metallic light-
blocking film is located inward, relative to said light-
receiving area, of the conductivity type junction be-
tween said second conductivity type region and said
window layer.

10. A semiconductor photodetector device according
to claim 7 wherein an anti-reflection film disposed on
said light-receiving area.

11. A semiconductor photodetector device according
to claim 8 wherein an anti-reflection film disposed said
light-receiving area.

12. A semiconductor photodetector device according
to claim 9 wherein an anti-reflection film disposed said

light-receiving area.
* * ¥x X *
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