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(57) Abstract: A disclosed surface emitting laser is capable of being manufactured easily, having a higher yield and a longer service
& lifetime. In the surface emitting laser, a selectively-oxidized layer is included as a part of a low refractive index layer of an upper
& semiconductor distribution Bragg reflector; the low refractive index layer including the selectively- oxidized layer includes two
intermediate layers adjoining the selectively-oxidized layer and two low refractive index layers adjoining the intermediate layers.
Al content rate in the intermediate layers is lower than that in the selectively-oxidized layer, and Al content rate in the low refractive
index layers is lower than that in the selectively-oxidized layer. This configuration enables providing more control over the thickness
and oxidation rate of the oxidized layer, thereby enabling reducing the variation of the thickness of the oxidized layer.
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DESCRIPTION
SURFACE EMITTING LASER, SURFACE EMITTING
LASER ARRAY, OPTICAL SCANNING DEVICE, IMAGE FORMING

APPARATUS, OPTICAL TRANSMISSION MODULE AND OPTICAL

TRANSMISSION SYSTEM

TECHNICAL FIELD

The present invention relates to a surface
emitting laser, a surface emitting laser array, an
optical scanning device, an image forming apparatus,
an optical transmission module, and an optical
transmission system. More specifically, the present
invention relates to a surface emitting laser
emitting light in the direction perpendicular to its
substrate, a surface emitting laser array having
plural surface emitting lasers, and an opticél
scanning device, an image forming apparatus, an
optical transmission module, and an optical
transmission system, each having the surface emitting

laser array.

BACKGROUND ART

A Vertical Cavity Surface Emitting Laser

(hereinafter may be referred to as “WVCSEL”) is a
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semiconductor laser that emits light in the direction
perpendicular to its substrate. When compared with
edge emitting semiconductor lasers, the VCSEL has
some advantages including (1) lower cost, (2) lower
energy consumption, (3) smaller sizes, and (4) easier
to perform two-dimensional integration. Recently,
because of the advantages, the VCSEL has attracted
increasing attention.

The surface emitting laser has a current
confined structure to enhance current influx
efficiency. To form the current confined structure,
a selective oxidation process is usually performed
with respect to an AlAs (Al: aluminum, As: arsenic)
layer. In the following, the current confined
structure may be referred to as an “oxide-confined
structure” for convenience (see, for example, Patent
Document 1). The oxide-confined structure may be
formed by forming a mesa structure having prescribed
sizes and having a side surface on which a
selectively-oxidized layer is exposed. Then, the
formed mesa structure is processed under water-vapor
atmosphere so that aluminum (Al) in the sélectively—
oxidized layer is selectively oxidized from the
surface side of the mesa structure. By doing this,

an unoxidized region remains at and near the center
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of the mesa structure. The unoxidized region
(hereinafter referred to as a “confined region” for
explanation purposes) becomes a passing region (or a
“current injection region”) through which a driving
current for the surface emitting laser passes.

The refractive index of the aluminum-
oxidized layer (Al,Oy) (hereinafter referred to as an
“oxidized layer”) in the oxide-confined structure is
about 1.6, which is lower than that of semiconductor
layers. Because of this feature, a refractive index
difference is generated in the lateral direction in
the resonator structure of the surface emitting laser,
and the light is confined in the center of the mesa
structure, thereby improving the emission efficiency
of the surface emitting laser. As a result, it
becomes possible to obtain excellent characteristics
such as lower threshold current and higher efficiency.

To further improve the emission efficiency
of the surface emitting laser, it is effective to
reduce the scattering loss of the lights by the
oxidized layer. To that end,: the oxidized layer may
be positioned at a node of standing wave distribution
of the electric field of the light (as described in,
for example, Non Patent Document 1).

Further, in many applications of the surface
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emitting lasers, there is a strong demand for a beam
having higher power and a single peak shape. However,
unfortunately, in surface emitting lasers having an
oxide-confined structure, due to a large refractive
index difference in the lateral direction caused by
the oxidized layer, an even higher-order lateral mode
may also be confined and oscillated. To reduce the
light confinement of the higher-order lateral mode,
it is effective to reduce the refractive index
difference in the lateral direction and reduce the
area (size) of the confined region.

By positioning the oxidized layer at a node
position of the standing wave distribution of the
electric field of light, it becomes possible to
reduce the influence of the oxidized layer to
electricity distribution and also reduce the
refractive index difference. Further, by reducing
the area (size) of the confined region, a higher-
order lateral mode having wider mode distribution may
leak from the confined region; therefore, the
confining effect with respect to the higher-order
lateral mode may be reduced. Though it depends on
the wavelength range, to realize a single fundamental
mode oscillation, it is considered that the one side

or the diameter of the confined region is required to
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be reduced to as small as three or four times the
oscillation wavelength. For example, when the
oscillation wavelength is 0.85 um, the one side or

the diameter of the confined region is 3.5 um or less,
and when the oscillation wavelength is 1.3 pm, the

one side or the diameter of the confined region is 5
pum or less. By having this, simultaneously, the
threshold current value becomes smaller.

However, when the size of the confined
region is reduced as described above, a single
fundamental mode may be controlled only when an
injection level of the carriers is relatively low.
Further, when the injectionrlevel of the carriers is
relatively high, a higher—ordér lateral mode may be
oscillated by the thermal lens effect caused by
generated heat, or by the spatial hole burning;
Especially, as described above, when the size of the
confined region is reduced, the size of the
oscillation region becomes accordingly smaller, which
makes it difficult to obtain high power and makes the
resistance of the surface emitting laser larger.

To overcome the problems and to respond to
the demand for increasing the output power, there
have been proposed several mode control mechanisms

that may be used for surface emitting lasers and
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that do not depend on the oxidized layer.

For example, Patent Document 2 discloses a
surface emitting semiconductor laser in which the
diameter of the opening and the diameter of the
current confined section are determined so that the
difference between the optical loss in the oscillator
in a high-order lateral mode of a laser light and the
optical loss in the oscillator in a fundamental
lateral mode of a laser light becomes larger based on
the refractive index of the oscillator of the region
with respect to the p-side electrode.

Further, Patent Document 3 discloses a
surface emitting semiconductor laser in which a GaAs
layer having a thickness indicating a high refractive
index with respect to the oscillation wavelength is
formed on an upper DBR mirror, and a groove is formed
on the GaAs layer so that the groove is located above
a dividing line between the Al oxidized layer and the
AlAs layer, the groove having such a depth that the
Ga As layer under the groove has a depth indicating a
lower refractive index with respect to the
oscillation wavelength;

However, unfortunately, in the surface
emitting laser disclosed in Patent Document 2, the

lateral mode characteristics, the output, and the
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like are extremely susceptible t§ the size of an
electrode opening, the displacement between the
electrode aperture and the selected oxidation
structure, and the like. Because of the disadvantage,
high alignment accuracy and high shape

controllability for fabrication become necessary,

which makes it difficult to uniformly manufacture
surface emitting lasers. In addition, severe process
control needs to be performed, which results in the
increase of the manufacturing cost.

Further, the surface emitting laser
disclosed in Patent Document 3 requires processes of
forming a dielectric film and partially removing the
dielectric film, which disadvantageously increases
the manufacturing cost.‘ Additionally, the deviCé
characteristics are susceptible to the accuracy of
the displacement between the dielectric film and the
current injection region, which makes it difficult to
uniformly manufacture the surface emitting lasers. .

On the other hand, when one of the plural
low refractive index layers in a semiconductor
multilayer film reflection mirror is entirely a
selectively-oxidized layer (as described in, for
example, Patent Document 1 and Patent Document 4),

the thickness of the oxidized layer becomes in a
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range from 50 nm to 80 nm, which may cause large
distortion due to volume shrinkage caused by the
oxidation. The oxidized layer is disposed near the
active iayer because of the purpose of the oxidized
layer. However, the oxidized layer may serve as a
main component accelerating the degradation due to
the distortion, and there is a tendency that the
thicker the oxidized layer is, the faster the
degradation pfoceeds. .

Patent Document 4 discloses a surface
emitting laser in which intermediate thin films are
formed on both sides of the current confined layer.
The intermediate thin films are AlGaAs thin films

having a composition ratio of Al being 0.38 and

having a thickness in a range between 20 nm and 30 nm.

However, in the surface emitting laser
disclosed in Patent Document 4, all the low
refractive index layers are oxidized. Therefore, the
oxidized layer becomes thicker and the distortion due
to volume shrinkage caused by the oxidation may
negatively affect the active layer and accelerate the
degradation of the characteristics. Further, in the
surface emitting laser disclosed in Patent Document 1
and Patent Document 4, when viewed from the active

layer, the current confined layer is located between
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the node and the antinode positions of the electric

field intensity distribution, which disadvantageously

~increases the diffraction loss and reduces the single

mode output.

| Patent Document 5 discloses an oxide-
confined VCSEL including a distributed Bragg
reflector having a heavily-doped high Al content (for
example, 95% or more,-and preferably about 98%) oxide
aperture forming‘layer pro&ided between a low Al
content (for example, between 0% and 35%, and
beneficially about 15%) first layer and medium Al
content (for example, around 65%, and preferably less
than 85%) second layer. Further, between the first
layer and the oxide aperture forming layer, there is
provided a transition layer which is a relatively
thin layer having a thickness of about 20 nm. In the
transition layer, Al concentration linearly changes
across the thickness.

On the other hand, in a so-called
composition gradient layer for reducing the electric
resistance in the semiconductor distributed Bragg
reflector, it is preferable to selectively increase
the doping (éee, for example, Patent Document 6).
Further, preferably, the composition gradient layer

is located at a node position of the electric field
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intensity distribution to avoid the increase of the
absorption loss. Further, preferably, the oxide-
confined structure is located at a node position of
the electric field intensity distribution to reduce
the diffraction loss.

However, unfortunately, in the oxide-
confined VCSEL disclosed in Patent Document 5, the
oxide aperture forming layer (corresponding to the
current confined'struCture)'and the transition layer
(corresponding to the composition gradient layer)
adjoin each other. Therefore, it is difficult to
locate both of the layers at a node position of the
electric field intensity distribution at the same
time.

The oxidation rate of the selectively-
oxidized layer including(Al and As is susceptible to

the film thickness, composition rate of Al and As,

oxidation temperature, and the like (see, for example,

Non Patent Document 2). Further, the oxidation rate
of the selectively-oxidized layer is influenced by
the thickness of the natural oxidation film that has
been formed on the side surface of the selectively-
oxidized layer just before the oxidation process
starts.

When the oxidized amount is different from
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that desired and accordingly the size of the current
injection region varies, the size of the region that
contributes the oscillation in the active layer may
vary. As a result, the device characteristics
including the light output may vary and the yiéld of
the product is reduced. Especially, the size of the
current injection region of single-mode devices is
smaller than that of the multi-mode devices.
Therefore, the device characteristics of the single-
mode devices are likely to be more severely affected
by the variation of the oxidation amount in the
selectively-oxidized layer. Especially, when the
size of the current injection region becomes larger
than desired, the device may be operated in multi-
mode and fhe yield of manufacturing single-mode
devices is disadvantageously reduced.

Patent Document 1: US Patent No. 5493577

Patent Document 2: Japanese Patent Application
Publication No. 2002-208755

Patent Document 3: Japanese Patent Application
Publication No. 2003-115634

Patent Document 4: Japanese Patent Application
Publication No. H11-26879

Patent Document 5: Japanese Patent Application

Publication No. 2006-504281
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Patent Document 6: Japanese Patent No. 2757633

Non Patent Document 1: A. E. Bond, P.D. Dapkus,
D. O’Brien, “Design of Low-Loss Single-Mode Vertical-
Cavity Surface-Emitting Lasers”, IEEE Journal of
selected topics in quantum electronics, vol. 5, No.
pp- 574-581, 1990.

Non Patent Document 2: J. Select, “Topics Quantum

Electron”, vol. 3, pp. 916-926, 1997.

DISCLOSURE OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

According to research on the optical
characteristics of many conventional surface emitting
lasers, the optical characteristics such as single-
mode output may vary even when the size of the
current passage regions are substantially the same.
The inventors et al. performed various further
experiments and found new facts that the thickness of
the oxidized layers may vary between lots and even in
the same lot even when the thickness of the
selectively-oxidized layer, the Al composition, and
oxidation conditions are set constant; the variation
of the thickness of the oxidized layer is one of the
causes of the variation in the optical

characteristics; and the thickness of the oxidized
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layer remarkably varies especially on the side
surface of the mesa where the oxidation starts. In
addition, some surface emitting lasers show that the
thickness of the oxidized layer from the oxidation
start section (side surface of the mesa) to the
oxidation end section (middle-inside part of the
mesa) are uneven.

The present invention is made based on the
findings that the inventors et al. have obtained. A
first object of the present invention is to provide a
surface emitting laser and a surface emitting laser
array that may be easily manufactured, have higher
yield, and have a longer service lifetime.

A second object of the present invention is
to provide an optical scanning device capable of
stably performing high~density optical scanning
without incurring high cost.

A third object of the present invention is
to provide an image forming apparatus capable of
stably forming a high-quality image without incurring
high cost.

A fourth object of the present invention ié
to provide an optical transmission module capable of
stably generating a high—-quality optical signal

without incurring high cost.
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A fifth object of the present invention is
to provide an optical transmission system capable of
stably performing high-quality optical data

transmission without incurring high cost.

MEANS FOR SOLVING THE PROBLEMS

According to a first aspect of the present
invention, a surface emitting laser includes an
oscillator structure including an active layer,
semiconductor distribution Bragg-reflectors each
including plural pairs of a low refractive index
layer and a high refractive index layer, the
semiconductor distribution Bragg reflectors
sandwiching the oscillator structure, and a confined
structure formed by selectively oxidizing a
selectively-oxidized layer including aluminum. In
this configuration, the selectively-oxidized layer is
included as a part of the low refractive index layer
of the semiconductor distribution Bragg reflector.
Further, the low refractive index layer including the
selectively-oxidized layer includes first and second
layers. The first layer adjoins at least one of the
one side and the other side of the selectively-
oxidized layer, and the second layer adjoins the

first layer. Further, Al content rate in the first
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layer is lower than that in the selectively-oxidized
layer and is greater than that in the second layer.

It should be noted that when a composition
gradient layer in which composition is gradually
changed from one side to the other side is interposed
between the refractive index layers, an optical
thickness of each of the refractive layers may
include one-half of each of the composition gradient
layers adjoining the refractive index layer.

By doing this, the selectively-oxidized
layer is included as a part of the low refractive
index layer of the semiconductor distribution Bragg
reflector, and the low refractive index layer
including the selectively-oxidized layer includes
first and second layers, the first layer adjoining at
least one of the one side and the other side of the
selectively-oxidized layer, and the second layer
adjoining the first layer. Further, Al content rate
in the first layer is lower than that in the
selectively-oxidized layer and is greater than that
in the second léyer. With this configuration, it
becomes possible to provide more control of the
oxidation rate with respect to the inward direction
of the selectively-oxidized layer and the thickness

of the oxidized layer when the selectively-oxidized
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layer is oxidized. Therefore, it becomes possible to
easily reduce the variation of the thickness of the
oxidized layer. Namely, it becomes possible to make
the manufacturing easier and the yield higher.
Further, it becomes possible to reduce the influence
of distortion to the active layer and improve the
service lifetime.

According to a second aspect of the present:
invention, there is provided a surface emitting laser
for emitting a light in the direction perpendicular
to its substrate. The surface emitting laser
includes an oscillator structure including an active
layer, semiconductor distribution Bragg reflectors
each including plural pairs of a low refractive index
layer and a high refractive index layer, the
semiconductor distribution Bragg reflectors
sandwiching the oscillator structure, and a confined
structure in which a current passage region is
surrounded by an oxidized layer, the confined
structure being formed in the semiconductor
distribution Bragg reflector and being formed by
selectively oxidizing aluminum. In the surface
emitting laser, the oxidized layer includes first and
second boundary surfaces, the first boundary surface

being provided at one side closer to the active layer
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and the second boundary surface being provided at the
other side; the thickness of the oxidized layer
gradually decreases as the distance to the current
passage region decreases; and the second boundary
surface is more inclined than the first boundary
surface with respect to a virtual surface
perpendicular to the laser light emitting direction.

By doing this, it becomes possible to
increase the threshold current value in the highef¥
order lateral mode without degrading the slope
efficiency in the fundamental lateral mode.
Therefore, it becomes possible to obtain high single-
mode output without incurring high cost.

In this description, it should be noted that
when a composition gradient layer adjoins a
refractive index layer, the optical thickness of the
refractive index layer may include one-half of the
composition gradient layer adjoining the refractive
index layer.

Acéording to a third aspect of the present
invention, there is provide a surface emitting laser
array in which the surface emitting lasers according
to an embodiment of the present invention are
integrated.

By doing this, since plural surface emitting
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lasers according to an embodiment of the present
invention are included, it becomes possible to obtain
high single-mode output without incurring high cost.
Further, it becomes possible to make the
manufacturing easier and the yield higher and to
improve the service lifetime.

According to a fourth aspect of the present
invention, thereAis provide an optical scanning
device scanning a light on a scanning surface. The
optical scanning device includes the light source
including a surface emitting laser array according to
an embodiment of the present invention; a deflector
deflecting light from the light source; and a
scanning optical system focusing the light deflected
by the deflector on the scanning surface.

By having this, since the light source of
the optical scanning device includes the surface
emitting laser array according to an embodiment of
the present invention, it becomes possible to perform
highly-accurate optical scanning without incurring
high cost.

According to a fifth aspect of the present
invention, a first image forming apparatus includes
at least one image carrier; and at least one optical

scanning device according to an embodiment of the
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present invention for scanning a light having image
information onto the image carrier.

By having this, since the image forming
apparatus includes at least one optical scanning
device according to an embodiment of the present
invention, it becomes possible to form a high-quality
image without incurring high cost.

According to'a sixtﬁ aspect of the present
invention, a secdnd image fbrming apparatus includes
an image carrier; the surface emitting laser array
according to an embodiment of the present invention;
and an exposure device driving the surface emitting
laser array in accordanpe with image information and
exposing the image carrier.

By having this, the second image forming
apparatus includes the surface emitting laser array
according to an embodiment of the present invention.
Therefore, it becomes possible to form a high-quality
image without incurring high cost.

According to a seventh aspect of the present
invention, there is provided an optical transmission
module generating an optical signal in accordance
with an input signal. The optical transmission
module includes the surface emitting laser array

according to an embodiment of the present invention;



WO 2009/064018 ‘ PCT/JP2008/071058

10

15

20

25

-20-

and a driving unit driving the surface emitting laser
array.in accordance with the input electronic signal.

By having this, since the optical
transmission module includes the surface emitting
laser array according to an embodiment of the present
invention, it becomes possible to generate a high-
quality optical signal.

According to an eighth aspect of the present
invention, there is provided an optical transmission
system. The optical transmission system includes an
optical transmission module according to an
embodiment of the present invention; an optical
medium through which an optical signal generated by
the optical transmission module is transmitted; and a
converter converting tﬁe optical signal transmitted
through the optical medium into an electronic signal.

By having this, since the optical
transmission system includes an optical transmission
module according to an embodiment of the present
invention; it becomes possible to perform high-

quality optical data transmission.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing showing a

configuration of a surface emitting laser according
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to first and second embodiments of the present
invention;

FIG. 2 is an enlarged drawing showing the
Vicinity of an active layer in FIG. 1 according to
the first embodiment of the present invention;

FIG. 3 is an enlarged drawing showing a part
of an upper semiconductor DBR in FIG. 1 according to
the first embodiment of the present invention;

FIG. 4 is a drawing showing a comparative
example 1 of the upper semiconductor DBR in FIG. 1;

FIG. 5 is a drawing showing a comparative

. example 2 of the upper semiconductor DBR in FIG. 1;

FIG. 6 is a drawing showing a modified
example of the upper semiconductor DBR in FIG. 1;

FIG. 7 is an enlarged drawing showing a part
of an upper semiconductor DBR in FIG. 1 according to
the second embodiment of the present invention;

FIG. 8 is a drawing showing a laminated body
in which a mesa is formed;

FIG. 9 is a drawing showing a laminated body
after being heat-processed under a water-vapor
atmosphere;

FIG. 10 is a partially enlarged drawing of
the laminated body in FIG. 9;

FIG. 11 is a graph showing a relationship
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between the center position of a selectively oxidized
layer and oscillation threshold value gain;

FIG. 12 is a drawing showing a relationship
between the position of the selectively oxidized
layer and the standing wave distribution of the.
electric field;

FIG. 13 is a drawing showing a relationship
between the shape of the oxidized layer and the
standing wave distribution of the electric field in a
surface emitting laser according to the second
embodiment of the present invention;

FIGS. 14A and 14B are drawings each showing
the shape of the oxidized layer in comparative
éxample 1;

FIGS. 15A and 15B are drawings each showing
the shape of the oxidized layer in comparative
example 2;

FIG. 16 is a drawing showing the laminated
body of the modified example;

FIG. 17 is a schematic drawing showing a
configuration of a surface emitting laser according
to a third embodiment of the present invention;

FIG. 18 is an enlarged drawing showing the
vicinity of the active layer in FIG. 17;

FIG. 19 is an enlarged drawing showing a
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part of the upper semiconductor DBR in FIG. 17;

FIG. 20 is a drawing showing a surface
emitting laser array according to fourth and fifth
embodiments of the present invention;

FIG. 21 is a drawing showing a two-
dimensional array of the light emitting sections;

FIG. 22 is a cross?sectional drawing along
line A-A of FIG. 21;

FIG. 23 is a graph showing a relationship
between the maximum thickness of the oxidized layer
and the service lifetime;

FIG. 24 is a drawing showing a surface
emitting laser array according to sixth and seventh
embodiments of the present invention;

FIG. 25 is a cross-sectional drawing along
line A-A of FIG. 24;

FIG. 26 is an enlarged drawing showing the
vicinity of the active layer in FIG. 25;

FIG. 27 is an enlarged drawing showing a
part of the upper semiconductor DBR in FIG. 25
according to the sixth embodiment of the present
invention;

FIG. 28 is an enlarged drawing showing a
part of the upper semiconductor DBR in FIG. 25

according to the seventh embodiment of the present
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invention;

FIG. 29 is a schematic drawing showing a
configuration of a laser printer according to an
eighth embodiment of the.present invention;

FIG. 30 is a schematic drawing showing the
optical scanning device in FIG. 29;

FIG. 31 is a schematic drawing showing a
configuration of a tandem color machine;

FIG. 32 is a schematic drawing showing a
configuration of an optical transmission module and
an optical transmission system according to a ninth
embodiment of the present invention; and

FIG. 33 is a drawing showing optical fibers

in FIG. 32.

DESCRIPTION OF THE REFERENCE NUMERALS

lla DEFLECTOR-SIDE SCANNING LENS (PART OF
SCANNING OPTICAL SYSTEM)
11B IMAGE-SURFACE-SIDE SCANNING LENS (PART OF
SCANNING OPTICAL SYSTEM)

i3 POLYGON MIRROR (DEFLECTOR)

14 LIGHT SOURCE

.100 SURFACE EMITTING LASER

103 LOWER SEMICONDUCTOR DBR (PART OF

SEMICONDUCTOR DISTRIBUTION BRAGG REFLECTOR)
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104 LOWER SPACER LAYER (PART OF OSCILLATOR
STRUCTURE)
105 ACTIVE LAYER
106 UPPER SPACER LAYER (PART OF OSCILLATOR
5 STRUCTURE)
107 UPPER SEMICONDUCTOR DBR (PART OF
SEMICONDUCTOR DISTRIBUTION BRAGG REFLECTOR)
107a LOW REFRACTIVE INDEX LAYER
107al LOW REFRACTIVE INDEX LAYER (FIRST LAYER;
10 THIRD LAYER)
107b HIGH REFRACTIVE INDEX LAYER
107c LOW REFRACTIVE INDEX LAYER (SECOND LAYER)
107m INTERMEDIATE LAYER (FIRST LAYER)
108 SELECTIVELY-OXIDIZED LAYER
15 108a OXIDIZED LAYER
108b CURRENT PASSAGE REGION-
200 SURFACE EMITTING LASER
203 LOWER SEMICONDUCTOR DBR (PART OF
SEMICONDUCTOR DISTRIBUTION BRAGG REFLECTOR)
20 204 LOWER SPACER LAYER (PART OF OSCILLATOR
STRUCTURE)
205 ACTIVE LAYER
206 UPPER SPACER LAYER (PART OF OSCILLATOR
STRUCTURE)

25 207 UPPER SEMICONDUCTOR DBR (PART OF
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SEMICONDUCTOR DISTRIBUTION BRAGG REFLECTOR)

207a LOW REFRACTIVE INDEX LAYER

208 SELECTIVELY-OXIDIZED LAYER

208a OXIDIZED LAYER

208b CURRENT PASSAGE REGION

303 LOWER SEMICONDUCTOR DBR (PART OF
SEMICONDUCTOR DISTRIBUTION BRAGG REFLECTOR)

304 LOWER SPACER LAYER (PART OF OSCILLATOR
STRUCTURE)

305 ACTIVE LAYER

306 UPPER SPACER LAYER (PART OF OSCILLATOR
STRUCTURE) |

307 UPPER SEMICONDUCTOR DBR (PART OF
SEMICONDUCTOR DISTRIBUTION BRAGG REFLECTOR)

307a LOW REFRACTIVE INDEX LAYER

307al LOW REFRACTIVE INDEX LAYER (FIRST LAYER{
THIRD LAYER)

307b HIGH REFRACTIVE INDEX LAYER

307c LOW REFRACTIVE INDEX LAYER (SECOND LAYER)

307m INTERMEDIATE LAYER (FIRST LAYER)

208 SELECTIVELY-OXIDIZED LAYER

308a OXIDIZED LAYER

308b CURRENT PASSAGE REGION

500 SURFACE EMITTING LASER ARRAY

600 SURFACE EMITTING LASER ARRAY
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1000 LASER PRINTER (IMAGE FORMING APPARATUS)

1010 OPTICAL SCANNING DEVICE

1010A OPTICAL SCANNING DEVICE

1030 PHOTOSENSITIVE DRUM (IMAGE CARRIER)

1500 TANDEM COLOR MACHINE (IMAGE FORMING
APPARATUS)

2000 OPTICAL TRANSMISSION SYSTEM

2001 OPTICAL TRANSMISSION MODULE

2002 LIGHT SOURCE

2003 DRIVING CIRCUIT (DRIVING DEVICE)

2004 OPTICAL FIBER CABLE (OPTICAL TRANSMISSION
MEDIUM)

2006 LIGHT RECEIVING DEVICE (PART OF CONVERTER)

2007 RECEIVING CIRCUIT (PART OF CONVERTER)

K1,C1,M1,Y1 PHOTOSENSITIVE DRUM (IMAGE CARRIER)

BEST MODE FOR CARRYING OUT THE INVENTION

<<Surface emitting laser>>
“First Embodiment”

FIG. 1 is a cross-sectional diagram
schematically showing a surface emitting laser 100
according to a first embodiment of the present
invention. It should be noted that the Z-direction
in the figures is the direction parallel to the laser

oscillation direction, and X-direction and Y-
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direction are orthogonal to each other and in the
plane orthogonal to the Z-direction.

The surface emitting laser 100 is designed
to oscillate at the wavelength band of 850 nm. As

shown in FIG. 1, in the surface emitting laser 100, a

lower semiconductor DBR 103, a lower spacer layer 104,

an active layer 105, an upper spacer layer 106, an
upper semiconductor DBR 107, and a contact layer 109
are Sequentially laminated in this order on a
substrate 101. In the following, it should be noted
that a laminated structure including plural
semiconductor layers may be called a “laminated body”
for convenience. FIG. 2 is an enlarged view of the
vicinity of the active layer 105, and FIG. 3 is a
partially-enlarged view of the upper semiconductor
DBR 107.

| The substrate 101 is an n-GaAs single-
crystal substrate.

The lower semiconductor DBR 103 ihcludes

40.5 pairs of a low refractive index layer 103a made
of “n-Algy.sGap.;As” and a high refractive index layer
103b made of “n-Alg.1Gag.9As”. Further, a composition
gradient layer is interposed between each of the
refractive index layers (see FIG. 2) to reduce the

electrical resistance. 1In the composition gradient
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layer, composition is gradually changed from one side
to the other side. It should be noted that each of
the refractivé index layers is designed so that the
optical thickness with respect to the refractive
index layer and one-half of each of the composition
gradient layers adjoining the refractive index layer
is equal to A /4 (A:oscillation wavelength). Further,
it should be noted that there is the relationship
between the optical thickness.of a layer and an
actual thickness of the layer, in which when the
optical thickness of a layer is A /4, the actual
thickness “d” of the layer is expressed by the

following formula:
d = A/4N

where: “N” denotes a refractive index of the

medium of the layer.

The lower spacer layer 104 is a layer made
of Al;. 4Gag.eéAS.

The active layer 105 includes three gquantum
well layers 105a made of GaAs and four ‘barrier layers
105b made of Aly.3Gag.jAs (see FIG. 2).

The upper spacer layer 106 is made of
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Alg.4Gag.¢As.

A multilayer part including the lower spacer
layer 104, the active layer 105, and the upper spacer
layer 106 may be called an “oscillator structure”.
The oscillation structure is designed so that the
optical length thereof'ié equal to one wavelength in
optical thickness. It should be noted that the
active layer 105 is located at the position of the
middle of the “oscillator-structure” so as to obtain
high stimulated emission probability, the position
corresponding to an antinode position of the standing
wave distribution of the electric field.

This oscillator structure is sandwiched
between the lower semiconductor DBR 103 and the upper
semiconductor DBR 107.

The upper semiconductor DBR 107 includes 24
pairs of a low refractive index layer and a high
refractive index layer. Further, a composition
gradient layer is interposed between each of the
refractive index layers (see FIG. 3) to reduce the
electrical resistanqe. In the composition gradient
layer, the composition is gradually changed from one
side to the other side.

The upper semiconductor DBR 107 includes a

selectively-oxidized layer 108 made of p-AlAs and
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having a thickness of 20 nm as one of the low
refractive index layers. The interposing position of
the selectively-oxidized layer 108 is optically
separated from the upper spacer layer 106 by-51/4.
Further, the low refractive index layer including
selectively-oxidized layer 108 is designed so that
the optical thickness of the low refractive index
layer and one-half of each of the composition
gradient layers adjoining the low réfractive index
layer is equal to 3A/4.

Further, the upper semiconductor DBR 107 is
designed so that the positions of the selectively-
oxidized layer 108 and the composition gradient layer
positioned on +Z side of the loQ refractive index
layer including selectively-oxidized layer 108
correspond to a node position of the electric field
intensity distribution (see FIG. 3).

In the upper semiconductor DBR 107, each of
the refractive index layers excluding the low
refractive index layer including selectively-oxidized
layer 108 is designed so that the optical thickness
of the refractive index layer and one-half of each of
the composition gradient layers adjoining the
refractive index layer is equal to A /4.

On each of the +Z and -7 sides of the



WO 2009/064018 PCT/JP2008/071058

10

15

20

25

-32-

selectively-oxidized layer 108, an intermediate layer
107m made of p- Aly.g3Gap.17As and having a thickness of
20 nm is provided.

A layer 107c adjoining each intermediate
layer 107m in the low refractive index layer
including selectively-oxidized layer 108 is made of
p-Aly.75Gap.25As (hereinafter, the layer 107c is
referred to as a “low refractive index layer 107c”).

In the upper semiconductor DBR 107, each of
low refractive index layers 107a excluding the low
refractive index layer including selectively-oxidized
layer 108 is made of p-Algy.sGap.iAs. Further, in the
upper semiconductor DBR 107, each of high refractive
index layers 107b is made of p-Alj.1Gap.9As.

Namely, the selectively-oxidized layer 108
is included in one of the low refractive index layers
in the upper semiconductor DBR 107. Further, the low
refractive index layer including the selectively-
oxidized layer 108 further includes two intermediate
layers 107m both adjoining the selectively-oxidized
layers 108 and two low refractive index layers 107c
adjoining the corresponding intermediate layers 107m.
Further, the Al content rate in the intermediate
layer 107m is less than that iﬁ the selectively-

oxidized layer 108 by 17%; and the Al content rate in
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the low refractive index layer 107c is less than that
in the selectively—oxidized‘layer 108 by 25%.

The contact layer 109 is made of p-GaAs.

Next, a method of manufacturing the surface
emitting laser 100 is briefly described.

(1) : The above laminated body is formed by
crystal growth by the MOCVD (Metal Organic Chemical
Vapor Deposition) method or the MBE (Molecular Beam
Epitaxy) method.

In this case, trimethyl aluminium (TMA),
trimethyl gallium (TMG), and trimethyl indium (TMI)
are used as group III materials, and arsine (AsH3) gas
is used as a group V material. Carbon tetrabromide
(CBr,s) is used as p-type dopant material and hydrogen
selenide (H.,Se)is used as n-type dopant material.

(2): A resist pattern having a square shape
with one side having a length of 20 gm is formed on a
surface of the laminated body.

(3): By the ECR etching method using Cl, gas,
a mesa having a square pillar shape is formed using
the resist pattern as a photomask. In this case, the
etching is performed so that the bottom surface of
the etching is stopped in the lower spacer layer 104.
(4) : The photomask is removed.

(5): The laminated body is heat-processed
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with water vapor. In this case, Al in the
selectively—oxidizéd layer 108 and the intermediate
layer 107m is selectively oxidized from the side
surface of the mesa. Then, a region 108b that
remains unoxidized and that is surrounded by an Al-
oxidized layer 108a is formed in the middle of the
mesa. By doing this, a so-called the oxide-confined
structure is formed for limiting the passage of the
driving curfent for the light emitting section to the
middle region of the mesa. The unoxidized region is
the current passage region (current injection region).

It should be noted that the oxidized layer 108a

includes Al oxide of the selectively-oxidized layer

108 and the intermediate layer 107m.

(6): A protection layer 111 made of SiN or
Si0O, is formed using the CVD (Chemical Vapor
Deposition) method (see FIG. 1).

(7) : Polyimide 112 is used to perform
flattening (see FIG. 1).

(8): A window for p-side electrode contact
is opened on the upper side of the mesa. In this
case, after a photoresist is used for masking, the
opening on the upper side of the mesa is exposed to
remove the photoresist on the opening.' Then, the

polyimide 112 and the protection layer 111 are etched
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using BHF to form the opening.

(9): A resist pattern having a square
pattern with one side having a length of 10 pgm is
formed in a region to be formed as the light emitting
section on the upper side of the mesa, so that p-side
electrode material is evaporated. As the p-side
electrode material, a multilayer film made of
Cr/AuZn/Au or a multilayer film made of Ti/Pt/Au is
used.

(10): The electrode material of the light
emitting section is lifted off to form a p-side
electrode 113 (see FIG.1).

(11) : After polishing the rear side of the
substrate 101 so as to have a prescribed thickness
(for example, about 100 gm), an n-side electrode 114
is formed (see FIG. 1). In this case, the n-side
electrode 114 is a multilayer film made of AuGe/Ni/Au.

(12) : An annealing process is performed so
as to produce ohmic conductivity with respect to the
p-side electrode 113 and the n-side electrode 114.
By doing this the mesa becomes the light emitting
section.

(13) The wafer is cut into chips.

The oxide-confined structures of the thus-

manufactured plural surface emitting lasers 100 were
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observed using an SEM (Scanning Electron Microscope).
The result of the observation showed that the
thickness of the oxidized layers 108a on the side
surface of the mesa where the oxidation starts was in
a range from 60 nm to 70 nm, and the variation of the
thickness was small; the current passage regions 108b
showed a desired square shape; and the variation of
the characteristics such as threshold value current
was small.

As a comparative example 1, a case was
considered where the intermediate layer 107m was not
formed as shown in FIG. 4. 1In this case, the
thickness of the oxidized layers 108a on the side
surface of the mesa where the oxidation starts was in
a range from 40 nm to 50 nm., and the variation of
the thickness was small. However, the oxidation rate
in the X-Y plane varies remarkably, and the shape of
the current passage regions 108b did not match the
shape of the mesas and had shapes other than a square;
The current passage region 108b having a desired size
and shape could not be obtained. Further, the
variation of the characteristics such as threshold
value current was large. Therefore, the
configuration in this case provides less control as

an epitaxial configuration.
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Further, as a comparative example 2, a case
is considered where the low refractive index layers
107c shown in FIG. 4 were replaced by low refractive
index layers 107d made of p-Aly.s3Gap.17As as shown in
FIG. 5. 1In this case, the shape of the current
passage regions 108b generally matched the square
shape like a shape of the surface emitting laser 100.
However, the thickness of the oxidized layers 108a on
the side surface of the mesas where the oxidation
starts largely varied from 80 nm to 160 nm, and the
thickness of the oxidized layers 108a at their
oxidation stopping end was almost the same as that of
the selectively-oxidized layers 108. Namely, the
thickness of the oxidized layers 108a gradually
decreased from their oxidation starting end to their
oxidation stopping end so that the oxidized layer
108a had a tapered shape. This phenomenon showed
that the oxidation proceeded not only toward the
center of the mesa in the X-Y plane but also in the
laminating direction (this case, Z-direction)
simultaneously. The thinner the oxidized layer 108a
is, the greater single-mode output power is likely to
become and the narrower the light divergence angle is
likely to become. Therefore, the single-mode output

power and the light divergence angle varied largely.
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Further, products having a thicker oxidized layer on
the side surface of the mesa had a shorter service
lifetime.

When the above cases are considered together,
it is understood that by forming the intermediate
layer 107m adjoining the selectively-oxidized layer
108, it becomes poséible to (1) control the oxidation
rate in the X-Y plane very accurately and (2) make
the oxidized layers 108a uniformly thih.

With the configuration of this embodiment,
the oxidation smoothly proceeds in the X-Y plane
chiefly because the intermediate layers 107m having
an Al content rate of 83% are provided so that both
of the intermediate layers 107m adjoin the
selectively—oxidized layer 108. However, on the
other hand, the oxidation does not largely proceed in
the laminating direction (this case, Z-direction)
chiefly because the intermediate layer 107m is a thin
layer having the thickness of 20 nm and the low
refractive index layers 107c having an Al content
rate of 75% are provided so that the low refractive
index layers 107c adjoin the corresponding
intermediate layers 107m.

As a result, it becomes.possible to provide

more control over the size of the current passage
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region 108b and the thickness of the oxidized layers
108a, thereby enabling reducing the variation of the
characteristics of the threshold value current,
single-mode output power, the light divergence angle,
the service lifetime, and the like.

Preferably, the difference in Al content
rate between the selectively-oxidized layer 108 and
the intermediate layers 107m is 5% or more and 20% or
less; and the difference in Al content rate between
the selectively-oxidized layer 108 and the low
refréctive index layers 107c is 20% or more.

As described above, in a surface emitting
laser 100 according to the first embodiment of the
present invention, the selectively-oxidized layer 108
is included in one of the low refractive index layers
in the upper semiconductor DBR 107, and the low
refractive index layer including the selectively-
oxidized layer 108 further includes two intermediate
layers 107m both adjoining the selectively-oxidized
layer 108 and two low refractive index layers 107c
adjoining the corresponding intermediate layers 107m.
Further, the Al content rate of the intermediate
layers 107m is less than that in the selectively-
oxidized layer 108 by 17%; and the Al content rate of

the low refractive index layers 107c is less than
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that in the selectively-oxidized layer 108 by 25%.
By this structure, it becomes possible to provide
more control over the oxidation rate in the X-Y plane
of the selectively-oxidized layer 108 and the
thickness of the oxidized layers 108a, thereby
enabling reducing the variation of the thickness of
the oxidized layers 108a. Namely, it becomes
possible to easily increase the yield in
manufacturing the surface emitting-iésers and‘reduce
the negative influence of the distortion to the
active layer 105, thereby increasing the service
lifetime.

Further, the optical thickness of the low
refractive index layer including the selectively-
oxidized layer 108 is made equal to 3A/4. By doing
this, it becomes possible for each of the
selectively-oxidized layer 108 and the composition
gradient layer positioned on +Z side of the low
refractive index layer including selectively-oxidized
layer 108 fo be located at a node position of the
electric field intensity distribution. As a result,
it becomes possible to reduce the diffraction loss
due to the selectively-oxidized layer 108 and the
absorption loss in the heavily-doped composition

gradient layer. It should be noted that when the
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optical thickness of the low refractive index layer
including the selectively-oxidized layer 108 is equal
to (2n+1)A/4 (A:oscillation wavelength, n: integer =
1), it becomes possible for the selectively-oxidized
layer 108 and the composition gradient layer
positioned on +Z side of the low refractive index
layer including the selectively-oxidized layer 108 to
be located at a node position of the eléctric field
intensity distribution.

In this first embodiment, it is assumed that
the intermediate layer is provided on the upper and
the lower sides (both sides) of the selectively-
oxidized layer. However, the present invention is
not limited to this configuration. For example, the
intermediate layer may be provided only on one side
of the selectively-oxidized layer;

Further, in this first embodiment, a case is
described where the optical thickness of the low
refractive index layer and one-half of each of the
composition gradient layers adjoining the low
refractive index layer is equal to 3A/4. However,
the present invention is notblimited to this case.

For example, another exemplary case is shown
in FIG. 6 where the optical thickness of the low

refractive index layer and one-half of each of the
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composition gradient layers adjoining the low
refractive index iayer is equal to A/A4.

In FIG. 6, the selectively-oxidized layer
108 is interposed at a position optically separéted
from the upper spacer layer 106 by A /4. Further, the
intermediate layer 107m and the low refractive index
layer 107c are provided on —-Z side of the
selectively-oxidized layer 108, and the high
refractive inéex layers 107b is provided on +Z side
of the selectively-oxidized layer 108 with a
composition gradient layer provided between the high
refractive index layers 107b and the selectively-
oxidized layer 108. In this case, as well, it
becomes possible to providé more control over the
oxidation rate in the X-Y plane of the selectively-
oxidized layer-108.and the thickness of the oxidized
layers 108a than in a conventional case.

Further, in this first embodiment, a case is
described where the shape of the mesa when cut along
a plane perpendicular to the laser oscillation
direction is a square. However, the present
invention is not limited to this shape. The shape
may be any other shape including circular,
ellipsoidal, and rectangular shapes.

Further, in this first embodiment, a case 1is
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described where the etching is performed so that the
bottom surface of the etching is stopped in the lower
spacer layer. However, the present invention is not
limited to this configuration. For example, the
etching may be performed so that the bottom surface
of the etching reaches the lower semiconductor DBR.
Further, in this first embodiment, a case is
described where the oscillation wavelength of the
surface emitting laser is 850 nm band. However, the
present invention is not limited to this
configuration. For example, another wavelength band
such as 650 nm, 850 nm, 980 nm, 1.3 uym, or 1.5 gm
may be used. 1In such a case, as the semiconductor
material of the active layer, semiconductor material
in accordance with the oscillation wavelength may be
used. For example, AlGaInP-type mixed crystal
semiconductor may be used for the 650 nm band,
InGaAs-type mixed crystal semiconductor may be used
for the 980 nm band, and GaInNAs (Sb)-type mixed
crystal semiconductor may be used for the 1.3 um and

the 1.5 ym bands.

<<Surface emitting laser>>
“Second Embodiment”

FIG. 1 is a cross-sectional diagram
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schematically showing a surface emitting laser 100
according to a second embodiment of the present
invention.

The surface emitting laser 100 is designed
to oscillate at the wavelength band of 780 nm. As
shown in FIG. 1, the.surface emitting laser 100
includes semiconductor layers such as a substrate 101,
a lower semiconductor DBR 103, a lower spacer layer
104, an active layer 105, an upper spacer layer 106,
an upper semiconductor DBR 107, and a contact layer
109, laminated with each other. 1In the following, it
should be noted that a laminated structure including
plural semiconductor layers may be called a
“laminated body” for convenience. FIG. 2 is an
enlarged view of the vicinity of the active layer 105,
and FIG. 7 is a partially-enlarged view of the upper
semiconductor DBR 107.

The substrate 101 is a single-crystal
substrate made of n-GaAs.

The lower semiconductor DBR 103 includes
40.5 pairs of a low refractive index layer 1035 made
of n-AlAs and a high refractive index layei 103b made
of n-Aly.3Gag.7As. Further, é compdsition gradient
layer is.interposed between each of the refractive

index layers (see FIG. 2) to reduce the electrical
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resistance. In the composition gradient layer, the
composition is gradually changed from one side to the
other side. It should be noted that each of the
refractive index layers is designed so that the
optical thickness with respect to the refractive
index layer and one-half of each of the composition
gradient layers adjoining the refractive index layer
is equal to A/4 (A:oscillation wavelength).

The lower spacer layer 104 is made of
(Alg.7Gap.3) 0.5Ino.5P.

The active layer 105 includes three quantum
well layers 105a made of GaInPAs and four barrier
layers 105b made of Gag.sIng.4P (see FIG. 2). The
gquantum well layers 105a have compressive stress with
respect to'the substrate 101, and the band-gap
wavelength is about 780 nm. Further, the barrier
layers 105b are in lattice matching with the quantum
well layers 105a and have tensile strain.

The upper spacer layer 106 is made of
(Alp.7Gaop.3) 0.5Ing.5P.

A multilayer part including the lower spacer
layer 104, the active layer 105, and the upper spacer
layer 106 may be called an “oscillator structure”.
The oscillation structure is designed so that the

optical length thereof is equal to one wavelength in
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optical thickness. It should be noted that the
active layer 105 is located at the position of the
middle of the “oscillator structure” so as to obtain
high stimulated emission probability, the position
correéponding to an antinode position of the standing
wave distribution of the electric field;

The upper semiconductor DBR 107 includes 24
pairs of a low refractive index layer and a high
refractive index layer. Further, a composition
gradient layer is interposed between each of the
refractive index layers to reduce the electrical
resistance. In the composition gradient layér, the
composition is gradually changed from one side to the.
other side.

The upper semiconductor DBR 107 includes a
selectively-oxidized layer 108 made of p-AlAs and
having a thickness of 30 nm as one of the low
refractive index layers. The interposing position of
the selectively-oxidized layer 108 is optically
separated from the upper spacer layer 106 by, for
example, 5A /4, as shown in FIG. 7 and is included in
the low refractive index layer which is the third
pair from the upper spacer layer 106. Further, the
low refractive index layer including selectively-

oxidized layer 108 is designed so that the optical-
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thickness of the low refractive index layer and one-
half of each of the composition gradient layers
adjoining the low refractive index layer is equal to
31/4.

Further, the upper semiconductor DBR 107 is
designed so that each of the selectively-oxidized
layer 108 and the composition gradient layer
positioned on +Z side of the low refractive index
layer including selectively-oxidized layer 108 is
located at a node position of the electric field
intensity distribution.

The refractive index layers excluding the
low refractive index layer including selectively-
oxidized layer 108 are designed so that the optical
thickness of the refractive index layer and one-half
of each of the composition gradient layers adjoining
the refractive index layer is equal to A /4.

An intermediate layer 107m made of p-
Aly.g3Gap.17As and having a thickness of 35 nm is
provided on the +z side of the selectively-oxidized
layer 108.

A layer 107al made of p-Alg.75Gap.2s5As
(hereinafter referred to as a “low refractive index
layer 107al” for convenience) is provided on the -Z

side of the selectively-oxidized layer 108 and the +Z
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side of the intermediate layer 107m.

Therefore, in the upper semiconductor DBR
)
107, the low refractive index layer including the
selectively-oxidized layer 108 further includes the
intermediate layer 107m and two low refractive index
layer 107al.

In the upper semiconductor DBR 107, the low
refractive index layers 107a excluding the low
refractive index layer including selectively-oxidized
layer 108 are made of p-Aly.9Gag.1As.

Further, in the upper semiconductor DBR 107,
the high refractive index layers 107b are made of p-
Aly 3Gag.7As.

Namely, the center position of the
selectively-oxidized layer 108 with respect to its
thickness direction corresponds to a node position of
the standing wave distribution of the electric field
(hereinafter simplified as “standing wave
distribution” for convenience), and the selectively-
oxidized layer 108 is interposed between the
intermediate layer 107m and the low refractive index
layer 107al. Further, Al content rate in the
intermediate layer 107m and the low refractive index
layer 107al is less than that in the selectively-

oxidized layer 108. Further, Al content rate in the
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low refractive index layer 107al is less than that in
the intermediate layer 107m. Further, Al content
rate in the low refractive index layer 107al is less
than that in the low refractive index layer 107a.

The contact layer 109 is made of p-GaAs.

Next, a method of manufacturing the surface
emitting lasers 100 according to the second
embodiment of the present invention is briefly
described.

(1) : The above laminated body is formed by
crystal growth by the MOCVD (Metal Organic Chemical
Vapor Deposition) method or the MBE (Molecular Beam
Epitaxy) method.
| In this case, trimethyl aluminium (TMA),
trimethyl gallium (TMG), and trimethyl indium (TMI)
are used as a group III material, and arsine (AsHj3)
gas is used as group V materials. Carbon
tetrabromide (CBr,) is used as p;type dopant material
and hydrogen selenide (H;Se)is used as n-type dopant
material.

(2): A resist pattern having a square shape
with one side having a length of 20 gym is formed on a
surface of the laminated body.

(3): By the ECR etching method using Cl; gaé,

a mesa having a square pillar shape is formed using
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the resist pattern having a square shape as a
photomask. In this case, the etching is performed so
that the bottom surface of the etching is stopped in

the lower spacer layer 104. (see FIG. 8)

(4) : The photomask is removed.
(5): The laminated body is heat-processed
with water wvapor. In this case, Al in the

selectively-oxidized layer 108 and the intermediate
layer 107m is selectively oxidized. Then, a region
that remains unoxidized is formed in the middle of
the mesa (see FIG. 9). By doing this, the so-called
oxide-confined structure is formed for limiting the
passage of the driving current for the light emitting
section to the middle region of the mesa. The
unoxidized region is the current passage region
(current injection region).

In this case, as shown in FIG. 10, the
oxidized layer has a first boundary surface on one
side closer to the active layer 105 and a second
boundary surface on the other side. The thickness of
the oxidized layer gradually decreases as the
distance to the current passage region decreases.
Further, the second boundary surface is more inclined
than the first boundary surface with respect to a

virtual surface perpendicular to the laser light
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emitting direction (in this case, the Z direction).

It should be noted that the oxidized layer
includes Al oxide of the selectively-oxidized layer
108 and the intermediate layer 107m.

(6): A protection layer 111 made of SiN is
formed using the CVD (Chemical Vapor Deposition)
method (see FIG. 1).

(7): Polyimide 112 is used to perform
flattening (see FIG. 1).

(8): A window for p-side electrode contact
is opened on the upper side of the mesa. In this
case, after a photoresist is used for masking, the
opening on the upper side of the mesa is exposed to
remove the photoresist on the opening. Then, the
polyimide 112 and the protection layer 111 are etched
using BHF to form the opening.

(9): A resist pattern having a square
pattern with one side having a length of 10 gm is
formed in a region to be formed as the light emitting
section on the upper side of the mesa, so that p-side
electrode material is evaporated. As the p-side
electrode material, a multilayer film made of
Cr/AuZn/Au or a multilayer film made of Ti/Pt/Au is
used.

(10): The electrode material of the light
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emitting section is lifted off to form a p-side
electrode 113 (see FIG.1).

(11) : After polishing the rear side of the
substrate 101 so as to have a prescribed thickness
(for example, about 100 gm), an n-side electrode 114
is formed (see FIG. 1). In this case, the n-side
electrode 114 is a multilayer film made of AuGe/Ni/Au.

(12): An annealing process.is performed so
as to produce the ohmic conductivity of the p-side
electrode 113 and the n-side electrode 114. By doing
this the mesa becomes the light emitting section.

(13) The wafer is cut into chips.

FIG. 11 is a graph showing a relationship
between the center,position of the oxidized layer in
the current confined structure with respect to
thickness direction of the oxidized layer
(hereinafter simplified as a “centef pqsition of the
oxidized layer” for convenience) and the oscillation
threshold value gain (corresponding to a. reflection
loss) (see Japanese‘Patent Application Publication No.
2007-318064). In this case, the current confined
structure is formed by the selective oxidation of the
selectively-oxidized layer (AlAs layer) in the
surface emitting laser as shown in FIG. 12 having an

oscillation wavelength of 780 nm. It should be noted
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that the graph of FIG. 11 is based on a one-
dimensional analysis result using the transfer-matrix
method. Therefore, the diffractioﬁ effect
(diffraction loss) due to the oxidized layer and the
like are not taken into consideration. Further, in
FIG. 11, the lateral axis indicates the “center
position of the oxidized layer”, and the origin of

the lateral axis corresponds to the fourth node

position from the oscillator structure in the

standing wave distribution. Further, the coordinate
of the lateral axis is normalized by the oscillation
waveform, and the positive direction is defined so
that the value increases in the positive direction as
the distance from the active layer increases.

As shown in FIG. 12, each node position of
the standing wave distribution is located at a
boundary surface between the high refractive index
layer and the low refractive index layer that is
provided on the active layer side with respect to the
high refractive index layer and that adjoins the high
refractive index layer. Further, to provide the
oxidized layer in the low refractive index layer, it
is necessary to determined the thickness of the low
refractive index layer so that the phase shift amount

of the oscillation light in the low refractive index
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layer is equal to or more than #m/2 (m=3,5,7,..).
Namely, it is necessary that the optical thickness of
the low refractive index layer be equal to or more
than Am/4 (m=3,5,7,..). By obtaining this, it becomes
possible to satisfy the phase condition of multiple
reflection of the distributed Bragg reflector.

In the surface emitting laser of FIG. 12,
the low refractive index layer (made of Alg.¢Gap.;As in
this case) including the oxidized layer is provided
as the fourth pair from the upper spacer layer, and
their optical thickness is 3A/4.

As seen from FIG. 11, when the center
position of the oxidized layer is moved in the
positive direction from the node position of the
standing wave distribution, the oscillation threshold
value gain slightly increases in the unoxidized
region of the current confined structure and the
oscillation threshold value gain largely increases in
the oxidized region of the current confined structure.
In this case, it is possible to increase the
oscillation threshold value gain of the higher-order
lateral mode only while the oscillation threshold
value gain of the fundamental lateral mode is kept
low. In addition, it becomes possible to obtain the

fundamental lateral mode up to high output power.
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On the other hand, when the center position
of the oxidized layer is moved in the negative
direction from the node position of the standing wave
distribution, the oscillation threshold value gain of
the unoxidized region of the current confined
structure becomes greater than that of the oxidized
region of the current confined structure. 1In this
case, a higher-order lateral mode is likely to be
oscillated. Therefore, the amplitude of the
oscillation of the fundamental lateral mode cannot be
increased.

However, when the center position of the
oxidized layer is moved in the positive direction
from the node position of the standing wave
distribution, the slope efficiency in the I-L
characteristic may be slightly degraded. Because of
this feature, when a desired output value (power) is
required, a larger driving current is required in the
surface emitting laser in which the center position
of the oxidized layer is moved in the positive
direction from the node position of the standing wave
distribﬁtion than in the surface emitting laser in
which the center position of the oxidized layer is
located at the node position of the standing wave

distribution.



WO 2009/064018 PCT/JP2008/071058

10

15

20

25

-56-

As described above, in a surface emitting
laser according to the second embodiment of the
present invention, the thickness of the oxidized
layer gradually decreases as the distance to the
current passage region decreases. Further, the
second boundary surface is more inclined than the
first boundary surface with respect to a virtual
surface perpendicular to the laser light emitting
direction. Namely, as shown in FIG. 13, at the head
section of the oxidized layer, the center position of
the oxidized layer is located at the node'positidn of
the standing wave distribution. However, in the
outer section that is separated from the head section
of the oxidized layer and that is closer to the side
surface of the mesa, the center position of the
oxidized layer is actually displaced in the positive
direction from the node position of the standing wave
distribution.

Generally, the diffusion in the lateral
direction of light is minimized when the light is
oscillated in the fundamental lateral mode and is
increased in a higher-order lateral mode. Because of
this feature, in a surface emitting laser according
to the second embodiment of the present invention,

conditions are satisfied so that the center position
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of the oxidized layer is located at a node position
of the standing wave distribution in the fundamental
lateral mode, and the center position of the oxidized
layer is shifted in the positive direction from the
node position of the standing wave distribution in
the highef—order lateral mode. Due to this, it
becomes possible to increase the threshold current
value in the higher;order lateral mode without
degrading the slope efficiency in the fundamental
lateral mode.

On the other hand, when oxidation is
performed from one side surface of a sample in which
a selectively-oxidized layer (AlAs layer) is
saﬁdwiched by the layers made of AliGax-1As as shown in
FIG. 14A, the oxidized layer is formed to have a
tapered shape substantially symmetric with respect to
the lateral direction as show in FIG. 14B. (see R. L.
Naone et al., “Oxidation of AlGaAs layers for tapered
apertures in vertical-cavity lasers”, Electronics
Letters, 13th, Feb. 1997, vol. 33, No. 4, pp. 300-301)

Further, in most surface emitting lasers,
the oxidized layer is interposed at a node position
of the standing wave distribution in the upper
semiconductor DBR. As is usually the case, when the

optical thickness of each of the refractive index
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layers in the upper semiconductor DBR is equal to A /4,
each of the node positions of the standing wave
distribution is located at the boundary surface
between the high refractive index layer and the low
refractive index layer that is provided on the active
layer side with respect to the high refractive index
layer and that adjoins the high refractive index
layer. In a case where widely-used AlGaAs-type
material for the upper semiconductor DBRs is used,
when the Al content rate is high, the refractive
index becomes low, and when the Al content rate is
low, the refractive index becomes high. Then, a case
is considéred where the selectively-oxidized layer
(AlAs layer) is interposed between a layer made of
AlGaAs type material having a low refractive index
and a layer made of AlGal2As type material having a
high refractive index as shown in FIG. 15A. 1In this
case, unlike.the first embodiment, when the oxidation
is performed from one side surface, the first
boundary surface is more inclined than the second
boundary surface with respect to a virtual surface
perpendicular to the laser light emitting direction.
In this case, it is not possible to increase the
threshold current value in the higher-order lateral

mode without degrading the slope efficiency in the
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fundamental lateral mode.

As is apparent from the above descriptions,
in a surface emitting laser 100 according to the
second embodiment of the present invention, a firsf
layer is formed as the low refractive index layer
107al adjoining the -Z side of the selectively-
oxidized layer 108, and a second layer is formed as
the intermediate layer 107m.

In addition; a third layer is formed as tﬁe
low refractive index layer 107al adjoining the +2Z
side of the intermediate layer 107m.

As described above, a surface emitting laser
according to the second embodiment of the present
invention includes the oscillator structure and the
semiconductor DBRs (the lower semiconductor DBR 103
and the upper semiconductor DBR 107) on the substrate
101, the oscillator structure including the active
layer 105, each of the semiconductor DBRs including
plural pairs of low refractive index layer and high
refractive index layers, the oscillator structure
being sandwiched by the semiconductor DBRs. Further,
in upper semiconductor DBR 107, there is also
provided the current confined structure that is
formed by the selective oxidation of Al in which the

current passage region is surround by the oxidized
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layer. The thickness of the oxidized layer gradually
decreases as the distance to the current passage
region decreases. The oxidized layer includes the
first boundary surface on one side closer to the
active layer 105 and the second boundary surface on
the other side, and the second boundary surface is
more inclined than the first boundary surface with
respect to a virtual surface perpendicular to the
laser light emitting direction. With this structure,
it becémes possible to increase the threshold current
value in the higher-order lateral mode without
degrading the slope efficiency in the fundamental
lateral mode. As a result, a single mode output
having high power may be obtained without incurring
high cost.

Ih the second embodiment, a case is
described where the Al content rates of the two
layers (the intermediate layer 107m and the low
refractive index layer 107al) sandwiching the
selectively-oxidized layer 108 are different from
eéch other. However, the present invention is not
limited to this configuration.

For example, the Al content rates of the two
layers sandwiching the selectively-oxidized layer 108

may be the same, and the layer that is closer to the
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active layer 105 and that is provided on one side of
the selectively-oxidized layer 108 may be thinner
than the layer on the other side of the selectively-
oxidized layer 108. More specifically, for example,
as shown in FIG. 16, the layers 107m having
thicknesses of 10 nm aﬁd 38 nm may be provided
contiguous to the -Z side and +Z side of the
selectively-oxidized layer 108, respectively. Even
in this case, as in the second embodiment, the
thickness of the oxidized layer gradually decreases
as the distance to the current passage region
decreases, and the second boundary surface is more
inclined than the first boundary surface with respect
to a virtual surface perpendicular to the laser light
emitting direction.

Further, in the sécond embodiment, a case is
described where the Al content rates of the two
layers (both are the low refractive index layers
107al) sandwiching the selectively-oxidized layer 108
and the intermediate layer 107m are substantially the
same with each other. However, the present invention
is not limited to this configuration. Namely, the Al
content rate of the layer contiguous to the -Z side
of the selectively-oxidized layer 108 may be

different from that of the layer contiguous to the +Z
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side of the intermediate layer 107m. However,
preferably, the Al content rate of the layers is
lower than those of the intermediate layer 107m and
the low refractive index layer 107a.

Further, in the second embodiment, a case is
described where the optical thickness of the low
refractive index layer including the selectively-
oxidized layer 108 is equal to 3A/4. However, the
present invention is not limited to this
configuration. The optical thickness of the low
refractive index may be equal to (2n+1) A/4 using “n”
which is an integer equal to or greater than one (1)..

Further, in the second embodiment, a case is
described where the shape of the mesa when cut along
a plane perpendicular to the laser oscillation
direction is a square. However, the present
invention is not limited to this shape. The shape
may be any other shape including circular,
ellipsoidal, and rectangular shapes.

Further, in the second embodiment, a case is
described where the etching is performed so that the
bottom surface of the etching is stopped in the lower
spacer layer 104. However, the present invention is
not limited to this configuration. For example, the

etching may be performed so that the bottom surface
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of the etching reaches the lower semiconductor DBR
103.

Further, in the second embodiment, a case is
described where the oscillation wavelength of the
surface emitting laser is 780 nm band; However, the
present invention is not limited to this
configuration. For example, another wavelength band
such as 650 nm, 850 nm, 980 nm, 1.3 gm, or 1.5 um
may be used. In such a case, as the semiconductor
material of the active layer, semiconductor material
in accordance with the oscillation wavelength may be
used. For example, an AlGaInP-type mixed crystal
semiconductor may be used for the 650 nm band, an
InGaAs-type mixed crystal semiconductor may be useh
for the 980 nm band, and a GalInNAs(Sb)-type mixed
crystal semiconductor may be used for the 1.3 gm and

the 1.5 pgm bands.

<<Surface emitting laser>>
“Third Embodiment”

FIG. 17 schematically shows a configuration
of a surface emitting laser 200 according to a third
embodiment of the present invention.

The surface emitting laser 200 is designed

to oscillate at the wavelength band of 780 nm. As
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shown in FIG. 17, in the surface emitting laser 200,
a lower semiconductor DBR 203, a lower spacer layer
204, an active layer 205, an upper spacer layer 206,
an upper semiconductor DBR 207, and a contact layer
209 are sequentially laminated in this order on a
substrate 201. FIG. 18 is an enlarged view of the
vicinity of the active layer 205, and FIG. 19 is a
partially-enlarged view of the upper semiconductor
DBR 207.

The substrate 201 is a single-crystal
substrate made of n-GaAs.

The lower semiconductor DBR 203 includes
40.5 pairs of a low refractive index layer 203a made
of n-AlAs and a high refractive index layer 203b made
of n-Aly.3Gag.7As. Further, a composition gradient
layer is interposed between the adjacent refractive
index layers (see FIG. 18) to reduce the electrical
resistance. 1In the cbmposition gradient layer, the
composition is gradually changed from one side to the
other side. It should be noted that each of the
refractive index layers is designed so that the
optical thickness with respect to the refractive
index layer and one-half of each of the composition
gradient layers adjoining the refractive index layer

is equal to A/4 (A:oscillation wavelength).
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The lower spacer layer 204 is made of
(Alo.7Gao.3)0.5In0.5P.

The active layer 205 is includes three
quantum well layers 205a made of GaInPAs and four
barrier layers 205b made of Gap.¢Ing.sP. The quantum
well layers 205a have compressive stress with respect
to the substrate 201, and the band-gap wavelength is
about 780 nm. Further, the barrier layers 205b are
in lattice matching with the quantum well layers 205a
and have tensile strain.

The upper spacer layer 206 is made of
(Alo.7Gap.3)0.5Ing.sP.

A multilayer part including the lower spacer
layer 204, the active layer 205, and the upper spacer
layer 206 may be called the “oscillator structure”.
The oscillation structure is designed so that its
optical length is equal to one wavelength in optical
thickness. It should be noted that the active layer
205 is located at the position of the middle of the
“oscillator structure” so as to obtain high
stimulated emission probability, the position
cofresponding to an antinode position of the standing
wave distribution of the electric field.

The upper semiconductor DBR 207 includes 24

pairs of a low refractive index layer and a high
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refractive index layer. Further, a composition
gradient layer is interposed between the adjacent
refractive index layers to reduce the electrical
resistance (see FIG. 19). In the composition
gradient layer, the composition is gradually changed
from one side to the other side.

In the upper semiconductor DBR 207, there is
a selectively-oxidized layer 208 made of p-AlAs and
having a thickness of 30 nm included in one of the
low refractive index layers. The interposing
position of the selectively-oxidized layer 208 is
optically separated from the upper spacer layer 206
by 5A/4. Further, the low refractiﬁe index layer
including selectively-oxidized layer 208 is designed
so that the optical thickness of the low refractive
index layer and one-half of each of the composition
gradient layers adjoining the low refractive index
layer is equal to 3A/4.

Further, each position of the selectively-
oxidized layer 108 and the composition gradient layef
positioned on +Z side of the low refractive index
layer including selectively-oxidized layer 108 is
designed to be located at a node position of the
electric field intensity distribution (see FIG. 19).

Each of the refractive index layers
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excluding the low refractive index layer including
selectively-oxidized layer 208 is designed so that
the optical thickness of the refractive index layer
and one-half of each of the composition gradient
layers adjoining the refractive index layer is equal
to A/4.

On the +z and -Z sides of the selectively-
oxidized layer 208, intermediate layers 207m made of
p-Alg.g3Gap.17As and having a thickness of 40 nm are
provided.

Layers 207c made of p-Aljp.75Gap.25As
(hereinafter referred to as a “low refractive index
layer 207c”) are provided so that the layers 207c
adjoin the corresponding intermediate layers 207m in
the low refractive index layer including the
selectively-oxidized layer 208.

In the upper semiconductor DBR 207, the low
refractive index layers 207a excluding the low
refractive index layer including selectively-oxidized
layer 208 are made of p-Alj.¢sGagp.iAs. Further, the
high refractive index layers 107b are made of p-

Alg . 3Gag . 7As.

Namely, the selectively-oxidized layer 208

is included in one of the low refractive index layers

in the upper semiconductor DBR 207, and the low
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refractive index layer including the selectively-
oxidized layer 208 further includes two intermediate
layers 207m adjoining the selectively-oxidized layer
208 and two low refractive index layer 207c adjoining
the corresponding intermediate layer2 207m. Further,
the Al content rate of the intermediate layers 207m
is less than that in the selectively-oxidized layer
208 by 17%; and the Al content rate of the low
refractive index layers 207c is less than that in the
selectively-oxidized layer 208 by 25%.

The contact layer 209 is made of p-GaAs.

In FIG. 17, the reference numerals “208a”
and “208b” denote the Al oxidized layer and the
current passage region, respectively. Thé reference
ﬁumerals “211” and “212” denote the protection layer
and the polyimide, respectively. The reference
numerals “213” and “214” denote the p-side electrode
and the n-side electrode, respectively.

The surface emitting laser 200 may be
manﬁfactured in the same manner as the above surface
emitting laser 100.

As described above, in the surface emitting
laser 200 according to the third embodiment of the
present invention, the selectively-oxidized layer 208

is included in one of the low refractive index layers
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in the upper semiconductor DBR 207, and thé low
refractive index layer including the selectively-
oxidized layer 208 further includes two intermediate
layers 207m adjoining the selectively-oxidized layer
208 and two low refractive index layers 207c
adjoining the corresponding intermediate layers 207m.
Further, Al content rate in the intermediate layers
207m is less than that in the selectively-oxidized
layer 208 by 17%; and Al content rate in the low
refractive index layers 207c is less than that in the
selectively-oxidized layer 208 by 25%. By having
this, it becomes possible to provide more control
over the oxidation rate in the X-Y plane of the
selectively—oxidizedvlayer 208 and the thickness of
the oxidized layers 208a when the selectively-
oxidized layer 208 is being selectively oxidized,
thereby enabling reducing the variation of the
thickness of the oxidized layers 208a. As a result,
it becomes possible to facilitate the manufacturing
and increase the yield in the manufacturing. Further,
it becomes possible to reduce the negative influence
of the distortion with respect to the active layer
205 and increase the service lifetime.

Further, the optical thickness of the low

refractive index layer including the selectively-



WO 2009/064018 PCT/JP2008/071058

10

15

20

25

-70-

oxidized layer 208 is equal to 3A/4. By having this,
it becomes possible for each of the selectively-
oxidized layer 208 and the composition gradient layer
positioned on +Z side of the low refractive index
layer including selectively-oxidized layer 108 to be
located at a node position of the electric field
intensity distribution. As a result, it becomes
possible to reduce the diffraction loss due to the
selectively-oxidized layer 208 as well as the
absorption loss due to the composition gradient layer.

Further, in the third embodiment, a case is
described where the shape of the mesa when cut along
a plane perpendicular to the laser oscillation
direction is a square. However, the present
invention is not limited to this shape. The shape
may be any other shape including circular,
ellipsoidal, and rectangular shapes.

Further, in the third embodiment, a case is
described where the etching is performed so that the
bottom surface of the etching is stopped in the lower
spacer layer. However, the present invention is not
limited to this configuration. For example, the
etching may be performed so that the bottom surface
of the etching reacheé the lower semiconductor DBR.

Further, in the third embodiment, a case is
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described where the oscillation wavelength of the
surface emitting laser is 780 nm band. However, the
present invention is not limited to this
configuration. For example, another wavelength band
such as 650 nm, 850 nm, 980 nm, 1.3 gm, or 1.5 um
may be used. In such a case, as the semiconductor
material of the active layer, semiconductor material
in accordance with the oscillationlwavelength may be
used. For example, AlGaInP-type mixed crystal
semiconductor may be used for the 650 nm band,
InGaAs-type mixed crystal semiconductor may be used
for the 980 nm band, and GaInNAs(Sb)-type mixed
crystal semiconductor may be used for the 1.3 pgm and

the 1.5 gm bands.

<<Surface emitting laser array>>
“Fourth Embodiment”

FIG. 20 schematically shows a configuratibn
of a surface emitting laser array 500 according to a
fourth embodiment of the present invention.

As shown in FIG. 20, the surface emitting
laser array 500 includes plural (in this casé,
thirty-two (32)) light emitting sections arranged on
the same substrate.

FIG. 21 shows the arrangement of the light
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emitting sections of the surface emitting laser array
500. As shown in FIG. 21, the light emitting
sections are arranged in four lines each aligned in a
“T” direction. The four lines are arranged at
regular intervals in the “S” direction. The “T”
direction is inclined at an angle of “a” (0° <aX<
90° ) measured from an axis in the “M” direction
toward an axis in the “S” direction. Each of the
four lines has eight (8) light emitting sections at
regular intervals in the “M” direction. Namely,
thirty-two (32) light emitting sections are in a two-
dimensional array having the “T” and the “S”
directions. In this description, the term “light
emitting section interval” refers to a distance
between the centers of two adjacent light emitting
sections.

In this two dimensional array, the light
emitting section interval “d” in the “S” direction is
24 pm, and the light emitting section interval “X” in
the “M” direction is 30 gum (see FIG. 21). Further,
an interval “c” obtained when the thirty-two (32)
light emitting sections are orthographically
projected onto a virtual line extending in the “S5”
direction is 3 ym (see FIG. 21).

FIG. 22 is a cross-sectional drawing along
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line A-A in FIG. 21. As shown in FIG. 22, each of
the light emitting sections has the same structure as
the above described surface emitting laser 200.

Further, the surface emitting laser array
500 may be manufactured in the same manner as
described for the surface emitting laser 200.

On the other hand, preferably, the grooves
between two light emitting sections have a length of
5 gm or more for ensuring electrical and spatial
separation between the light emitting sections. When
they are too close to each other, it may become
difficult to provide accurate control of etching in
manufacturing. Further, preferably, the size (one
side) of the mesa is 10 gm or more. When the size is
too small, heat may persist internally, which may
degrade the characteristics.

As described above, the surface emitting
laser array 500 according to the fourth embodiment of
the present invention is made of plural surface
emitting lasers 200. Therefore, the surface emitting
laser array 500 has the same effects as the surface
emitting laser 200. Further, in the surface emitting
laser array 500, the variations of the size (area) of
the current passage region and the thickness of the

oxidized layer are small among the light emitting
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sections, and the variations of the threshold value
current, the single-mode output power, the light
diffusion angle, the service lifetime, and the like
are also small.

On the other hand, FIG. 23 shows a
relationship between the maximum thickness of the

oxidized layer and the service lifetime. FIG. 23

plots each measurement result of the maximum

thickness of the oxidized layer and the service
lifetime of the surface emitting laser arrays that
are manufactured in plural lots, each of the surface
emitting laser arrays including plural surface
emitting lasers according to the above comparative
example 2. The difference of the symbols in FIG. 23
indicates the difference of lots. Further, the
service lifetime is determined as the elapsed time
until the driving current of at least one of the
light emitting sections becomes 120% of the initial
value while feedback control is being performed on
the driving current so that the output power of the
light emitting sections becomes constant.

Further, other experiments showed that the
service lifetime when the maximum thickness of the
oxidized layer is 60 nm was substantially the same as

that when the maximum thickness of the oxidized layer
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is 80 nm.

Based on the above results, preferably, the
maximum thickness of the oxidized layer is 110 nm or
less. In the surface emitting laser array 500
according to the fourth embodiment of the present
invention, the maximum thickness of the oxidized
layers were in a range from 70 nm to 90 nm.

Further, the oxidized layer surrounding the
current passage region in the oxide-confined
structure includes the Al oxide of the selectively-
oxidized layer and the Al oxide of the intermediate
layers. Therefore, preferably, total thickness of
the selectively-oxidized layer and each of the
intermediate layers is 110 nm or less.

Therefore, the surface emitting laser array
500 may be more easily manufactured, has a higher
yield, and has a longer service lifetime than
conventional surface emitting laser arrays.

In the description of the fourth embodiment,
a case is described where the surface emitting laser
array 500 has thirty two (32) light emitting sections.
However, the number of the light emitting sections is
not limited to this number.

In the fourth embodiment, a case is

described where the shape of the mesa in a cross
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sectional surface perpendicular to the laser light
emitting direction is square. However, in the
present invention, the shape of the mesa is not
limited to this shape. For example, the mesa may
have any chér shépe including rectangular, circular,
and elliptic. |

In fhe fourth embodiment, a case is
described where the wavelength is 780 nm band.
However, in the present invehntion, the wavelength is
not limited to this wavelength band. For example,
the wavelength band may be, for example, 650 nm, 850

nm, 980 nm, 1.34m and 1.5um.

<<Surface emitting laser array>>
“Fifth Embodiment”

FIG. 20 schematically shows a configuration
of a surface emitting laser array 500 according to a
fifth embodiment of the present invention.

As shown in FIG. 20, the surface emitting
laser array 500 includes plural (in this case,
thirty-two (32)) light emitting sections arranged on
the same substrate. In the following description, it
is assumed that the “M” direction refers to the right
direction on the paper, and the “S” direction refers

to the downward direction on the paper as shown in
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FIG. 21.

FIG. 21 shows the arrangement of the light
emitting sections of the surface emitting laser array
500. Asbshown in FIG. 21, the light emitting
sections has four lines each aligned in a “T”
direction. The four lines are arranged at regular
interval “*d” in the “S” direction, so that the an
interval “c” is obtained when all the light emitting
sections are orthographically projected onto a
virtual line extending in the “S” direction. The “T”
direction is inclined at an angle of “a” (0° <a<
90° ) measured from an axis in the “M” direction
toward an axis in the “S$” direction. Each of the
four lines has eight (8) light emitting sections at
regular intervals in the “"M” direction. Namely,
thirty-two (32) light emitting sections are in a two-
dimensional array in the “T” and the “S” directions.
In this description, the term “light emitting section
interval” refers to a distance between the centers of
two light emitting sections.

In this case, the distance “c¢” is 3 pum, the
distance “d” is 24 pum, and the light emitting section
interval “X” is 30 gm.

FIG. 22 is a cross-sectional drawing along

line A-A in FIG. 21. Each of the light emitting
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sections has the same structure as the above
described surface emitting laser 100. Namely, in
each of the light emitting sections, the oscillator
structure including the active layer 205 and the
semiconductor DBRs (the lower semiconductor DBR 203
and the upper semiconductor DBR 207) each including
plural pairs of the low refractive index layer and
the high refractive index layer, the semiconductor
DBRs sandwiching the oscillator structure, are
provided on the substrate 201. Further, the upper
semiconductor DBR 207 includes the current confined
structure in which the current passage region is
surrounded by the oxidized layer formed by selective
oxidation of Al.

The thickness of the oxidized layer
gradually decreases as the distance to the current
passage region decreases. The oxidized layer has a
first boundary surface on one side closer to the
active layer 205 and a second boundary surface on the
other side. Further, the second boundary surface is
more inclined than the first boundary surface with
respect to a virtual surface pérpendicular to the
laser light emitting direction. Because of this
feature, it becomes possible to increase the

threshold current value in the higher-order lateral
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hode without degrading the slope efficiency in the
fundamental lateral mode.

Further, the surface emitting laser array
500 may be manufactured in the same manner as the
surface emitting laser 100.

Oon the other hand, preferably, the grooves
between two light emitting sections have a length of
5 um or more for ensuring electrical and spatial
separation between the light emitting sections. When
they are too close to each other, it may become
difficult to provide accurate control of etching in
manufacturing. Further, preferably, the size (one
side) of the mesa is 10 gm or more. When the size is
too small, heat may persist internally, which may
degrade the characteristics.

As described above, the surface emitting
laser array 500 according to the fifth embodiment of
the present invention includes plural surface
emitting lasers 100. Therefore, the surface emitting
laser array 500 may obtain high single-mode output
power in each light emitting section without
incurring high cost.

In the fifth embodiment, a case is described
where the surface emitting laser array 500 has thirty

two (32) light emitting sections. However, the
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number of the light emitting sections is not limited
to this number.

In the fifth embodiment, a case is described
where the shape of the mesa in a cross-sectional
surface perpendicular to the laser light emitting
direction is square; However, in the present
invention, the mesa is not limited to this shape.

For example, the mesa may have any other shape
including rectangular, circular, and ellibtic.

In the fifth embodiment, a case is described
where the wavelength is 780 nm band. However, in the
present invention, the wavelength is not limited to
this wavelength band. For example, the wavelength

band may be 650 nm, 850 nm, 980 nm, 1.3#4m and 1.54m.

<<Surface emitting laser array>>
“Sixth Embodiment”

FIG. 24 schematically shows a configuration
of a surface emitting laser array 600 according to a
sixth embodiment of the present invention.

The surface emitting laser array 600
includes plural (in this case, ten (10)) light
emitting sections which are one-dimensionally aligned
on the same substrate.

Each of the light emitting sections of the
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surface emitting laser array 600 is designed to serve
as a surface emitting laser having an oscillation
wavelength of 1.3 gm band. FIG. 25 is a cross-
sectional view along line A—A in FIG. 24. As shown
in FIG. 25, the semiconductor layers such as a lower
semiconductor DBR 303, a lower spacer layer 304, anr
active layer 305, an upper spacer layer 305, an upper
semiconductor DBR 307, and a contact layer 309 are
sequentially laminated on a substrate 301. FIG. 26
is an enlarged view of the vicinity of the active
layer 305, and FIG. 27 is a partially-enlarged view
of the upper semiconductor DBR 307.

The substrate 301 is a single-crystal
substrate made of n-GaAs

The lower semiconductor DBR 303 includes
36.5 pairs of a low refractive index layer 303a made
of n-Alg.gsGap.1As and a high refractive index layer
303b made of n-GaAs. Further, a composition gradient
layer is interposed between each of the refractive
index layers to reduce the electrical resistance. 1In
the composition gradient layer, the composition is
gradually changed from one side to the other side.
It should be noted that each of the refractive index
layers is designed so that the optical thickness with

respect to the refractive index layer and one-half of
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each of the composition gradient layers adjoining the
refractive index layer is equal to A /4
(A :oscillation wavelength).

The lower spacer layer 304 is made of GaAs.

The active layer 305 includes three quantum
well layers 305a made of GaInNAs and foﬁr barrier
layers 305b made of GaAs.

The upper spacer layer 306 is made of GaAs.

A multilayer part including the lower spacer
layer 304, the active layer 305, and the upper spacer
layer 306 may be called the “oécillator structure”.
The oscillation structure is designed so that the
optical length thereof is equal to one wavelength in
optical thickness. It should be noted that the
active layer 305 is located at the position of the
middle of the “oscillator structure” so as to obtain
high stimulated emission probability, the position
corresponding to an. antinode position of the standing
wave distribution of the electric field.

The upper semiconductor DBR 307 includes 26
pairs of a low refractive index layer and a high
refractive index layer. Further, a composition
gradient layer is interposed between the adjacent
refractive index layeré to reduce the electrical

resistance. In the composition gradient layer, the
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composition is gradually changed from one side to the
other side.

In the upper semiconductor DBR 307, there is
a selectively-oxidized layer 308 made of p-AlAs
having a thickness of 20 nm included in one of the
low refractive index layers. The interposing
position of the selectively-oxidized layer 308 is
optically separated from the upper spacer layer 306
by 5A/4. Further,.the low refractive index layer
including the selectively-oxidized layer 308 is
designed so that the optical thickness of the low
refractive index layer and one-half of each of the
composition gradient layers adjoining the low
refractive index layer is equal to 3A/4.

The refractive index layers excluding the
low refractive index layer including selectively-
oxidized layer 308 are designed so that the optical
thickness of the refractive index layer and one-half
of each of the composition gradient layers adjoining
the refractive index layer is equal to A/4.

On the +z and -Z sides of the selectively-
oxidized layer 308, intermediate layers 307m made of
p—-Alp.gGap.2As and having a thickness of 35 nm are
provided.

There are provided layers 307c made of p-
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Aly. ¢Gag.4As (hereinafter referred to as a “low
refractive index layer 307c”) adjoining the
corresponding intermediate layers 307m in the low
refractive index layer including the selectively-
oxidized layer 308.

In the upper semiconductor DBR 307, the low
refractive index layers 307a excluding the low
refractive index layer including selectively-oxidized
layer 308 are made of p-Alp.sGap.iAs. Further, the
high refractive index layers 307b are made of p-GaAs.

Namely, the selectively-oxidized layer 308
is included in one of‘the low ref;active index layers
in the upper semicénductor DBR 307, and the low
refractive index layer including the selectively-
oxidized layer 308 further includes two intermediate
layers 307m adjoining the selectively-oxidized layef
308 and two low refractive index layer 307c adjoining
the corresponding intermediate layers 307m. Further,
Al content rate in the intermediate layers 307m is
less than that in the selectively-oxidized layer 308
by 20%; and Al content rate in the low refractive
index layer 307c is less than that in the
selectively-oxidized layer 308 by 40%.

The surface emitting laser array 600 may be

manufactured in the same manner as the surface
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emitting laser 100. However the shape of the mesa of
the surface emitting laser array 600 is circular.

As described above, the surface emitting
laser array 600 according to the sixth embodiment of
the present invention includes plural surface
emitting lasers having a similar structure as the
surface. emitting laser 100. Therefore, the surface
emitting laser array 600 has the same effects as the
surface emitting laser 100. Further, in the surface
emitting laser érray 600, the variations of the size
(area) of the current passage region and the
thickness of the oxidized layer are small among the
light emitting sections, and the variations of the
threshold value current, the single-mode output power,
the light diffusion angle, the service lifetime, and
the like are also small.

Therefore, the surface emitting laser array
600 may be more'easily manufactured, has a higher
yield, and has a longer service lifetime than
conventional surface emitting laser arrays.

In the sixth embodiment, a case is described
where the surface emitting laser array 600 has ten
(10) light emitting sections. However, the number of
the light emitting sections is not limited to this

number.
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In the sixth embodiment, a case is described
where the shape of the mesa in a cross sectional
surface perpendicular to the laser light emitting
direction is circular. .However, in the present
invention, the shape of the mesa is not limited to
this shape. For example, the mesa may have any other
shape including square, rectangular, and elliptic.

In the sixth embodiment, a case is described
where the wavelength is 1.3 gm band. However, in the
present invention, the wavelength is not limited to

this wavelength band. For example, the wavelength

band may be 650 nm, 780 nm, 850 nm, 980 nm, and 1.5um.

<<Surface emitting laser array>>
“Seventh Embodiment”

FIG. 24 schematically shows a configuration
of a surface emitting laser array 600 according to a
seventh embodiment of the present invention.

The surface emitting laser array 600
includes plural (in this case, ten (10)) light
emitting sections which are one-dimensionally aligned
on the same substrate.

Each‘of the light emitting sections of the
surface emitting laser array 600 is designed to serve

as a surface emitting laser having an oscillation
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wavelength of 1.3 unlband.'FIG. 25 is a cross-
sectional view along line A-A in FIG. 24, the
semiconductor layers such as a lower semiconductor
DBR 303, a lower spacer layer 304, an active layer
305, an upper spacer layer 305, an upper
semiconductor DBR 307, and a contact layer 309 are
sequentially laminated on a substrate 301. FIG. 26
is an enlarged view of the vicinity of the active
layer 305 shown in FIG. 25, and FIG. 28 is a
partially-enlarged view of the upper semiconductor
DBR 307 shown in FIG. 25.

The substrate 301 is a single-crystal
substrate made of n-GaAs.

The lower semiconductor DBR 303 includes
36.5 pairs of a low refractive index layer 303a made
of n-Aly. sGag.;As and a high refractive index layer
303b made of n-GaAs. Further, a composition gradient
layer is interposed between the low refractive index
layer and the high refractive index layer to reduce
the electrical resistance. In the composition
gradient layer, the composition is gradually changed
from one side to the other side. It should be noted
that each of the refractive index layers is designed
so that the optical thickness with respect to the

refractive index layer and one-half of each of the
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composition gradient layers adjoining the refractive
index layer is equal to A /4.

The lower spacer layer 304 is made of GaAs.

The éctive layer 305 includes three quantum
well layers 305a made of GaInNAs and four barrier
layers 305b made of GaAs.

The upper spacer layer 306 is made of GaAs.

A multilayer part including the lower spacer
layer 304, the active layer 305, and the upper spacer
layer 306 may be called the “oscillator structure”.
The oscillation structure is designed to have an
optical length equal to one wavelength in optical
thickness. It should be noted that the active layer
305 is located at the position of the middle of the
“oscillator structure” so as to obtain high
stimulated emission probability, the position
corresponding to an antinode position of the standing
wave distribution of the electric field.

The upper semiconductor DBR 307 includes 26
pairs of a low refractive index layer and a high
refractive index layer. Further, a composition
gradient layer is interposed between the low
refractive index layer and the high refractive index
layer to reduce the electrical resistance. In the

composition gradient layer, composition is gradually
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changed from one side to the other side.

In the upper semiconductor DBR 307, there is

.a selectively-oxidized layer 308 made of p-AlAs and

having a thickness of 20 nm included in one of the
low refractive index layers. The interposing
position of the selectively-oxidized layer 308 1is
optically separated from the upper spacer layer 306
by 5A /4. Further, the low refractive index layer
including selectively-oxidized layer 308 is designed
so that the optical thickness of the low refractive
index layer and one-half of each of the composition
gradient layers adjoining the low refractive index
layer is equal to 3A/4.

Each of the refractive index layers
excluding the low refractive index layer including
selectively-oxidized layer 308 is designed so that
the optical thickness of the refractive index layer
and one-half of each of the composition gradient
layers adjoining the refractive index layer is equal
to A/4.

An intermediate layer 307m made of p-

Aly. sGag.2As and having a thickness of 35 nm is
provided on the +z side of the selectively-oxidized
layer 308.

A layer 307al made of p-Alp.sGag.sAs
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(hereinafter referred to as a “low refractive index
layer 307al”) is provided on each of the -Z side of
the selectively-oxidized layer 308 and the +Z side of
the intermediate layers 307m. Therefore, the low
refractive index layer including the selectively-

oxidized layer 308 further includes the intermediate

layers 307m and two low refractive index layers 307al.

In the upper semiconductor DBR 307, each of
the low refractive index layers 307a excluding the
low refractive index layer including the selectively-
oxidized layer 308 is made of p-Aly.9Gap.iAs. Further,
each of the high refractive index layers 307b is made
of p-Aly.1Gag.9sAs.

Namely, the center position of the
selectively-oxidized layer 308 with respect to its
thickness direction cofresponds to a node position of
the standing wave distribution and is positioned
between the intermediate layer 307m and the low

refractive index layer 307al. Further, Al content

rate in each of the intermediate layers 307m and the

low refractive index layer 307al is less than that in
the selectively-oxidized layer 308, and Al content
rate in the low refractive index layer 307al is less
than that in the intermediate layers 307m.

.

The surface emitting laser array 600 may be
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manufactured in the same manner as the surface
emitting laser 100.

In each of the light emitting sections of
the surface emitting laser array 600, the upper
semiconductor DBR includes the current confined
structure in which the current passage region is
surrounded by the oxidized layer formed by selective
oxidation of Al. The thickness of the oxidized layer
gradually decreases as the distance to the current
passage region decreases. The oxidized layer has a
first boundary surface on one side closer to the
active layer 305 and a second boundary surface on the
other side. Further, the second boundary surface is
more inclined than the first boundary surface with
respect to a virtual surface perpendicular to the
laser light emitting direction.

As described above, the surface emitting
laser array 600 according to the seventh embodiment
of the present invention includes plural surface
emitting lasers having a similar structure as the
surface emitting laser 100. Therefore, the surface
emitting laser array 600 may obtain high single-mode
output power in each light emitting section without

.

incurring high cost.

In the seventh embodiment, a case is
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described where the surface emitting laser array 600
has ten (10) light emitting sections. However, the
number of the light emitting sections is not limited
to this number.

In the seventh embodiment, a case is
described where the shape of the mesa in a cross-
sectional surface perpendicular to the laser light
emitting direction is circular. However, in the
present invention, the shape of the mesa is not
limited to this shape. For example, the mesa may
have any other shape including square, rectangular,
and elliptic.

In this seventh embodiment, a case is
described where the wavelength is 1.3 gm band.
However, in the present invention, the wavelength is
not limited to this wavelength band. For example,
the wavelength band may be 650 nm, 780 nm, 850 nm,

980 nm, and 1.5um.

<<Image forming apparatus>>
“Eighth Embodiment”

FIG. 29 schematically shows a configuration
of a laser printer 1000 as an image forming apparatus
according to an eighth embodiment of the present

invention.
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As.shown in FIG. 29, the laser printer 1000
include an optical scanning device 1010, a
photosensitive drum 1030, a charger 1031, a
developing roller 1032, a transfer charger 1033, a
neutralizing unit 1034, a cleaning blade 1035, a
toner cartridge 1036, a sheet feeding roller 1037, a
sheet feeding tray 1038, a resist roller pair 1039, a
fixing roller 1041, a discharging roller 1042, a
discharging tray 1043, a communication control device
1050, and a printer controlling device 1060 generally
controlling the above elements. These elements are
housed in a printer chassis 1044.

The communication control device 1050
controls two-way communications with an upper-level
device (such as a personal computer) through a
network.

The photosensitive drum 1030 has a
cylindrical shape, and a photosensitive layer is
formed on the surface of the photosensitive drum 1030.
Namély, the surface of the photosensitive drum 1030
is to be scanned. The photosensitive drum 1030
rotates in the direction indicated by an arrow in FIG.
29.

BEach of the charger 1031, the developing

roller 1032, the transfer charger 1033, the
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neutralizing unit 1034, and the cleaning blade 1035
is disposed in the vicinity of the surface of the

photosensitive drum 1030. Further, the charger 1031,

the developing roller 1032, the transfer charger 1033,

the neutralizing unit 1034, and the cleaning blade
1035 are sequentially arranged in this order along
the rotating direction of the photosensitive drum
1030.

The charger 1031 uniformly charges the
surface of the photosensitive drum 1030.

The optical scanning device 1010 irradiates
a light flux modulated in accordance with the image
information from the upper-level device. By doing
this, a latent image in accordance with the image
information is formed on the surface of the
photosensitive drum 1030. The formed latent image is
moved in the direction of the developing roller 1032
by the rotation of the photosensitive drum 1030. The
configuration of the optical scanning device 1010 is
described in detail below.

Toner housed in the toner cartridge 1036 1is
supplied to the developing roller 1032.

The developing roller 1032 causes the toner
to adhere onto the latent image formed on the surface

of the photosensitive drum 1030 to visualize the
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image information. The latent image with toner
adhered (hereinafter may be referred to as a “toner
image” for convenience) is moved in the direction of
the transfer charger 1033 by the rotation of the
photosensitive drum 1030.

Recording sheets 1040 are provided in the
sheet feeding tray 1038. In the vicinity of the
sheet feeding tray 1038, the sheet feeding roller
1037 is provided. The sheet‘feeding rollexr 1037
feeds the recording sheets 1040 from the sheet
feeding tray 1038 to the resist roller pair 1039 one
by one. The resist roller pair 1039 first holds the
recording sheet 1040 taken out by the sheet feeding
roller 1037 and sends out the recording sheet 1040
towards the .gap between the photosensitive drum 1030
and the transfer charger 1033 in synchronization with
the rotation of the photosensitive drum 1030.

A voltage of the opposite polarity to the
polarity of the toner is applied to the transfer
charger 1033 to electrically attract the toner on the
surface of the photosensitive drum 1030 to the
recording sheet 1040. By applying the voltage, the
toner image on the surface of the photosensitive drum
1030 is transferred onto the recording sheet 1040.

The transferred recording sheet 1040 is fed to the
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fixing roller 1041.

The fixing roller 1041 applies heat and
pressure to the recording sheet 1040 to fix the toner
onto the recording sheet 1040. The fixed recording
sheet 1040 is discharged to the discharging tray 1043
to be sequentially stacked on the discharging tray
1043.

The neutralizing unit 1034 neutralizes the
surface of the photosensitive drum 1030.

The cleaning blade 1035 removes the toner
remaining on the surface of the photosensitive drum
1030 (residual toner). The surface of the
photosensitive drum 1030 on which the residual.toner
is removed is returned to the position facing the

charger 1031 again.

<<Optical scanning device>>

Next, a configuration of the optical
scanning device 1010 is described.

For example, as shown in FIG. 30, the
optical scanniﬁg device 1010 includes a light source
14, a coupling lens 15, an aperture plate 16, an
anamorphic lens 17, a reflection mirror 18, a polygon
mirror 13, a deflector-side scanning lens lla, an

image-surface-side scanning lens 11b, and a scanning
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control device (not shown). These elements are
arranged in their prescribed positions in a housing
30.

It should>be noted that in the following,
the direction corresponding to a main scanning
direction is simplified as a “main-scanning
correspondiné direction”, and the direction
corresponding to a sub-scanning direction is
simplified as a “sub-scanning corfesponding
direction”. |

The light source 14 includes the surface
emitting array 500 and is capable of emitting thirty
two (32) light beams simultaneously. In this case,
the surface emitting array 500 is arranged so that
the “M” direction corresponds to the main-scanning
corresponding direction, and the “S” direction
corrésponds to the sub-scanning corresponding
direction. |

The coupling lens 15 makes parallel the
beams of divergenf light flux from the light source
14. The light source 14 and the coupling lens 15 are
fixed on an aluminum holder so that the positional
relationship between the light source 14 and the
coupling lens 15 is fixed to their desired positions

as an unit.
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The aperture plate 16 has an opening to
regulate the diameter of the beam of the light flux
through the coupling lens 15.

The anamorphic lens 17 forms an image by
refracting the light flux having passed through the
opening of the aperture plate 16 and the reflection
mirror 18 with respecf to the sub-scanning
corresponding direction in the vicinity of the
deflection reflection surface of the polygon mirror
13.

The optical system disposed on the optical
path between the light source 14 and the polygon
mirror 13 may be called a pre-deflector optical
system. In this embodiment, the pre-deflector
optical system includes the coupling lens 15, the
aperture plate 16, the anamorphic lens 17, and the
reflection mirror 18.

The polygon mirror 13 may be a hexagonal
mirror having a radius of its inscribed circle of 18
mm. Each of the mirrors serves as a deflection
reflection surface. This polygon mirror 13 deflects
the light flux from the reflection mirror 18 while
rotating around the axis line parallel to the sub-
scanning corresponding direction.

The deflector-side scanning lens 1lla is
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disposed on the optical path of the light flux
deflected by the polygon mirror 13.

The image-surface-side scanning lens 11b is
disposed on the optical path of the light flux
passing through the deflector-side scanning lens 1la.
The light flux passing through the image-surface-side
scanning lens 1lb is transmitted onto the surface of
the.photosensitive drum 1030 to form a light spot.
This light spot moves in the longitudinal direction
of the photosensitive drum 1030 in aécordance with
the rotation of the polygon mirror 13. Namely, the
light spot is scanned on the surface of the
photosensitive drum 1030. The moving direction of
the light spot is in the “main-scanning corresponding
direction”. Further, the rotation direction of the
photosensitive drum 1030 is in the “sub-scanning
corresponding direction”.

The optical system disposed on the optical
path between the polygon mirror 13 and the
photosensitive drum 1030 may be called a scanning
optical system. In this embodiment, the scanning
optical system includes the deflector-side scanning
lens l1lla and the image-surface-side scanning lens 1llb.
It should be noted that at least one folding mirror

may be disposed on at least one of the optical paths
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between the deflector-side scanning lens lla and the
image-surface-side scanning lens 11lb and between the
image-surface-side scanning lens 1lb and the
photosensitive drum 1030.

In this case, in the surface emitting laser
array 500, each of the light emitting section
intervals is a contact interval “c” when that light
emitting section is orthographically projected onto a
virtual line extending in the “S” direction.
Therefore, by adjusting the timing of emitting lights,
this configuration is thought to be substantially the
same as the configuration where the light emitting
sections are aligned in the sub-scanning
corresponding direction at the same intervals.

Further, since the interval “c¢” is 3 um, it
becomes possible to attain the high-density writing
of 4800 dpi (dot per inch) by setting the
magnification of the optical system to about 1.8.
Needless to say, it becomes possible to attain higher

density and high-quality printing by, for example,

'increasing the number of light emitting sections in

the “T” direction, changing the array configuration
by scaling down the interval “d” and further scaling
down the interval “c¢”, and increasing the

magnification of the optical system. It should be
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noted that the writing interval in the main scanning
direction may be easily controlled by adjusting the
lighting timing of the light emitting sections.

Further, in this configuration, the laser
printer 1000 may print without reducing the printing
speed even in a case where the writing dot density is
increased. Further, when the writing dot density is
maintained, the printing speed may be further
increased.

Further, in the surface laser array 500, the
variations in the size of the current passage region
and the thickness of the oxidized layer among the
light emitting sections are small. Therefore, the
variations of light-emitting diameter and the
characteristics become small, and the diameters of
the beam spots formed on photosensitive drum 1030
become substantially equal to each other.

As described above, in the optical scanning
device 1010 according to the eighth embodiment of the
present invention, the light source 14 is equipped
with the surface emitting laser array 500. Therefore,
the optical scanning device 1010 is capable of stably
carrying out high-density optical scanning without
incurring high cost.

Further, a laser printer 1000 according to
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the eight embodiment of the present invention, the
laser printer includes the optical scanning device
1010. Therefore, the laser printer 1000 is capable
of stably forming high-quality images without
incurring high cost.

Further, the oxidized layer on the side
surface of the mesa where the oxidation is started
hardly becomes thicker than is designed, and the |
service lifetime of the surface emitting laser array
becomes remarkably longer. Therefore, it becomes
possible to re-use the writing unit or the light
source unit.

In the eighth embodiment, a case is
described where the light source 14 has thirty two
(32) light emitting sections. However, the number of
the light emitting sections is not limited to this
number.

In the eighth embodiment, instead of using
the surface emitting laser array 500, a surface
emitting laser array in which the light emitting
section same as that of the surface emitting laser
array 500 is one-dimensionally aligned may be used.

In this eighth embodiment, a case is
described where the laser printer 1000 is used as an

image forming apparatus. However, the image forming
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apparatus of the present invention is not limited to
the laser printer. Namely, the present invention may
be applied to any image forming apparatus having the
optical scanning device 1010. Such image forming
apparatus may stably form high-quality images without
incurring high cost.

For example, the present invention may apply
to an image forming apparatus capable of irradiating
a laser light directly onto a medium (such as a
sheet) that develops colors by the laser light.

Further, the present invention may be
applied to an image forming apparatus in which a
silver éalt film is used as an image carrier. 1In
this case, a latent image is formed on the silver
salt film, and the formed latent image is may be
visualized in the same manner as a usual developing
method in a silvef photography process and
transferred onto a printing paper in the same manner
as a usual printing method in a silver photography
process. Such image forming apparatus may be applied
to an optical photoengraving apparatus and an optical
drawing apparatus fdr drawing CT scanned images or
the like.

Further, an image forming apparatus capable

of forming multi-color images may stably form a high-
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quality image without incurring high cost when an
optical scanning device adapted to multi-color images
according to an embodiment of the present invention
is used.

For example, as shown in FIG. 31, the
present invention may be applied to a tandem color
machine 1500 equipped with plural photosensitive
drums for a color image processing.

As shown in FIG. 31, the tandem color
machine 1500 includes “a photosensitive drum K1, a
charging device K2, a developing device K4, a
cleaning unit K5, and transferring device K6” for
black processing; “a photosensitive drum Cl, a
charging device C2, a developing device C4, a
cleaning unit C5, and transferring device C6” for
cyan processing; “a photosensitive drum M1, a
charging device M2, a developing device M4, a
cleaning unit M5, and transferring device M6” for
magenta processing; “a photosensitive drum Y1, a
charging device Y2, a developing device Y4, a
cleaning unit Y5, and transferring device Y6” for
yellow processing; an optical scanning device 1010A;
a transfer belt 1580; and a fixing unit 1530.

Each photosensitive drum rotates in the

direction indicated by the corresponding arrow in FIG.
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31. In the order of the rotation in the rotating

direction, the charging device, the developing device,

the transferring device, and the cleaning unit are
sequentially arranged. Each charging device
uniformly charges the surface of the corresponding
photosensitive drum. A iight from the optical
scanning device 1010A is irradiated onto the surface
of the photosensitive drum charged by the charging
device to form a latent image on the photosensitive
drum. Then, a toner image is formed on the surface
of the photosensitive drum by the corresponding
developing device. Then, each color toner image is
transferred onto a recording sheet on the transfer
belt 1580 by the corresponding transferring device.
Finally, the superposed image is fixed onto the
recording sheet by the fixing unit 1530.

The optical scanning device 1010A has a
light source of each color, the light source being
similar to the light source 14. Therefore, the
optical scanning device 1010A may achieve the same
result as the optical scanning device 1010. Further,
the tandem color machine 1500 is equipped with the
optical scanning device 1010A. Therefore, the tandem
color machine 1500 may achieve the same effect as the

laser printer 1000.
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On the other hand, in a tandem color machine,
a problem of color displacement may be caused by a
manufacturing error or a displacement error of each
part or the like. Even in such a case, in the
optical scanning device 1010A, it is possible to
reduce the color displacement by changing the light
emitting sections to be turned ON because each light
source of the optical scanning device 1010A has the
same surface emitting laser array as the surface
emitting laser array 500.

Further, in the eighth embodiment of the
present invention, instead of using the optical

scanning device 1010, an exposure device equipped

with a light source including the surface emitting

laser array 500 may be used. 1In this case, the same

effect as the laser printer 1000 may be achieved.

<<Optical transmission system>>
“Ninth Embodiment”

FIG. 32 schematically shows a configuration
of an optical transmission system 2000 according to a
ninth embodiment of the present invention. As shown
in FIG. 32, the optical transmission system 2000
includes an optical transmission module 2001 and an

optical reception module 2005 connected with each
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other through an optical fiber cable 2004, which
allows one-way optical transmission from the optical
transmission module 2001 to the optical reception
module 2005.
Further, the optical transmission module

2001 includes a light source 2002 and a driving
circuit 2003. The driving circuit 2003 controls the
light intensity of the laser light output from the
light source 2002 in accordance with an electronic
signal input from the outside of the transmission
module 2001.

| The light source 2002 includes the surface
emitting laser array 600.
| An optical signal output from the light
source 2002 is coupled-with and guided through the
optical fiber cable 2004 to be input into the optical
reception module 2005. It should be noted that as
shown in FIG. 33 the optical fiber cable 2004 may
include plural optical fiberé so that the plural
optical fibers correspond to the light emitting
sections of the surface emitting laser array 600.

The optical reception module 2005 includes a

light receiving device 2006 and a receiving circuit
2007. The light receiving device 2006 converts an

optical signal into an electronic signal. The
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receiving circuit 2007 amplifies and performs
waveform shaping of the electronic signal from the
light'receiving device 2006, and the like.

In the optical transmission module 2001
according to the ninth embodiment of the present
invention, the light source 2002 includes the surface
emitting laser array 600. Therefore, the optical
transmission module 2001 may stably generate high-
quality optical signal without incurring high cost.

Further, in the optical transmission system
2000 according to the ninth embodiment of the present
invention, the optical transmission system 2000
includes the optical transmission module 2001.
Therefore, high-quality optical transmission may be
stably performed without incurring high cost.

Therefore, 6ptical transmission system 2000
may be applied to short-range data transmission for

home use, indoor office use, inside an apparatus, and

"the like.

Further, since the plural light emitting
sections integrated on the same substrate havw
uniform characteristics, it is easy to perform data
transmission based on simultaneous plural beams and
fast data transmission.

Further, a surface emitting laser operates
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with low energy consumption. Therefore, when a
surface emitting laser is included in an apparatus,
temperature increase may be controlled.

It should be noted that in the ninth
embodiment, a case is described where the plural
light emitting sections correspond to the optical
fibers one by one. However, plural light emitting
sections having different oscillation wavélengths may
be used based on wavelength multiplexing
communication to increase the transmission rate.

Further, in the description of the ninth
embodiment, a configuration for one-way communication
is described. However, the present invention may be
applied to a configuration for bidirectional

communication.

INDUSTRIAL APPLICABILITY

As described above, a surface emitting laser
and a surface emitting laser array according to an
embodiment of the present invention may be more
easily manufactured, have a higher yield, and have a
longer service lifetime than conventional surface
emitting laser arrays and surface emitting laser
arrays. Further, an optical scanning device

according to an embodiment of the present invention
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may be adapted to stably perform high-density optical
scanning without incurring high cost. Further, an
image forming apparatus according to an embodiment of
the present invention may be adapted to stably form
high-quality images without incurring high cost.
Further, an optical transmission module according to
an embodiment of the preéent invention may be adapted
to stably generate a high-quality optical signal
without incurring high cost. Further, an optical
transmission system according to an embodiment of the
present invention may be adapted to stably perform
high-quality optical data transmission without
incurring high cost.

The present application is based on and
claims the benefit of priority of Japanese Patent
Application publication Nos. 2007-295505 filed on
November 14, 2007, 2008-016331 filed on January 28,
2008, and 2008-136146 filéd on May 26, 2008, the
entire contents of which are hereby incorporated

herein by reference.
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CLAIMS

1. A surface emitting laser comprising:

an oscillator structure including an active
layer;

semiconductor distribution Bragg reflectors each
iﬁcluding plural pairs of a low refractive index
layer and a high refractive index layer, the
semiconductor distribution Bragg reflectors
sandwiching the oscillator structure; and

a confined structure formed of a selectively-
oxidized layer including aluminum, wherein

the selectively-oxidized layer is included as a
part of the low refractive index layer of the
semiconductor distribution Bragg reflector;

the low refractive index layer including the
selectively-oxidized layer includes first and second
layers, the first layer adjoining at least one sidé
of the selectively-oxidized layer, the second layer
adjoining the first layer; and

Al content rate in the first layer is lower than
the Al content rate in the selectively-oxidized layer
and is greater than the Al content rate in the second

layer.
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2. The surface emitting laser according to
claim 1, wherein
a total thickness of the selectively-oxidized
5 layer and the first layer is equal to or less than

110 nm.

3. The surface emitting laser according to
10 claim 1 or 2, wherein
the confined structure includes a current passage
region and an oxidized layer surrounding the current
passage region, and
the oxidized layer includes an oxide formed by
15 oxidizing a part of the selectively-oxidized layer
and an oxide formed by oxidizing a part of the first

layer.

20. 4. The surface emitting laser according to
claim 3, wherein
a maximum thickness of the oxidized layer is

equal to or less than 110 nm.

25
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5. The surface emitting laser according to
claim any one of claims 1 though 4, wherein
an optical thickness of the low refractive index
layer including the selectively-oxidized layer is

5 expressed by the following formula:

(2n+1) A /4N

where: “n” denotes an integer equal to or

10 greater than 1, “A” denotes an oscillation wavelength,

and “N” denotes a refractive index of the layer.

6. The surface emitting laser according any
15 one of claims 1 through 5, wherein
a difference between Al content rate of the
selectively-oxidized layer and Al content rate of the
first layer is equal to or more than 5% and is equal
to or less than 20%.

20

7. The surface emitting laser according any
one of claims 1 through 6, wherein
a difference between Al content rate of the

25 selectively-oxidized layer and the Al content rate of
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the second layer is more than 20%.

8. A surface emitting laser emitting a light
in the direction perpendicular to its substrate, the
surface emitting laser comprising:

an oscillator structure including an active
layer;

semiconductor distribution Bragg reflectors each
including plural pairs of a low refractive index
layer and a high refractive index layer, the
semiconductor distribution Bragg reflectors
sandwiching the oscillator structure; and

a current confined structure in which a current
passage region is surrounded by an oxidized layer,
the current confined structure being formed in the
semiconductor distribution Bragg reflector by
selectively oxidizing aluminum, wherein

the oxidized layer includes first and second
boundary surfaces, the first boundary surface is
provided at one side closer to the active layer, and
the second boundary surface is provided on the other
side,

a thickness of the oxidized layer gradually

decreases as the distance to the current passage
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region decreases, and
the second boundary surface is more inclined than

the first boundary surface with respect to a virtual

surface perpendicular to a laser light emitting

direction.

9. The -surface emitting laser according to

claim 8, wherein

the semiconductor distribution Bragg reflector
includes a selectively-oxidized layer, a first layer
and a second layer,

the center of the selectively-oxidized layer with
respect to its thickness direction is disposed at a
position corresponding to a node position of the
standing wave distribution of the electric field of
an oscillation light,

the first layer adjoins one side of the
selectively-oxidized layer, the one side being closer
to the active layer,

the second layer adjoins the other side of the
selectively-oxidized layer,

Al content rate in each of the first and second
layers is less than the Al content rate in the

selectively-oxidized layer,
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The Al content rate in the first layer is less.
than the Al content rate in the second layer, and

the oxidized layer includes Al oxide in the
selectively-oxidized layer and Al oxide in the second

layer.

10. The surface emitting laser according to

claim 9, wherein
the selectively-oxidized layer; the first layer,
and the second layer are included as a part of one of
the low refractive index layers of the semiconductor

distribution Bragg reflector.

11. The surface emitting laser according to
claim 10, wherein
the Al content rate of the first layer is less
than the Al content rate in each of the low
refractive index layers excluding the low refractive

index layer including the selectively-oxidized layer.

12. The surface emitting laser according to

claim 8, wherein
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the semiconductor distribution Bragg reflector
includes a selectively-oxidized layer, a first layer
and a second layer,
the center of the selectively-oxidized layer with
5 respect to its thickness direction is disposed at a
position corresponding to a node position of the
standing wave distribution of the electric field of
an oscillation light,
the first layer adjoins one side of the
10 selectively-oxidized layer, the one side being closer
to the active layer,
the second layer adjoins the other side of the
selectively-oxidized layer,
Al content rates in of the first and second
15 layers are substantially equal to each other and are
less than the Al content rate in the selectively-
oxidized layer,
the thickness of the second layer is greater than
the thickness of the first-layer,
20 and
the oxidized layer includes Al oxide of the
selectively-oxidized layer and Al oxide of the second

layer.

25
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13. The surface emitting laser according to
aﬁy one of claims 9 through 12, wherein
the semiconductor distribution Bragg reflector
further includes a third layer adjoining the second
layer,
the Al content rate in the third layer is less

than the Al content rate in the second layer.

14. The surface emitting laser according to
claim 13, wherein
the selectively-oxidized layer, the first layer,
the second layer, and the third layer are included as
a part of one of the low refractive index layers of

the semiconductor distribution Bragg reflector.

15. The surface emitting laser according to
claim 14, wherein
the Al content rate of the third layer is less
than the Al content rate in each of the low
refractive index layers excluding the low refractive

index layer including the selectively-oxidized layer.
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16. The surface emitting laser according to
any one of claims 9 though 15, wherein
an optical thickness of the low refractive index
layer including the selectively-oxidized layer is

5 expressed by the following formula:

(2n+1) A /4N

where: “n” denotes an integer equal to or

10 greater than 1, “A” denotes an oscillation wavelength,

and “N” denotes a refractive index of the layer.

17. A surface emitting laser array in which
15 plural of the surface emitting lasers according to

any one of claims 1 through 16 are integrated.

18. An optical scanning device scanning a
20 1light on a scanning surface, the optical scanning
device comprising:
a light source including the surface emitting
laser array according to claim 17;
a deflector deflecting a light from the light

25 source; and
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a scanning optical system focusing the light

deflected by the deflector on the scanning surface.

5 19. An image forming apparatus cémprising:
an image carrier; and |
the optical scanning device according to claim 18
scanning a light including image information onto the
image carrier.

10

20. An image forming apparatus comprising:
an image carrier;
the surface emitting laser array according to
15 c¢laim 17; and
an exposure device driving the surface emitting
laser array in accordance with image information and

exposing the image carrier.

20
21. The image forming apparatus according to
claim 19 or 20, wherein
the image information is multi-color image

information.

25
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22. An optical transmission module
generating an optical signal in accordance with an
input signal, the optical transmission module
comprising:

the surface emitting laser array according to
claim 17; and
a driving unit driving the surface emitting laser

array in accordance with an input electronic signal.

23. An optical transmission system

comprising:

the optical transmission module according to
claim 22;

an optical medium through which an optical signal
generated by the opticél transmission module is
transmitted; and

a converter converting the optical signal
transmitted through the optical medium into an

electronic signal.
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