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(57) Abstract: Disclosed is a surface-emitting laser element including a semiconductor substrate and plural surface-emitting lasers
configured to emit light with mutually different wavelengths, each surface-emitting laser including a lower Bragg reflector provided
on the semiconductor substrate, aresonator provided on the lower Bragg reflector, an upper Bragg reflector provided on the resonat -
or, and awavelength adjustment layer provided in the upper Bragg reflector or lower Bragg reflector, the wavelength adjustment lay -
ersincluded in the surface-emitting lasers having mutually different thicknesses, at least one of the wavelength adjustment layers in -
cluding adjustment layers made of two kinds of materials, and numbers of the adjustment layers included in the wavelength adjust-
ment layers being mutually different.
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DESCRI PTI ON

TITLE OF THE | NVENTI ON

SURFACE- EM TTI NG LASER ELEMENT, METHOD FOR
MANUFACTURI NG A SURFACE-EM TTI NG LASER ELEMENT, AND

ATOM C OSCI LLATOR

TECHNI CAL _FIELD

At | east one aspect of the present invention
may relate to at |least one of a surface-emtting |aser
element, a nethod for manufacturing a surface-emtting

| aser elenent, and an atomc oscillator.

BACKGROUND _ART

A surface-emtting |aser (VCSEL: Verti cal
Cavity Surface Emitting LASER) is a sem conductor | aser
for emtting light in a vertical direction with respect
to a surface of a substrate, and has features of being
at a low price, a low electrical power consunption,
conpact, having a high performance, and being readily
integrated two-dinensionally, as conpared with an edge-
emtting-type sem conductor |aser.

A surface-emtting |aser has a resonator
area including an active |ayer and a resonator

structure conposed of an upper reflector and a |ower
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e
refl ector above and below .the resonator area,
respectively (for exanple, Japanese Patent Application
Publication No. 2008-53353) . Hence, a resonator area
is formed with a predet'e_rm' ned optical thickness in
such a manner that light with a wavelength A oscillates
in the resonator area in order to obtain light with an
oscillation wavelength A. An upper reflector and a
lower reflector are forned by alternately ]am’ nating
and formng materials with different refractive indices,
namely, a low refractive index material and a high
refractive index material, and fornmed in such a manner
that optical film thicknesses of the low refractive
index material and high refractive i.ndex material are
A4 in order to obtain a high reflectance at a

wavel ength A.

Fur t her nor e, form’ ng elenents for different
wavel engths in a chip is also disclosed (for exanple,
Japanese Patent No. 2751814, Japanese Patent
Application Publication No. 2000-058958, Japanese
Pat ent Application Publication No. 11-330631, and
Japanese Patent Application Publication No. 2008-
283129) . It may be possible to form such a nulti-
wavel ength surface-emtting |aser elenent by formng a
wavel ength adjustment layer with a structure formed by

alternately lamnating two materials for different
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etching fluids on a resonator area of the surface-
emtting laser elenent and by renmpving such a
wavel ength adjustnent |ayer one-by-one for each
" surface-emtting | aser by neans of wet-etching to
change a thickness of the wavelength adjustnment |ayer.

Meanwhi | e, there is an atonmic clock (atomc
oscillator) as a clock for timng extrenely accurate
time, and a technique for miniaturi zj ng such an ét om ¢
clock, &etc., is studied. An atom c clock i‘s an
oscillator based on an amount of transition energy of
an electron constituting an alkali netal atom etc.,
and in particular, it my be possible to a very precise
value of transition energy of an electron in an alkali
nmetal atom on a condition of no disturbance whereby it
my be possible to ob;[ai n a frequency stability at
several orders of magnitude higher than a quartz
oscill ator

There are sone types of such an atomic clock,
and anmong those, a frequency stability of a Coherent
Popul ation Trapping (CPT) - type atomc clock is about
three orders of nmagnitude higher than a conventional
gquartz oscillator, wherein it nmay also be possible to
expect a very conpact type and very low electric power
consunption (for exanple, Applied Physics Letters, Vol.

85, pp. 1460-1462 (2004), Conprehensive M crosysterns,
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vol. 3, pp. 571-612, and Japanese Patent Application

Publ i cation No. 2009-188598) .

A CPT-type atomc clock has a l|aser elenent,
a cell enclosing an alkali nmetal, and a light receiving
element for light-receiving laser light transmtted
through the cell, wherein laser light is nodul ated and‘
t wo transitioné of en electron in an alkali netal atom
are simultaneously attained by sideband wavel engths
occurring at both sides of a carrier wave at a
particul ar wavelength to conduct excitation thereof.
Transition energy for such transition is invariable,
and when a sideband wavel ength of |aser Iight coi nci des
with a wavel ength corresponding to transition energy, a
transparency increasing phenomenon occurs .i n which a
[ight absorption rate of an alkali nmetal is |owered.
Thus, such an atomic clock is characterized. in that a
wavel ength of a carrier wave is adjusted to lower a
light absorption rate of an alkali netal and a si gnal
defected by a Iight receiving element is fed back to a
nodul ator so that a nodul ation frequency of laser I|ight
froma laser elenent is adjusted by the nodul ator.
Additionally, in such an atomc clock, |laser |ight
emtted froma laser elenment irradiates a cell
enclosing an alkali nmetal through a collimator and a

Al 4 wave plate.

PCT/JP2012/081582
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For a light source for such a very conpact
type atomc clock, a conpact surface emtting |aser
with a very low electric power consunption and a high
wavel ength quality is suitable and it is desired that a
precision of a wavelength of a carrier wave is in = 1
ran Wth respect to a particular vavel ength (for exanple,
Proc. of SPIE Vol. 6132 613208-1 (2006)).

Meanwhi l e, when a surface-emtting |aser
element is used for an atomic clock, it may be
necessary to provide a narrow wavel ength interval (5
nm for each surface-emtting |aser. Hence, a
wavel ength adjustnent layer is forned on a resonat or
area of a surface-emtting laser, and accordingly, when
such a surface-em’tvti ng laser with a narrow wavel ength
interval is forned, it may be necessary to forma film
in such a manner that a thickness of each filmin the
wavel ength adjustnent layer is very thin. However, it
may be difficult to forma filmin such a manner that a
t hi ckness of each film for formng a wavel ength
adjustnent layer is extrenely thin and uniform due to
a dispersion of a growh rate, an irregularity in a
film thickness distribution, etc., at time of formng
of a sem conductor |ayer.

Specifically, as indicated in Japanese

Patent No. 2751814, when a wavel ength adjustnent |ayer
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is formed on a resonator area and when an interval of
an oscillating wavel ength iAS‘ intended to be 5 an or
less, it may be necessary for a film thickness of a
wavel ength adjustnment layer to be 1.2 nmor less but it
may be extrenely difficult for a current technique of
crystal growth of a conpound sem co.nductor to control
such athinfilmthickness. Thus, even if a film

t hi ckness is changed slightly, an oscillation

wavel ength may be influenced thereby.

DI SCLOSURE OF THE | NVENTI ON

According to one aspect of the present
invention, there may be provided a surface-emtting
| aser elenent including a sem conductor substrate and
plural surface-emitting lasers configured to enmit |ight
with nutually different wavel engths, each surface-
emtting laser including a IowerbBragg refl ector
provi ded on the sem conductor substrate, a resonator
provided on the |lower Bragg reflector, an upper Bragg
reflector provided on the resonator, and a wavel ength
adjustmment |ayer provided in the upper Bragg reflector
or lower Bragg reflector, the wavel ength adjustnent
| ayers included in the surface-emtting |asers having
mutual ly different thicknesses, at |east one of the

wavel ength adjustment [|ayers including adjustnment
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| ayers made of two kinds of materials, and nunbers of
the adjustnent Ilayers included in the wavel ength
adj ustment | ayers being nmutually different.

According to another aspect of the present
invéntion, there may be prbvi ded a nethod .for
manufacturing a surface-emitti ng |aser element
including plural surface-emtting |asers configured to
emt light with nutually different wavel engths,
including steps of forming a lower Bragg reflector on a
sem conductor substrate, formng a resonator on the
lower Bragg reflector, forming an upper Bragg reflector
on the resonator, lanmnating adjustnent |ayers nade of
two kinds of materials ‘in the upper Bragg reflector or
lower Bragg reflector to form a wavel ength adjustnent
| ayer, rerfovi ng one adjustnent layer in the wavel ength
adjustnent |ayer by using a first etching fluid, and
renovi ng another adjustnent |layer in the wavel ength
adj ustment | ayer by usi ng a second etching fluid
different fromthe first etching fluid, so that the
wavel ength adjustnent layers included in the surface-
emtting lasers have nmutually different thicknesses and
nunmbers of the adjustnment layers included in the
wavel ength adjustnent layers are nutually different.

According to another aspect of the present

invention, there may be provided an atomic oscillator
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including the surface-emtting |aser elenent as

descri bed above, an alkali netal cell including an
alkali metal to be irradiated with light emtted from
the surface-enitting I|aser elenent, a photodetector
coﬁfi gured to detect light having transnmitted through
the alkali netal cell, and a controller configured to
control an oscillation frequency of the surface-
emtting laser elenent based on light detected by the

phot odet ect or.

BRI EF DESCRI PTI ON _OF THE DRAW NG (s)

FIG 1l is atop view of a surface-enitting
laser elenment in a first enbodinment.

FIG 2 is an illustration diagram of a
surface-enmitting laser element in a first enbodi nent.

FIG 3 is a structural diagram of a
wavel ength adjustnent |ayer of a surface-enmtting |aser
element in a first enbodinent.

FIG 4A and FIG 4B are illustration
diagrams (1) of a wavelength adj ust nent Iayer of a
_surface—em’tti ng laser element in a first enbodi nent.

FIG 5A and FIG 5B are illustration
diagrams (2) of a wavelength adjustment |ayer of a
surface-enmtting laser elenment in a first enbodinent.

FIG 6A and FIG 6B are illustration
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diagrans (3) of a wavelength adjustnent |ayer of a
surface-emitting laser element in a first enbodinent.

FIG 7A and FIG 7B are illustration
di agrans (4) of a wavel ength adjustnment Iayer of a
surface-emtting laser element in a first enbodi ment.

FIG 8 is an illustration diagram (5 of a
wavel ength adjustment |ayer of a surface-emtting |aser
elenment in a first enbodi nent.

FIG 9 is an illustration diagram (s . of a
wavel ength adjustnent |ayer of a surface-emtting |aser
element in a first enbodi nent.

FIG 10 is a top view of a surface-emtting
| aser element in a second enbodi nent.

FIG 11 is an illustration diagram of a
surface-emtting |laser elenent in a second enbodi nent.

FIG 12A and FIG 12B are illustration
diagrans (1) of a wavelength adjustnment |layer of a
surface-emtting laser elenent in a second enbodinment.

FIG 13A and FIG 13B are illustration
diagrams (2) of a wavelength adjustment |ayer of a
surface-emtting |laser element in a second enbodinent.

FIG 14 is a top view of a surface-emtting
| aser element in a third enbodi nent.

FIG 15A and FIG 15B are illustration

di agrans of a surface-emtting laser elenent in a third
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embodi ment

FIG 16 is a correlation diagram between a
first wavel ength adjustnent [|ayer and second wavel ength
adj ustnment | ayer and an oscillation wavel ength.

FIG 17A and FIG 17B are illustration
diagrams (1) of a first wavel ength adjustnent |ayer of
a surface-emtting laser element in a third enbodi nent.

FIG 18A and FIG 18B are illustration
diagrams (2) of a first wavel ength adjustnent |ayer of
a surface-emtting laser element in a third enbodinment.

FIG 19A and FIG 19B are illustration
diagrams (3) of a first wavelength adjustment |ayer of
a surface-emtting laser element in a third enbodi nent.

FIG 20 is a top view of a surface-enmtting
| aser -element in a fourth enbodinment.

FIG 21 is a structural diagram of an atomc

oscillator in a fifth enbodi nent.

FIG 22 is an illustration diagram of an
atomc energy level for illustrating a CPT type.
FIG 23 is an illustration diagram of an

out put wavel ength at time of nodulation of a surface-
emtting |aser.
FIG 24 is a correlation diagram between a

nodul ati on frequency and an anount of transmitted 1ight.
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AN EMBODI MENT (50 FOR | MPLEMENTI NG THE | NVENTI ON

An enbodi ment (s) of the present invention

will be described below. Additionally, an identical
reference nuneral wll be applied to an identical
menber, etc., and a description (s) thereof wll »be
om tted.

[First enbodi nent]

(A structure of a surface-emtting |aser
el ement)

A surface-emtting laser elenent in a first
embodi mrent wi Il be descri bed. | As illustrated in FIG 1
and FIG 2A a surface-emtting Ilaser elenent 10 in the
present enbodiment has plural surface-emtting |asers,
and specifically, has a first surface-emtting |aser 11,
a second surface-emtting laser 12, a third surface-
emtting laser 13, and a fourth surface-emtting |Iaser
14. Additionally, FIG 1 has been sinplified for the
sake of an explanation of the present enbodinent,
wherein depiction of a contact |ayer, etc., has been
omtted conveniently. Furthernore, FIG 2 is a cross-
section di agram brovi ded by cutting along a dashed
dotted line 1A - IB in FIG 1.

The surface-emtting laser elenent 10 in the
present enbodinent is forfred on a 300 um square

sem conductor chip, wherein each of the first surface-
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erﬁtting | aser 11, bsecond surface-emtting |aser 12,
third surface-emtting laser 13, and fourth surface-
emtting laser 14 formed on such a sem co‘nduct or chip
is connected to an electrode pad provided to correspond
t hereto. Specifically, an electrode pad 21 is
connected to the first surface-emitting laser 11 and an
el ectrode pad 22 is connected to the second surface-
em'ttingblaser 12 while an electrode pad 23 is
connected to the third surface-emtting |aser 13 and an
el ectrode pad 24 is connected to the fourth surface-
emtting |aser 14,

Furthernore, the first surface-emtting
| aser 11, the second surface-emtting |aser 12, the
third surface-emtting laser 13, and the fourth
surface-emtting laser 14 provide emtted light with
mutual ly different wavel engths. Nanmel y, a wavel ength
AT emtted fromthe first surface-emtting laser 11, a
wavel ength A2 enmitted from the second surface-emtting
| aser 12, a wavelength A3 enmitted fromthe third

surface-emtting laser 13, and a wavelength A4 enitted

fromthe fourth surface-em’ttting | aser 14 are mutual |y
di fferent wavel engt hs.

Additionally, the surface-emtting |aser
element in the present enbodinment is to obt ain a

surface-emtting laser with an oscillation wavel ength
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of 894.6 nm, wherein four surface-emtting |asers are
formed on a 300 pm squar-e senmi conductor chip
(substrate) . Because it may be possible to form plural
surface-emtting lasers in a narrow area in a surface-
emtting laser elenent, there is little change in a
position of light em ssion point even when a surface-
emtting laser to conduct light emssion is swtched.
Ther ef or e, a size of a substrate is a size of 500 jam X
500 pm or less, whereby adjustnment of an optical axis,
etc., may be unnecessary or extrenely facilitated.

For the surface-emtting Ilaser elenment in
the present enbodinent, semnmi conductor nmaterials wth
different refractive indices are alternately |am nated
onto and forned on a substrate 101 nade of a
sem conduct or, >etc., to form a lower Bragg reflector
102, and a |ower spacer |ayer 103, an active |ayer 104,
and an u'pper spacer |ayer 105 are formed on the |ower
Br agg | refl ector 102. A first upper Bragg reflector 106,
a contact layer 110, a wavelength adjustnment area 120,
and a second upper Bragg reflector 107 are forned on
the upper spacer |ayer 105. Furthernore, an upper
el ectrode 111 is formed on and connected to the cqnt act
layer 110 and a |lower electrode 112 is formed on a back
face of the substrate 101. Al t hough a wavel ength

adjustnent layer 130 is conposed of the contact |ayer
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110 and the wavelength adjustnent area 120 in the
present enbodi nent, the wavelength adjustnent |ayer 130
my be conmposed of only the wavelength adjustnent area
120 in a case where the contact layer 110 is not forned
adj acent to the wavelength adjustnment area 120.
Addi tionally, the lower Bragg reflector 102, |ower
spacer layer 103, active layer 104, upper spacer |ayer
105, first upper Bragg reflector 106, contact |ayer 110,
and vvaivelv ength adjustnment area 120 which are
sem conductor layers forned on the substrate 101 are
formed by epitaxially growing semconductor naterials.
Specifically, | such sem conductor layers are fornmed by
epitaxial growth in Metal Organic Chenical Vapor
Deposition (MOCVD) or Mol ecular Beam Epi taxy (MBE)
Addi tionally, a Bragg reflector as described in the
specification for the present application may be
described as a distributed Bragg | reflector (DBR) .
Furthernmore, the second upper Bragg
reflector 107 is formed on the wavel ength adj ustnment
| ayer 130 for each surface-emtting |aser. The second
upper Bragg reflector 107 is a dielectric film nade of
an oxide, nitride, fluoride, ef[c. , and fornmed by
al ternateiy laminating and forming a high refractive
index material films) and a low refractive index

material  filn(s) . Additionally, an upper Bragg
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reflector is conposed of the first upper Bragg
reflector 106, the wavel ength adjustnent | ayer 130, and
the second upper Bragg reflector 107 in the present
enbodi nent . Furthernore, the wavel ength adj ustnent

| ayer 130 may be fornmed inside the |ower Bragg

reflector 102.

In the surface-emtting laser elenment in the
present enbodi nent, thicknesses of the wavel ength
adjustnment areas 120 in the wavel ength adjustnent
layers 130 in ‘the first surface-emtting |aser 11,
second surface-emtting laser 12, third surface-
emtting laser 13, and fourth surface-emtting |aser 14
are different therefrom Specifically, as illustrated
in FIG 3, the wavelength adjustnment area 120 is forned
on the contact |ayer 110 wherein the wavel ength

adjustnment area 120 is conposed of a first adjustnent

~layer 121, a second adjustment layer 122, and a third

adj ustnment | ayer 123. In the present enbodinent, the
first adjustnment layer 121 and the third adjust rrent.

| ayer 123 are ﬁade of GalnP while the second adjustnent
layer 122 is made of GaAsP. .Addi tionally, materials
for making the first adjustnment |ayer 121, second

adj ustnment |ayer 122, and third adjustnment |[|ayer 123
may be opposite thereof.

Thus, thicknesses of the wavel ength
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adj ustrrént areas 120 in the first surface-emtting

| aser 11, second surface-emtting laser 12, third
surface-emtting laser 13, and fourth surface emtting
| aser 14 are different in the surface-emtting |aser
element in the present enbodiment.

Specifically, the first adjustment |[|ayer 121,
the second adjustnent |[ayer 12L2, and the third
adj ustment | ayer 123 are formed on the wavel engt h
adjustment area 120 in the first surface-emtting |aser
11, wherein light with a wavelength of AT is emtted
whi ch corresponds to a thickness of the wavel ength
adj ustment layer 130 which is a sum of such a
wavel ength adjustment area 120 and the contact |ayer
110.

Furthernore, the first adjustnment |ayer 121
and the second adjustnment |ayer 122 are formed in the
wavel ength adjustment area 120 in the second surface-
emtting laser 12, wherein light with a wavel ength of
A2 is emtted which corresponds to a fhi ckness of the
wavel ength adjustnent layer 130 which is a sum of such
a wavel ength adjustnent area 120 and the contact |ayer
110.

Furthernore, the first adjustment |ayer 121
is formed in the wavel ength adjustnent area 120 in the

third surface-emtting |aser 13, wherein light with a
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wavel ength of A3 is enmitted which corresponds to a
thickness of the wavel ength adjustnent | ayer 130 which
is Aa sum of such a wavel ength adj ustment area 120 and
the contact |ayer 110..

Fur t her nor e, the wavelength adjustnment area
120 is not formed in the'foqrth surféce-em’tting | aser
14, and hence, light with a wavelength of A4 is enmitted
which corresponds to a thickness of the wavel ength
adjustnment layer 130 which is equal to a thickness of

the contact |ayer 110.

Thus, it may be possible to change
t hi cknesses of the wavel ength adj ust nent layers 130 in
the first surface-emtting | aser 11, second surface-
emtting laser 12, third surface-emtting | aser 13, and
fourth surface-emtting laser 14 little by !ittle, and
it my be possible to emt Ilight with each wavel ength

corresponding to a thickness of at least one or each of
the wavel ength adjustnment Ilayers 130.

(A nmethod for nanufacturing a surface-
emtting |laser elenent)

In the present enbodinent, an n- GaAs
substrate is used for the substrate 101. Fur t her nor e,
the lower Bragg reflector 102 is formed by lamnating
35.5 pairs of an n-Alo. ;Gao. As high refractive index

layer and n-Alo. jGao. ;As low refractive index layer in
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such a manner that an optical film thickness of each
| ayer i.s A4

The active layer 104 conposed of a Gl nAs
quantum well Jlayer / a GlnPAs barrier layer is forned
on the lower Bragg reflector 102 through the | ower

spacer |layer 103 made of Al o0.2Gap.8As. The upper spacer

layer 105 made of Ao.,Ga,.sas and the first upper Bragg

reflector 106 are fornmed on the active I|ayer 104.
Additionally, a resonator area provided wth an optical
t hi ckness of one wavelength i s conposed of the |ower
spacer layer 103, the active layer 104, and the upper
spacer |ayer 105.

- The first wupper Bragg reflector 106 is
formed by lamnating 6 pairs of an n-Alo.1Go.9As high
refractive index layer and an n-Alo.9Go. 1As | ow
refractive index layer in such a manner that an optical
film thickness of each layer is A/4. One of the |ow
refractive index layers of the first upper Bragg
reflector 106 is conposed of an electric current
narrowing |ayer 108 made of Al As, wherein a peripheral
portion of the electric current narrowing layer 108 is
selectively oxidized to form a selective oxidation area
108a and an unoxi di éed electric current narrowing area
108b is formed on a central portion thereof.

The contact Ilayer 110 nade of p-GAs, and
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the wavel ength adjustnent area 120 conposed of the
first adjustnent |layer 121, the second adjustnment |ayer
122, and the third adjustnent |ayer 123 are formed on
t he first upper Bragg reflector 106. Additionally, a
part of layers in the wavel ength vadjustnent area 120 is
renmoved to correspond to a wavelength enmitted from each
surface-emtting |aser, as described above.

Each surface-enmtting laser in a surface-
emtting laser elenment in the present enbodinment has a
mesa structure, wherein such a nesa sfructure is formed
by renmoving a sem conductor |ayer between surface-
emtting |asers to be formed, due to etching. After a
mesa structure is formed, heat treatnent in water vapor
is conducted to oxidize the electric current narrow ng
| ayer 108 from a periphery of the nesa structure
whereby the selective oxidation area 108a (an oxidized
area) on a peripheral portion and the unoxidized
electric current narrowing area 108b on a centra
portion are forned. That is, the electric current
narrom ng |ayer 108 is conposed of the oxidized
selective oxidation area 108a and the unoxidized
electric current narrowing area 108b to provide an
electric current narrowi ng structure. Additionally, a
shape viewed from a top of the nmesa structure may be

formed to be a circular shape or may be formed to be a



10

15

20

25

WO 2013/081176 PCT/JP2012/081582

-20-

shape such as an elliptical shape, a square shape, or a
rectangul ar shape.

Furthernore, the second upper Bragg
reflector 107 is formed on the wavel ength adjustnent
| ayer 130 i‘n whi ch renoval corresponding to each
surface-emtting |aser is conducted by etching. »The
second upper Bragg reflector 107 ié formed by
lam nating 8.5 pairs of a TiO, high refractive index
layer and a Si0O, |ow refractiveA index layer -in such a
manner that an optical film thickness of each layer is

A4, Additionally, it may be only necessary for the

~second upper Bragg reflector 107 to be nade of a

dielectric material (s)y and formed by lam nating a high
refractive index material and a low refractive index
material, wherein it may be possible to provide a
material such as an oxide, a nitride, or a fluoride,
specifically. For a high refractive index material, it
may be possible to provide Ta,0s, H 0,, etc., as well as
Ti0,. Furthernore, for a low refractive index material,
it my be possible to provide MF,, etc., as well as
Si0,. For a nethod for forming a TiO, high refractive
index layer and a SiO, low refractive index layer in
the second upper Bragg reflector 107, formation is
conducted by sputtering or vacuum deposition, etc.

Moreover, a protective film 140 made of SiN is forned
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overall, and a resin film 141 nade of a resin materi al
such as a pol yim'vdé is fotmed bet ween mesas of
respective surface-emtting |asers.

Afterward, an upper electrode 111 is forned
which is a p-side electrode. Such an upper el ectrode
111 is each formed to correspond to each surface-
emtting laser, wherein each upper electrode 111 is
connected to each of electrode pads 21 - 24.
Furthernore, a lower electrode 112 which is an n-side
el ectrode is forvmed on a.back face of the substrate 101.

Next, a method for forming the wavel ength
adj ustnent layer 130 in the surface-emtting |aser
element in the present enbodinent wll be described in
det ai |

First, the lower Bragg reflector 102, |ower
spacer |layer 103, active layer 104, upper spacer |ayer
105, first upper Bragg reflector 106, contact |ayer 110,
and wavel ength adjustnent area 120 which made of
sem conductor materials are formed on the substrate 101
by epitaxial growh in MOCVD or MBE. Additionally, t he
wavel ength adjustment |ayer 130 is conposed of the
contact layer 110 and the wavel ength adjustment area
120 wherein the wavelength adjustnent area 120 is
f or med t)y am nating the first adjustment [|ayer 121,

the second adjustment |layer 122, and the third
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adj ustnent | ayer 123. Herein, as mentioned above, the
first adjustment layer 121 and the third adjustnment

| ayer 123 are nmade of Gl nP while the second adjustnent
layer 122 is nade of GaAsP.

Then, a resist pattern‘ is formed on an area
on which the first surface-emitting laser 11 is forned.
Specifically, a resist pattern is formed by applying a
photo-resist onto the third adjustnent [|ayer 123 on the
wavel ength adjustnment area 120 and conducting |ight
exposure and devel opnent thereof by a light exposure
.devi ce .

Then, the third adjustnment |ayer 123 on an
area on which no resist pattern has been fornmed is
removed by wet etching. Specifically, wet etching is
conducted by a mxed fluid of hydrochl orip acid and
wat er, because the third adjustrment |ayer 123 is nade
of Gal nP. Thereby, only the third adjustnment |ayer 123
on an area on which no resist pattern has been forned
is renoved to expose a surface of the second adjustnent
| ayer 122. Additionally, it may be possible for such a
m xed fluid to conduct etching of GalnP naking the
third adjustment |ayer 123 but it may hardly be
possible to conduct etching of GaAsP making the second
adj ustnent | ayer 122. Such a mxed fluid my also be

described as a first etching fluid. Afterward, the

PCT/JP2012/081582
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resi st péttern is removed by an organic solvent, etc.

Then, a resist pattern is formed on an area
on which the first surface-emtting laser 11 and the
second surface-emtting |laser 12 are forned.
Specifically, a resist pattern is forned by applying a
photo-resist onto the third adjustment |ayer 123 and
second adjustnent |ayer 122 on the wavel ength
adjustment area 120 and conducting |ight exposure and
devel oprent thereof by a light exposure devi ce.

Then, the second adjustnment |ayer 122 on an
area on which no resist pattern has been forned is
removed by wet etching. Specifically, wet etching is
conducted by a mxed fluid of sulfuric acid, hydrogen
peroxi de, and water, because the second adjustnment
| ayer 122 is nmade of GaAsP. Thereby, only the second
adj u>st ment |ayer 122 on an area on which no resist
pattern has been fdrmed is removed to expose a surface
of the first adjustnment layer 121. Additionally, it
may be possible for such a mixed fluid to conduct
etching of GaAsP mmking the second adjustnment |ayer 122
but it may hardly be possible to conduct etching of
Gal nP making the first adjustnent |ayer 12_1. Sﬁch a
m xed fluid may be described as a second etching fluid.
Afterward, the resistvpattern is renoved by an organic

sol vent, etc.
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- Then, a resist pattern is formed on an area
on which the first surface-emtting |aser 11, the‘
second surface-emtting laser 12, and the third
surface-emtting laser 13 are forned. Specifically, a
resist pattern is forned by applying a photo-resist
onto the first adjustment [|ayer 121, second adjustnent
layer 122, and third adjustnment |ayer 123 on the
wavel ength adj ustment area 120 and conducting |ight
exposure and devel opnent thereof by a |ight exposure
devi ce.

Then, the first adjustnent |layer 121 on an
area on which no resist pattern has been forned is
renoved by wet etching. Specifically, the first
adjustnent layer 121 on an area on which no resist
pattern has been formed is removed by the first etching
fluid. Thereby, only the first adjustnent |ayer 121 on
an area on which no resist pattern has been forned is
removed to expose a surface of the contact |ayer 110.
Afterward, the resist pattern is renoved by an organic
sol vent, etc.

Then, the second upper Bragg reflector 107
i s formed. Specifically, formation is conducted by
alternately lamnating a dielectric film made of a high
refractive index material and a dielectric film mde of

a low refractive index material, which are conposed of
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an oxide, a nitride, a fluoride, etc., with each having
a predetermined film thickness, due to sputtering, etc.
Additionally, it may also be possible form the second
upper Bragg reflector 107 by lam nating and form ng
sem conductor materials wth different refractive

i ndi ces .

Thereby, it may be possible to form the
wavel ength adjustnment |ayer 130 and second upper Bragg
reflector 107 in the surface-enmtting |laser elenent in
the present enbodinment.

I_n the present enbodinent, Al is not
included in any of the first adjustnment |ayer 121,
second adjustnent layer 122, and third adjustnment |ayer
123 conposing the wavel ength adjustnment area 120 in the
wavel ength adjustnment [ayer 130, and hence, oxidation,
etc., is hardly caused after etching, whereby it may be
possible to maintain a clean surface condition after
et chi ng. That is, it may be extremely easy for Al to
be corroded, and hence, when one of the first
adjustnment | ayer 121, second adjustnment |ayer 122, and
third adjustnent l|ayer 123 is forned by a material
including A, a surface condition af t er conducting wet
etching, etc., may be poor, wherein even though the
second upper Bragg reflector 107 is formed thereon,

peeling thereof may be caused or a thickness thereof
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may be inhonogeneous . However, the wavel ength
adjustnent area 120 ih the surface-emtting |aser
elenment in the present enbodinment is fornmed by a
material including no Al, and hence, corrosion of A,
etc., may not be caused and such a problem may not
occur .

Furthernore, the wavel ength adjustnent area
120 in the wavel ength adjustnent |ayer 130 in the
present enbodinment is nmade of alternate GaAsP and Gal nP,
and when wet etching is conducted, etching is conducted
by using two kinds of etching fluids wherein, nutually,
it my be possible to conduct etching of one thereof
and it may not be possible to conducting etching of the
ot her. Etching is conducted by using two such kinds of
etching fluids, whereby a surface after etching may be
flat and it nmay be possible to conduc.t formation with a
predeterm ned thickness w thout being over-etched.
Thereby, it may be possible to obtain a surface-
emtting | aser element with a stable characteristic.

‘Additionally, although a case of a
conbi nati on of GéAsP and Gal nP ‘has been described in
the description (s) for the present enbodinent, there
may be provided a conbination wth anot her mat eri al
including no Al which is further provided for a

different etching fluid and is a sem conductor material
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W th a band gap energy greater than an . oscillation

wavel engt h. For 894.v6 nm which is an oscillation
wavel ength in the present enbodinment, there is provided,
for example, GlnAsP / @GlnP, GAs / GlnP, GAs /
@Gl nAsP, GAsP / @Gl nAsP, etc., as a conbination of
such sem conductor nmmterials. Furthernore, N or Sb may
be added thereto like GaAsN / GalnP, GalnNAs / GalnP,
GAsSb/ Gal nP, etc.

As described above, it may be possible to

form plural surface-emtting lasers for emtting |ight

with different wavel engths on one substrate 101 in the

surface-emtting |aser element in the present
enbodi ment . Thereby, even if a variation in a f‘i I m
t hi ckness of a sem conductor |ayer, etc., is caused in
manufacturing a surface-emtting |aser elenent, one
emtting light with a wavelength closest to a desired
wavel ength is selected anpbng the first surface-emtting
laser 11 to the fourth surface-emtting |aser 14
whereby it may be possible to obtain a sem conductor
laser with a desired wavelength easily. Thereby, it
may be possible to manufacture a surface-emtting |aser
el ement having a surface-emtting |laser emtting |ight
with a predeterm ned wavelength at a |ow cost.
Additionally, when the contact |ayer 110 is

formed on the wavel ength adjustnent area 120, an anount
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of electric current capable of flowing in each surface-
emtting laser, etc., is changed depending on a
thickness of the wavelength adjustnment area 120 and an
el ectri cal characteristi‘c and |ight em ssion
characteristic of each surface-emtting |aser may also
bev greatly different. Furthernore, when electric
current flows in the wavel ength adjustnent area 120, an
electrical resistance may be increased by a band
discontinuity on an interface of each |ayer. However,
the contact |ayer 110 is formned 'u'nder t he wavel ength
adjustnment area 120 in the surface-emtting |aser
elenment in the present enbodinent, whereby electric
current injected into the surface errifting | aser may
not pass thought the wavel ength adjustnment area 120 and
a resistance, etc., my be not changed depending on a
t hi ckness of the wavelength adjustnment area 120.

Next, an advantage of the first upper Bragg
reflector 106 formed between the wavel ength adj ustnent
| ayer 130 and a resonator area wl|l be descri bed. For
exanpl e, when a wavel ength adjustnent layer is forned
in a resonator area having an optical Iength of one
wavel ength and when four wavel engths are provided wth
a central wavelength of 895 nm and a wavel ength
interval of 1 nm one layer conposing the wavel ength

adjustnment layer is provided with 1.3 nm wherein it
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may be extremely difficult to conduct uniform formation
on a wafer surface with a current crystal growth
t echni que. Hence, the first upper Bragg reflector 106
which is a part of the upper Bragg reflector is fornmed
between the resonator area and the wavel ength
adjustment layer 130 in the present enbodi nent.
Specifically, the first upper Bragg reflector 106 is
formed by lamnating 6 pairs of an n-A o.1Gao.9As high
refractive index layer and an n-Al o.9Gao. 1As | ow
refractive index layer in such a manner that an optical
film thickness of each layer is A/4. Furthernore, the
contact layer 110 is formed on the first upper Bragg
reflector 106 and the wavel ength adjustnment area 120 is
formed on the contact |ayer 110. The first adjustnent
| ayer 121, second adjustnent |ayer 122, and third
adj ustment | ayer 123 conposing the wavel ength
‘adj ustment area 120 are forned in such a manner that
film thicknesses of GlnP / GaAsP / GlnP are 16 nm /
16 nm 16 nm respectively, wherein it may be possible
to conduct sufficiently wuniform nanufaéturing on a
current crystal growth technique. Hence, it may be
possible to reduce a deviation of a wavelength interval
anong surface-emtting |asers.

Furthernore, it may also be possible to

reduce an electrical resistance sinultaneously by
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form ng such a structure. That is, the second upper
Bragg reflector 107 being a dielectric is forned on a
top of the wavel ength adjustnment |ayer 130 and the
upper electrode 111 is forrred at a surrounding thereof,
wherein when a wavelength adjustnment |ayer is provided
in a resonator area, it may be necessary to provide an
AlAs layer to be selectively oxidized at a position
close to a contact layer in view of a layer structure
and an electric current channel may be narrow to
increase an electrical resistance. Herein, the first
upper Bragg reflector 106 is fornmed between the
wavel ength adjustnment |ayer 130 (in which the cohtact
| ayer 110 is formed under the wavel ength adjustnent
area 120) and thé resonator area in the present
enbodi ment, whereby it may be possible to extend an
electric current channel and it may be possible to
reduce an electrical resistance.

Additionally, it may be possible to further
increase a film thickness of each layer in the
wavel ength adjustnment area 120 in theb wavel engt h
adj ustrment layer 130 by t he. second upper Bragg |
reflector 107 being seven or nore pairs, whereby
uni form manufacturing may be facilitated and an
el ectrical resistance may also be reduced. However, if

the nunber of a pair(s) in the second upper Bragg
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reflector 107 is increased, an optical thickness of the

wavel engt h  adj ust nent layer 130 may be greater than A/ 4
and an overall reflectance of the upper reflector nay
be degraded. Thus, an optimal nunber of a pair(s) may

be present for the second upper Bragg reflector 107, so
that it may be possible for an optical thickness of the

wavel ength adjustnment layer 130 to be close to A/4.

Next, a thickness of the wavel ength

adjustnment layer 130 will be described. When an
optical thickness P of the wavel ength adjustnent | ayer
130 is A/4 < P < A/2 as illustrated in FIG 4A it may

be possible for reflectances of the upper Bragg

reflectors in the first surface-emtting | aser 11,
second surface-enmtting | aser 12, third surface-

emtting laser 13, and fourth | surface-emtting | aser 14
to be generally constant as illustrated in FIG 4B

Addi tionally, LI is a surface of the wavel ength

adjustnment layer 130 in the first surface-emtting

laser 11 and L2 is a ‘surface of the wavel ength
adjustnment layer 130 in the second surface-enmtting
laser 12 while L3 is a surface of the wavelength
adjustnment layer 130 in the third surface-emtting
laser 13 and L4 indicates a surface of the wavel ength
adjustnent layer 130 in the fourth surface-enitting

| aser 14.°
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On the other hand, when an optical thickness

P of the wavel ength adjustnent layer 130 is )\/-2 < P as
illustrated in FIG 5A reflectances of the upper Bragg
reflectors in the first surface-emtting |aser 11,
second surface-emtting laser 12, third surface-
emtting laser 13, and fourth surface-emtting |I|aser 14
may be greatly different therefrom as illustrated in
FIG 5B.

Furthernore, when an optical thickness P of
the wavel ength adjustnment layer 130 is P < A/4 as
illustrated in FIG 6A reflectances of the upper Bragg
reflectors in the first surface-emtting |aser 11,
second surface-emtting laser 12, third surface-
emtting laser 13, and fourth surface-emtting |aser 14
may be greatly different therefrom as illustrated in
FIG 6B.

As described above, it is preferable for an
optical thickness P of the wavel ength adjustnent |ayer
130 to be AM/4 £ P < A/2, and if such a matter is
generalized, it is preferable to be (2N-1) A/4 < P <
NA/2. Additionally, N is a positive integer, and if
application of an influence of |ight absorption to
cause an adverse effect such as an increase of a
threshold electric current is taken into cornsi derati on,

it is preferable for N to be small.
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Furthernore, when a thickness of the
wavel ength adjustnment area 120 is small and a sum of
optical thicknesses of the wavelength adjustnent area
120 and contact iayer 110 is less than A/4, a phase
adjustnment area 131 may be provided to the V\favel engt h
adjustment layer 130 as illustrated in FIG 7A
Thereby, it may be possible for an optical thickness P
of the wavel ength adjustnent layer 130 to be A/4 < P <

A2, and in general, (2N-1) A/4 < P < 2NA/4, and as

illustrated in FIG 7B, it may be possible for
reflectances of the upper Bragg reflectors in the first
surface-emtting | aser 11, second surface-emtting
laser 12, third surface-emtting Ilaser 13, and fourth
surface-emtting laser 14 to be generally constant.
Additionally, in such a case, the wavel ength adjustnent
| ayer 130 is conposed of the contact |ayer 110, the
wavel ength adjustnent area 120, and the phase

adj ustment area 131. Furt hernore, the phasé adj sut nent
area 131 is made of Al GaAs, wherein the phase
adjustment area 131 may be fornmed under the contact
layer 110 as illustrated in FIG 7A or t he phase

adj ustment area 131 may be forned between the contact
layer 110 and the wavel ength adjustnment area 120 as
iI'I ustrated in FIG 8. Mreover, a phase adjustnent

area 131a may be conposed of a lamnated film in which
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GaAsP and GlnP are alternately |lamnated as

illustrated in FIG 9.

Furthernore, the surface-emtting |aser
element in the present enbodinment has a structure in
which plural filnms are forned in the wavel ength
adj ustnent area 120, wherein it is preferable to form
the wavel ength adjustnent |ayer 130 in such a nmanner
that, when a l|layer nunber of a formed film(s) (an
adj ustnent |layer (s)) is M (wherein Mis a positive
integer) , a position at which an optical film thickness
thereof is A4 is an (M) /.2 th film (adjustnment |ayer)
from a top thereof in a case where M is an odd nunber
or an M2 th or (M2)+l th film (adjustnent |ayer)
from a top thereof in a case where Mis an even nunber.

[ Second enbodi ment ]

Next, a surface-emtting |laser elenent in a
second enbodinent wll be described. Addi tionally, t he
surface-enmtting |aser elenent in the present

enbodi nent is a surface-enmtting laser for a wavel ength

.of 894.6 nm and a structure in which a wavel ength

adjustnent area is provided on a |ower Bragg reflector.
As illustrated in FIG 10 and' FIG 11, a surface-
emtting | aser element 150 in the present enbodi nent
has plural surface-emtting |lasers, and specifically,

has a first surface-emtting |aser 151, a second
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surf ace-emtting laser 152, a third surface-emtting
| aser 153, and a fourth s_urf ace-emtting |aser 154.
Addi tional ly, FIG 10.-has been sinplified for the sake

of an explanation of the present enbodinment, wherein

depiction of a contact |layer, etc., has been omtted
conveni ently. Fur t her nor e, FIG 11 is a cross-section
di agram provided by cutting along a dashed dotted Iline

10A - 10B in FIG 10.

The surface-emtting |aser element 150 in
the present enbodinent is formed on a 300 um square
sem conductor chip, wherein each of the first surface-
emtting laser 151, second surf éce- emtting ||aser 152,
third surface-emtting laser 153, and fourth surface-
emtting laser 154 formed on such a sem conductor chip
is connected to an electrode pad provided to correspond
t hereto. Specifically, an electrode pad 161 is
connected to the first surface-emtting Ilaser 151 and
an electrode pad 162 is connected to the second
surface-emtting |laser 152 while an electrode pad 163
is connected to the third surface-emtting |aser 153
and an electrode pad 164 is connected to the fourth
surface-emtting |aser 154.

Furthernmore, the first surface-emtting
| aser 151, the second surface-emtting |aser 152, the

third surface-emtting l|aser 153, and the fourth
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surf ace-emtting laser 154 provide enmtted light wth

mutual ly different wavel engths. Nanely, a wavel ength
Ai emitted from the first surface-em’t‘ting | aser 151,' a
wavel ength A2 emitted from the second surface-emitting
| aser 152, a wavelength A3 enmtted from the third
surface-emtting laser 153, and a wavelength A4 enitted
from the fourth surface-enmitting |aser 154 are nutually
different wavel engths. |

Additionally, the surface-emtting |[aser
elenent in the pr.esent enbodinent is to obtain a
surface-emtting laser with an oscillation wavelength
of 894.6 nm wherein four surface-enitting |lasers are
formed on a 300 pm square sem conductor ~chip
(substrate) . Because it may be possible to form plural
surface-emtting lasers in a narrow area in a surface-
emtting l|laser elenent, there is little change in a
position of light em ssion point even when a surface-
emtting laser to conduct light emssion is swtched.

For the surface-enmtting I'aser element in
the present enbodiment, sem conductor materials wth
different refractive indices are alternately |ani nated
onto and forned on a substrate 101 made of a
sem conductor, etc., to form a first |ower Bragg
reflector 172, and a phase adjustnment |ayer 173, a

wavel ength adjustnment area 180, a second |ower Bragg
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reflector 174, a | ower spacer | ayer 103, an active
| ayer 104, and an upper spacer layer 105 are formed on
the first lower Bragg reflector 172. An upper Bragg
reflector 176 and a contact layer 177 are fornmed on the
upper spacer |layer 105. Fur.therrmre, an upper
electrode 178 is formed on and connected to the contact
| ayer 177 and a Ivov\er electrode 112 is fornmed on a back
face of the substrate 101. Addi tionally, a wavel ength
adjustnent layer 190 is conposed of the wavel ength
adjustnent area 180 and the phase adjustnent |ayer 173
in the present enbodinment, while a |ower Bragg
reflector 170 is conposed of the first |ower Bragg
reflector 172, the phase adjustnent area 173, the
wavel ength adjustnent area 180, and the second | ower
Bragg reflector 174.

Furthernore, the first |ower Bragg reflector
172, phase adjustnent area 173, wavel ength adjustnent
area 180, second lower Bragg reflector 174, | ower
spacer layer 103, active l|ayer 104, upper spacer |ayer
105, wupper Bragg reflector 176, and contact |ayer 177,
which are sem conductor |ayers forned on the substrate
101, are formed by epitaxially growi ng seniconductor
mat eri al s. Specifically, such senmiconductor |layers are
formed by epitaxial growh in MOCVD or MBE

In the surface-enmitting laser elenent in the
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present enbodinent, thicknesses of the respective
wavel engt h adjustnment areas 180 in the first surface-
emtting laser 151, second surface-emtting |aser 152,
third surface-emtting |laser 153, and fourth surface-
emtting laser 154 are different therefrom
Specifically, - the wavel ength adjustnment ér ea 180 is
conmposed .of a first adjustnment |ayer 181, a second
adjustnment layer 182, and a third adjustnent I‘ayer 183.
In the present enbodinent, the first adjustnent |ayer
181 and the third adjustnment |ayer 183 are nmade of
GalnP while the second adjustnment layer 182 is nade of
GaAsP. Additionally, materials for making the first
adjustnment | ayer 181, second adjustnent | éyer 182, and
third adjustnent |ayer 183 may be opposite thereof.
Thus, thicknesses of the wavel éngt h
adjustnment areas 180, that is, thicknesses of the
wavel ength adjustnment layers 190, in the first surface-
emtting laser 151, second surface-emtting |aser 152,
third surface-emitting |aser 153, and fourth surface
emtting laser 154 are different in the surface-
emtting laser elenent in the present enbodinent.
Specifically, the first adjust mént | ayer 181,
the second adjustment |ayer 182, and the third
adjustnment |ayer 183 are forned on the wavel ength

adjustnment area 180 in the first surface-emtting |aser
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151, wherein light with a wavelength of Ai is emtted
which corresponds to a thickness of the wavel ength
adjustnment |ayer 190 which includes such a wavel ength
adj ustnent area 180.

Furthernmore, the first adjustnent |ayer 181
and the second adjustnent |ayer 182 are formed in the
wavel ength adjustnent area 180 in the second surface-
emtting laser 152, wherein light with a wavel ength of
A2 is em’tted whi ch corresponds to a thi.ckness of the
wavel ength adjustnent |ayer 190 which includes such a
wavel ength adjustnent area 180.

Furthernore, the first adjustnent |ayer 181
is formed in the wavelength adjustment area 180 in the
third surface-emitting |aser 153, wherein light with a
wavel ength of A3 is emitted which corresponds to a
t hi ckness of the wavel ength adjustnent |ayer 190 which
i ncludes such a wavel ength adjustnent area 180.

Furthernmore, the wavel ength adjustnent area
180 is not formed in the fourth surface-emtting |Iaser
154, and hence, light with a wavelength of A4 is
emtted which corresponds to a thickness of the
wavel engt h adj ust nent Iayér 190 in a case where the
wavel ength adjustnent area 180 is not forned.

Thus, it may be possible to change

t hi cknesses of the wavel ength adjustnment areas 180 in
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t he fivrst surface-emtting |aser 151, second surface-
emtting | aser 152, third surface-emtting |aser 153,
and fourth surface-em’tting laser 154 little by little,
and it may be possible to emt [|ight witkh each

wavel en.gth corresponding to a thickness of at |east one
or each of the wavelength adjustnent areas 180.

In the present enbodinment, an n-GaAs
substrate is used for the substrate 101. Fur t her nor e,
the lower Bragg reflector 170 is fornmed by laminating
35.5 pairs of an n-Alo.,Gao.,As high refractive index
layer and n-Alo.gGao.;As low refractive index layer in
such a manner that an optical film thickness of each
| ayer is A4,

As described above, the |ower Bragg
reflector 170 is conmposed of the first |ower Bragg
refection mrror 172, phase adjustment area 173,
wavel ength adjustnment area 180, and second |ower Bragg
reflector 174 on the substrate 101. Hence, the phase
adjustnment area 173 and wavel ength adjustnment area 180
are formed inside the lower Bragg reflector 170.

Addi tional ly, in the present enbodinent, formation is
conducted in such a manner that a sum of an optical
film thickness of the phase adjustnent area 173 and a
half of an optical film thickness of the wavel ength

adjustnment area 180, that is, an optical film thickness
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from a bottom of the phase adjustnment area 173 to a
central portion of the wavelength adjustnent area 180
is A4, as illustrated in FIG 12.‘

The active |ayer 104 conposed of a Gal nAs
quantum well Jlayer / a GalnPAs barrier layer is forned
on the lower Bragg reflector 170 through the I ower
spacer |ayer 103 nmade of Al ,.,Ga,.sAs. The upper spacer
| ayer 105 made of Al,.,Gayg.sAs is forned on the active
| ayer 104. Additionally, a resonator area provided
with an optical thickness of one wavelength is conposed
of the lower spacer layer 103, the active Iéyer 104,
and the upper spacer |ayer 105.

The upper Bragg reflector 176 is formed by
lam nating 24 pairs of an n-Alo.;Gao.,As high refractive
index layer and an n-Alo. 4Gao .,As |low refractive index
layer in such a manner that an optical film thickness
of each layer is A/a. One of low refractive index
| ayers of the upper Bragg reflector 176 is conposed of
an electric current narrowing |ayer 108 made of Al As,
wherein a peripheral portion of the electric current
narrowing layer 108 is selectively oxidized to form a
selective oxidation area 108a and an unoxidi zed
electric current narrowing area 108b is forned on a
central portion thereof. Furthernore, the cont aét

layer 177 made of p-GaAs is formed on the upper Bragg
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ref lector 176.

Wen a sum of a value of an optical film
thicknesé of the phase adjustnent area 173 and a val ue
of a half of an optical film thickness of the
wavel ength adjustnment area 180 is about A/4 as
illustrated in FIG 12A, it may be possible for
refl ectances of the lower Bragg reflectors in the first
surface-emtting |aser 151, second surface-emtting
| aser 152, third surface-emtting |laser 153, and fourth
surface-emtting |laser 154 to be generally constant as
illustrated in FIG 12B. Additionally, LI is a surface
of the wavelength adjustnment layer 190 in the first
surface-emtting Jlaser 151 and L2 is a surface of the
wavel ength adjustnment layer 190 in the second surface-
emtting |aser 152 while L3 is a surface of the
wavel ength adjustnment layer 190 in the third surface-
emtting laser 153 and L4 indicates a surface of the
wavel ength adjustnment layer 190 in the fourth surface-
emtting |aser 154.

Each surface-emtting laser in a surface-
emtting laser elenment in the present enbodinent has a
nmesa structure, wherei n‘ such a nesa structure is formed
by removing a sem conductor |ayer between surface-
emtting lasers to be fornmed, due to dry etching, etc.

After a nmesa structure is fornmed, heat treatnment in
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wat er vapor is conducted to oxidize the electric
current narrowing |ayer 108 from a peri phery of the
mesa structure whereby the selective oxidation area
108a (an oxidized area) on a peripheral portion and the
unoxi di zed electric current narrowing area 108b on a
central portion are forned. That is, the electric
current narrowing |ayer 108 is conposed of the oxi. di zed
sel ective oxi datj on area 108a and the unoxidized
electric current narrowing area 108b to provide an
electric current narrowing structure. Specifically,
Al As making the electric current narrowing layer 108 is
subjected to heat treatnment in water vapor to be
oxi di zed and form Al xq,, wher ei n tHus formed AlQ, makes
t he sel éctive oxi dation area 108a. Herein, the
electric current narrowing area 108b is mamde of
unoxidized AIAs in the electric current narrowing |ayer
108. Additionally, a shape viewed from a top of the
mesa structure may be fornmed to be a circular shape or
may be formed to be a shape such as an elliptical shape,
a square shape, or a rectangul ar shape.

Moreover, a protective film 140 made of SiN
is formed overall, and a resin film 141 is forned
bet ween nesas of respective surface—em’tt.i ng |asers by
enbedding a resin material such as a polyimde.

Afterward, an upper electrode 178 is formed which is a
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p-side el ectrode. Such an. upper electrode 178 is each
formed to correspond to each surface-emtting |aser,
wherein each upper electrode 178 is connected to each
of electrode pads 161 - 164.

Spécifically, ‘the protective film 140 made
of SiNis formed and the resin Iayer. 141 is formed by
enbeddi hg and planarizing a resin material such as a
pol yi m de between nesas of respective surface-emtting
Iasérs. Afterward, the protective film 140 and resin
| ayer 141 on the contact |ayer 177 are renoved to
expose the contact I|ayer 177 and the upper el ectrode
178 is formed on the contact |ayer 177. Additionally,
a lower electrode 112 which is an n-side electrode is
formed on a back face of the substrate 101.

The surface-emitting |aser ‘elenent in the
present enbodinment enmits laser light at an opposite
side of a side of the substrate 101. Addi tional ly, it
may be possible for the protective film 140 made of SiN
to protect a side face and bottom face of a |ayer
including Al which appears due to nmesa etching and is
readily corroded, due to. a dielectric thereof in the
present enbodinment, and hence, it may be possible to
inmprove reliability.

Next, an advantage of the second |ower Bragg

reflector 174 formed between the wavel ength - adj ustnment
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area 180 and a resonator wll be described. When a
wavel ength adjustnent area is formed in a resonator
having an optical length of one wavel ength and when
four wavel engths are provided with a central wavel ength
of 895 nm and a wavelength interval of 1 nm, one |ayer
of the adjustnment |ayers conposing the wavel ength
adjustment layer is provided with about 1 nm wherein
it my be extremely difficult to conduct wuniform
formation on a wafer surface with ‘a current crystal
growt h technique.

Hence, the second |ower Bragg reflector 174
which is a part of the lower Bragg reflector 170 is -
formed between the resonator and the wavel ength
adjustment area 180 in the present enbodi ment .
Specifically, the second Idvver Bragg reflector 174 is
formed by lamnating 10 pairs of an n-Al .iGgg.9a high
refractive index layer and an n-Al o0.9Gao. 1As | ow
refractive index layer in such a manner that an optical
film thickness of each layer is A/4. Thereby, it may
be possible for film thicknesses of GalnP >/ GaAsP |/
GlnP in the first adjustnment |[|ayer 181, second
adj ustment |ayer 182, and third adjustnent |ayer 183
conposing the wavel ength adjustnment area 180 to be 16
nm/ 16 nm 16 nm respectively, and it may be possvi bl e

to conduct sufficiently uniform manufacturing on a
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current crystal grth techni que, whereby it may be
possible to reduce a deviation of a wavelength interval
simlarly to the first enbodinment.

Additionally, when the second |ower Bragg
reflector 174 is conposed of eleven or nore pairs, it
may be possible for a film thi cknessv of each layer in
the wavel ength adjustnment area 180 to be even |arger,
and hence, it may be possible to further inprove
uniformty. However, if the nunber of a pair(s) in the
second iovver Bragg reflector 174 is increased as
illustrated in FIG 13A and FIG 13B, an optical film
thi ckness of the wavelength adjustnent area 180 may be
much greater than A/4 (an optical film thickness of a
Bragg reflector) , and hence, an overall reflectance of
the lower Bragg reflector 170 may be degraded, which is
not preferable. Thus, an optimal nunber of a pair(s)
may be present for the second lower Bragg reflector so
that an optical thickness of the wavel ength adjustnent
area 180 should be close to A/a.

On the other hand, when a sum of a value of
an optical film thickness of the phase adjustnent area
173 and a value of a half of an optical film thickness
of the wavel ength aidj ustment area 180 is A/4 or greater
as illustrated in FIG 13A a reflectance of the |ower

Bragg reflector in each of the first surface-emtting
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| aser 151, second surface-emtting |aser 152, third
surface-emtt.i ng laser 153, and fourth surface-emtting
| aser 154 may be large as illustrated in FIG 13B.
However, in the present enbodinent, it may be possible
to inprove a uniformty of a reflectance of each | ower
Bragg reflector as illustrated in FIG 12B.

Next, a nmethod for formng the wavel ength
adjustnment area 180 in the surface-emtting |aser
element in the present enbodinment wll be described in
detail .

First, the first lower Bragg reflector 172,
phase adjustment area 173, and wavel ength adjust nment
area 180 which nmade of sem conductor materials are
formed on the substrate 101 by epitaxial growth in
MOCVD or MBE. As described above, the wavel ength
adj ustnment | ayer 190 i's conmposed of the phase
adjustnment area 173 and the wavelength adjustnent area
180, wherein the wavelength adjustnent area 180 is
formed by lamnating the first adjustnent |ayer 181,
the second adjustnent |ayer 182, and the third
adj ustment | ayer 183. Additionally, the first
adjustnment layer 181 and the third adjustnment |ayer 183
are made ;)f Gl nP while the second adjustnent |ayer 182
is made of GAsP.

Then, a resist pattern is formed on an area



WO 2013/081176 PCT/JP2012/081582

-48-

on which the first surface-emtting laser 151 is forned.
Specifically, a resist pattern is formed by applying a
photo-resist onto the third adjustnent |ayer 183 on the
wavel ength adjustnent area 180 and conducting |ight
exposure and devel opnent thereof by a |ight exposure
devi ce .

Then, the third adjustment [|ayer 183 on an
area on which no resist pattern has been formed is
renoved by wet etching. Specifically, wet etching is
conducted by a mxed fluid of hydrochloric acid and
wat er, because the third adj uét ment |layer 183 is nade
of @Gl nP. Thereby, only the third adjustnent |[|ayer 183
on an area on which no resist pattern has been forned
is renoved to expose a surface of the second adjustnent
layer 182. Additionally, it may be possible for such a
mxed fluid to conduct etching of GalnP making the
third adjustment |ayer 183 but it may hardly be
possible to conduct etching of GaAsP making the second
adj ustnent | ayer 182. Such a mxed fluid may also be
described as a first etching fluid. Afterward, the
resist pattern is renoved by an organic sol vent, etc.

Then, a resist pattern is forned on an area
on which the first surface-emtting |aser 151 and the
second surface—erﬁtting | aser 152 are forned.

Specifically, a resist pattern is forned by applying a
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photo-resist onto the third adjustnment |ayer 183 and
second adj ust ment. | ayer 182 on the wavel ength

adj ustnment area 180 and conducting |ight exposure and
devel opment thereof by a |ight exposure device.

Then, the second adjustnent |ayer 182 on an
area on which no resist pattern has been forned is
removed by wet etching. Specifically, wet etching is
conducted by a mxed fluid of sulfuric acid, hydrogen
peroxi de, and water, because the second adjustnent
| ayer 182 is made of GaAsP. Thereby, only the second
adj ustnment layer 182 on an area on which no resist
pattern has been forned is renoved to e'xpose a surface
of the first adjustnent |ayer 181. Additionally, it
may be possible for such a mixed fluid to conduct
etching of GaAsP making the second adjustnment |ayer 182
but it may hardly be possible to conduct etching of
Gal nP making the first adjustnent |ayer 181. Such a
m xed fluid msly be described as a second etching fluid.
Afterward, the resist pattern is rem)v‘ed by an organi c
sol vent, etc.

Then, a resist pattern is forned on an area
on which the first surface-emtting |aser 151, the
second surface-emtting laser 152, and the third °
surface-emtting |aser 153 are forned. Specifically, a

resist pattern is formed by applying a photo-resist-
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onto the first adjustnment |ayer 181, second adjustnent
| ayer 182, and third adjustnent [ayer 183 on the
wavel ength adjustnment area 180 and conducting |[|ight
eprsure and devel opnent thereof by a light exposure
devi ce.

Then, the first adjustnent [|ayer 181 on an
area on which no resist pattern has been forned is
removed by wet etching. Specifically, the first
adjustnment layer 181 on an area ‘on which no resist
pattern has been formed is removed by the first etching
fl uid. Thereby, only the first adjustnent |ayer 181 on
an area on which no resist pattern has been formed is
renoved to expose a surfacevof t he phase adj ustnent
| ayer 173. Afterward, the resist pattern is renoved by
an organic solvent, etc.

Then, the second |ower Bragg reflector 174
i s forned. Thereby, it may be possible to form the
| ower Bragg reflector 170 including the wavel ength
adjustnment area 180 in the surface-enitting |aser
element in the present enbodinment.

In the present enbodinent, Al is not
included in any of the first adjustnment ‘layer 181,
second adjustnent layer 182, and third adjustnent |[ayer
183 conposing the wavel ength adjustnment area 180 in the

wavel ength adjustnent [|ayer 190, and hence, oxidation,
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etc, is hardly caused after etching, whereby itvmay be
pbssi ble to maintain a clean surface condition after
et chi ng. That is, it may be extrenely easy for Al to
be corroded, and hence, when one of the first
adjustment | ayer 181, second adjustnent |ayer 182, and
third adjustment layer 183 is formed by a materi al
including A, a surface condition after conducting wet
etching, etc., may be poor, wherein even though the
second |ower Bragg reflector 174 is forned thereon,
peeling thereof may be caused or a thickness thereof
may be inhonbgeneous . However, the wavel ength
adjustment area 180 in the surface-emtting 'Iaser
element in the present enbodinment is formed by a
material including no Al, and hence, corrosion of A,
etc., may not be caused and such a problem may not
occur .

Furthernore, the wavel ength adjustnment area
180 in the wavelength adjustnment |ayer 190 in the
present enbodinent is nmade of alternate GaAsP and Gl nP,
and when wet etching is conducted, etching is conducted
by using two kinds of etching fluids wherein, nutually,
it may be possible to conduct etching of one thereof
and it may not be possible to conducting etching of the
ot her. As etching is conducted. by using two such Kkinds

of etching fluids, a surface after etching may be flat
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~and it may be possible to conduct formation with a

predeterm ned thickness w thout being over-etched.
Thereby, it may be possible to obtain a surface-
emitting laser element with a stable characteristic.

Additionally, although a case of a

" conbination of GaAsP and Gal nP has been described in

the description (s)y for the present enbodinent, there
may be provided a conmbination wth ahot her materi al
including no Al which is further provided for a
different etching fluid and is a sem conductor material
with a band gap energy greater than an oscillation
wavel engt h. For 894.6 nm which is an oscillation
wavel ength in the present enbodinent, there is provided,
for exanple, GlnAsP / @GlnP, GaAs / GlnP, GaAs /
Gal nAsP, GaAsP / @Gl nAsP, etc., as a conbination of
such sem conduct or rrateri»als. Furthernmore, N or Sb may
be added thereto |ike GAsN Gal nP, Gl nNAs/ Gal nP, -
GaAsSb/ Gal nP, etc. |

As described above, it may be possible to
form plural surface-emitting lasers for emtting |ight
with different wavel engths on one substrate 101 in the
surface-emtting |laser element in the present
embodi nent . Thereby, even if a variation in a film
t hi ckness of a sem conductor |ayer, etc., is caused in

manufacturing a surface-emtting |aser elenment, one
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emtting light with a wavelength closest to a desired
wavel ength is selected anbng the first surface-emtting
|aser 151 to the fourth surface-enmtting |[|aser 154
whereby it may be possible to obtain a sem conductor
laser with a desired wavelength easily. Thereby, it
may be possible to manufacture a surface-emtting |aser
el ement having a surface-emitting laser emtting |ight
with a predeterm ned wavelength at a |ow cost.

Additionally, a content (s) other than as
descri bed above is/are simlar to the first enbodinent.

[ Third enbodi ment ]

Next, a third errbodi‘rrent will be described.
A surface-emitting laser in the present enbodinent is a
12-channel surface-emitting |aser for a wavelength of
780 nm and will be described based on FIG 14 and FIG
15. Additionally, FIG 14 is a top view of a surface-
emtting laser in the present enbodinment, while FIG
15A is a cross-section diagram provided by cutting
along a dashed dotted line 14A - 14B in FIG 14 and FIG
15B is a cross-section diagram provided by cutting
along a dashed dotted line 14C - 14D in FIG 14.

A surfac.e—em'tti ng laser element 200 in the
present enbodinment is formed on a 300 pum square

sem conductor chip, wherein each of the first surface-

emtting |aser 201, second surface-emtting |aser 202,
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third surface-emtting |laser 203, fourth surface-
emtting laser 204, fifth surface-emtting |aser 205,
sixth surface-emtting |aser 206, seventh surfac.e-
emtting |aser 207, eighth surface-emtting |aser 208,
ninth surface-emtting |aser 209, tenth surface-
emtting |aser 210, el eventh surface-emtting [|aser 211,
and twelfth surface-emtting |laser 212 formed on such a
sem conductor chip is connected to an electrode pad
provided to correspond thereto.

Specifically, an electrode pad 221 is
connected to the first surface-emtting |aser 201, an
el ectrode pad 222 i.s connected to the second surface-
emitting laser 202, an electrode pad 223 is connected
to the third surface-emtting |I|aser 203, an el ectrode
pad 224 is connected to the fourth éurface-emtting
| aser 204, an electrode pad 225 is connected to the
fifth surface-emtting |aser 205, an electrode pad 226
is connected to the sixth surface-emtting |aser 206,
an el ectrode pad 227 ’is connected to the seventh
sﬁrface-emtting | aser 207, an electrode pad 228 is
connected to the eighth surface-emtting |aser 208, an
el ectrode pad 229 is connected to the ninth surface-
emtting |aser 209, an electrode pad 230 is connected
to the tenth surface-emtting |aser 210, an electrode

pad 231 is connected to the eleventh surface-emtting
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| aser 211, and an electrode pad 232 is connected to the
twelfth surface-enmitting |[|aser 212.

Furthernore, the first surface-emtting
| aser 201, the second. surface-emtting |aser 202, the
third surface-emtting |aser 203, the fourth surface-
emtting laser 204, the fifth surface-emtting |[aser
205, the sixth surface-enmitting |aser 206, the seventh
surface-emtting |aser 207, the eighth surface-emtting
| aser 208, the ninth surface-enmtting |aser 209, the
tenth surface-emitting |aser 210, the eleventh surface-
emtting laser 211, and the twelfth surface-emtting
| aser 212 provide emtted light with nutually different
wavel engt hs. Nanely, a wavelength A7 emtted from the
first surface-emtting laser 201, a wavelength A2
emtted from the second surface-emtting |aser 262, a
wavel ength A3 emitted from the third surface-enmitting
| aser 203, a wavelength A4 enitted fromthe fourth
surface-enmtting |aser 204, a wavelength A5 enmitted
from the fifth surface-emitting |aser 205, a wavelength
AB emitted from the sixth surface-emtting |aser 206, a
wavel ength A7 em'tted‘ from the seventh surface-emtting
| aser 207, a wavelength A8 emitted from the eighth
surface-enmtting |aser 208, a wavelength A9 enmitted
from the ninth surface-emtting |aser 209, a wavelength

AiB emitted from the tenth surface-enmtting |aser 210,
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a wavel ength Ai7 emitted from the eleventh surface-
emtting ‘laser 211, and a wavelength A12 enmitted from
t he tWeIfth surface-emtting |laser 212 are nutually
di fferent wavel engths.

For the surface-emitting |laser elenent in
the present enbodinment, a lower Bragg reflector 102, a
| ower spacer |ayer 103, an active |ayer 104, an upper
spacer layer 105, a first upper Bragg reflector 106 are
formed on a substrate 101 nmde of a sem conductor, etc.,
and a first wavelength adjustnent |ayer 250, ‘a second
upper Bragg reflector 271, a second wavel ength
adjustnment layer 260, a third upper Bragg reflector 272,
a contact layer 240, and an upper electrode 111 are
formed on the first upper Bragg reflector i06.
Furthernore, the contact |ayer 240 is connected to the
upper electrode 111 and a lower electrode 112 is formed
on a back face of the substrate 101. Addi tional |y, in
the present enbodinment, the |ower Bragg reflector. 102,
| ower spacer |ayer 103, active layer 104, upper spacer
| ayer 105, first upper Bragg reflector 106, first
wavel ength adjustment |ayer 250, second upper Bragg
reflector 271, second wavelength adjustment |ayer 260,
third upper Bragg reflector 272, and contact |ayer 240,
which are seniconductor layers forned on the substrate

101, are fornmed by epitaxially growi ng sem conductor
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materi al s. Specifically, such sem conductor |[|ayers are
f or med ‘by epi t axi al groﬁxh in MOCVD or MBE
Addi tional ly, in the present enbodinment, an upper Bragg
reflector is conposed of the first upper Bragg
reflector 106, first mavelength adjustnent | ayer 250
second upper Bragg reflector 271, second ﬁavelength
adjustment |ayer 260, and third upper Bragg reflector
272. Furthernore, the first wavel ength adjustnent
| ayer 250 and the secondvmﬁvelength adj ustment | ayer
260 may be forned inside the lower Bragg reflector 102.

In the present enbodinent, an n- GAs
substrate is used for the substrate 101. Fur t her nor e,
the lower Bragg reflector 102 is formed by |amnating
35.5 pairs of an n-Alo.1Gao.9As high refractive index
layer and n-Alo. 4Gao.,As low refractive index layer in
such a manner that an optical film thickness of each
layer is N4

The active layer 104 conposed of a @Gl nAs
guantum well layer / a Gl nPAs barrier layer is fornmed
on the lower Bragg reflector 102 through‘ the | ower
spacer |ayer 103 nmde of Al ,.,Ga,.eAs. The upper spacer
| ayer 105 nmde of Al ,.,Ga,.sAs and the first upper Bragg
reflector 106 are formed on the active layer 104.
Addi tional |y, a resonator area provided wth an optica

t hi ckness of one wavelength is conmposed of the [|ower
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spacer |ayer 103, the active l|ayer 104, and the upper
spacer |ayer 105.

The first upper Bragg rbeflector 106 is
formed by laminating 3.5 pairs of an n-Ao.1Go.9As high
refractive index layer and an n-Alo.9Gao. 1As | ow
refractive index /Iayer in such a manner that an optical
film thickness of each layer is A/4. Additionally, one
of low refractive index | ayers of the first upper Bragg
reflector 106 is conposed of an él ectric current
narrowing |layer 108 made of AlAs which is not
illustrated in FIG 15A and FIG 15B.

The first wavelength adjustnment layer 250 is
formed on the first upper Bragg reflector 106. The
first wavel ength adjustnent |ayer 250 is formed by
lam nating a phase adjustnment area 254 made of p-

Al 0.1Gao. 9As, a first adj ustnment |ayer 251 nmade of Gl nP,
a second adjustnent |layer 252 nade of GAsP, and a
third adjustnment |ayer 253 nade of @Gl nP.

The second upper Bragg reflector 271 is
formed on the first wavel ength adjustment |[|ayer 250.
The second upper Bragg reflector 271 is forned by
lamnating 4.5 pairs of an n-Ao.,;Gao.¢As high refractive
index |ayer and an n-Alo.qGao.;As |low refractive index

layer in such a manner that an optical film thickness

of each layer is A4
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The second wavel ength ~adjustnent |ayer 260
is formed on the second upper Bragg reflector 27.1. The
second wavel ength adjustnent layer 260 is forned by
| aminating a phase adjustnment area 263 nmade of p-
Alo.1Gao.9As, a fourth adjustnent layer 261 made of Gl nP,
and a filth adjustnent |ayer ‘262 made of GaAsP.

The third upper Bragg reflector 272 is
formed on the second wavel ength adjustment [|ayer 260.
The third upper Bragg reflector 272 is fornmed by
laminating 17 pairs of an n-Alo.1Gao.9As high refractive
index layer and an n-Al ;.9Gag.iAs low refractive index
layer in such a manner that an optical film thickness
of each layer is A4,

The contact |ayer 240 nmade of p-‘GaAS is
formed on the third upper Bragg reflector 272, while
the upper el ectrode lil is formed on the contact |ayer
240 and the lower electrode 112 is formed on a back
side of the substrate 101.

In the present enbodinent, each surface-
emitting laser is forﬁed in such a manner that the
first wavelength adjustnent |ayer 250 and the second
wavel ength adjustnent |ayer 260 have different
t hi cknesses for each channel to correspond thereto.
Addi tionally, it may be possible to form the first

wavel ength adjustnent |ayer 250 and second adjustnent
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layer 260 with different thicknesses by a nethod

simlar to the first enbodi nent. Specificallyl, it may
be possible to conduct formation by conducting
l'ithography and selective etching in such a manner that
the nunbers of a layer (s) in the wavel ength adjustnent

| ayers are different. For exanple, when GaAsP (simlar
for a case of GAs) is etchéd, it may be possible to
uée a_m' xed fluid of sulfuric acid, hydrogen peroxide,
and water, and when Gal n'P is etched, it may be possible
to use a mxed fluid of hydrochloric acid and water.
After selective etching of the first wavel ength

adj ustnment |ayer 250 is conducted, the second upper
Bragg reflector 271 and the second wavel ength

adj ustnment layer 260 are forned by crystal growh, then

- selective etching of the second wavel ength adjustnent

| ayer 260 is conducted, and the third upper BDR 272 and
contact |layer 240 are fornmed by crystal growh.
Additionally, etching of a nesa necessary for formation
of each surface-emtting |laser is conducted by dry

et chi ng. Additionally, the upper electrode 111 which
is a p-side electrode of each surface-emtting |laser is
formed on the contact |ayer 240, and the I ower

el ectrode 112 which is an n-side common electrode is
formed on a back face of the substrate 101, as

illustrated in FIG 15A and FIG 15B. The surface-
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emtting laser element in the present enbodinment enits
| aser light at an opposite side of the substrate 101.

In Japanese Patent No. 2751814, a wavel ength

adjustnent layer is formed in a resonator area having

an optical thickness of one wavel ength. For exanpl e,
in such a case, if a central wavelength is 780 nm and a
wavel ength interval is 3 nm one |ayer conposing the

wavel ength adjustnent layer is provided with 0.9 nm
Such a thickness corresponds to about three atomc
layers and it may be difficult to conduct wuniform

formation on a wafer surface with a current crystal

growt h techni que. Furthernore, if a resonator area
with an optical length of an X wavelength (x = 2,
3, . . . . .) is provided, a film thickness nmay

increase to be 0.9 x X nm for one |ayer conposing the
wavel ength adjustnent |ayer, but in such a case, a
rel axation oscillation wavel ength may degrade by X1/2
times so that an adverse effect may occur that an
operation for high speed nodul ati on nmay be difficult,
etc.

On the other hand, in a surface-emtting
| aser element in the present enbodinent, the first
upper Bragg reflector 106 is fornmed between a resonator
area and the wavel ength adjustment |ayer 250 as

illustrated in FIG 15A and FIG 15B. Specifically,
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the first wupper Bragg reflector 106 is fornmed

alternately Jlamnating 4.5 pairs of é p-Al 4.iGap.,As high

refractive index layer and an n;AI 0.9Gao. 1As | ow

refractive index |ayer between the first wavelength

adj ust ment | ayer 250 and the resonator area. In such a

case, even when an interval of an oscillation

wavel ength between different light-emtting elenents is

3 nm, film thicknesses of GalnP / GaAsP / GalnP

conposing the first wavelength adj ﬁst nment | ayer 250 are

11.6 nm / 11.6nm / 11.6nm respectively, wherein it may

be possible to conduct | sufficiently uniform

manuf act uri ng on a current crystal growh technique.

Hence, it may be possible to.reduce a deviation of a

wavel ength interval between the surface-emtting | asers.
Furt her nor e, the second upper Bragg

reflector 271 and the second wavel ength adjustnent

|ayer 260 are further formed on the first wavel ength

adj ust ment | ayer 250. Thereby, it nay be possible to

form the first wavelength adjustnment |ayer 250 nore

uniformy while an interval of an oscillation

wavel ength i s narrowed. FIG 16 illustrates a

relationship between film thicknesses of the first

wavel ength adjustnent layer 250 and secvond wa\l/el engt h.

adj ust ment | ayer 260 (as indicated by optical film

t hi cknesses, wherein A/4 is referred to as 0.25) and an
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oscillation wavelength in the surface-emtting |Iaser
element in the present enbodiment as illustrated in FIG
14 and FIGS. 15A and 15B. Additionally, it may be
possible to change a film thickness of the first
wavel ength adjustment [ayer 250 by conducting selective
etching of GlnP / GAsP / Gl nP‘ making the first
wavel ength adjustnment |ayer 250. Simlarly, it may be
possi ble to change a film thickness of the second
wavel ength adjustment |ayer 260 by conducting selective
etching of GlnP / GaAsP meking the second wavel ength
adj ustnent | ayer 260.

As illustrated in FIG 16, when a film
t hi ckness of the second wavel ength adjustnent |ayer 260
is constant, a film thickness of the first wavel ength
adjustnent |ayer 250 may be changed, that is, GlnP /
GaAsP / @lnP with 11.6 nm/ 11.6 nm / 11.6 nm form ng
the first wavelength adjustment |ayer 250 nmay be etched
one by one, so that it may be possible to obtain an
oscillation wavel ength change of about 3 nm
Furthernore, when a film thickness of the first
wavel ength adjustnment layer 250 is constant, a film
t hi ckness of the second wavel ength adjustnment |ayer 260
may be changed, that is, GlnP / GaAsP with 14 nm / 11
nm form ng the second wavel ength adjustment |ayer 260

may be etched one by one, so that it nay be possible to
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obtain an oscillation wavel engt h change of about 1 run.

Thus, as illustrated in FIG 15A and FIG 15B, film

t hi cknesses of the first wavelength adj ust ment | ayer
250 and second wavel ehgt h adj ust ment layer 260 may be
changed by 4 levels and 3 |levels, respectively, wher eby
it my be possible to form a surf;alce—erritting | aser
with different oscillation wavel engt hs at 4 x 3 = 12

| evel s. Fur t her nor e, film thicknesses of the first
wavel engt h | adj ust ment | ayer 250 and second wavel ength
adj ust ment I ayer‘ 260 may be adjusted as illustrated in

FIG 16, whereby it nmay be possible for all of twelve
surface-emtting lasers to oscillate at different
wavel engt hs with an interval of about 1 nm

Next, the phase adjustnent area 254 forned

on the first wavelength adj ust ment layer 250 will be
descri bed. A reflectance is illustrated in FIG 17B in
a case where the first adj ust ment | ayer 251, the second
adj ust ment layer 252, and the third adjustnent | ayer

253 are formed wthout formng the phase adjustnent

area 254 as illustrated in FIG 17A wherein each |layer
of GlnP / GAsP / @GlnP is removed by wet etching. As
illustrated in FIG 17B, if the phase adjustnent area

254 is not fornmed, a reflectance may be greatly changed
by changing a thickness of the first wavelength

adj ust ment | ayer 250. Such a matter may nmean that a
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deviation of a laser characteristic such as a threshold
electric current for each wavelength nmay increase.
On the other hand, the phase adjustnent area
254 is forned on the first wavel ength adjustnent Iéyer
5 250 as illustrated in FIG 18A, whereby it may be
possible to make a position at which an optical
thi ckness of the first wavel ength adjustnent |ayer 250
is A4 be a position at which the first adjustnent
| ayer 252 nade of GaAsP i s forned. Thereby, it may be
10 possible to reduce a change of a reflectance as
illustrated in FIG 18B.
That is, it is preferable for an optical
thickness Pl of the first wavelength adj ust ment | ayer
250 to be A/4 < Pi < A/2, and when such a matter is
15 generali zed, (2N-1) A/4 < Pl < 2NA/4 is preferable.
Additionally, N is a positive integer.
Furthernore, it is preferable to conduct
formation in such a manner that, when the |ayer nunber
of a forrred film(s) (an adjustment layer(s)) is M
20 (wherein Mis a positive integer) , a posit.ion at which
an optical film thickness of the first wavel ength
adjustment layer 250 is A/4 is an (MH)/2 th film
(adjustnent layer) froma top thereof in a case where M
is an odd nunmber or an M2 th or (M2)+l th film

v25 (adjustnent layer) froma top thereof in a case where M
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is an even nunber.

As illustrated in FIG 19A the phase
adj ustnment area 254 may be made of p-Alo.1Gao.9As, and as
illustrated in FIG 19B, a phase adj ustment area 254a
may be formed by alternately lamnating GalnP and GaAsP.
Additionally, although the first wavel ength adjustnent
| ayer 250 has been described above, simlar matter (s)
also applies (apply) to the second wavel ength
adj ustment | ayer 260.

Meanwhi l e, for a wavel ength adjustnent |ayer,
Japanese Patent Application Publication No. 11-330631
may disclose a conbination of Al GaAs and InGP and
Japanese Patent No. 2751814 may disclose a comnbination
of GaAs and Al GaAs. Both use Al GaAs including Al but
there may be a problem in reliability because Al is
included and accordingly corrosion such as oxidation
may be readily caused. In particular, when crystal
growh of a semi conductor |ayer is conducted after
etching of a wavelength adjustnent layer as in the
present enbodinment, a surface of a wavel ength
adj ustnment | ayer contacts ‘at nosphere in a manufacturing
process, and hence, a surface of Al may be oxidized so
that it may be extrenely difficult to conduct crystal
growh for an upper Bragg reflector thereon. On the

ot her hand, the wavel ength adjustnent [|ayer is nade of
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Gal nP and GaAsP which include no Al in the surface-

emtting laser elenment in the present enbodi nent,
differently from Japanese Patent No. 2751814 or
Japanese Patent Application Publication No. 11-330631,
whereby it may be possi blé to extrenely delay
progression of corrosion in a manufacturing process and
it my be possible to obtain a high reliability.
Additionally, although a case of a
conbi nati on of GaAsP and Gal nP has been described in.
the description (s) for the present enbodinment, there
may be provided a conbination with another materi al
including no Al which i_s further provided for a
different etching fluid and is a sem conductor nmaterial
with a band gap energy greater than an oscillation
wavel engt h. In a case of 780 nm which is an
oscillation wavelength in the present enbodinment, it
may be possible to provide, for exanple, GalnAsP /
Gal nP, GAsP / Gl nAsP, etc., as such a conbination of
sem conductor material s. Furthernmore, it may also be
possible to use GaAs instead of GaAsP in a wavel ength
which is a long wavel ength of 1 um or greater. In such
a case, distortion |ike GaAsP may not be provided for a
GaAs substrate, and hence, it may be easy to handle.
Additionally, a content (s) other than as

descri bed above is/are simlar to the first enbodi ment.
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[Fourth enbodi nment]

Next, a fourth enbodinent wll be described.
A surface-enmitting laser elenent in the present
enbodi mnent will be described based on FIG 20. A
surface-enmitting laser element 300 in the present
enbodi nent  has ei ght surface-emtting |asers on a
substrate 301, wherein surface-enmitting lasers wth
conducting emission at different wavelengths due to the
first to third enbodinents are forned, and furthernore,
surface-enmitting lasers emtting light with an
identicaly wavel ength are forned two by two.

Specifically, the surface-emtting |aser
elenent 300 in the present enbodinent has a first
surface-enmtting |aser 311, second surface-enmtting
| aser 312, third surface-emtting laser 313, fourth
surface-enmtting laser 314, fifth surface-enmtting
| aser 315, sixth surface—errifting | aser 316, seventh
surface-enmitting |aser 31?, and eighth surface-enmtting
| aser 318 on the substrate 301. Each of the surface-
emitting laser 311 to the eighth surface—erritting‘ | aser
318 is connected to an el ectrode pad. Specifically, an
el ectrode pad 321 is connected to the first surface-
emtting laser 311, an electrode pad 322 is connected
to the éecond surface-enmitting |laser 312, an electrode

pad 322 is connected to the third surface-emtting
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| aser 313, and an electrode pad 324 is connected to the
fourth surface-emtting |laser 314, while an electrode
pad 325 is connected to the fifth surface-emtting
| aser 315, an electrode pad 326 is connected to the
six‘th surface-emtting |laser 316, an electrode pad 327
is connected to the seventh surface-enmitting |aser 317,
and an el ect rode pad 328 is connected to the eighth
surface-emtting |aser 318.

Furthernore, the first surface-emtting
laser 311 to the eighth surface-emtting |aser 318 are
formed in such a manner that ones for an identical
wavel ength are provided two by two. Spécifi cally,
light emtted fromthe first surface-emtting |aser 311
and vsecond -surface-emtting |aser 312 have an identical
wavel ength of AT and light emtted from the third
surface-emtting laser 313 and fourth surface-emtting
| aser 314 have an identical wavelength of A2 while
light emtted fromthe fifth surface-emtting |aser 315
and sixth surface-emtting |aser 316 have an identical
wavel ength of A3 and light emtted from the seventh
surface-emtting laser 317 and eighth surface-emtting
| aser 318 have an identical wavelength of A4, »v\/nerei n
wavel engths AP to A4 are nutually different wavel engths.
Thus, in order to emt light with a different

wavel ength in each surface-emtting Ilaser, a wavelength



WO 2013/081176 PCT/JP2012/081582
~70-

adjustnent layer is provided simlarly t.o the first

| enbodi nent, and forrred in such a manner that a .

t hi ckness of a wavelength adjustnent |ayer is changed

for each surface-enmitting |aser. Additibonally, a size

of each of the electrode pads 321 to 328 is about 50 um

square, and the substrate 301 is a sem conductor chip

with a size of 300 um square.

In the surface-emitting laser elenent in the
present enbodi nment, .surface-erritting | asers for
emtting light wwth an identical wavelength are present
two by two, whereby even if one of surface-emtting
lasers for emtting light with an identical wavel ength
does emit light due to a failure, a trouble, etc., it
may be possible to use the other. Hence, it may be
possible for a lifetine of a surface-emtting |aser
elenent to be a longer lifetine and it may be possible
to further inprove a yield thereof. Furthernore, in
the surface-emtting laser elenent in the present
enbodi nent, not only an element with a wavel ength
closest to a necessary wavelength but also an el enent
with a second closest wavelength may be used, and such
an elenment nmay be used as a preparatory surface-
emtting Iéser whereby it may be possible to attain a
| onger lifetinme.

Additionally, a content (s) other than as
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descri bed above is/are sinmlar to the first to third
enbodi nment s

[Fifth enbodi ment]

Next, a fifth enbodinment wll be described.
The present enbodinent is an atomc oscillator wusing
the surface-emtting laser elenent in the first to
fourth enbodi nents. The atomic oscillator in the
present enbodinent wll be described based on FIG 21.
The atomc oscillator in the present enbodinent is a
CPT-type conpact atomic oscillator and has a light
source 410, a collimting lens 420, a A/ 4 wave plate
430, an alkali metal cell 440, a,photodetector 450, and
a nodul ator 460. |

For the light source 410, the surface-
emtting laser element in the first to fourth
enbodi nents is used. For the alkali netal cell 440, Cs
(cesium atomic gas is enclosed as an alkali netal
therein, wherein transition of the DI line is used.
For the photodetector 450,- a photodi ode is used.

In the atomic oscillator in the present
enbodi nent, the alkali netal cell 440 in which a cesi-um
atomic gas is encl osed' is radiated with light emtted
from the |light source 410 so that aﬁ el ectron of a
cesium atom is excited. Li ght having vtransm‘ tted

through the alkali metal cell 440 is detected by the
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phot odet ector 450, wherein a signal detected by the

phot odetector 450 is fed back to the nodulator 460 and
the surface-emitting laser element in the |ight source
410 is nodul ated by the nodul ator 460.

FIG 22 illustrates a configuration of
atom c energy levels associated with CPT. A fact is
utilized that an absorption ratio of |ight decreases
when electrons are simultaneously excited from two
ground levels to an excited |evel. For the surface-
emtting laser, an elenent with a wavelength of a
carrier wave which is close to 894.6 nm'is used. It
may be possible to conduct tuning of a wavelength of a
carrier wave by changing a tenperature or output of thé
surface-emtting |aser. When a tenperature or an
output is raised, a shift to a longer wavelength may be
caused, wherein a variation in a light density of an
alkali metal cell is bnot preferable and hence it is
preferable to utilize a tenperature change.
Specifically, it my be possible to adjust a
tenperature dependency of a wavelength at about 0.05
nm°C. As illustrated in FIG 23, nodulation is
conducted to generate sidebands at both sides of a
carrier wave, wherein nodulation is conducted at 4.6
GHz in such a manner that a frequency difference may

coincide with 9.2 Gz which is an eigenf requency of a
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Cs atom As illustrated in FIG 24, laser |ight

passing through an excited Cs gas is maximum at a time
when a sideband frequency difference coincides with an
ei genf requency difference of a Cs atom and hence, a
nmodul ation frequency of the surface-emtting |aser

el enent in the light source 410 is adjusted by
conducting feed back in the nodulator 460 in such a
manner that. an output from the photodetector 450 may
hold a maxi mum walue. Because an eigenf requency of an
atom may be extrenely stable, a nodulation frequéncy is
a stable value so that such information is obtained as
an out put. Additionally, when a wavelength is 894.6 hm
a light source with a wavelength range of +1 nmmay be
needed. That is, a Iight source with a wavel ength
range of 893.6 nm - 895.6 nm may be needed.

The surface-emtting |laser elenent in the
first to fourth enbodinents is used in the atomc
oscillator in the present enbodinment, and hence, it my
be possible to manufacture and provide an atomc
oscillator at a |low cost. Furthernmore, the surface-
emtting laser element in the third enbodi nent and/or
fourth enbodinment is used, and hence, it may be
possible to further provide an atomic oscillator with a
| onger lifetine.

Furthernmore, although Cs is used as an
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al kali metal in the present enbodinent and a surface-
emtting laser for a wavelength of 894.6 nmis used to
use transition of the DI line thereof, it may also be
possible to use 852. 3‘ nmin a case where the D2 |ine of
Cs is utilized. Furthernmore, it may also be possible
to use Ro (rubidiun) as an alkali netal, wherein it may
be possible to use 795.0 nm in a case where the DI line

is utilized or 780.2 nmin a case where the D2 line is

utilized. It may be possible to design a materi al
conposition of an active layer, etc., depending on a
wavel engt h. Furthernore, for a nodulation frequency in

a case where Rb is used, nodulation is conducted at 3.4
GHz for 8Rb or 1.5 GHz for B8°Ro. Addi tionally, even
for such wavelengths, a light source with a wavel ength
range of £ 1 nm may be needed. That is, when the D2
line of Cs is utilized, a light sour ce with a
wavel ength range of 851.3 nm - 8l53.3 nm may be needed.
Furthernore, when the DI line of Rb is utilized, a
[ight source with a wavelength range of 794.0 nm -
796.0 nm may be needed. Furthernore, when the D2 |ine
of Rb is utilized, a light source with a wavel ength
range of 779.2 nm - 781.2 nm may be needed.

Al t hough sone enbodi nents of the present
i nventi on have been described above, the content (s) of

the invention is/are not limted to the aforenentioned
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content(s). Furtherrmre, élthough a case where a
surface—em’tt’ing | aser element is used for an atomc
oscillator has been described in sone enbodinments of
the present invention, it may be possible to use the
surface-emtting laser element in the first to fourth
enbodi ments for another device in need of light with a
pr edet er m ned. wavel ength such as a gas sensor, etc. In
such a case, a surface-emitting laser for light with a
predeterm ned wavel ength corresponding to an

application thereof is also used in such a device,

- whereby it nay be possible to obtain a simlar effect.

[ Appendi X]

<An illustrative enbodinent (s) of a surface-
emtting |aser elenment, a nmethod for manufacturing a
surf‘ace—em' tting | aser el enent, and an atom c
oscillator>

At least one illustrative enbodinment of the
present invention may relate to a surface-emtting
| aser elenment, a nethod for manufacturing a surface-
emtting laser elenent, and an atomc oscillator.

An object of at least one illustrative
enbodi nent of the present invention may be to provide a
surface-emtting |aser elenent having plural surface-

emtting |asers capable of oscillating nore accurately

at a desired wavel ength interval.
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At least one illustrative enbodi nent of the
present invention may be characterized by having plura
surface-emtting lasers having a |lower Bragg reflector
formed on a sem conductor substrate, a resonator
including an active layer forned on the |ower Bragg
refection mrror, and an upper Bragg reflecfor formed
on the resonator, wherein a wavel ength adjustnment |ayer
is formed in the upper Bragg reflector or |ower Bragg
reflector, wherein em ssion therefrom is provided at
di fferent wavel engths respectively by changing a
t hi ckness of the wavel ength adjustnment [|ayer, wherein
the wavel ength adjustnent layer is formed by |aninating
respective adjustnent |ayers nmade of two Kkinds of
different materials, and wherein a thickness of the
wavel ength adjustnment |ayer is changed by changing a
| ayer nunber of the adjustnment layers in the wavel ength
adj ust mrent | ayer.

Furthernore, at least one illustrative
enbodi nent of the present invention may be
characterized by a method for manufacturing a surface-
emtting laser element having plural surface-emtting
| asers having a |lower Bragg reflector forned on a
sem conductor substrate, a resonator including an
active layer fornmed on the |ower Bragg refection mrror,

and an upper Bragg reflector formed on the resonator,
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wherein a wavel ength adjustnent layer is forned in the
upper Bragg reflector or lower Bragg reflector, wherein
em ssion therefrom is provided at different wavel engths
respectively by changing a thickness of the wavel ength
adj ustnent | ayer, wherein the wavel ength adj ustnment
layer is fornmed by lam nating respective adjustneﬁt
| ayers made of two kinds of different materials, and
wherein a thickness of the wavel ength adjustnent |ayer
i s changed by renoving the adjustnment |ayer (s) in the
wavel ength adjustnment |ayer for each of the adjustnent
| ayer to change a |ayer nunber thereof, which has a
step of renoving one adjustnment |ayer by a first
etching fluid anong respective adjustnent |ayers nade
of two kinds of different materials in the wavel ength
adj ust ment Iayef and a step of renoving the other
adjustnment |ayer by a second etching fluid anong
respective adjustnent |ayers nmade of two kinds of
different materials in the wavel ength adjustnent |ayer,
wherein the first etching fluid and the second etchihg
fluid are different therefrom

Illustrative enbodinment (1 is a surface-
emitting |aser elenment characterized by having plural
surface-emtting lasers having a | ower Bragg reflector
formed on a semi conductor substrate, a resonator

including an active layer fornmed on the |ower Bragg
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reflector, and an upper Bragg reflector forned on the
resonator, wherein a wavel ength adjustnent |ayer is
formed in the upper Bragg reflector or |ower Bragg
reflector, wherein em ssion therefrom is provided at

di fferent wavel engths respectively by changing a

t hi ckness of the wavel ength adjustnent |ayer, wherein
the wavel ength adjustnment layer is forned by |am nating
respective adjustnent |ayers made of two kinds of
different materials, and wherein a thickness of the
wavel ength adjustnment |ayer is changed by changing a

| ayer nunber of the adjustnent |ayers in the wavel ength
adj ust ment * | ayers.

Il'lustrative enbodinent (2 is the surface-
emtting |laser elenment as described in illustrative
enbodi ment (1), characterized in that an optical
t hi ckness P of the wavelength adjustnment layer is (2N
1)N 4 £ P < NA/2, wherein A is a wavel ength o‘f t he
surface-emtting laser and N is a positive integer.

Illustrative enbodiment (3) is the surface-
emtting laser elenent as described in illustrative
enbodi ment (1) or (2), characterized in that M |ayers
(M is a positive integer) of the adjustment |ayers are
formed in the wavel ength adjustnment I|ayer, wherein a
position at which an optical filmthickness of the

wavel ength adjustnment layer is A/4 from a side at which
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the active layer is provided is an (M+I)/é th

adj ust nent Iéyer froma top thereof in a case where M
is an odd nunber or an M2 th or (M2)+l th adjustnent
| ayer from a top thereof in a case where M is an even
nunber .

IIIL_jstrative enbodi nent (4) is the surface-
emtting laser element as described in any of
illustrative enmbodiments (1) to (3), characterized in
that the wavel ength adjustnent |ayer is conposed of a
wavel ength adjustnent area and a phase adjustnent area,
wherein the wavel ength adjustnment area is conposed of
respective adjustnment |ayers nmade of two kinds of
different materials.

Illustrative enbodinent (5 is the surface-
emtting laser elenment as described in illustrative
enbodi nent (4), characterized in that the wavel ength
adj ustnment |ayer includes a contact l|ayer forned at a
side nearer the resonator than the vvavel‘ength
adjustnent area, wherein the contact |ayer is connected
to one el ectrode.

Illustrative enbodinent (e) is the surface-

emtting |laser elenent as described in any of

illustrative enbodinents (1) to (5), characterized in

that a set of the wavelength adjustnent |ayers is

f or med.
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Illustrative enbodinent (790 is the surface-
emtting |aser | el ement as déscri bed in any of
illustrative enbodinents (1) to (6), characterized in
that a set of the wavel ength adj ust ment | ayers is
formed in the upper Bragg reflector.

Illustrative enbodinment (s) is the surface-
emtting |laser elenent as described in any of
illustrative enbodinments (1) to (7), characterized in
that a film thickness of the wavel ength adjustnent
| ayer is changed by conducting renoval of the
adj ust ment | ayer in the wavel engt h. adj ust nent | ayer,
wherein one adjustnent |ayer anong respective
adj ustnment |ayers nmade of two kinds of different
materials in the wavel ength adjustnment |ayer is renoved
by a first etching fluid and the other adj ustnent | ayer
is renmoved by a second etching fluid, wherein the first
etching fluid and the second etching fluid are
different therefrom

[llustrative enbodinent (9 is the surface-
emtting |laser elenment as described in any of
illustrative enbodiments (1) to (8), characterized in
that one adjustnent |ayer anobng respective adjustnent
| ayers made of two kinds of different materials in the
wavel ength adjustnment layer is made of GalnP and the

ot her adjustnent |ayer is nmade of GaAsP or GaAs.
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Illustrative enbodi ment (10) i s the surface-
emtting laser elenment as described in any of
illustrative enbodi nent s (1) to (9), characterized in
that the upper Bragg reflector includes a first Ljpper
Bragg reflector, a wavel ength adj ust nment layer, and a

second upper Bragg reflector formed in order from a
side at which the active layer is formed, wherein the
second upper Bragg reflector is formed by alternately

| am nati ng and forming dielectrics with different

refractive i ndi ces.

Illustrative enbodi nent (11) i s the surface-
emtting laser element as described in any of
illustrative enbodi ment s (1) to (10), characterized in
that at least one of the plural wavel engths i s included

in a range of 893.6 nm - 895.6 run, 851.3 nm - 853.3 nm;

794.0 nm - 796.0 nm or 779.2 nm - 781.2 nm

Illustrative enbodi nent _ (12) is a nmethod for
manuf act uri ng a surface-enmitting | aser el enent having
plural surface-emtting | lasers having a |lower Bragg
refl ector formed on a seniconductor substrate, a
resonat or including an active layer forned on the |ower
Bragg reflector, and an upper Bragg reflector formed on
t he resohator, wherein a wavel ength adj ust‘mant layer 1is

formed in the upper Bragg reflector or |ower Bragg

reflector, wherein emission therefrom is provided at
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di fferent wavel engths respectively by changing a
t hi ckness of the wavel ength adjustnent |ayer, wherein
t he mavefength adjustment layer is formed by |amnating
respective adjustnent |ayers made of two kinds of
different materials, and wherein a thickness of the
wavel engt h adj ust nent Iayér i's changed by renoving the
adjustnent |ayer (s) in t he wavel engt h adjustnent |ayer
for each of the adjustnent |ayer to change a |ayer
nunber thereof, characterized by having a step of
removi ng one adjustnment |layer by a first etching fluid
anong respective adjustnent |ayers nade of two kinds of
different materials in the mavelength adj ustnent | ayer
and a step of renDVing the other adjustnent |ayer by a
second etching fluid anmong respective adjustnent |ayers
made of two kinds of different materials in the
wavel ength adjustnment |ayer, wherein the first etching
fluid and the second etching fluid are different
t her ef rom

Illustrative enbodinment (13) is the nethod
for manufacturing a surface-emtting |aser elenment as
described in illustrative enbodinent (12),
characterized in that one‘adjustnent | ayer anong
respective adjustnent |ayers made of two kinds of
different materials in the wavel ength adjustnent |ayer

i s made of GalnP and the ot her adjustnment |ayer is made
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of GaAsP or GaAs.

Illustrative enbodinment (14) is the nethod
for manufacturing a surface-em’ttin‘g | aser elenent as
described in either illustrative enbodinent (12) or
(13), characterized in that the upper Bragg reflection
| ayer includes a first upper Bragg reflector, a
wavel ength adjustnent Ilayer, and a second Bragg
reflector formed in order froma side at which the
active layer is forned, wherein the second upper Bragg
reflector is forned by alternately I|am nating and
formng dielectrics with different refractive indices.

Illustrative enbodinent (15 is an atomc
oscillator characterized by having the surface-emtting
| aser elenment as described in any of illustrative
enbodi nents (1) to (11), an alkali netal cell encl 0Si ng
an alkali nmetal, and a photodetector for detecting
[ight having transmtted through the alkali netal cell
among light irradiating the alkali netal céII from a
surface emtting laser in the surface-emtting |aser
el ement, wherein light with two different wavel engths
among light emitted fromthe surface-emtting |aser and
including a sideband is incident on the alkali netal
cell whereby an oscillation frequency is‘ controlled
based on a light absorption characteristic caused by a

guantum interference effect of two kinds of resonance
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light .

[Ilustrative enbodinment (16) is the _atom’ c
oscillator as described in illustrative enbodinent (15),
characterized in that the al kal i metal is rubidium or
cesium

According to at least one illustrative
enbodi mrent of the present invention, it nmay be possible
to provide a surface-enitti ng |aser elenment having
plural surface-emtting |asers capable of oscillating
nore accurately at a desired wavelength interval,
because it may be possible to increase a film thickness
of a filmformng a wavel ength adjustnent |[ayer.

Al though the illustrative enbodi ment (s)
and/ or specific exanple (s) of the present invention
has/ have been described with reference to the
accdwpanyi ng drawi ng(s), the present invention is not
l[imted to any of the illustrative enbodinent (s) and/or
specific exanple (s)y and the illustrative enbodinent (s)
and/ or specific exanple (sy may be altered, nodified, or
conmbi ned wi thout departing from the scope of the
present invention.

The present application clainms the benefit
of priority based on Japanese Patent Application No.
2011-264908 filed on Decenber 2, 2011 and Japanese

Pat ent Application No. 2012-234113 filed on Cctober 23,
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2012, the entire content of which is hereby

i ncorporated by reference herein.
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CLAI M5

Caimai: A surface-ehitting | aser el enment
conprising a semnmiconductor substrate and plura
surface-emtting lasers configured to emt light with
mutual Iy different wavel engths, each surface-emtting
| aser including a lower Bragg reflector provided on the
sem conduct or substrate, a resonator'provided on thé
| oner Bragg reflector, an upper Bragg reflector
provi ded on the resonator, and a wavel ength adj ustnent
| ayer proQided in the upper Bragg reflector or |ower
Bragg reflector, the wavel ength adjustnent | ayers
included in the surface-emtting l|asers having nutually
different thicknesses, at |east one of the wavel ength
adj ust rent | ayers including.adjustnent | ayers made of
two kinds of materials, and nunbers of the adjustnent
layers included in the wavel ength adjustnent |ayers

being rmutually different.
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Claim 2: The surface-emtti ngv | aser el enent
as claimed in claim 1, wherein at |east one of the
wavel ength adjustment layers is configured to satisfy a
condition of (2N-1) A/4 < .P < NA/2, vvhere'i n Pis an
optical thickness of the at |east one of the wavel ength
adjustment layers, A is a wavelength of light to be
emtted from each surface-emitting laser, and N is a

positive integer.

Caim 3: The surface-enmtting |aser elenent

as clained in claim 1, wherein Mis‘a nunber of the

adj ustnent layers included in the at |least one of the
wavel ength adjustnent layers, and a position of an
optical thickness of the at |east one of the wavel ength
adjustnent |ayers being A/4 from a side of the
resonator is provided in an (M) /2 th adjustnent |[ayer
froma top of the adjustnment layers in a case where M
is an odd nunber or an M2 th or (M/2)+l th adjustnent
| ayer froma top of the adjustnent |ayers in‘a case

where M is an even nunber.



WO 2013/081176 PCT/JP2012/081582

-88-—

Claim 4: The surface-emtting |aser elenent
as clained in cIaiﬁ11, wherein at |east one of the
5 wavel ength adjustnent |ayers includes a wavel ength
adj ustment area and a phase adjustnent area and the
wavel engt h adjustnent area includes the adjustnent

| ayers made of two kinds of materials.

10

Claim s: The surface-emtting |aser elenent
as claimed in claim a4, wherein at |east one of the
15 wavelength adjustnment |ayers includes a contact |ayer
provided at a side nearer the resonator than the
wavel engt h adjustnment area and t he cdntact | ayer is

connected to one el ectrode.

20

Claim e: The surface-emtting |aser elenent
as clained in claim 1, wherein at |east one of the

25 wavel ength adjustnent layers is provided in the upper
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Bragg reflector.

Caim 7: The surface-emtting |aser elenent
as clainmed in claim 1, wherein one adjustnent layer in
the at |east one of the wavelength adjustnent |ayers is
made of GalnP and another adjustment |ayer is made of

GAsP or GaAs.

Claim s: The surface-emtting |aser el ement
as claimed in claim 1, wherein the upper Bragg
reflector includes a first upper Bragg reflector, the
wavel engt h adjustnment |layer, and a second upper Bragg
reflector in order from a side of the resonator, and
the second upper Bragg reflector is conposed of
alternately | aminated dielectrics with different

refractive indices.

PCT/JP2012/081582
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Caim 9: The surface-emtting |aser elenent
as claimed in claim 1, wherein at |east one of the
mutual ly different wavelengths is included in a range
of 893.6 nmto 895.6 nm 851.3 nmto 853.3 nm 794.0 nm

to 796.0 nm or 779.2 nmto 781.2 nm

Claim 10: A nethod for manufacturing a
surface-emtting | éser el ement including plural
surface-emtting lasers configured to emt light with
mutual ly different wavel engths, conprisi ng steps of
formng a lower Bragg reflector on a sem conductor
substrate, formng a resonator on the |ower Bragg
reflector, formng an upper Bragg feflector on the
resonator, lamnating adjustnment |ayers made of two
kinds of materials in the upper Bragg reflector or
| ower Bragg reflector to form a wavel ength adj ust ment
| ayer, renoving one adjustnment |ayer in the wavel ength
adj ustnment |ayer by using a first etching fluid, and
renovi ng another adjustnent |ayer in the wavel ength
adj ust ment | ayer by using a second etching fluid

different fromthe first etching fluid, so that the
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wavel ength adjustnment |ayers i ncluded in the surface-
emtting lasers have nmutually different thicknesses and
nunbers of the adjustnment l|ayers included in the

wavel ength adjustnent |ayers are nutually different.

Caim 11: The nmethod for manufacturing a
surface-emtting laser elenent as clainmed in claim 10,

wherein one adjustnent layer in the wavel ength

~adjustnent |ayer is nmade of Gal nP and anot her

adjustnent layer is nade of GaAsP or GaAs.

C|aim‘12: The nethod for manufacturing a
surface-emtting |aser elenent as clained in claim 10,
wherein the upper Bragg reflection layer is formed to
include a first upper Bragg reflector and a second
Bragg reflector, wherein the first upper Bragg
reflector, the wavel ength adjustnment I|ayer, and the
second Bragg reflector are formed in order from a side

of the resonator, and wherein the second upper Bragg
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reflector is formed by alternately |am nating

dielectrics with different refractive indices.

5
Claim 13: An atomc oscillator conprising
the surface-emitting laser elenment as clained in claim
1, an alkali netal cell including an alkali netal to be
10 irradiated with light emtted fromthe surface-emtting

| aser elenment, a photodetector configured to detect
[ight having transmitted through the alkali netal cell,
and a controller configured to control an oscillation
frequency of the surface-emtting I}aser el ement based

15 on light detected by the photodetector.

20 Claim 14: The atom c oscillator as described
| in claim 13, wherein the alkali netal includes rubidium

or cesium

25



WO 2013/081176 PCT/JP2012/081582




PCT/JP2012/081582
2/23:

WO 2013/081176

[4]!

€0}

y01

G0}

ego|

80} ,Tmo_
= 901

Q\NV\\N\\

SO /A//U

LO1 .
cY LO}

Z1 LY
Ll

¢ Old



WO 2013/081176 PCT/JP2012/081582




PCT/JP2012/081582

WO 2013/081176

4/23

SSINMOIHL TvIILdO
A

A

H

JONVLO3143H

RN A A R A A T A A R R AR
3 N A N AOS NS NGNS
N w.Jz oY N, A AN NN NN N A/.l/.
3 NSNS N Y h
c eSS S Sl s e S .
ML S S r’
S S ) S
f d 24

SV RV R YA YN . S
L 200 a z

Vv OId




PCT/JP2012/081582

WO 2013/081176

5/23

SSINMOIHL vOlLdO
A

A

+

JONVLOI 143y

v/ Y

¢/ Y




PCT/JP2012/081582

WO 2013/081176

6/23

SSIANMOIHL TvOILdO
v/ Y

1

JONVLO3 143

N a —E ——— . —— o

v/ Y

v L

o e s ey ——— e —

TN

\x\ IR e

i A L il ]

MV,J/AHV /1/

Rl

(% B A 0L}

JvnquM w%/ % /L

121 221 £21,

J\
0cl

—

0t}

V9'OId



PCT/JP2012/081582

WO 2013/081176

/23

SSANMOIHL 1vOILdO
v/ Y

'

A

3ONV1O037143d

12l ¢¢l £¢l,

L OLL 021,

~

oel

VLIl



PCT/JP2012/081582

WO 2013/081176

8/23

FIG.8

130

A/2

“120

A

SR

[y // A S
ard A A
s ”. /
s Iy 4
7 s

]; {f/,
VAN S e

4 v .7 7
v . v

ALV L4 5

SRR AV EANGARN SN

LS AN

S St Sl )

7 7 .. I YRy AY
v 7 . LA

y 4 X4 /s

FIG.9

3

131a 11
7
T AL A e e e K e

A/2

L?‘ L2
)

0

0

)

“1

)

123 122

< Ao —— e
SN
2 LA
RARA
SO AND
Ry
LSS
RN
SN
~N\Y |
N\
SN
AN

NERERA SR CACRE Y AT RACTRE VAN RAYSATRASR S
X3 Y ~ R A ~NA. ERNIASS NN NN
oy N, M - N L
S S S af i S SN, 29 KAWL P Py o/
Lo ) A 2 S S P < VA e 4 Wy
< > £ E\® AR g SRR
ANV N Y NS NGV NN Y SYAONIM NN ANISYN
N s b ALY AY SN N A LY AS ~
N -~ A > NNEY ~ ~ ~ N N Y
PR RAATRA R N IR
< > ~ ~




WO 2013/081176 PCT/JP2012/081582

| -

153 154



PCT/JP2012/081582

WO 2013/081176

S S S SSSSSSSSSSSSSS

- 4/,/y./1

NN

N

(&
o)

AN

081 061}0LL

J

117014



WO 2013/081176 PCT/JP2012/081582

11/23

FIG.12A FIG.12B8

e L
1.2

)
-
- o 4 -
)
X
3 L3
A4
AL
LRl L
oo
- LN TINY
SRRSO N

REFLECTANCE

g
A74
OPTICAL THICKNESS



PCT/JP2012/081582

WO 2013/081176

12/23

SSANMOIHL 1VOILdO
v/ Y

A

[

ae1old

3FONVLO3143

v/ Y

VEL1OId

061



WO 2013/081176 PCT/JP2012/081582

13/23
FIG.14
200
224 222
201 2042 202 ons 203
{ [ | |

221~

2261

2281
- 206 {}

230—

[ 1 / ]
210 208 ) 211 | 209 212
231 229



PCT/JP2012/081582
14/23

WO 2013/081176

SSTTITIT TSI LS

s’ s 7 7. /a

iy 7SS v r e v S oL A S S S «
v S S . -/ p L7, A R4 oS LS LS
Ve B / * . A . / v s S “ 7
/ 7 /. - M 8 g 2l AV A .va
A A A A A R A AT AN R A TR AR S RN Y REAANRNANRKRANRY /ﬂ\l]
ONSNONNCION WO ANERNSNANANAN O\ SN SN R NN VN AR O T S s
v - T T T T TT I T VT T TS e n T T TRt T T T D
v VAV s 2 7 " A P ra Z id 2.7 2 rd 7 A Z 2 LA . Z Z.

~

Nz VG 1Dl

|

o
o
N



PCT/JP2012/081582

WO 2013/081176

15/23

| SRMARATANRANA LA TR TATAR A AR TR A AR AR Tt 64
\ VLIRS YNSRI BD LI SIS RIS ST A I MR R Y60 M5 I I ST I 0 2. 1GZ
TN ARENAVIVIVEREAVIRA VL VSRS MR
NS N SN NN N D
LLg—] NN VAR N

€9¢
092+ 19¢—]
¢9¢— |

2Le—L

0¥Z—
Y

102 90¢

062

dG1'Old



PCT/JP2012/081582

WO 2013/081176

16/23

(62°0 OL DNIANOSIHHOD ¥/ Y )H3IAV1 TOHLNOD

Geo

HLONITIAVM ANOD3S 40 HLONTT TvOLLdO

91

Old

£0 G20 20 GO
ﬂ ‘ . . LLL
(Wu | 1) YIAYT dSVED AN
(Wu 1) 4IAVT duleD DNIHOLI
(Wu $1) HIAVT dureD AINO BNIHOLI O eLL
HIAV1 TOHINOD ONIHOL3 ON [ ] dIAVT dulED ANV
HLONFTIAVM ANOD3S "YIAV] dSVED "HIAVT dUIED DNIHOLI | 6//
d3Av1] LLL
dSVeD ANV HIAVT dU[eD ONIHOLI |
4 6LL
H3IAV1 dUlED AINO DNIHOL3
18L
DNIHOL3 ON
H3IAVT TOHLNOD HLDNITIAVM 1SHI4- €8L
4 G8L

HLON3TIAVM NOLLVTTIOSO



PCT/JP2012/081582

WO 2013/081176

17/23

SSINMOIHL TvOILdO
A

vl

A

+

d.1"Old

JONVLO3143Y

VL1'Old

Id



PCT/JP2012/081582

WO 2013/081176

18/23

A

SSANMOIHL T1VOLLdO
v/ Y

d81 Old

JONVLO31434

¢/Y

v/ Y

0G¢

ld

V81 OI4



PCT/JP2012/081582

WO 2013/081176

19/23

7 T T T 5 T ST
k) 7’ 4 4 s ’” 4 4 R 4 , 4 “e, 7,
’ Al v 7z . el ke s /v v 4R4 I3 2z 4
SRACAYRCATLEAY ANEARACACRACRCAN RER
NN Y NN AN R AR AR R R R AR Y
R AY AT hY Al AY N AY A ALY m
. 77 G "7 AP I IS
S v /e eSS S S LSS
£* A N /£ .
RNEATRREHARAY BEATAYAY EEANANRXR
ISONCYNOANOO A NN VNS N X OONOMNUY NGV N
.\ Y 4 ’

5 k¢ Logz

—— H_,%,//// LK

414

.\W\\\\Nﬁﬁ\\\\\\ﬁf

d610l14

N\-£6Z

" SN NN NG 3
NS SN N >~

R N

O RN N
\\\\\\\\\ \. AL A\.
S S a ¢ v .

4 : e

/7// //VV//&////;v

A A IR

V6| Ol



WO 2013/081176 PCT/JP2012/081582

20/23
FIG.20

321 311 322 312 300
)LL) s
323
313
328 ~——-324
318 314
315
325

(

327 317 326 316



PCT/JP2012/081582

WO 2013/081176

21/23

Qsy

(1}94

owv h

Y44

0

A L

d1314d OILIANDVIA

0ly

YA

dOL1VINAON

09y —




WO 2013/081176 PCT/JP2012/081582

22/23

FI1G.22

894 6nm

FIG.23

CARRIER WAVE

SIDEBAND - SIDEBAND

WAVELENGTH



WO 2013/081176 PCT/JP2012/081582

23/23
FIG.24
A
46GHz
 AMOUNT OF
TRANSMITTED
LIGHT

-

(-

MODULATION FREQUENCY




INTERNATIONAL SEARCH REPORT

International  application No.

PCT/ JP2012/ 081582

A. CLASSIFICATION OF SUBJECT MATTER
Int.Cl. HO1S5/183(2006.01)i, HO3L7/26(2006.01)i

According to International Patent Classification (IPC) or to both national

classification and IPC

B. FIELDS SEARCHED

Int.Cl. HO1S5/00-5/50, HO3L7/26

Minimum documentation searched (classification system followed by classification symbols)

Published examined utility model applications of Japan 1922-1996
Published unexamined utility model applications of Japan 1971-2013
Registered utility model specifications of Japan 1996-2013
Published registered utility model applications of Japan 1994-2013

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic database consulted during the international search (name of data base and, where practicable, search terms used)

C.DOCUMENTS CONSIDERED TO BE RELEVANT

Category * Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y JP 7-211986 A (NEC Corporation) 1-14
1995. 08. 11, [0006] - [0021] , Fig. 1-2
(Fam ly: none)
Y JP 2000-58958 A (N ppon Tel egraph and Tel ephone 1-14
Cor por ati on)
2000.02.25, [0010] - [0040] , Fig. 1,3, 5
(Fam ly: none)
Y US 2002/ 0131464 Al (Ecol e Pol ytechni que Federale 1-14
De Lausanne)
2002.09.19, [0058] - [0063] , Fig. 8-10
& JP 2004-538621 A & EP 1378039 A2
& WO 02/075868 A2 & DE 60204007 T2
& CN 1524328 A
iw  Further documents are listed in the continuation of Box C. {™  Seepatent family annex.
*  Special categories of cited documents: "T" later_ document published after the international filing date or
“A" document defining the general state of the art which is not priority date and not in conflict with the application but cited to
con;idered to bg of particular relevance_ understand the principle or theory underlying the invention
E ear!ler alag;ﬁllcatéon or patent but published on or after the inter- "X" document of particular relevance; the claimed invention cannot
“L" ggttl:anentl Ivr\]/%icr?mmay throw doubts on priority claim(s) or which pe cqnsidered novel or cannot pe condidered  to involve an
is cited to establish the publication date of another citation or other inventive step when the document s taken alone
specia reason (as specified) "Y" document of particular relevance; the clamed invention cannot
“O" document referring to an oral disclosure, use, exhibition or other be considered to involve an inventive step when the document is
means combined with one or more other such documents, such
“P"  document published prior to the international filing date but later combination being obvious to aperson skilled in the art
than the priority date claimed "&" document member of the same patent family

Date of the actual completion of the international search

25.01. 2013

Date of mailing of the international search report

Name and mailing address of the ISA/JP
Japan Patent Office
3-4-3, Kasumigaseki, Chiyoda-ku, Tokyo 100-8915, Japan

05. 02. 2013
Authorizet? officer 2kl9411
Takashi HINATSU
Telephone No. +81-3-3581-1 101 Ext. 3255

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT

International  application No.

PCT/ JP2012/ 081582

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y JP 9-135051 A (NEC Corporation) 1-14
1997. 05. 20, [0008] - [0022] , Fig. 1-3
(Fam ly: none)

Y JP 2006-351692 A (Fuji Xerox Co., Ltd.) 1-14
2006. 12. 28, [0020] - [0035] , Fig.l
(Fam ly: none)

Y JP 2000- 244067 A (Sumitonop Electric |Industries, 7,11
Ltd. )
2000.09.08, [0043], [0051]-[0055], Fig.3(a) - (b)
(Fam ly: none)

Y JP 2011-108678 A (Seiko Epson Corporation) 13- 14
2011. 06. 02, [ 0024] - [0034] , [0041]-[0071],
Fig. 1,5
& US 2011/0109395 Al & CN 102064828 A

P, A WO 2012/124821 Al (Ricoh Conpany, Ltd.) 1-14

2012. 09. 20, Full text; all draw ngs
& JP 2012-209534 A

Form PCT/ISA/210 (continuation of second sheet) (July 2009)




	abstract
	description
	claims
	drawings
	wo-search-report

